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I i i ' f i i i  i ........ .. iiihi In Miolo^v and the Process of Science

N 1 1 *i, »» ' , л ш, ii n composite of several satellite-based views of Earth, (credit:
.......... oi.il I i mu cots of Biology OpenStax)

i ci’ ■ i uili .it. 1i vriy lew dues about the diversity of life forms that can be
| H* i ■ ' -.......  Illli on l iirlh are thought to have been microorganisms that

M 1 " tM- ' i*<"« In Inn pi,nils and animals appeared. Mammals, birds, and flowers are 
■ . ..i .. i.iiiHi.ii in 11„ iil.uiet, originating 130 to 200 million years ago. Humans

a ...i..i ■ и Uili 11 нм i I hi the last 2.5 million years, and only in the last 200,000 years 
Hi,нм «Г" ,l l int uili liln- wc do today.

■ ■ ................  ■ m i l  .........|||K III H ln logy

I w  . I , 'ii, ■ м  iinii -.mi will be able to:
l  ■•, i >: - • th i r!n' ;>/<;/»! i ties o f  life

i« i1 1 I i , ii i / in ciiiii atiori among living organisms 
l ,*„ 1/ ,,/|, ч1 imitation as a unifying principle ofbiolog}- and how it
I .1 irff : I I I. l l / l l  17 \U \

1 |a vtl 1119Ш' ' "■ ■ Itlr l l  i lnwljlm!
t t  Ц  , HiV. ,,,. , mil tt/ilnfn all holder! terms

• ika-■ •null, , lit, Wliat exactly is life? This may sound like a silly question
M«a m i  • •, i, ii и ........ always easy to define life. For example, a branch of
N1 • 1 # * ■ i u ..... .. V i ni.rs exhibit some of the characteristics of life but

■ m l H ,' «in....i/li i iiuutR i an attack living organisms, cause diseases, and
lli th 1 ч • -I Ini 111 Ms, they do not meet all the criteria that biologists use to

l

b tfM  ■ ........... . Inn * 11 ,.lled with four questions: What are the shared
••, и 'i,,"i, ilivi 1 I low do those various living things function? Planet
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earth has a diversity of life forms; how do we organize and classify these different organisms? 
Finally, how did this diversity arise, and how is it continuing? As new organisms are discovered 
every day, biologists continue to seek answers to these and other questions.

Properties of Life

All living organisms share the following key characteristics: order, response to stimuli, 
reproduction, adaptation, growth and development, homeostasis, and energy processing. These 
seven characteristics serve to define life. It is essential that students know these different 
properties of life and be able to explain each.

Order

Organisms arc highly organized and consist of one or more cells. Even very simple, single-celled 
organisms are remarkably complex. Inside each cell, atoms come together through chemical 
bonding and form molecules. Molecules come together to form cell components or structures

called organelles. Like the toad shown in Figure 1.2, 
multicellular organisms can consist of millions of 
cells. Different groups of cells then specialize in 
performing specific functions. Without order, 
specialization would not be possible.

Figure 1.2 A toad represents a highly organized 
individual, (credit: "IvengotRUSV'/Wikimedia 
Commons)

Response to Stimuli

Organisms respond to diverse stimuli. For example, plants can bend toward a source of light or 
respond to touch (Figure 1.3). Even tiny bacteria can move toward or away from chemicals, a 
process called chemotaxis. A movement toward a stimulus is considered a positive response, 
while movement away from a stimulus is regarded as a negative response.

Humans also respond to stimuli. For example, when we become warm on a hot sunny day, the
body has tiny glands called sudoriferous, or sweat, 
glands that make and release sweat onto the skin's 
surface. The heat from the body can be transferred to 
the sweat, which acts as a cooling mechanism and 
helps to maintain constant body temperature.

Figure 1.3 The leaves of this sensitive plant (Mimosa 
pudica) will instantly droop and fold when touched. 
After a few minutes, the plant returns to its normal 
state, (credit: Alex Lomas/Concents of Biology 
unenStax)

2 Return to Table of Гontent



Wiikli | | ця video to set how the sensitive plant responds to a touch

i• и........ hi у on both a cellular and organismal level. For a population to survive,
■ l• и nInn dial population must reproduce. Organisms that are multicellular, such

......  a I«и nrnl to reproduce on a cellular level. As old cells become damaged or
worn out, they must be replaced by new cells. For example, 
skin cells arc damaged continuously and need to be replaced 
every two to three weeks; otherwise, the skin would lose its 
ability to provide protection.

Smgle-ccllcd organisms must also reproduce. Reproduction 
begins by first duplicating their genetic material. Once the 
genetic material is duplicated, it is then divided equally into 
two new cells (Figure 1.4). The two new daughter cells should 
lie identical to the parent cell.

Figure 1.4 Bacteria cell going through division, (credit: 
I’uidana Aumars/Wikimedia Commons')

in • I■ 11111 111 In their environment. Biologists refer to this fit as
, in.i и. ,i i mm-quenee of evolution by natural selection. Evolution has had

............. . iMni< "I и pmducing organisms. Examples of adaptations are diverse
i .......... . 1 ........... . morgiinisms live in boiling hot springs, whereas some moths

, - li "gili "l Hi** Ihiwcr from which they feed.

. . i t .  ..и. i s. i i nliiuii c .in individual's ability to survive and reproduce;
....... .......... . Л • in environment changes, natural selection causes the

• ■ . ; ■ ....... iil-i|it in Мише changes.

i ' ..........  ■ mviiUitiiiii of finches living on an island. An environmental
1 11*1.... i-e ..nil insects and hard seeds. Not all finches within

*1 ................../с I inches in the population that have long,
............. ...  • и. I и. .nine lliey are easy for those birds to catch and cat.

•' 1 • li.inl seeds because their dense beaks allow them to

В



crush and open the hard seeds. Unfortunately, finches that have beaks that arc neither long nor 
dense may slowly begin to decline in number because they are limited in their ability to obtain 
nutrients. Finches that obtain food can put energy into reproduction and survival needs. When 
those finches reproduce, they pass along those adaptations that allow them to be successful in 
their respective feeding environments. Over time two distinct groups may arise, those with thick, 
dense beaks and those with longer skinnier beaks (Figure 1.5). If these individuals genetically 
change in such a way that they no longer can interbreed with one another, a speciation event will 
have occurred.

Figure 1.5 Different finch phenotype variations 
due to environmental changes.
(credit: National Human Genome Research 
Institute's Talking Glossary/Wikimedia 
Commons)

Growth and Development

Development is often described as the processes that an individual goes through as it grows and 
matures. For example, in humans, development begins once the sperm fertilizes the egg. Human 
development can be broken down into different stages including embryonic development, fetal 
development, infancy, childhood, puberty, and adulthood. Development can also be observed in 
many other organisms. For example, butterflies go through a developmental process called 
metamorphosis that begins at the egg stage and then proceeds to the larva, pupa, and adult stages.

Both multicellular and single-celled organisms grow and develop according to specific 
instructions encoded in their DNA. DNA is organized into genes that provide information for 
cellular growth and development. An individual's DNA ensures that a species’ young (Figure 
1.6) will grow up to exhibit many of the same traits as its parents.

Figure 1.6 Although no two looks alike, these 
kittens have inherited genes from both parents and 
share many of the same characteristics, (credit: 
Pieter & Renee Lanser/ Concepts of Biology 
OpenStax)

4 Return to Table of Contents



'Hi >i >>11*iniisms arc complex and require multiple regulatory mechanisms to
ini...... I Гипс lions, such as the transport of nutrients (Figure 1.7), response to stimuli,

.ih i-m uonmcntal stresses. Homeostasis or “steady stale” is the ability of an 
к | ■ 111 lit i* iiiul maintain constant internal conditions.

Figure 1.7 Human circulatory system plays an important role 
in transporting oxygen, removal of waste, and delivering 
nutrients to every cell, (credit: Public domain/Wikimedia 
Commons)

i 1 1 . i ..........millions such as proper temperature, pH, and concentrations of
i i. i. , nun  11v Although these conditions may change, organisms can maintain 
li .. - 11 In n a mu row range. For example, many organisms regulate their body 

< =■ | .... . . known as thermoregulation. Organisms that live in cold climates, such
I» i ..........  I К i, have body structures such as thick layers of fur or fat, which help

.1 '■.и и inpi iiiIiiics and conserve body heat. In hot climates, plants cany out 
. .a i I., и..in nihcsis to reduce water loss and optimize their potential of making

•ini ih* .........mils living in ice-covered regions keep their body
,i i .и. «I. и ihough the environment can be very hot during the day and 
H| i 1 ■ I In kr) b. Polar bear maintain their body temperature by 
- . i 1 ' 1.. Mu. .ugh thick fur and a dense layer of fat under their skin.

, ............. I• mIv Inal hardly registers; only the uninsulated eyes and
. mils > .inner than the environment, (credit:
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Organisms like humans (Figure 1.9), use their skeletal muscles to generate heat. The contraction 
of skeletal muscles helps humans maintain stable internal body temperature as environmental 
conditions fluctuate. If body temperature drops below a certain point, metabolism begins to slow 
and may even stop, leading to death. Conversely, if body temperature rises above a certain point, 
it can lead to the destruction of key molecules called proteins. Students that continue and take 
Anatomy and Physiology classes will spend time discussing how the body works to maintain 
homeostasis. Students will also look at what occurs when the body loses its ability to maintain 
stable internal conditions, otherwise referred to as a homeostatic imbalance.

Figure 1.9 Thermogram of a snake 
wrapped around a human arm. 
(credit: Amo/Cocn/Wikimcdia 
Commons)

I'nciyy Processing

All organisms, including the California condor shown in Figure 1.10, use a source o f energy for 
their metabolic activities. Some organisms can obtain energy through metabolic pathways such 
ns photosynthesis. Photosynthesis is a process where light energy can be captured and converted 
into chemical energy. Organisms that arc capable of making their own chemical energy arc 
iclcwcd to as autotrophs. Others must obtain their chemical energy by consuming other 
organisms. These individuals arc referred to as heterotrophs. Regardless of whether an 
oignnism is un autotroph or a heterotroph, all living cells must have energy to drive metabolism.

Figure 1.10 A lot of energy is required for a California 
condor to fly. (credit: Pacific Southwest Region U.S. Fish 
and Wildlife/ Concepts of Biology QpenStax)
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< • 1> м1 lli i;uni/и!Ion i>f I.ivint; Things

•in >11- highly organized and structured. The atom is the 
Hi si uni niiiii lundanicnUil unit of matter. It consists of a

............tHiinilnl by electrons. Atoms form molecules. A
-*■ ■ nli ii i ' Ih'IiiicuI structure consisting of at least two atoms 

1 >!'*• 11и ■ I■ i ■ i hcinical bond. Many biologically important 
I- ■ ill* и* in.и uiinolecules. A macromolcculc is a large 
.. nil i lull i у pit ally formed by combining smaller molecules.

«Н i ii иiи Iriiiulcs are small molecules linked together to
"  ■•■« .............. DNA (deoxyribonucleic acid) (Figure
• it ON * i uni mu', the instructions necessary for cells and 
••••«•м I" iii.iiiHi.n homeostasis.

I l l  '  .... Ii i iilc, like this large DNA molecule, is composed
*• im« i i Hi i miMIK'VWikimedia Commons)

■ Го see an animation of this DNA molecule, click here.

"• • "  "• huh i ol inacroinolecules surrounded by membranes; these are called
Mi |« mi in . in. 'Hiiiill structures that exist within cells and perform specialized 

*> '«mi '■ iii 411111 cells, DNA is enclosed within a membrane-bound organelle 
11’ 1 nal mu Ini All living things are made of cells; the cell is the smallest 

■ HiM.iiiH.ms. Cells exhibit all of the properties of life discussed 
М И  » i.  h im  и n . ii , пн  и lei cil living because they arc not made of cells, nor are they 

I i !.«■>...•>> и,, „ ih. ii null I о шике new viruses, they must invade and take over a

......И Ii . i II. while others are multicellular. In most multicellular
......I . IImiii «, which arc groups of similar cells carrying out the
• iiii. и........ 11kinics grouped based on a common function. Organs
< .1 ....... ..  in phinls An organ system is a higher level of
i нм., ii,.nun , H lull'd orguns. For example, vertebrate animals have
• i t*........... Ini-н у *v»lcm that transports blood throughout the body; it

... .......I мнI 11 ".«els Organisms are individual living entities. For
■ ■ ................ «hi ingle-celled prokaryotes and single-celled

i ■ i .и,нм, iihiI mi- typically referred to as microorganisms.
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Atom: A basic uniT of marter that 
consists ot a dense central nucleus 
surrounded by a cloud of negatively 
charged electrons

к Molecule: A phospholipid, composed 
ot many atoms

Organelles: Structures that perform 
functions within a  ceil. Highlighted m 
blue are a Golg; apparatus and a 
nucleus.

.... ....................... ...........— ...............

& .  * - J L .

Cells: Human blood cells

________________ з к : ________________

i
Tissue: Human skin tissue.

1 Organs and organ systems:
Organs such as the stomach and 
intestine make up part of tire 
human digestive system.

'PSOrganism s, populations, and
communities: In a  park, each person 
is an organism. Together, all the 
people imKe up a population, ли the 
plant and animal specres in the patfc 
comprise a  community.

-------------------------------------

кйяEcosystem : The ecosystem ol 
Central Park in New York includes 
living organisms and the environment 

i in which they live.

—

The biosphere: Encompasses all 
the ecosystems on Earth

Figure 1.12 From an atom to the entire Earth, 
biology examines all aspects of life, (credit 
"molecule": modification of work by Jane 
Whitney; credit "organelles": modification of 
work by Louisa Howard; credit "cells": 
modification of work by Bruce Wetzel, Harry 
Schaefer, National Cancer Institute; credit 
"tissue”: modification of work by 
"Kilbad'VWikimcdia Commons; credit "organs": 
modification of work by Mariana Ruiz Villareal, 
Joaquim Alves Gaspar; credit "organisms": 
modification of work by Peter Dutton; credit 
"ecosystem": modification of work by 
"gigi4791"/Flickr; credit "biosphere": 
modification of work by NASA/ Concepts of 
Biology QpenSlax)
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min ii I mil м living within a specific area arc collectively called a population. For 
г i I • и с si may include many white pine trees. All these pine trees represent the
•.........I while pine trees in this forest. Different populations may live in the same area. The
» uli i In pine trees includes populations of flowering plants, insects, and microbial 
| A community is the set of populations inhabiting a particular area. For instance, all 

lb i« ci .. insects, and other populations in a forest form the forest’s community. The 
'in и ii mi ecosystem. An ecosystem consists of all the living things in a particular area 

км » nli llic abiotic, or non-living, parts of that environment, such as nitrogen in the soil or 
1 i Ai I hr highest level of organization (Figure 1.12), the biosphere is the collection of all 

*ii i ни planet Harth. It includes land, water, and portions of the atmosphere.

■ In ■ I. mum knowledge

“ in Ii n| I In: following statements is false?
i 11 .sues exist within organs which exist within organ systems.
I ■ t ^immunities exist within populations which exist within ecosystems. 
. ( >i gai idles exist within cells which exist within tissues.
i ( (immunities exist within ecosystems which exist in the biosphere. * i

I N .  i I i l l  | III I l i e

i i.l I Hi i Ii ig у in vety broad because there is a tremendous diversity of life on Earth. The
i i. n e t  mis in evolution. Evolution is the process of genetic change in a population.
•i l| i *|'lnHi how new species can arise from older species. Speciation events can

Hi 1 ........ . и Mhm a population are separated and begin to change or evolve
■ ' .. iimllici I lilie individuals change to the point where they can no longer
' < i >m..и .'и ni has occurred, and species diversity has increased. Evolution will be 
........  I' (in .ih i detail in chapter 11.

Ii NCientist named Carl Linnaeus first proposed organizing living 
• H ' Ini id inimmimy. In this system, species that are most similar to each 

■ i iii.i w in,,,,giinipm g known as a genus. Furthermore, similar genera (the
*■■ .......... и.. i w 11 It in a family. This grouping continues until all organisms arc

, .•....| • .и ihr highest level. The current taxonomic system now has eight
■ i ........... .. 'ii In highest, they are species, genus, family, order, class,

I t >".■ -li.inxilt | l  I у III r I 13).
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Figure 1.13 This diagram shows the levels of taxonomic hierarchy for a dog, from the broadest 
category— domain—to the most specific—species, (credit: Fowler et al./Concents of Biology 
OpenStax)

The highest taxonomy level, domain, is a relatively new addition (1990's) to the system. 
Scientists now recognize three domains of life: the Eukarya, the Archaea, and the Bacteria. The 
domain Eukarya is very diverse and includes the kingdoms of fungi, plants, animals, and several 
kingdoms of protists. Humans, plants, yeast, and mushrooms are just a few representatives of the 
domain Eukarya. These organisms are classified as eukaryotes because they have nuclei and 
other membrane-bound organelles. Both the Archaea and Bacteria are single-celled organisms 
classified as prokaryotes (Figure 1.14). Prokaryotes are organisms that lack nuclei and other 
membrane-bound organelles. Prokaryotes, like eukaryotes, are very diverse and can be 
subdivided into phyla, class, order, etc.

(a) №) (c) (d)
Figure 1.14 These images represent different domains. The scanning electron micrograph shows 
(a) bacterial cells belong to the domain Bacteria, while the (b) extremophiles, seen all together as 
colored mats in this hot spring, belong to domain Archaea. Both the (c) sunflower and (d) lion 
are part o f the domain Eukarya. (credit a: modification of work by Rocky Mountain 
Laboratories, NIAID, N1H; credit b: modification of work by Steve Jurvetson; credit c: 
modification of work by Michael Arrighi; credit d: modification of work by Frank Vassen / 
Concepts of Biology OpenStax)
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Carl Woese and the Phylogenetic Tree

>M ■ il hi и ninry relationships of various life forms on Earth can be summarized in a
l ............. in tree Л phylogenetic tree is a diagram showing the evolutionary relationships
• и it| l' 111hi|4i al species based on similarities and differences in genetic or physical traits or
I iti

1 i in ri ini- icscarch of American microbiologist Carl Woese at the University of Illinois has 
■ i < i Mini Mi ом Earth has evolved along three lineages, now called domains. The phylogcnic 
• ■ I II ши I 15 can be used to show the separation of living organisms into those three

• г и ...... . Archaea, and Eukarya.

Phylogenetic Tree of Life

Нш i or in Archaea Eukarya

Methanon&f cirm 
11*ампоЬ«е1№тш i 
Mftfumococcm'i

T. с « ш \ \  У  
Tbmnmtp(ot#n \  V j /
Гу,.н1ичсчт l \X

Figure 1.15 This 
phylogenetic tree was 
constructed by 
microbiologist Carl 
Woese using genetic 
relationships, (credit: 
modification of work 
by Eric Gaba/ 
Concents of Biology 
OpcnStax)

l l  Al ■ „I IIIhIh||Ii nl Study

. »i>> i i* ........I in и I therefore contains many branches and sub-disciplines. For
• in  .... In -, biological processes at the molecular level, including

..........N -и. h as DNA, RNA, and proteins. Microbiology is the study of the
• ■ ■ ' m i.......|runthins It is quite a broad branch itself, and depending on the

i. ••• d .. ши Milii.il physiologists, ecologists, and geneticists, among others.

■ ' ■ I, . i I -. i , uses fossils to study life’s history (Figure 1.16).
• im  i. •( .mi и mb. mid plants, respectively. Biologists can also 

, i . i .  . и physiologists, to name just a few areas.
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Biotcchnologists apply the knowledge of 
biology to create useful products. Ecologists 
study the interactions of organisms in their 
environments. Physiologists study the 
workings of cells, tissues, and organs. This is 
just a small sample of the many fields that 
exist within biology.

Figure 1.16 Researchers work on excavating 
dinosaur fossils at a site in Castellon, Spain, 
(credit: Mario Modesto/ Concepts of Biology 
OpenStax)

CAItlil K CONNECTION - Forensic Scientist

Forensic science is the application of science to answer questions related to the law. Biologists, 
as well as chemists and biochemists, can be forensic scientists. Forensic scientists provide 
scientific evidence for use in courts, and their job involves examining trace materials associated 
with crimes. Interest in forensic science has increased in the last few years, possibly because of 
popular television shows that feature forensic scientists on the job.

The development of molecular techniques and the establishment of DNA databases have updated 
the types of work that forensic scientists can do. Their job activities are primarily related to 
crimes against people, such as murder, rape, and assault. Their work involves analyzing samples 
such as hair, blood, and other body fluids, and processing DNA (Figure 1.17a) found in many 
different environments and materials. Forensic scientists also analyze biological evidence left at 
crime scenes, such as insect parts or pollen grains (Figure 1.17b). Students who want to pursue 
careers in forensic science will most likely be required to take chemistry and biology courses as 
well as some intensive math courses.

Figure 1.17a This forensic scientist works in a DNA extraction lab. (credit: U S. Army CID 
Command Public Affairs/ Concepts of Biology OpenStax) b. This scientist uses microscopy for 
sample analysis, (credit: National Cancer Institute Public Domain)

12 Return to Table of Contents



, ,  nun S in n пшгу

и , щ the science of life. All living organisms share several key properties such as order,
In stimuli, reproduction, adaptation, growth and development, homeostasis, and energy 

, , . , . .n i |i  I iving things are highly organized following a hierarchy that includes atoms, 
ill, « organelles, cells, tissues, organs, and organ systems. Organisms are grouped as

, , ,,i ........ communities, ecosystems, and the biosphere. Evolution is the source of the
и .о ,mili'ii' biological diversity on Earth today. A diagram called a phylogenetic tree can be used 
i i,„o i iolutionary relationships among organisms. Biology is very broad and includes many 

,i»« iimI nib-disciplines. Examples include molecular biology, microbiology, neurobiology, 
._l , „loll) among others.

1 »»**••#•

i «  I,,, I, ol the following statements is false?
" Tissues exist within organs which exist within organ systems.
I' < ommunities exist within populations which exist within ecosystems.
• < Organelles exist within cells which exist within tissues.
,1 < nimminities exist within ecosystems which exist in the biosphere.

i Ha ‘ in ill, a unit of biological structure that meets the functional requirements of 
In mg ' I» llie __ .

>• Dig,III 
I' lilgllllfllc
, n il
■1 iinn inmnlrcnlc

* 1 'I i" iiilluwing sequences represents the hierarchy of biological organization 
и...» <i„ i , „iiiplcx to the least complex level?

1 ..... ........ ii.mic, biosphere, ecosystem, population
n "i ...........  tissue, organelle, molecule

.......... niiiiiiiiinity, biosphere, molecule, tissue, organ
1 1 ' i i „ и.у .inn, community, population, organism

>u.i,i i..— , illinium is a source of species diversity.

|4fUl*lii'., ■■ example, if von had a pcoub.tiun of 
>•» ok ,,, , W en  u> Iced selcctivel;, on "ho bark ut Die 

t ie r  ш т-. genetic changes can occur that 
.her. In this case, a specialinn event has
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Glossary

atom: a basic unit of matter that cannot be broken down by normal chemical reactions 

autotroph: an organism that can make its own food from materials in its environment
biology: the study of living organisms and their interactions with one another and their 
environments

biosphere: a collection of all ecosystems on Earth

cell: the smallest fundamental unit of structure and function in living things 

community: a set of populations inhabiting a particular area

domain: the highest level of the taxonomic hierarchy; includes the Eukarya, Archaea. and 
Bacteria
ecosystem: all living things in a particular area together w ith the abiotic, nonliving parts of that 
environment

eukaryote: an organism with cells that have nuclei and membrane-bound organelles

evolution: the process of gradual change in a population that can also lead to new species arising 
from older species
hetcrotroph: an organism that cannot make its own food and must consume other organisms to 
obtain its energy

homeostasis: the ability of an organism to maintain constant internal conditions 

macromolecule: a large molecule typically formed by the joining of smaller molecules 

molecule: a chemical structure consisting of at least two atoms held together by a chemical bond 

organ: a structure formed of tissues operating together to perform a common function 

organ system: the higher level of organization that consists of functionally related organs 

organelle: a membrane-bound compartment or sac within a cell 

organism: an individual living entity

phylogenetic tree: a diagram showing the evolutionary relationships among biological species 
based on similarities and differences in genetic or physical traits or both

population: all individuals within a species living within a specific area

prokaryote: a unicellular organism that lacks a nucleus or any other membrane-bound organelle 

tissue: a group of similar cells carrying out the same function
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| ; I In l'i m iss o f Science

(a) (b)
■ I» it- i M' 1.1) cyanobacteria seen through a light microscope are some of Earth’s oldest life
• ' 'I i «iminalolitcs along the shores of Lake Thetis in Western Australia arc ancient
.................. и Hied by the layering of cyanobacteria in shallow waters, (credit a: modification of
•  ■ i| iii NASA, scale-bar data from Matt Russell; credit b: modification of work by Ruth Ellison 

■ tun i |'l • ul Hioljfcf OnenStax)

и 'M «inI ul llns section, you will be able to:
■ I hi,Im i haul the process o f scientific inquiry
■ l. pum il и i/c/iv o f the scientific method and be able to apply it
■ fii* / « i  p o n - d t o  explain how a hypothesis is different than a theory 

i №11,11111' ini /in toe  reasoning with deductive reasoning
• i il.1. the itoals o f basic science and applied science 

n ,•■>!..( i.',( iii define and explain all bolded terms

* ■ i i iliui ji.illicis knowledge about the natural world (Figure 1.18). Specifically,
!•* ' »; ' " - i . i . ul 11 li Itiological discoveries are made by a community of researchers who

in ill > nil Ingclhcr using agreed-on methods. The methods of science include 
I 1 ■: .. ....... it i |.ing, logical and mathematical reasoning, experimentation, and

• u i in . пишу of others. Science also requires considerable imagination 
< ' i in d experiment is commonly described as elegant or beautiful.

M l .....................I nnphcalions and applications, for example, in the prevention of
■ i i | • .nl science are motivated by curiosity. Whatever its goal, there 

...... 1 biology, has transformed human existence and will continue

| .
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Figure 1.19 In this micrograph, the bacterium is 
visualized using a scanning electron microscope 
and digital colorization. (credit: Eric Erbe; 
digital colorization by Christopher Pooley, 
USDA-ARS / Concepts of Biology OnenStax)

The Nature of Science

Science can be defined as knowledge about the natural world. It is a precise way of learning 
about the world and is largely responsible for the technological revolutions that have taken place. 
There arc, however, areas of knowledge and human experience that the methods of science 
cannot be applied to. These include such things as answering moral questions, aesthetic 
questions, or spiritual questions. Science cannot investigate these areas because they are outside 
the realm of natural phenomena and cannot be observed and measured.

The scientific method is a method of research with defined steps that includes careful 
observation and experiments. The steps of the scientific method will be examined in greater 
detail later, but one of the most important aspects of the scientific method is the testing of 
hypotheses. A hypothesis (plural hypotheses) is a suggested explanation for a scientific question 
or an observation, which can be tested. A good hypothesis should be clear and concise. It should 
also lead to predictions, which are statements that describe what should happen if the hypothesis 
is correct and supported. A hypothesis should also be falsifiable, meaning the hypothesis can be 
incorrect if data that is collected refutes the hypothesis. An example of a hypothesis that is not 
falsifiable is, “Chicago is the most beautiful city in the world.” There is no experiment that might 
show this statement is false. Once a hypothesis has undergone rigorous testing, and large 
amounts of data have been collected by multiple research groups who have drawn the same or 
similar conclusions, the hypothesis is referred to as a theory. In science, a theory is a confirmed 
explanation for a set of observations or phenomena that has been thoroughly tested and 
supported with substantial amounts of data. In this way, it is very different than a hypothesis. 
However, like hypotheses, theories are testable, falsifiable, and lead to predictions. A scientific 
theory is the foundation of scientific knowledge. Also, in many scientific disciplines (less so in 
biology), there are scientific laws, often expressed in mathematical formulas. Scientific laws 
describe how elements of nature will behave under certain specific conditions. There is not a 
strict process that a hypothesis must go through to become a theory or a law. Hypotheses arc the 
day-to-day material that scientists work with, and they are developed within the context of 
theories. Laws are concise descriptions of parts of the world that are amenable to fonnulaic or 
mathematical description.
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.......... 1 S ilences

Hi. i HrliK of science related to the physical world and its phenomena and processes are 
i . nl i  i cil natural sciences. There is no complete agreement when it comes to defining what the 

.■null n u-iiccs include (Figure 1.20). For some experts, the natural sciences are astronomy, 
in  i. , . i In-in istry, earth science, and physics. Other scholars choose to divide natural sciences 

,i пи i iriiccs and physical sciences. Life sciences study living things and include biology.
11 , , ,i, «I . u-iiccs study nonliving matter and include astronomy, physics, and chemistry. Some 
IK ...Inn inch as biophysics and biochemistry, build on two sciences, and are interdisciplinary.

Figure 1.20 Some fields of science include 
astronomy, biology, computer science, 
geology, logic, physics, chemistry, and 
mathematics, (credit: "Image Editor" Flickr / 
Concepts of Biology QpenStax)

t i l l .  l » H | i i l l l

......... . nil Ini ins of science: the ultimate goal is to obtain knowledge. Curiosity
Ом v mg liuii-s for the development o f science. Scientists seek to understand 

*•• •  . it iipr.i'.iie . Two methods of logical thinking are used: inductive reasoning
............

,, • • i in in id logical thinking that uses related observations to arrive at a
1' i« ' .......I ii-iisoning is common in descriptive science. A life scientist such

i n.к  им.и itnil records them. These data can be qualitative, which is 
' • Mi. . i on be quantitative, consisting of numbers. From many 

■ о . m  mil i i onclusions, inductions, based on evidence. Inductive 
11 • (. in nthAiitions inferred from careful observation and the analysis
И ................ . work this way. Many brains are observed while

• '* i Hi. i in In.on that lights up, indicating activity, is then 
, 1 ■ ■ i Hi. ii-sponsc to that task.

3 3 - 3 ,  O L f
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Deductive reasoning or deduction is the type of logic used in hypothesis-based science. In 
deductive reasoning, the pattern of thinking moves in the opposite direction as compared to 
inductive reasoning. Deductive reasoning is a form of logical thinking that uses a general 
principle or law to predict specific results. From those general principles, a scientist can 
extrapolate and predict the specific results that would be valid so long as the general principles 
are valid. For example, a prediction would be that if the climate is becoming warmer in a region, 
the distribution of plants and animals should change. Comparisons have been made between 
distributions in the past and the present, and the many changes that have been found are 
consistent with a warming climate. Finding the change in distribution is evidence that the climate 
change conclusion is valid.

Both types of logical thinking are related to the two main pathways of scientific study: 
descriptive science and hypothesis-based science. Descriptive or discovery science aims to 
observe, explore, and discover. Hypothesis-based science begins with a specific question or 
problem and a potential answer or solution that can be tested. The boundary between these two 
forms of study is often blurred because most scientific endeavors combine both approaches. 
Observations lead to questions, questions lead to forming a hypothesis as a possible answer to 
those questions, and then the hypothesis is tested. Thus, descriptive science and hypothesis-based 
science are in continuous dialogue.

Hypothesis Testing

Biologists study the living world by posing questions about it and seeking science-based 
responses. This approach is common to other sciences as well and is often referred to as the 
scientific method.

The scientific method typically starts with an observation that leads to a question. Observations 
can be made using any or all of an individual's general senses such as touch and/or their special 
senses such as vision. (Students planning to take Anatomy and Physiology will leam more about 
your different senses.) Let’s think about a scenario that starts with an observation and apply the 
scientific method to address the observation. One Monday morning, a student arrives in class and 
quickly discovers that the classroom is too warm. That is an observation that also describes a 
problem: the classroom is too warm. The student then asks a question: “Why is the classroom so 
arm?”

Recall that a hypothesis is a testable explanation to the question. Several hypotheses may be 
proposed. For example, one hypothesis might be, “The classroom is warm because no one turned 
on the air conditioning.” But there could be other responses to the question, and therefore other 
hypotheses may be proposed. A second hypothesis might be, “The classroom is warm because 
there is a power failure, and so the air conditioning doesn’t work.”

Once a hypothesis has been formulated, a prediction can be made. A prediction is similar to a 
hypothesis, but it typically has the format “I f . . . then . . . .” For example, the prediction for the 
first hypothesis might be, “I f  the student turns on the air conditioning, then the classroom will no 
longer be too warm.”
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Iм||lii I . must be testable to ensure that it is valid. For example, a hypothesis that depends 
. .  lull i I" и thinks is not testable, because it can never be known what a bear thinks. To test a

.......  ' n ii'M .ireher will conduct one or more experiments designed to eliminate one or more
i in. i. |mill м I his is important. A hypothesis can be shown to be false or eliminated, but it

■ - ..... ' i I " piuvcn true. Science docs not deal with proof, like mathematics. If an experiment
..........к  tlic hypothesis, this is not to say that down the road, a better explanation will not be
.............. h is why the word "prove" is not used when a hypothesis is supported.

. I., >|i. i iim-nt will have variables, controls, and experimental groups. A variable is any part of 
it, ,,«iimi urn hi lliut can vary or change during the experiment. There are typically three kinds of 
•  t»i i .. iilr|>cndcnt, dependent, and standardized. The independent variable is the variable 

, <™. i 'Milled or changed by the researcher. It is the variable whose effect is being tested,
i . inti ni i hi iable is the variable that may change when the independent variable is 

. 11 11" i wlial the researcher will observe, measure, and record during the experiment.
■ i ,■*, 1 ‘i ili/i d variables are variables that must be kept consistent among all test groups;
■I i» i tin i i an ulfcct the outcome or results of the experiment. The experimental groups in 

«4, . | ■ linn'll i iiLcivc varying types or amounts o f the independent variable. A control group is 
„  ' in Imli'il ns a basis of comparison for the experimental groups. For the control group the

i. i ni in uiblc is absent or set to some predetermined standard. Look for the variables,
.,, i ia mill i «pi iimcntal group(s) in the following example.

a............... . "I nnilucted to test the hypothesis that phosphate availability limits the growth of
, i In'elm >li i ponds. A series of artificial ponds are filled with water, and half of them are

...............  hIi Iiiik pin epilate each week, while the other half is treated by adding salt. Salt is a

. .. .ni. • ни r Hint is not used by algae. The independent variable here is the phosphate. The
, .....no ii i ' "up- me the ponds to which phosphate was added, and the control group is the

, . i in -in h Ни -iill was added. Adding the salt is a control against the possibility that adding
. ............ I" Ии» i ими I influences algae growth. Some factors must be standardized in both the

i ' ■ i • """ "lal ponds. For example, both the temperature and pH of the water should
i v  ii*i it II 11о wnli'i iii the control ponds has a significantly higher temperature or pH

" i и cil in the experimental ponds, this could influence the growth of algae.
. ..ii..in  measured and kept relatively constant between the two groups. These 

и  •i.iniUnliA'il variables, lfthe ponds treated with phosphate show more algae
, и .t...■ и» i .••null ..... Is. then we have found support for our hypothesis. If they do not,

, . . a I i  .i pnlln i . He uware that rejecting a hypothesis does not determine whether 
■ .......cun be accepted; it simply eliminates one hypothesis that is not valid
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Figure 1.21 The scientific method is a 
series of defined steps that include 
experiments and careful 
observation, (credit: Fowler et al. / 
Concents of Biology QpenStaxf

In the example below, the scientific method is used to solve an everyday problem.

Cheek your knowledge
W1 licit option below is the hypothesis? Which is the prediction?
Based on the results of the experiment, is the hypothesis supported?
If it is not supported, propose some alternative hypotheses.

1. My toaster doesn’t toast my bread.
2. Why doesn't my toaster work?
3. There is something wrong with the electrical outlet.
4. If something is wrong with the outlet, then my coft'eemaker also won't 

W'ork when plugged in.
5. I plug my coffeemaker into the outlet.
6. My colTeeniaker works.

■ h-ipothf'.v/.v (4i pirdiefion. The. hypothesis wt>uM be t v  • 
Hypothesis - The ivjster has а ТШ е’.пге atul it f r y
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1 1 imlilic method is not as rigid and structured as it might first appear. Sometimes an
• - 1 ■ | in " til leads to conclusions that favor a change in approach. Often, experiments bring about
• • "ii new scientific questions. Many times, science does not operate linearly; instead,

h i " .  continually draw inferences and make generalizations, finding patterns as their research 
. ........'I Scientific reasoning is more complex than the scientific method alone suggests.

■I . i i  « n i l  Applied Science

ii i niilii community has been debating for the last few decades about the value of different
• ........ Is it valuable to pursue science for the sake of simply gaining knowledge, or

uni" knowledge only have worth if we can apply it to solving a specific problem or 
i мм lives? This question focuses on the differences between two types of science: basic 

<• . a...I applied science.

и in i oi “pure” science seeks to expand knowledge regardless of the short-term
.... и nl that knowledge. It is not focused on developing a product or a service of

' - m i » . i . i in public or commercial value. The immediate goal of basic science is knowledge for 
t • Ii l| ■ '» ..ike, though this docs not mean that in the end, it may not result in an application.

............applied science or “technology,” aims to use science to solve real-world problems,
i i.i| и pm 'iiblr. Inr example, to improve crop yield, find a cure for a particular disease, or 

....I ilm .ilcneil by a natural disaster. In applied science, the problem is usually defined
I". I i m i  iI I i liri

............. I'li "I Imw basic and applied science can work together occurred with the discovery of
n ' 1 i" I his discovery then led to the understanding of the molecular mechanisms 

• i1 M 1 A iqiln «111111 livery human has unique chromosomes, strands of DNA wrapped
......... 1 iniil in their cells. DNA provides the instructions necessary for life. During

■ "|in , ol DNA must be made before a cell divides to form two new cells 
, i I mil i*i.Muling the mechanisms of DNA replication enabled scientists to develop

. iii■ i■ |«...ч lli.il aic now used to identify genetic diseases, pinpoint individuals who 
-......................  ‘"id determine paternity. Without basic science, it is unlikely that applied

■ a  i u ...d.| • *i«i

' мши and cell division by the process o f mitosis. Note: diploid 
' MiMinirs (credit: Mvsid / Wikimedia Commons!

21



Reporting Scientific Work

Whether scientific research is basic science or applied science, scientists must share their 
findings for other researchers to expand and build upon their discoveries. Communication and 
collaboration within and between sub-disciplines of science are key to the advancement of 
knowledge in science. For this reason, an essential aspect of a scientist’s work is disseminating 
results and communicating with peers. Scientists can share results by presenting them at a 
scientific meeting or conference, but this approach can reach only a few individuals who are 
present. Instead, most scientists present their results in peer-reviewed articles that are published 
in scientific journals. Peer-reviewed articles are scientific papers that are reviewed, usually 
anonymously, by a scientist’s colleagues, or peers. These colleagues are qualified individuals, 
often experts in the same research area, who judge whether the scientist’s work is suitable for 
publication. The process of peer review helps to ensure that the research described in a scientific 
paper is original, significant, logical, and thorough.

There are many journals and the popular press that do not use a peer-review system. Results of 
any studies published in non-peer reviewed forums are not always reliable, and caution should be 
used when examining the validity of the work. Sometimes information can be portrayed as 
scientific fact but lack objective, repeatable data. Pseudoscience is claims or beliefs that are 
represented as scientific fact but cannot be evaluated using the scientific method. For example, 
astrology is based on a set of beliefs that connect an individual's personality traits with their 
astrological sign. Scientists using the scientific method have not been able to generate any data 
that supports these claims and connections. As a result, astrology can be used as an example of 
pseudoscience.

Today, data and information are readily accessible online through the internet. The internet 
offers a unique platform to share information across the world, which can help advance both 
scientific discovery and knowledge. However, it is always important to consider when looking at 
information online, where the data is coming from, and how valid this information is.
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. I M u l l  S l l l l l l l l l i r y

ii.. i. i . I., ilir science that studies living organisms and their interactions with one another and
■I......... imnincnts. Science attempts to describe and understand the nature of the universe in

» i in putt. Science has many fields; those fields related to the physical world and its 
........ ■■■ N.i me considered natural sciences.

v i. |.1 iili< in m a tentative, testable explanation for an observation or question. A scientific 
i i «  ■ 1 wdl-testcd and consistently verified explanation for a set of observations or

" . tluil has been universally accepted by the scientific community. A scientific law is a 
i . 11•!- и lien in the form of a mathematical formula. Two types of logical reasoning are used
......... Inductive reasoning uses results to produce general scientific principles. Deductive

I» .... . .. « liu in of logical thinking that predicts results by applying general principles. The
ми 1 " id throughout scientific research is the use of the scientific method. Scientists 
i ни и n .nils in peer-reviewed scientific papers published in scientific journals.

a, la.» ..... I.r Imsic or applied. The main goal of basic science is to expand knowledge without
.......... ■ 1.1I11111 of short-term practical application of that knowledge. The primary goal of

. Ii, however, is to solve practical problems.

I • * 11I n  a

'I............|dr below, the scientific method is used to solve an everyday problem. Which
....... ilm . < .tuple below is the hypothesis? Which is the prediction? Based on the

..Ii. ..I ilu experiment, is the hypothesis supported? If it is not supported, propose
.......... in ..... live hypotheses. Jose notices that all the trees in his backyard are dying.

1 • > Ii.ii ui|! и usual dry summer with very little rainfall. His mom also applied
i i, i i<i ii.. inwn in the early spring. Jose is curious, "why are the trees are all dying?" 
1 - 1 ml • " .'I he. nuse there has been very little rainfall that explains why the trees are
l, •.« и In- м ilen. the trees, then they should begin to grow and stop dying. After 
» •.•....in die in i . every day for two months, Jose notices that the trees still seem to be
I , >M||

■ l*iiи# in beliefs that arc portrayed as scientific fact but cannot be evaluated 
, ,9 tin м (i nt11ii method.

* ViMliihli'
N uMu e

t I I . . . у
< "I dunking that uses related observations to arrive at a general

1 -  M if  . 41 I f ' |
* ’ ) ■. ».  .mining 
! i n r  thud

1 ? ' l l■ -i - llilted NCR*nee
'  1 И »  ► t f r M l t o l l i n g

’ ' м  I" i и i i n u hypothesis and a theory.
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Answers
i Пк: h\ pOtbr-ii is ihr tiki’s ЧГ5Г tlylpg IXYXWv:- оГ thtf lack s‘? 'A'.'tlci; and the pi rdktiOA it lie

'voters Use H'co.s. then they should tfop <i\ in у The oriosrai h - poihc'sk Is not supported. because 
;*:1 hough he ч-aisrs I he tvc^. iuev continue to die. Ahem;* Live iiynoUicses way be hec:jai>o his 
morn ridded ter silver to the Suwn, the tiee~ = ■ re dy^>g.

-■ W  
Ы;

4 A Viypotlifsis is u test:sllie es piaiialiugSbi'.;! srienriib ии;^(н г: or an obseixdtii.-n.. wtvicli ~hf.mid be 
ljoili feWliabic and Ic to to nretbulsiis.ifl’H'f a hypothesis ha* ш к)сгацс rigorous testing by 
many <titT5n-ry group* who have Jrawii the same or similar conclusions, it -> referred to
ns аф понин thooV;. Л scion tme Iheory ucrefore, is also testable, lend* u> jveiileunns. and is 
hdsiti AJe; hotveser, it lu>s Seen thorough!) tesuxand supported with substantial amounts ot' 
data. A vicniifie theory is tire toumlaiion of scientific knostlodge.

Glossary
biology: the study of life

control: a part of an experiment that docs not change during the experiment

deductive reasoning: a form of logical thinking that uses a general statement to forecast results

dependent variable: the variable that will change when the independent variable is altered: this 
is what the researcher will measure or observe during the experiment

experimental group: the group where the independent variable is applied 

falsifiable: it can be shown to be false by experimental results 
hypothesis: a suggested explanation for an event, which can be tested

independent variable: is the variable that is being altered or changed by the researcher; it is the 
variable being tested

inductive reasoning: a form of logical thinking that uses related observations to arrive at a 
general conclusion

peer-reviewed article: a scientific report that is reviewed by a scientist’s colleagues before 
publication

predictions: statements that describe what should happen if the hypothesis is supported

pseudoscience: claims or beliefs that are portrayed as scientific fact but cannot be evaluated 
using the scientific method

qualitative data: data that is descriptive 

quantitative data: data that is numerical

science: the knowledge that covers general truths or the operation of general laws, mainly when 
acquired and tested by the scientific method

scientific method: a method o f research with defined steps that include experiments and careful 
observation

scientific theory: a thoroughly tested and confirmed explanation for observations or phenomena

standardized variable: variables that must be kept consistent otherwise they can affect the 
outcome or results of the experiment
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I liiiplri 2: Introduction to the Chemistry of Life

• >•»»> l Atoms are the building blocks that come together through chemical bonding to form 
и» iti nli i in the universe. In this model of a molecule, the atoms of carbon (black), hydrogen
i • ■ i i uni ПЦ1 n (blue), oxygen (red), and sulfur (yellow) are in proportional atomic size. The 
H i ...i, inilii ate chemical bonds that hold the atoms together in a specific three-dimensional 

: tin  till i nullification of work bv Christian Guthier)

11 • 1 <*i ' »ibon, hydrogen, nitrogen, oxygen, sulfur, and phosphorus arc the key building
i * • inn,mI hi nil living things. Elements are unique forms of matter with specific chemical and
i ' ii -J | i"|" mu s ilut cannot be broken down into simpler substances by ordinary chemical 

-•••••  I Inn lot in the carbohydrates, lipids, proteins, and nucleic acids which are the 
•-* ' I ...... ponents of all organisms. In this chapter, we will discuss how the unique

• • .......I «inilii allow them to interact and form the molecules of life.

• i  i in Itiillilinp lllucks of Molecules

I l « I Ml»к  I ' i i l - v l n r s
• i oil nl tins section, you will be able to:

• ! -, i the matter, elements, and compounds
• , i/n- the interrelationship between protons, neutrons, and electrons

mi abi.-j ,■ use the number o f  elections an element has to determine its reactivity 
- ‘ .i/i m  define and explain all bolded terms

' ..... ini level, life is made up of matter. M atter is any substance that occupies
I li m inis are unique forms of matter with specific chemical and physical
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An atom is composed of two regions. The center of the atom, which is called the 
nucleus, contains subatomic particles called protons and neutrons. The atom's outermost region 
holds subatomic particles known as electrons. Electrons orbit around the nucleus, as Figure 2.4. 
illustrates. All atoms, except hydrogen, contain 
protons, electrons, and neutrons. Most hydrogen 
atoms contain only one proton and one electron 
and have no neutrons.

Figure 2.4 Atoms are made up of protons and 
neutrons located within the nucleus, and 
electrons surrounding the nucleus, (credit: Clark 
et al./Biology 2j QpenStaxl

Protons and neutrons have approximately the same mass, about 1.67 x 10"24 grams. Scientists 
arbitrarily define this amount of mass as one atomic mass unit (amu). Although similar in mass, 
protons and neutrons differ in their electrical charge. A proton is positively charged; whereas, 
a neutron is uncharged (Tabic 2.2). The number of neutrons in an atom contributes significantly 
to its mass, but not to its charge. Electrons are much smaller in mass than protons or neutrons, 
weighing only 9.11 * 10'2S grams. As a result, electrons do not contribute significantly to an 
element’s overall atomic mass. When calculating atomic mass, it is customary to ignore the mass 
of any electrons and calculate the atom’s mass based on the number of protons and neutrons 
alone.

Each electron has a negative charge equal to the positive charge of a proton. In uncharged, 
neutral atoms, the number o f electrons orbiting the nucleus is equal to the number of protons 
inside the nucleus. The atom will have no charge because the positive and negative charges 
cancel each other out.

Protons, Neutrons, and Electrons

Charge Mass (amu) Location

Proton + 1 nucleus

Neutron 0 1 nucleus

Electron _ 0 orbitals

Table 2.2 shows the characteristics of the three subatomic particles, (credit: Clark ct al./Biology 
2E OnenStax)

Most of an atom's volume, greater than 99 percent, is empty space. With all this empty space, 
one might ask why solid objects do not just pass through one another. The reason this does not 
occur is due to the electrons that surround all atoms. Electrons are negatively charged, and 
negative charges of different objects repel one another, preventing this from occurring.
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S l n i i i l i  N l l i n l i i  1 i i n i l  M m s

..... . t il i mi Ii clcmcnl i niiliiin u unique number of protons and electrons. The number of protons
i .......пи .in clcmcnl’ atomic number, which scientists use to distinguish one element from

iiii'i I hi example. Iiydmgen has an atomic number of 1, meaning it has one proton. Helium 
in iiintiiic number ol 2, meaning il has two protons in its nucleus (Figure 2.2). All atoms of a 

i .■ и .  i i I . ii  i Icmcnl will have the same number of protons. The number of neutrons an atom has is 
1 I nil opes arc iliMerent atoms of the same element that vary only in their number of

■.I • • 11 igclhcr, the number of protons and neutrons determines an element’s atomic mass 
 in i 1 1 inure 2.5). Nolc that we disregard the small contribution of mass from electrons in

' ....... . I lie mass number. We can use this approximation of mass to easily calculate how
» "• 'limns an element has by subtracting the number of protons from the mass number.

' ........... isotopes will all have slightly different mass numbers. When scientists determine
■ -anunir mass of an clement, they take the mean of the mass numbers for all its naturally 

I - 1 шпиц isotopes. ОПсп, the resulting number contains a fraction. For example, the atomic
• • "I i liloi inc (Cl) is 15.45 because chlorine is composed of several isotopes, most with 

1 mu mass 35 (17 protons and 18 neutrons) and some with atomic mass 37 (17 protons and 20
II I  l l l l l l l i s )

Atomic number

_  J _____

c
1?

I

• •» • r ■
symbol

I

-r C  I
i 13

M.iss number
1 'linn 5 ( arbon has an atomic number of six, and two stable isotopes with mass numbers of 
• ■si i ■ и in I thirteen, respectively. Its relative atomic mass is 12.011 (credit: Clark et al./Biology 
4 1 l 4u iiblux)

I ln-« Is your kno" Iccluc 
и ns m an y  neu tro n s  d o c s  cai b o n -12 liave?

H o "  m an y  neu tro n s  d o c s  cm b o n -13 liave?

Ii ям n tiни h a s  13 clci ■ o n s. 13 p ro to n s .a n d  13 n e u tro n s , w h a t is its  a to m ic  m a ss ?

■ • m ('-12 {6iputrons/. C-:< (7 neutrons) 
Atomic m tw  af 26 amu.
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Isotopes

As mentioned above, isotopes are different forms of an element that have the same number of 
protons but a different number of neutrons. Hydrogen-1 contains one proton, zero neutrons, and 
one electron. Hydrogen-2, also called deuterium, has one proton, one neutron, and one electron 
(Figure 2.6). These two alternate forms ofhydrogcn arc isotopes. Some elements, such as 
carbon, potassium, and uranium, have naturally occurring isotopes. Carbon-12 contains six 
protons, six neutrons, and six electrons; therefore, it has a mass number of 12. Carbon-14 
contains six protons, eight neutrons, and six electrons; its atomic mass is 14. Some isotopes are 
unstable and will lose neutrons, other subatomic particles, or energy to form more stable atoms. 
These are called radioactive isotopes or radioisotopes.

Deuterium (гН)

Figure 2.6 Isotopes of Hydrogen, (credit: Betts et al./Anatomy and Physiology OpenStaxt

Evolution in Action

Carbon Dating

Carbon-14 (l4C) is a naturally occurring radioisotope that is created in the atmosphere by cosmic 
rays. This is a continuous process, so more l4C is always being created. As a living organism 
develops, the relative level of l4C in its body is equal to the concentration of l4C in the 
atmosphere. When an organism dies, it is no longer ingesting I4C, so the ratio will decline. I4C 
decays to i4N by a process called beta decay; it gives off energy in a relatively slow process 
(Figure 2.7).

After approximately 5,730 years, only one-half of the starting concentration of 14C will have 
been converted to l4N. The time it takes for half of the original concentration of an isotope to 
decay to its more stable form is called its half-life. Because the half-life of l4C is long, it is used 
to age dead organisms or objects, such as fossils.
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Figure 2.7 The age of remains that contain 
carbon and are less than about 50,000 years 
old, such as this pygmy mammoth, can be 
determined using carbon dating, (credit: Bill 
Faulkner/NPS/Biology 2E OpenStax)

Iulri ventional Radiologist

ч i I , ..................................................................... i|icк has advanced medical diagnosis and treatment of disease.
, , v i ,- ,i .  .nr physicians who treat disease by using minimally invasive

thiiiinn Many conditions that could once only be treated with a lengthy
t a, i ... ........и..-* In- treated non-surgically, reducing the cost, pain, length of

, ,.,,i . i , tiiiir lot patients. For example, in the past, the only options for a
•  i . in. i. 11111itii . in the liver were surgery and chemotherapy. Some liver tumors,

• in  ......... ... ,, ..nigieally, and others could require the surgeon to remove too
. ii, . i in i.„.i|mnpv n also highly toxic to the liver, and certain tumors do not
-i <> a ..................ii interventional radiologist can treat the tumors by disrupting the
•I .f!| i It I., 11.11 pi. Holme, called radioembolization, the radiologist accesses the 

•” ■ и. Uni itilnl through one of the patient’s blood vessels. The radiologist then 
a n t. ч . it. iiiin the blood vessels that supply the tumors. In the days and 

I « i»i |,||« i .i,„, ||,r radiation emitted from the seeds destroys the vessels and 
W ......... .i lU in the vicinity of the treatment.

*• ■ , l ‘l .........nil pm in. les that can be detected and tracked by imaging
1 » i t  ill. .... . ll(|t mi, a | uses of radioisotopes in medicine is the positron

• - i 1 t*l I i . ........ | he procedure begins with administering a very small
i. |  n i . . . n  , ,||„ |||c sugar that cells use for energy. The PET camera shows 

' ' ■ I. nl Им |..Hii'iit tissues are taking up the most glucose. Thus, the most
'•* • ■ 11 n »ln,и ,,|i a» hiight “hot spots” on the images (Figure 2.8). PET can

............,i  • m i >. . .in  . .nicer cells consume glucose at a high rate to fuel their

!•

31



Electron Shells and the Bohr Model

There is a connection between the number of protons in an element, the atomic number, and the 
number of electrons it has. In all electrically neutral atoms, the number of electrons is the same 
as the number of protons. Each element, at least when electrically neutral, has a characteristic 
number of electrons equal to its atomic number.

In 1913, Danish scientist Niels Bohr (1885-1962) developed an early model of the atom. The 
Bohr model describes an atom as having a central nucleus containing protons and neutrons. The 

electrons orbit the nucleus at specific distances (Figure 2.10). These 
orbits form electron shells or energy levels, which are a way of 
visualizing the number of electrons in the outermost shells. These 
energy levels are designated by a number and the symbol “n.” For 
example, In represents the first energy level located closest to the 
nucleus.

Figure 2.10 Bohr model, (credit: Clark et al./Biology 2E OnenSl.i

Electrons fill orbitals in a consistent order. First, they fill the orbitals closest to the nucleus. Once 
the closest orbitals are filled, electrons fill orbitals of increasing energy further from the nucleus 
The number of electrons in the outermost energy level determines the atom's energetic stability, 
how reactive or nonreactive an atom is. These electrons determine the tendency of an atom to 
form chemical bonds with other atoms. Remember, when atoms form chemical bonds with one 
another, molecules are formed.

Under standard conditions, atoms fill the inner shells first, often resulting in a variable number ol 
electrons in the outermost shell. The innermost shell has a maximum of two electrons, but the 
next electron shell can hold up to eight electrons. This is known as the octet rule, which states, 
except for the innermost shell, that atoms are more stable energetically when they have eight 
electrons in their valence shell, the outermost electron shell. Figure 2.11 shows examples of 
some neutral atoms and their electron configurations. Notice that in Figure 2.11, helium has a 
complete outer electron shell, with two electrons filling its first and only shell. Similarly, neon 
has a complete outer 2n shell containing eight electrons. Because these atoms have full outer 
shells, they are considered stable or non-reactive. In contrast, chlorine has seven and sodium om 
electron in their outer shells, and therefore they are unstable and more likely to react and form 
chemical bonds with other atoms. An atom's reactivity is governed by its need to be more 
energetically stable, which results if their valence shells are full.
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I Itolii .nr how ninny electrons fill each principal shell. Group 18 
■ .I 1111(1111) have a lull outer or valence shell. A full valence shell is the 

я it ■■■■• iи11hi I Icmcnts in other groups have partially filled valence shells 
|ln  .......... - .1 ktuhlc electron configuration, (credit: Clark et al./Biology

ink* .и ........«Intions with another atom to achieve a full valence
M ^  н  Икни how ninny electi ons do elements in group 1 need to 

• 4 •«Mr nli . imn configuration?
hi*"1* gmiips 14 need to gam in order to achieve a

■  * i

Answers: (1), (4)

i r 1*"' il-e h i  uvii, nnil chemical bonding of certain elements, the Bohr 
'W *11' '“o* 1 I-ч Ilium spatially distribute themselves around the

i '• ihi» no. Inn like the earth orbits the sun, but we find them in electron
•" • .........'o n ...... . . lion is most likely to be found its orbital. While the

■ ■! i i n.n> an i In .rly related, orbitals provide a more accurate
H Л».,., и i uniIgianlinn
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2.2 Chemical Bonds

L earn ing  objectives
By the end of this section, you will be able to:

• Understand how electrons can be donated, accepted, or shared between atoms to form  
chemical bonds

• Understand chemical bond strength: which bonds are stronger vs. which bonds are 
weaker

• Understand why chemical bonds differ in strength
• Describe the differences between polar covalent and nonpolar covalent bonds. Be able 

to give examples.
• Be able to define and explain all bolded terms

Chemical Reactions and Molecules

According to the octet rule, all elements are most stable when their outennost shell is filled with 
electrons. This is because it is energetically favorable for atoms to be in that configuration, and it 
makes them stable. Since not all elements have enough electrons to fill their outermost shells, 
atoms form chemical bonds with other atoms. Forming chemical bonds allows atoms to obtain 
the electrons they need to achieve a stable electron configuration. When two or more atoms 
chemically bond with each other, a molecule is formed. The familiar water molecule, IbO, 
consists of two hydrogen atoms and one oxygen atom. These atoms bond together by sharing 
electrons to form the water molecule, as Figure 2.12 illustrates. Atoms can form molecules by 
donating, accepting, or sharing electrons to fill their outer shells.

Figure 2.12 When two hydrogens and an oxygen share pairs of electrons via covalent bonds il 
forms a water molecule, (credit: Clark et al./Biology 2К OnenStax)

38 Return to Table of Coni' i



, п а  .. Ii.ni two in mure atoms bond together to form molecules or when 
. I t , .  \\'i i I'.inil ly call the substances used at the beginning of a

, i ai,i- uni lli< substances at the end of the reaction products. We 
. i iu.< и Mu и .и i,nits and products to indicate the chemical reaction's 

, ............. i iile. the chemical equation would be:

...................... mi id inn lion is breaking down hydrogen peroxide molecules. Each
• i. ,i,, nli 11 ini.ii.r. of two hydrogen atoms bonded to two oxygen atoms
i .  .„.I M Ini inula loi hydrogen peroxide. A chemical formula is a way to 
... | г Пи I...... m i mrikc up a molecule.

i , , |..... . nli Im-aks down into water (HrO), and an oxygen molecule (O2). In
.....nun 1111 hides two hydrogen peroxide molecules and two water

. •,.,,|ili и! и balanced chemical equation. Each element's number of atoms 
. 1 nl 1I11 i-i |iiiitiiiii According to the law of conservation of matter, the 

uni idlri a chemical reaction should be equal. Under normal 
. . .  >11111.1 In 1 miled or destroyed.

" 1 'о Mi ищ и peroxide)—* 2 II2O (water) + O2 (oxygen)

' ..... .. is nl this 11 action are molecules. However, in this reaction, only
■ ' 1 it и. 1 na 1 hemica! compounds meaning they contain atoms of more 
• Midi. nl.о oxygen, as Figure 2.13 shows, consists of two oxygen atoms 

" ' iiiM 1 not i lassilicd as a compound but as a molecule.

211 " O -rH rO

О 0=0

' llic oxygen atoms in an O2 molecule, (credit: Clarkct

!•
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Reversible reactions arc those that can go in either direction. In reversible reactions, reactants 
turn into products, but when the product's concentration goes beyond a certain threshold, some ol 
these products convert back into reactants. This back and forth continues until a certain relative 
balance between reactants and products occur, a state called equilibrium. A chemical equation 
with a double-headed arrow pointing towards both the reactants and products often denote these 
reversible reaction situations.

For example, in human blood, excess hydrogen ions (H*) bind to bicarbonate ions (НСОз") 
forming an equilibrium state with carbonic acid (H2CO3). If we added carbonic acid to this 
system, some of it would convert to bicarbonate and hydrogen ions.

НСОз + Н+<->Н2СОз

Chemical Bonds

Chemical bonds are interactions between two or more atoms that result in the formation of 
molecules. An atom can donate, accept, or share electrons w ith other atoms to fill its outer shell 
and satisfy the octet rule.

There are three types of bonds or interactions that will be discussed: ionic, covalent, and 
hydrogen bonds. Ionic and covalent bonds are strong interactions that require a large input of 
energy to break the bonds apart. Hydrogen bonds are considered weak bonds because they 
require less energy to break them apart.

Ions and Ionic Bonds

When an atom docs not contain equal numbers of protons and electrons, it is called an ion. 
Because the number of electrons does not equal the number of protons, each ion has a net chargi 
Positive ions are formed by losing electrons and are called cations. Negative ions are formed by 
gaining electrons and are called anions.

For example, sodium only has one electron in its outermost shell. It takes less energy for sodium 
to donate that one electron than it docs to accept seven more electrons to fill the outermost shell 
If sodium loses an electron, it now has 11 protons and only 10 electrons, leasing it with an 
overall charge of + 1. It is now called a sodium ion, Na+1 (Figure 2.14a and b).

The chlorine atom has seven electrons in its outer shell. Again, it is more energy-efficient for 
chlorine to gain one electron than to lose seven. Therefore, it tends to gain an electron to create 
an ion with 17 protons and 18 electrons, giving it a net negative (-1) charge. It is now called a 
chloride ion, Cl"1 (Figure 2.14a and b). This movement of electrons from one element to anothci 
is referred to as electron transfer.
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л . . ‘i Imiiii ilium (N11) unly has one electron in its outermost shell,
« , n 1 1 1 , i .......... lei Irons in its outermost shell (Figure 2.14a). A sodium

. и» ii-> mu........ .. Ms shell, and a chlorine atom will accept that electron
............ IImiIi ions now satisfy the octet rule and have complete

i . И .......In i ol electrons is no longer equal to the number of protons,
■ . i 1.1 i l l  .inliiiiii) or I (chloride) charge.
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i ' i  " liiim donates the electron in its valence shell to chlorine, which 
i ' i lull valence shell, (b) The opposite electrical charges of the
1 I ' .... I' union result in the formation of an ionic bond, (c) The
и» I i lilin ule ions results in the formation of large groupings called 

i Mi.nuim uni Physiology OnenStax)
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When an element donates an electron from its outer shell, as in the sodium atom example above, 
a positive ion is formed. The element accepting the electron is now negatively charged. Becausi 
cations and anions are attracted to one another, these ions stay together and form an ionic 
bond or a bond between ions. When proportional 
amounts of Na+ and СГ ions combine they produce 
the ionic compound, NaCI, in a crystallized form 
(Figure 2.14c). The sodium and chloride ions attract 
each other in a lattice of ions with a net-zero charge 
forming what is commonly known as table salt Figure 
2.15.

Figure 2.15 Edible salt, (credit: Miansari66 / Public 
Domain)

Covalent Bonds

A covalent bond is another example of a strong chemical bond that can occur between two or 
more atoms. A covalent bond forms when one or more pairs of electrons arc shared between 
atoms. These arc some of the strongest and most commonly formed chemical bonds in living 
organisms. Their strength is greatly attributed to the fact that large amounts of energy are 
required to break these bonds apart.

For example, the hydrogen atoms and oxygen atom that combine to form water molecules are 
bound together by covalent bonds. Each atom participating in a covalent bond must share at lea .t 
one electron. The electron shared by the hydrogen atom divides its time between the outer shell 
of the hydrogen atom and the outer shell of the oxygen atom. To fill the outer shell of an oxygen 
atom, two electrons from two hydrogen atoms are needed, hence the subscript “2” in FbO.

There are two types of covalent bonds: polar and nonpolar. Nonpolar covalent bonds form 
between two atoms that share the electrons equally. For example, an oxygen atom can bond with 
another oxygen atom to fill their outer shells. This bond is nonpolar because the electrons will hi 
equally distributed between each of the oxygen atoms. Two covalent bonds form between two 
oxygen atoms because oxygen requires two shared electrons to fill its outermost shell (Figure 
2.16).
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Г mv .ill ill Iu iih I is methane (CH4) (Figure 2.17). Carbon has four 
'■li шп1 11.1 if. luur more to fill it. With methane, (CH4), it obtains 

■ »■ l.\ .In.jii'ii alums. Each hydrogen atom shares one electron, making 
И ** с  |*1ч| now Inis a lull outer shell because it only needs to acquire one 

• .m i m v .vi n ,. .hell ( 'arbon and hydrogen do not have the same
( « 1  .......... ...... null that the bonds that form are nonpolar. Electronegativity

•at Km-  .ilulili in attract a shared pair of electrons more closely to its own 
■ ' • I  ill; г....... 1 similar electronegativities then they will share the pair of

1 I turns equally and partial charges on the atoms 
puiticipaling in the bond will not occur or will be 
iiiiniiual. In the case of methane (CH4), because the 
cleclumcgativity of hydrogen and carbon are similar, they 
sh.uc the electrons in a way that creates a nonpolar covalent 
bond

figure 2.17 A molecule of methane is held together svith 
nonpolar covalent bonds, (credit: Beniah-bmm27/Public
I to in a in l

• toi.ol 1I1, shined pair 
I MM 1 Io m -i to one

•  и .  1 . 1I111 iiiom's
m ., 1 >•» ...... 1 uo I

• ' ■ , in . n the
Й ц |.||| |,.:jilive (h i) or 

IB (41 I l,M|, develops, file 
u •*», « , and osvgeii atoms

Ш Ш  ... I .nods ( f igure 
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The hydrogen atoms' partial positive charge and the oxygen atom's partial negative charge can !■< 
explained by looking at the different electronegativities of these two atoms. The nucleus of an 
oxygen atom is more attractive to the shared pair of electrons than the hydrogen's nucleus. Thu 
oxygen has a higher electronegativity than hydrogen and the shared electrons spend more time 
near the oxygen nucleus than the hydrogen atoms' nucleus (Figure 2.18).

The atom’s relative electronegativity contributes to developing partial charges whenever one
atom is significantly more 
electronegative than the other (Figim 
2.19). The charges that these polar 
bonds generate may then be used to 
form hydrogen bonds. Hydrogen 
bonds are weak bonds between 
slightly positively charged hydrogen 
atoms to slightly negatively charged 
atoms in other molecules.

Figure 2.19 Whether a molecule is 
polar or nonpolar depends both on 
bond type and molecular 
shape, (credit: Clark et al./Biqhuo 
2E QpenStaxl

Bond type Molecular shape Molecular type

Water

Polar covalent

S-t(и) (и)

*  fr- *

B ent

Polar

Methane © 43
N onpolar covalen t

Tetrahedral

N onpolar

Cartoon
dioxide * 0 - © * 1

Polar covalent
Q - o - e

Linea»

N onpolar

Hydrogen Bonds

Ionic and covalent bonds are strong bonds. As a result, they require large amounts of energy to 
break. However, not all bonds between elements are ionic or covalent. Weaker bonds can also 
form. These bonds occur between positive and negative charges that do not require much cnei и \ 
to break. Hydrogen bonds are weak bonds but are important because they allow three­
dimensional molecules to fold into their appropriate shapes and contribute to the unique 
properties of water (Figure 2.20).

When polar covalent bonds containing a hydrogen atom form, the hydrogen atom in the bond hn- 
a slightly positive charge. Because the hydrogen atom is slightly positive (8+), it will be attracli-il 
to neighboring negative partial charges (5-). When this happens, a weak interaction occurs 
betw cen the 8+ charge of the hydrogen atom of one molecule and the 8 - charge of the other 
molecule. This interaction is called a hydrogen bond (Figure 2.20). For example, the liquid 
nature of water is caused by the hydrogen bonds between water molecules. Hydrogen bonds giv r 
water the unique properties that sustain life. If it were not for hydrogen bonding, water would Ы 
a gas rather than a liquid at room temperature.
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* fi“ 1 hst i n ninny different molecules not just water. For example, hydrogen 
Inin; vliiiiuls of DNA to give the DNA molecule its characteristic 

Ш < и, 1 1 igiiic '21) I lydrogcn bonds also cause some proteins to fold into
t ■ Iiii|• I, •

• 1 • imiiii t (wo strands of DNA to create the double-helix structure, 
и i i . ’I ( >tifnSlax )
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Section Summary

Atoms, which consist of protons, neutrons, and electrons, are the smallest units of an element 
that retain all of the properties of that element. Electrons can be donated or shared between 
atoms to create bonds, including ionic, covalent, and hydrogen bonds. Chemical bonds differ in 
their strengths and lead to the formation of molecules. Hydrogen bonds give water the unique 
properties that sustain life.

Exercises

1. In the below reaction what is the reactant?

2H2O 2 (hydrogen peroxide) —* 2НгО (water) + O2 (oxygen)

2. Positive ions are formed by losing electrons and are called:
a. anions
b. polar molecules
c. water
d. cations

3. Which type of bond represents a strong chemical bond where electrons arc shared 
unequally?

a. hydrogen bond
b. ionic bond
c. polar covalent bond
d. nonpolar covalent bond

4. Compare and contrast ionic and covalent bonds.

5. Hydrogen bonds are weak bonds yet they play an important role in holding the two 
strands of DNA together. Hypothesize why it would be important that a weak bond is 
used in this example vs. a strong bond.

\nsner

; Hydrogen peroxide
2. id)
3. ( c )

4. Ionic and covalent bonds both allow for atoms to become more stable and result in the syndic • 
" >>f  molecules ami or chemical compounds. Ionic bonds are chemical bonds that form betw con 1.

o f  opposite charges wlictcas eovalcur bonds ate a result o f  atoms sharing pairs o f electrons.
5 lue 'roecn bends form weak bonds between different molecules. Before a sell SSt reproduce 1: 

must make a copy , , i  its DNA, If strong bonds were used to hold the two .mauds together, inst.. 
o f Uic weaker hydrogen bonds, the cell would need to invest a lot more energy into toproduo ■ 
order to fhdPbtvak those bonds.
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,  , _  , I........ ll\ ginning electrons

м  I......... I.у losing electrons
^  ................... . .а. пом In-tween two or more of the same or different elements that result

i. ......... ..' l,', ‘
■I „Ш , .г,,,» • him in.iny and which atoms make up a molecule
| |  ........1,1 ilillnent types of atoms held together by chemical bonds

im < hi when two or more atoms bond together to form molecules or when 
h o t  •f*1'

M1 i о , 1,1 >1101111 bond between two or more of the same or different elements; 
IMo,o- <n ihiiied between elements

M 4I '  m  t i l l i n '  rhilily to attract a shared pair of electrons more closely to its own

■ m i . о ,  i i i h m i h i  i l l  i l l  electrons from one element to another

<«>■ « m i  bund between partially positively charged hydrogen atoms and partially 
M . i • , . , . . i  . ........... hi molecules

Г | | .......MfioiMiil ili.il does not contain equal numbers of protons and electrons, and
»« ..................

* , m  at liinnl ili.il tin ins between ions of opposite charges

■I ■■ ImihiIi и type nl covalent bond that forms between atoms when electrons arc 
% • • '-'ll riiHim Н lilting in no regions with partial charges as in polar covalent

| •' -■ib • iу i»' id i iiy nlent bond in w hich electrons are pulled toward one atom and 
ifc»i ПкнИнф in «lightly positive and slightly negative charged regions of the

- iliii im toinied at the end of a chemical reaction (usually on the right 
■ M K «w *i'" ii

• lin'd at the beginning of a chemical reaction (usually on the left side

!■
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2.3 W ater

Learning objectives
By the eud of this section, you will be able to:

• Describe the properties o f  water that are critical to maintaining life
• Explain win’ water is an excellent solvent
• Provide examples o f  how water is cohesive and adhesive
• Be able to define and explain all bolded terms

Do you ever wonder why scientists spend time looking for water on other planets? The reason is 
simple; water is essential to life. Even minute traces of water on another planet can indicate thal 
life could or did exist on that planet. Water is one of the more abundant molecules in living cells

and the most critical to life as we know it. Approximately 
60-70 percent of your body is made up of water. Without И 
life simply would not exist.

Figure 2.22 The water molecule depicts a polar covalent 
bond, (credit: modified from Parker et al./Microbiolouv 
OnenStaxI

The hydrogen and oxygen atoms within water molecules form polar covalent bonds. The shared 
electrons spend more time associated with the oxygen atom than they do with hydrogen atoms 
There is no overall charge to a water molecule, but there is a slight positive charge on each 
hydrogen atom and a slight negative charge on the oxygen atom (Figure 2.22). Because of tho r 
charges, the slightly positive hydrogen atoms repel each other and form a unique shape. Each 
water molecule attracts other water molecules because of the positive and negative charges in lln 
different parts of the water molecule (Figure 2.23).

Figure 2.23 Hydrogen bonds form between slightly 
positive (6+) and slightly negative (&-) charges of 
polar covalent molecules, such as water, (credit: Bt n 
et al. / Anatomy and Physiology Open Stax 1

48 Return to Table of Coni i ;



• | ■ I и inuli i nits, such as sugars or ions, by forming hydrogen bonds.
•• n . iii.ii inii'i.ii is readily with or dissolves in water hydrophilic (hydro- =

■ n.4 i ........ни.ist. nonpolar molecules such as oils and fats do not interact
ttii <11., ,i, .I»,w n hi figure 2.24. A good example of this is vegetable oil 

*» . til . . 11 i ц in i ' We call such nonpolar substances hydrophobic
• |i.,a.,. "liMiing")

■ '■ 1 i n willy dissolve or interact
m < it, и „и nlsu hydrophobic.
r*< ■ Г ■ l.iil, livtliuphtiliic and 

1 м  <• n mil ol the atoms that
1 aW up riiii«|i|iolipiils, the major 

я  4 k  ■■II •и* iiiImimu:, Imvc bolh a 
' • ■ h i ill i ■I'IhiIhi u*^inn

*  ■ ill In- «It«« n ■ si',1 more in chapter 3.

1 •  ■ 'III* m u ,  i,.i, ■ ,| iii image of oil and 
i nil ii . i„H,|„,|iii compound and.
M  ................. in  H-nti-i ( c i e d i t :  G a u t a m

'-•> I. I i|H II jlit \  ) i * * ч

i igiire 2.25 Oil and water separate due to their inability to 
i hemically interact, (credit: Victor Blacus/ Wikimedia 
Commons)

n | i a  I « I  I I I  |

■ Mi■ ,i it in absorb and release heat energy mpre slowly than many 
l i in|n i at in »■ measures the motion of molecules. As the motion 
in Inn' the temperature is higher. Water can absorb a great deal

ч . due to a large number of hydrogen bonds that hold water
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molecules together. This means that water can moderate temperature changes both within 
organisms anti within different environments. As energy input continues, the balance between 
hydrogen-bond formation and destruction swings toward the destruction side. More bonds are 
broken than arc formed, and individual water molecules can be released. The release of 
individual w ater molecules at the surface of a liquid (such as a body of water, the leaves of a 
plant, or the skin of an organism) is known as the process of evaporation. For example, when 
humans exercise, their skeletal muscles generate a considerable amount of heat energy. One win 
humans maintain their temperature homeostasis is by producing sweat using their sudoriferous 
glands. Sweat, which is 90 percent water, allows for the cooling of an organism because breaking 
hydrogen bonds in liquid sweat requires a large input of heat energy. Once the sweat begins to 
evaporate, it takes the heat energy away from the body, which results in a cooling effect.

Conversely, as molecular motion decreases and temperatures drop, less energy is present to 
break the hydrogen bonds between water molecules. These bonds remain intact and begin to 
form a rigid, lattice-like structure (e.g., ice) (Figure 2.26a). When frozen, ice is less dense than 
liquid water, meaning it floats (Figure 2.26b). This can be explained by the fact that when the 
temperature is  cool, water molecules can form the maximum amount of hydrogen bonds, and tin- 
individual water molecules are spaced farther apart. In lakes, ponds, and oceans, ice will form on 
the surface o f  the water, creating an insulating barrier which protects the animal and plant life 
that lives beneath the surface of the water. If this did not happen, plants and animals living in the 
water would freeze into a block of ice and would not be able to move around freely, making life 
in cold temperatures difficult, if not impossible.

<&>
Figure 2.26 (a) Shows the lattice-like molecular structure of ice. (b) In liquid form water 
molecules pack tightly making it denser c) Shows ice (a) as it floats on liquid water (b). (credit u 
modification o f  work by Jane Whitney; credit b: Elizabeth O'Grady c: modification of work by 
Carlos Ponte/ Biology 2E OpenStax)
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„ ,, i .■ iih «lightly positive and negative charges, ionic compounds and polar 
,, .,'.1 ili< ilive in It. Water is, therefore, referred to as a solvent, a substance

a._. и iiIn i substance. The solute is defined as the substance being dissolved.
0 .ini ....... . solvent make up a solution.

i ittitld util Nat I. mixed in water, the sodium and chloride ions separate, or
, i и, i I Ini ions remain separated because each independently forms hydrogen 

hi iiHiHimiliMU water molecules (Figure 2.27). A positively charged sodium ion is 
|] hi | ш111 a 11 у negative charges of oxygen atoms in water molecules. A negatively 

|  ihii i ' >iinounded by the partially positive charges of hydrogen atoms in water 
фр ■■hi к lemovcd, Гог example, by boiling the solution, the sodium and chloride 

!■ Гмин mine bonds, and salt crystals will reform. 1

|  I I  H i t  Hi  S i l l »  r i l l

Hydrated chloride ion

1 ilium Chloride in Water. Notice that the crystals of sodium 
i ulcs of NaCI, but into Na+ cations and C l- anions, each 
icicilil Metis e( al. Anatomy and Physiology OpenStaxI
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W ater Is Cohesive and Adhesive

Have you ever filled up a glass of water to the very top and then slowly added a few more drop 
Before it overflows, the water forms a dome-like shape above the rim o f the glass. Water can 
stay above the glass because of the property of cohesion. In cohesion, water molecules are 
attracted to each other because of hydrogen bonding, keeping the molecules together at the 
liquid-air, gas, interface. Cohesion gives rise to surface tension, the capacity of a substance to 
withstand rupture when placed under tension or stress. When you drop a small scrap of paper 
onto a droplet of water, the paper floats on top of the water droplet. The paper floats even though 
the object is denser, heavier than the water. This occurs because of the surface tension that is 
created by the water molecules. Cohesion and surface tension keep the water molecules intact 
and the item floating on the top of the water's surface. It is even possible to “float” a steel needle

on top o f a glass o f water if you place it gently 
without breaking the surface tension (Figure 2.28).

Figure 2.28 The weight of a needle on top of water 
pulls the surface tension downward; at the same time 
the surface tension of the water is pulling it up, 
suspending the needle on the water, and keeping it 
from sinking, (credit: Cory Zanker/ Bioloirv 2F. 
OnenStax)

Water is also said to be adhesive, meaning that there is an attraction between water molecules 
and other types of molecules. This is observed when water “climbs” up a straw placed in a glass 
of water (Figure 2.29). You will notice that the 
water appears to be higher on the sides of the 
straw than in the middle. This is because the 
water molecules are attracted to the straw and 
therefore adhere to it.

Figure 2.29 shows a straw submerged in water, 
demonstrating adhesion, (credit: modification 
of work by Pearson-Scott Foresman, donated to 
the Wikimedia Foundation/ Bioloirv 2E 
QpenStaxl

52 Return to Table of Cor



. ,in important for sustaining life. For example, because of these
.......... . iiitin (lie roots of plants to the leaves where photosynthesis occurs. If

...................... their roots, they cannot make their food and, therefore, cannot
.......... |ili . insects such as the water strider (Figure 2.30) use the water's

,,1» ,11liini on the water's surface where they will mate. Without water's unique 
-Milo i-IiiiiIn would not survive.

Figuie 2.30 Water’s 
cohesive and adhesive 
properties allow this water 
strider (Gerris sp.) to stay 
afloat, (credit: Tim Vickers/ 
Biology 2E OnenStaxf

; 1 ' I и Inim more about water, visit the U.S. Geological Survey Water 
• i it Nil Mu nit Water! Website

!■
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Section S u m m ary

Water has many properties that are critical to maintaining life. Water is polar, allowing for the 
formation of hydrogen bonds, which allow ions and other polar molecules to dissolve in watci 
Therefore, water is an excellent solvent. The hydrogen bonds between water molecules give 
water the ability to hold heat better than many other substances. As the temperature rises, the 
hydrogen bonds between water continually break and reform. This allows for the overall 
temperature to remain stable, although increased energy is added to the system. Water’s coliesivi 
forces allow for the property of surface tension. All of these unique properties of water are 
important for the survival of living organisms.

Exercises

1. Which of the following statements is not true?
a. Water is polar.
b. Water stabilizes temperature.
c. Water is essential for life.
d. Water is the most abundant atom in Earth’s atmosphere.

2. Water can absorb a large amount of heat energy before the temperature rises due to lut|n 
amounts of:

a. polar covalent bonds
b. hydrogen bonds
c. its cohesive properties
d. its adhesive properties

3. Which of the following would be hydrophobic?
a. NaCl (table salt)
b. Sugar
c. Oil
d. Water

4. Why can some insects walk on water?

5. Explain why water is an excellent solvent.

\nswers
1 Uh
2 tb)
3. tc.
4. Son»: inserts can walk on water, although Ihey arc heavier I'denseri than water, because . a 1 

surface tension oi water. Surface tension results from cohesion, or tile attraction between ■ 
molecules at the surface of the body of water ithe liquid air igast interface |.

5 Water molecules art polar, meaning they have separated partial positive and negative ch s 
bei utise of these charges, water n to teoles can surround charged paScles created when 
substance dissociates Tire surivnuid ag layer ofwarer molecules stabilizes the ion and к м  ■ 
differently charged mus from reasi octal trig, s.j the substance stays dissolved.
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'.»■ ii ii iii turn between water molecules and molecules of a different substance

■ .........in molecular forces between water molecules caused by the polar nature of
............ tension

.....и ihi iclcase of water molecules from liquid water to form water vapor

,.«>iMi ili' .1 nhes a substance that dissolves in water; water-loving 

, imIiIi ilmcribcs a substance that does not dissolve in water; water-fearing

. • . Ii.... .. mixture made of two or more components

j .  >nlhinnee being dissolved 

■ ■ (Wtnncc capable of dissolving another substance
, i. Hiiiiir the cohesive force at the surface of a body of liquid that prevents the molecules

, • ' i l l l l | |

............measure of molecular motion

i n

irt W . I l.ilke, A., and Schulten, K., "VMD—Visual Molecular Dynamics," J  Molec. 
I'l'Mi, vol 14, pp. 33-38. http://www.ks.uiuc.edu/Research/vmd/
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2.4 pH and  Buffers

L cim im a objectives
By the eud of this section, you will be able to:

• Explain what pH  is and why it is vital to living cells
• Understand what a logarithmic scale is
• Know which numbers on the pH  scale represent acids and bases
• Explain what buffers are and why they are important
• Be able to define and explain all bolded terms

pH

The pH of a solution is a measure of its acidity or alkalinity. You may have used litmus papci i 
paper that can be used as a pH indicator, to test how much acid or base exists in a solution. You 
might have even used litmus paper to make sure the water in an outdoor swimming pool is 
treated correctly. In both cases, this pH test measures the amount of hydrogen ions that exist in .i 
given solution.

H20(l)<->H+(aq)+0H (aq)

*(aq) means water is the solvent that dissolves the ions

Hydrogen ions spontaneously generate in pure water by the dissociation, ionization, of a small 
percentage of water molecules. While the hydroxide ions (OH ) are kept in solution by their 
hydrogen bonding with other water molecules, the hydrogen ions (H ), consisting of only a 
single proton, immediately bond to water molecules forming hydronium ions. For simplicity, 
scientists still refer to hydrogen ions and their concentration as if they were free in liquid wata 
and not as being bound to water.

Acids

An acid is a substance that releases hydrogen ions (H ') in solution (Figure 2.3 la). Because an 
atom of hydrogen has just one proton and one electron, a positively charged hydrogen ion is 
simply a proton. This solitary proton is highly likely to participate in chemical reactions. Strong 
acids are compounds that release all their H‘ in solution; that is, they ionize completely. 
Hydrochloric acid (HC1), which is released from cells in the lining of the stomach, is a strong 
acid because it releases all its H+ ions in the stomach’s watery environment. This strong acid unh 
in digestion and kills ingested microbes. Weak acids do not ionize completely; that is, some ol 
their hydrogen ions remain bonded within a compound in solution. An example of a weak acul i 
vinegar or acetic acid.
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Wnlof

**• * ' " 1 Mini-» <и) In aqueous solution, an acid dissociates into hydrogen ions (H+)
to ■пин... dilution, a base dissociates into hydroxyl ions (OH“) and cations.

1 ■' Ними m il Physiology OnenStaxlf/cantionl

.141» a 11. 1i nil , , hydroxide ions (OH ) in solution, or one that accepts H+
•* "i ............ 11 iimic 31b). The hydroxide ions combine with H+present to form
и Он и to n nun mg 1 1 and reducing the solution’s acidity. Strong bases release

«*» > in .m in...... weak bases release only some hydroxide ions or absorb only a
> 1 11I1 lit 1I1 in liloric acid (MCI) from the stomach would bum the cells that

. . 1 . пн. i| и m u ' not for the release of bicarbonate (НСОз~), a weak base
1 1 ► . 1 ... di< .и 11 pi', ноте of the H+, thereby reducing the acidity of the solution.
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The Concept of pH

The relative acidity or alkalinity of a solution can be indicated by its pH. A solution’s pH is the 
negative, base-10 logarithm of the hydrogen ion (H+) concentration of the solution. As an 
example, a pH four solution has a H+ base
concentration that is ten times greater than that 
of a pH five solution. That is, a solution with a 
pH of 4 is ten times more acidic than a solution 
with a pH of 5. The concept of pH will begin to 
make more sense when you study the pH scale 
shown in Figure 2.32. The scale consists of a 
series of increments ranging from 0 to 14. A 
solution with a pH of 7 is considered neutral, 
neither acidic nor basic. Pure water has a pH of 
7. The lower the number below 7, the more 
acidic the solution, or the greater the 
concentration of H+. The higher the number 
above 7, the more basic (alkaline) the solution, 
or the lower the concentration of H+. Human 
urine, for example, is ten times more acidic than 
pure water, and HC1 is 10,000,000 times more 
acidic than water.

Examples

Liquid dra г clear*' 
<pH=14)

Bleaches, over cloflo*i *.• 
(pH=i3.5)

Ammonia solution 
(pH=10 5-11.5}

____*

Most cells operate within a very narrow pH 
range. For example, the pH of human blood 
typically ranges from 7.2 to 7.6. If the pH 
fluctuates outside of this range, several organ 
systems in the body can malfunction. Cells that 
make up plants also function within specific pH 
limits. Com, for example, often grows best when 
the pH is between 5.5-7. If the pH varies too 
high or too low, cells no longer function 
properly, and proteins will break down. 
Deviation outside of the pH range can even 
result in death.

Figure 2.32 The pH Scale (credit: Betts et 
al./Anatomv and Physiology OnenStax)

r~T

L J

Q ?

Baking soda 
(pH=9.5)

Sea water 
(pH=8)

Blood 
(pH-7.4)
Milk, urine, saiva 
(pH-€..V6 6)

Black cottee 
(pH*5)

Grapefruit |ufcs. tan la 
Inmato juice 
<pH®2,5-3 5}

Lemon juce, vtneg* 
<pH=2)

BaHeryaod. hyai«* Mm
(pH=4

So how is it that organisms deal with changes in pH? How is it that we can ingest or inhale ai ui 
or basic substances and not die? For example, how is that we can drink orange juice, an acidu 
solution, and yet survive? The body has several mechanisms for regulation, involving brealhuii 
the excretion of chemicals in urine, and the internal release of chemicals called buffers into I»-' 
fluids. Buffers readily absorb excess H+ or OH', keeping the pH of the body carefully 
maintained within a narrow range. Carbon dioxide is part of a prominent buffer system in tin- 
human body; it keeps the blood pH within the proper range of approximately 7.4. This bulfc i
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• 1........ . ill 111 ■( < )i) and bicarbonate (НСОз ) anion (Figure 2.33). If too
' • 1 li I n ............. will combine with the FT to create carbonic acid and limit

f 11 1 it< ч  .■ il too much Oil is introduced into the system, carbonic acid will 
" ..... .. in InitiuU- and 11' ions. The H' ions can combine with the OH" ions,

* in |d I Will null this buffer system, the pH in our bodies would fluctuate too 
• •.-•til Ini in ш п а г

- hapi'ini iiIniv* к the body's buffering ofblood pH levels. The blue arrows show 
alilh( pi I и-, more (.'02 is made. The purple arrows indicate the reverse process: 

............................. г bicarbonate is created, (credit: Clark et. al / Biology 2E OnenStax)

* ............... |i|c of bull'ers that people sometimes use to deal with excess stomach
«i о..** hi 11 |In counter medications work in the same way as blood buffers, usually
• ...... it| iiiI ill* ol absorbing hydrogen ions. This results in an increase of pH,

I I i о........л tin miller "heartburn” after eating.

.........  I Mil VI VNC KS - Acids and Bases

, , i it.. N.... I and other body fluids is known as acidosis. Common causes of
i in...... I ilmnidcis that reduce the effectiveness of breathing, especially the

. . 1. il. lulls. winch causes a buildup of CO: and H+ in the bloodstream.
hv metabolic problems that reduce the level or function of buffers

, ......unit tin- pmduction of acids. For instance, with severe diarrhea, too much
, „  i .,i iii mi tlic body, allowing acids to build up in body fluids. In people with 

pf i4i,.i ,<>■ on Itectivc regulation ofblood sugar, acids called ketones are produced 
n o iii in. I tin: body These can build up in the blood, causing a serious condition 
I I pi „ i,ii.ais Kidney failure, liver failure, heart failure, cancer, and other 

.  , , ,,, ................. labolic acidosis

i«|im - i- • i ................. which the blood and other body fluids are too alkaline
•'.ttfcatt* n 1'iia l" ', disorders are a major cause. In respiratory alkalosis, carbon 
. i ш i •» I ниц diiicusc, aspirin overdose, shock, and ordinary anxiety can cause 

^ . , i ,  in li и din cs the normal concentration of H+.

j|U n i**'!!1, I.... . pmlongcd, severe vomiting, which causes a loss of
i , p| '  n M. .in niiniia can also prompt alkalosis. These include diuretics that 

, .................  .it well as antacids when taken in excessive amounts.

!•
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Section  S u m m ary

The pH of a solution is a measure of the concentration of hydrogen ions in the solution. A 
solution with a high number of hydrogen ions is acidic and has a low pH value. A solution with « 
high number of hydroxide ions is basic and has a high pH value. The pH scale ranges from 0 !■» 
14, with a pH of 7 being neutral. Buffers are solutions that moderate pH changes when an acid ш 
base is added to the buffer system. Buffers arc important in biological systems because of then 
ability to maintain constant pH conditions.

Exercises

1. Acids:
a. Increase OH' ions in solution
b. Decrease OH' ions in solution
c. Decrease H+ ions in solution
d. Increase H+ ions in solution

2. Using a pH meter, you find the pH of an unknown solution to be 8.0. How would you 
describe this solution?

a. weakly acidic
b. strongly acidic
c. weakly basic
d. strongly basic

3. The pH of lemon juice is about 2.0, whereas tomato juice’s pH is about 4.0. 
Approximately how much of an increase in hydrogen ion concentration is there between 
tomato juice and lemon juice?

a. 2 times
b. 10 times
c. 100 times
d. 1000 times

4. Explain why buffers are biologically important.

tTs

1 Ы:
2 (ci 
3. iOJ
i ButTers readily absorb «псе» H os OH keeping die pH of die body care billy n tatirw * 

a specific range. If the pi 1 dev iatA nitside of ibis range, body systems i  an M ifune bon i : 
longer nmetionproper!;,, atnl proteins will break down.
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. ....... I....... . hydrogen ions and therefore lowers pH

• .....  ili-ti ........ . hydrogen ions and therefore raises pH

*, . iii.il ii-an.l* a i liange in pH by absorbing or releasing hydrogen or hydroxide

.p. ■ till. i |■.>!•< i tluil has been treated with a natural water-soluble dye so it can be used

-.!• |...yui|i 111 nil 0 to 14 that measures the approximate concentration of hydrogen
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• 1 liliil<>i:l(nil) Important Molecules

mcctrtc spark
(la w.muUllc lightning)

-  waier
(lo simulate ocean) 

heal

gases: HrO CH„. H3. NK3 
(to simuiale atmosphere)

vacuum pump

cooled water 
(containing organic 
compounds)

I .n i l . I  Miller (pictured) and Harold Urey demonstrated that organic
м  , i ' I . . . .  .nipiit.ited naturally from inorganic matter, (credit: “photo”: 

mI wî V (.,■ NASA, credit “illustration”: modification of work by Courtney
1 . 1  t ipciiStax)

•i«i .i (и I" I I. billion years old, but for the first 2 billion years the atmosphere 
' м  и in viii 11, the planet could not support life. One hypothesis about how life 

11 1. 1 ,, tin . mu cpt of “primordial soup.” This hypothesis proposes that life 
w ■ .. 1. 1,. 11 iiu lals and gases from the atmosphere combined with a source of 

,• -m ' iiliiiiuolcl light. These interactions formed carbon compounds, the 
,  ' Ik  t . 11I I1I1 Iii 1952, Stanley Miller (1930-2007), a graduate student at 

1 * 1 uni I in. professor Harold Urey (1893-1981) set out to confirm this
N.i • . . .  1 i.iiilniicd what they believed to be the significant components of 
■■fix : а и alci (II t )). methane (CH4), hydrogen (H2), and ammonia 
I ЙИ11* lla»k NimI. they heated the flask to produce water vapor and passed 

MM* )||. muuiK to mimic lightning in the atmosphere (Figure 3.1). When they 
pi -i.iik 1 week Inter, they found amino acids. Amino acids arc carbon 

• 1 . ; . 11 in. I'liilс 1114 arc essential for life. Their data provided evidence 
li (<«*i....  l al vnip" hy|Hithcsis.

a 1 1....l n 1 hr iilom carbon and the role it plays in making up the four
• . .  »  , | .... I,. 11I. carbohydrates, lipids, proteins, and nucleic acids.
.... о. . 1  . 1 1  null 1I1 si nbc the functions of different macromolcculcs.
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3.1 Carbon

L e a rn in g  ob jectives
By the end of this section, you will be able to:

• Describe how carbon is critical to li fe
• Understand why something is organic vs. inorganic
• Describe the role o f  functional groups in biological molecules
• List the four categories o f  macromolecules and their main characteristics
• Be able to define and explain all bolded terms

Cells contain many complex molecules called macromoleculcs. Carbohydrates, lipids, protein 
and nucleic acids are all examples of large molecules necessary for life. There has been some 
discussion on what constitutes a macromolecule. For example, carbohydrates, proteins, and 
nucleic acid are all significantly larger in molecular size when compared to lipids. Some suggi - I 
because of this they should not be called a macromolecule. On the other hand, lipids are made и 
of many atoms and are significantly larger than, for example, a molecule of water. Whethei 
lipids are classified as a macromolecule or not, one fact holds true, lipids are important cell 
components that perform a wide array of functions allowing living organisms to maintain 
homeostasis.

Carbohydrates, lipids, proteins, and nucleic acids are all organic molecules. Organic molceuli . 
generally refer to those molecules that have carbon as the principal element, bonded to hydioy n 
and other carbon atoms. Some carbon-containing compounds are not classified as organic, suih 
as CO and CO:. Molecules that do not contain carbon and hydrogen, such as water, arc classih ■! 
as inorganic.

Carbon atoms are the fundamental components for all carbohydrates, lipids, proteins, and nucli n 
acids. Because carbon does not have a full valence electron shell, it is incredibly reactive. C'ail ■ и 
has an atomic number of 6 and is in group six on the periodic table. Therefore, elemental cailmn 
has 6 protons and 6 electrons. Carbon atoms can form up to four covalent bonds with other atuin- 
to satisfy the octet rule. The methane molecule provides an excellent example. In methane, tin 
carbon atom forms four separate covalent bonds with four different hydrogen atoms (Figure '  i 
The valence shells for both hydrogen 
and carbon are now satisfied, thus 
creating a relatively stable molecule.

Figure 3.2 Methane has a tetrahedral 
geometry, with each of the four 
hydrogen atoms spaced 109.5° apart, 
(credit: Clark et al./ Biology 2E 
OpcnSlax )
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....... '»•........... I nil . i insisting entirely of carbon and hydrogen, such as
• ■S «Inn ■ л , .,n9n iцг hydrocarbons in our daily lives. Fuels like the propane in 
t*ni«i„ ,,i a |j|i|un, nit: classified as hydrocarbons. The atoms in hydrocarbons 

■“  1 ■ In, li tloic large amounts of energy. This energy is released when
...........nil ' I  I hi tin* reason, hydrocarbon molecules make excellent fuel

ши iln liai .......... id large macromolecules and may be linear chains, carbon
••wliiai Inal, | ailheiiiiore, carbon-carbon bonds may be single, double, or 

*•' '■ щи ><i Ihuni iillccling the molecule's three-dimensional shape in a 
«И** 1 ti I In ihn r dimensional shape or conformation of a molecule is critical 

* К  и. Лж, in,,|

iMlnlirtltnl 
"■l|lo 11! md)

Tetrahedral 
(single bond)

Planar
(double bond)

Ini him single bonds with other atoms, the shape is tetrahedral. When two 
■ bnilili bond, the shape is planar, or flat. Single bonds, like those in ethane, 

h» 'l*  likг those in cthene, cannot rotate, (credit: Clark et alJ  Biology 2E

1,1 * ... i ala together help dictate its three-dimensional shape. Isomers are
пне i lirtiucal formula but differ from one another in the arrangement of

• l* "......In uni;. Structural isomers like butane and isobutane (Figure 3.4)
’• * » "■ l 'inn ■ I.v ill lit bonds. Both molecules have four carbons and ten 

I  li "  ' i и ii„ i dil ler from one another in the arrangement of their atoms.
*»«> I ..I In tliIIi icnccs in chemical properties which will cause the isomers to
l> I"......... I,,il. Iiui.me is used as a fuel source for lighters and torches,

>■ m m ! .. .. . . . . il.ini in refrigeration units and a propellant in spray cans.

■lil 65



(a) S tructural isom ers

Butane Isobutane

H H H H H H H
1 1 1 1 1 1 1

H - C
1

- C -
1

c
1

- C - H
1

H - C -
1

-c:

X1u
 - 

1

1
H

1
H

1
H

1
H

1
H H

H - C - H
I
H

Figure 3.4 a. Structural butane and isobutane isomers have a different covalent arrangement of 
atoms, (credit: Modified by Elizabeth O'Grady original work of Clark et al./ Bioloiiv 2F. 
OoenStax )

Functional Groups

Functional groups arc groups of atoms that arc found within macromolccules and confer 
specific chemical properties to those molecules. The functional groups in a macromolecule are 
usually attached to the carbon backbone at one or several different places along its chain and or 
ring structure. Carbohydrates, lipids, proteins, and nucleic acids each have their own 
characteristic set of functional groups that contributes significantly to its differing chemical 
properties and its function in living organisms.
For example, proteins arc unique from other 
biologically important molecules in that their 
building blocks, amino acids, have both a 
carboxyl and amino functional group. Nucleic 
acids in comparison are made of building blocks 
called nucleotides, that always contain a 
phosphate functional group.

Figure 3.5 shows some of the important functional 
groups in biological macromolecules. They 
include hydroxyl, methyl, carbonyl, carboxyl, 
amino, phosphate, and sulfhydryl groups. We 
usually classify functional groups as hydrophobic 
or hydrophilic depending on their charge or 
polarity. An example of a hydrophobic group is 
the nonpolar methyl molecule, which is hugely 
prevalent in lipids. The carboxyl group is 
hydrophilic and found in amino acids, the building 
blocks of proteins.

Figure 3.5 These functional groups are in many 
different biological molecules, (credit: Clark et 
al./ Biolocv 2E OnenStax )

Functional
Group

Structure Properties

Hydroxyl 0  —  H/
R

Pot»

Mertiyi
r — o : .

Nonpolar

CartBfiyf 0

II
R ----- C ------ B'

Polar

Cabacyl 0

/ \

Charged, un ites ш release K* 
Smce caitocr/l groups can release 
H' ions mto зоЬяоп Ihey are 
carts й и е а  aafcc.

At t o H

/
R ------ S \

Charged, xx ep ls  H* to too t NH3\  
S u re  amino дтацй can 'e nove  
H' from soiuw r they are 
considered basic

H

PfXKpttiP 0

II
R P ------OH

\/\
0  OH

Charged, c n ee s  lo release H’ 
Snee phasphaa д /о ц к  can 
release H* e n s  r to  solution 
they are considered adcfic

SutoTydryl R-s\
H

Pot*
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. , timilc ul different carbon-based macromolecules. The four covalent bonding 
. i , .и Inin atom can give rise to a wide diversity of compounds with many

.  ...... . i hi Ц lor Ihc importance of carbon in living things. Functional groups help
. .Ml, о ni inacromolcculcs have different chemical properties.

а 1<нмм«0

• « ч . | . . .

i . 111 .и  I н h i  molecule can bond with as many as________ other atom(s) or molecule(s).
* OlIC
ll two 
i llurc 
d lotu

id the following would be hydrophobic? 
methyl group 
i in bony I group 
liydioxyl group 
i hi hoxyl group

Л I

I

i . |,l.iii, wind a functional group is and why they are important.

K t y i t f i  * v  gmups u f  atoms that occur widrin molecules ain] confer specific chemical 
„ •-;n'c«.. They Usually aluicli to flic carbon backbones of moctv-nioleciiles 

• • . <■ • t,n Sach of die four types ofrnacromok-cult-r. proteins, lipids, isM'boIiYdrates. 
V i « , I h i :• own eharikli-ristic sc! ofluuctiouiil groups. These functional group; 
i, i i ,  .,,<#> to their differing chemical properties and functions in In ing organisin'.

I 11ll 4 t4 I |

s , ■ ......  oi-gunic molecules consisting entirely of carbon and hydrogen

. . i и i niip: gioups of atoms that occur within molecules and confer specific chemical 
to llm.c molecules

i a „kin, ,li ,i i ibes a substance that dissolves in water; “water-loving"

. a ptHai.ii di veidies a material that docs not dissolve in water; “water-fearing"
Мм ■■ l,, nil-, that share the same chemical formula but differ in the placement (structure) 

uni in chemical bonds

.......... I, i iilc my cnrhon-containing liquid, solid, or gas
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3.2 Synthesis and Breakdow n of M acrom oleculcs

j 7 .ea rn ing  ob jectives 
By the end of this section, you will be able to:

• Understand how macromolecules are synthesized (dehydration synthesis)
• Understand haw iiiacroinolecules are broken down (hydrolysis reactionsI
• Explain the difference between a monomer and a polymer
• Be able to define and explain all bolded terms

As you've learned, biological important molecules are relatively large molecules that are 
necessary for life. Each biological important molecule is built from smaller organic molecules. 
There are four major biological important molecule classes (carbohydrates, lipids, proteins, and 
nucleic acids). Each is an important cell component and performs a wide variety of functions. 
Biological important molecules are organic, meaning they contain carbon. They often also 
contain hydrogen, oxygen, nitrogen, and additional minor elements.

Most biologically important molecules arc made from single subunits, or building blocks, 
called monomers. The monomers combine using covalent bonds to form larger molecules 
known as polymers. When monomers combine, water is released as a by-product. This type of 
reaction is called a dehydration synthesis, a condensation reaction, which means “to put 
together while losing water" (Figure 3.6a). Conversely, the covalent bonds that hold the polymer 
together can also be broken if need be. When a hydrolysis reaction occurs, a water molecule is 
used to break a chemical bond (Figure 3.6b). We will look more closely at each type of reaction 
below.

(a) Dehydration synthesis

Monomers a re  joined by removal ot OH Irom one monomer and removal of H from the other at the site ot bond formation.

A
H,0

Monomers linked by covalent bond

(b) Hydrolysis

Monomers are released by the addition of a water molecule, adding OH to one monomer and H to the other.

h

Monomers linked by covalent bond

Figure 3.6 (a) In dehydration synthesis, two monomers are covalently bonded, (b) In a hydrolysis
reaction, the covalent bond between two monomers is split apart, (credit: Betts et al./Anatomv
and Physiology OnenStax)
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4i IИми Syii l lu s is

' и .iiiMM .vnthcsis (Figure 3.7), the hydrogen of one monomer combines with the
■I• ill another monomer, forming a water molecule. At the same time, the monomers 

■ ••• i ■ I her and share electrons resulting in the formation of a covalent bond. As
................. arc added, this growing chain forms a polymer. Different monomer types
. 1 1» hi many configurations, giving rise to a diverse group of macromolcculcs.
.1 I llir same kind of monomers can also come together and form different polymers.
.. el. . Iik use monomers are the significant components of starch, glycogen, and

ClhOH CH2OH СНгОН CH2OH

I I Mu llir dehydration synthesis reaction above, two glucose molecules link to form the 
In the process, it forms a water molecule, (credit: Clark et al./ Biology 2E

h i  i

in in bioken down into monomers during hydrolysis reactions. Hydrolysis reactions
i t ......... iiln molecule is used to break a chemical bond (Figure 3.8). During these
-. in |iulymcr breaks into two components: one part gains a hydrogen atom (H+), and 

■ и» и hydroxyl molecule (OH-). Both the hydrogen and hydroxyl ions are a result of 
_ , * .iii i iiinlcculc.

г. hvdiiilysis reaction above, the disaccharidc maltose breaks down to form two 
in i '• by adding a water molecule, (credit: Clark et al./ Bioloav 2K OnenStax )

1.
ah г anil hydrolysis reactions can occur quickly with the help o f molecules 

h In illation reactions, enzymes help with the formation of new bonds, while 
’ Imlv .is i cactions break bonds apart.
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In both cases, enzymes speed up reactions. However, each macromolecule usually has its ow n 
specific enzymes. For example, lactase is used to break down the carbohydrate lactose, whcn-.i-. 
glycogen synthase is used to make the carbohydrate glycogen. Enzymes called proteases, such .1 
pepsin and peptidase, break down proteins, whereas enzymes called lipases break down lipids 
We will take a closer look at how enzymes function later when we discuss proteins.

CONCEPTS IN ACTION - Visit this site to sec visual representations of dehydration synthesis 
and hydrolysis.

Check your knowledge
Hydrolysis reactions result in

a. polymers
b. monomers
c. water molecules
d. oxygen molecules
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■ h i < ami nucleic acids are the four major classes o f  biological
*' iii. I. .i-1. ii11у important molecules are comprised o f  single units called

.................... lull bonds to form larger polymers. When a monomer forms a
‘ и...... mu. ми i iis a result of a water molecule being released, this reaction

■ Ии i 11 у ill ulysis reactions occur when polymers break down into 
■ i v mi, ilnt help of a water molecule. Dehydration synthesis and 

' •iiiiii.ii I in nil macromolecules, but each monomer and polymer reaction
* 1 Iis ill i«Iuni synthesis reactions and hydrolysis reactions typically require 

И ........... pi in I up I lie rale of the chemical reactions.

i im il и lii'ii monomers arc joined together in a dehydration synthesis reaction?

■ ..... HiilMlWS
' i. ........ I llir nlmvc

1 1 ' ' I "  iiili i i iu i l s  below is correct?
i I*. , mu il, liydiation synthesis, macromoleculcs arc broken down.

* mu i . involved in hydrolysis reactions but not dehydration synthesis, 
ify m 11 sis leaclions build macromoleculcs.

1 ......................... i i i c used in both dehydration synthesis and hydrolysis reactions.

............ i • i к*: ишщ piny in dehydration synthesis?

il io monomer.- share electrons and tomi covalent bonds.

vihIIiimIi  и iruction where monomers combine with the help o f  water (and often
•  и» hum |Milymqrs

i . • i n , n  i, action where a water molecule (and usually an enzyme) is used to
• . .a .......l w'ltliiu n polymer

'• и .... ir nlniniiK. or building blocks that make up polymers

■ t -.......I, i uli'ii thul arc formed by combining monomers using covalent bonds
!•
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3.3 Biological Molecules -  Carbohydrates

Learn jpg objectives
By the eud of this section, you will be able to:

• Identify the four major classes o f biologically important molecules found in cells
» Recognize monomers andpolymers fo r carbohydrates
• Understand the functions ofdifferent types o f carbohydrates
• Be able to define and explain all bolded terms

There are four major biological macromolecule classes (carbohydrates, lipids, proteins, and 
nucleic acids). Each is important for cell homeostasis and performs a wide variety o f function' 
Wc will take a closer look at each o f these biologically important molecules starting first with 
carbohydrates.

Carbohydrates

C arbohydrates are macromolecules that students may be familiar with. To lose weight, some 
individuals adhere to “ low-carb” diets. Athletes, in contrast, often “carb-load” before 
competitions to ensure that they have sufficient energy to compete at a high level. Carbohydrate 
arc an essential part o f our diet. Grains, fruits, and vegetables arc all-natural sources of 
carbohydrates. Carbohydrates provide energy for the body, mainly through glucose, a simple 
sugar. Carbohydrates also have other essential functions. For example, in plants, the 
carbohydrate cellulose provides structural support, whereas, in some insects, their hard-outer 
shell is composed o f a different carbohydrate called cliitin. We will explore various functions ol 
carbohydrates later in this section.

Carbohydrates are represented by the formula (C„H;„0„), where n is the number o f carbon and 
oxygen atoms in the molecule. In other words, the ratio o f carbon to hydrogen to oxygen is 1:2:1 
in carbohydrate molecules. For example, the chemical formula for glucose is CbHizCV 
Carbohydrates are classified into three subtypes: monosaccharides, disaccharides, and 
polysaccharides.

M o n o s a c c h a r id e s

M onosaccharides (mono- = “one”; sacchar- = “sweet”) are simple sugars, the most common of 
which is glucose. In monosaccharides, the number o f  carbon atoms usually ranges from three to 
six. Most monosaccharides have names ending with the suffix -ose, such as glucose, galactose, 
and fructose (Figure 3.9).

In most living species, glucose is an essential source of energy. During cellular respiration, 
glucose is used as a source o f energy, when its covalent bonds are broken. The energy released ы 
used to make adenosine triphosphate (ATP), an energy-rich molecule that powers most cellular 
activity. Plants can synthesize their glucose using light energy, carbon dioxide, and water 
through the process of photosynthesis. Animal cells cannot perform photosynthesis, so they must
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<- hi  I in i> hi i i i i l ' l'. Plants store excess glucose as starch, a complex
.............  ■■ ill In- discussed in more detail later in this section. When

• tin v I ■ 'hull лс (verb form o f hydrolysis reactions) the starch 
» i , l .  Mi, monosaccharides arc then used to generate their ATP.

I I 1 ( I .  l . t . .  i, |
* ' *

* ^ • •  41V
•  "  I • • -».* Ht. *

•>»*• i  R i l l  * |

11 i », I l"it «Ittli i 
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• • I- ■ ill 11* H |||
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t •  U* м 1̂
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Mi'll iiijr.ii) and fructose (found in fruit) arc other common 

Мам* Gaiactoa# FructOM

H

1

Э
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—  c 
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1

—  c 
1

— H

H
1

—  c 
1

— OH
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1

—  c 
1
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1
H

fctti.iM 1 I 1 wo") lonn when two monosaccharides undergo a dehydration synthesis. 
1 ' • '■ 1 In» hvdioxyl group (-OH) o f one monosaccharide combines with a

' nl« 1 monosaccharide, releasing a water molecule (H :0). A covalent bond 
' ‘in, in the two sugar molecules (Figure 3.10).

CHjOH CH20H CH20H

1 1,, ihiilion synthesis reaction above, two glucose molecules link to form the 
и In the process, a water molecule formed, (credit: Clark ct al./ Biology 2E
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Many disaccharidc names a lso  end with the suffix -ose. Lactose is a disaccharide made up . 
monomers glucose and galactose. It is found naturally in milk. Maltose, or malt sugar, i> .1 
disaccharide formed from a dehydration synthesis between two glucose molecules. The un­

common disaccharidc is sucrose, more commonly 
known as table sugar. Sucrose is composed of tlw 
monomers glucose and fructose (Figure 3.11).

Figure 3.11 A lump of sucrose, commonly called 1 
sugar, (credit: Uwe Hermann/ Flickr)

Polysaccharides

A polysaccharide (poly- =  "many") is a chain of three or more monosaccharides linked in«> 
by covalent bonds. The cha.in may be branched or unbranched and is typically very large 11 ■ 
thousands of monosacchari des). Starch, glycogen, cellulose, and chitin are all example-, 1. 
polysaccharides (Figure 3.12).

S te rc t i  Glycoepr

Figure 3.12 Although the ir structures and functions differ, all polysaccharide carbohydnm 
made up of monosaccharides, (credit: Fowler et al. / Concents of Biology OpenSt )
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it» *<•»., I. tin plot i ss i>f photosynthesis. Any excess glucose that is 
I iiHtMl ■>. tlx 11 h in tillIcrcnt parts of the plant, including its roots and

1 • 1 1 ..... 'I rllrnl example of a plant root that is rich in starch,
кн in Hu leaves o l the potato plant. When animals consume 

Ц i N tin ■ n Hu i mi'li hydrolysis reactions into monomers of glucose. Cells 
И * 1 ■■ ■* 11 l" in Mimic their form of energy. ATP.

■рИаяа- ilia mill id a plant that stores the plant's starch, b. Potato cells 
* M»»wi |m i|И. in specialized organelles called amyloplasts (lOx 
■ Л..-l .in ■ w il,iiiicil i h. lilizabeth O'Grady)

» «ii'M Ihcir excess glucose as glycogen. Glycogen is made up
W •• ................I i'i|invulcut of sturch. It is a highly branched molecule and

'  и  •• :i-11 linin' i Id)
Z3 in i V  Innlv ilci iciihc, ^

Ma b» !•»"»an iluwn ШП)
I V  III I 'll/yillCK 

' ■  Widi an' i lcvalc il,
•» ■ • i .» »lin mi' | xi csx 

*' i . In «
i • • h i ........... ill llu help o f

•i it In hiiiiiiini, Iw o

b.

' и il ц||ц iignii, 
t** U* nil i хуц'П

'."" I  glycoRcn. (credit: BruceBlaus / Wikimcdial
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fillulose is one of the most abundant natural polysaccharides. The cell walls of plants are 
„tflly made of cellulose, which provides structural support for the cell (Figure 3.15). Wood and 
„jptr are also mostly cellulose in nature. Glucose monomers in cellulose are held together by

covalent bonds and pack tightly into long extended chains 
Tightly packed chains of glucose give cellulose its rigidity 
and high tensile strength, which is very important to plant 
cells.

Figure 3.15 Plants, which are composed of plant cells, hav. 
rigid cell walls that contain cellulose, (credit: Yash 
Deshpande / Wikimedia)

(ilulose passing through the human digestive system is called dietary fiber. The glucose- 
gliicose bonds in cellulose cannot be broken down by human digestive enzymes. Humans rely on 
|jliry fiber to help maintain the consistency of their stools rather than providing a source of 
t)jgy. Diets that lack dietary fiber may result in stools becoming hard and difficult to pass, a 
[(jlition referred to as constipation. Herbivores such as cows, buffalos, and horses can digest 
[ilWose found in plant matter and use it as a food source. These animals and certain species ol 
jjjcria that reside in their rumen, part of the digestive system of herbivores, secrete the cnzymi 
£(llilase. Cellulase can break cellulose down into glucose monomers that are then used to 
a*jhesize ATP.

(011

pets, spiders, and crabs are arthropods that protect their 
jiianal organs with hard outer shells, called the 
.(skeletons (Figure 3.16). Exoskeletons are made of a 
psaccharide called chitin. Chitin is also found in the 
scales of fish and the cell walls of fungi.

fijire 3.16 Stag Beetle (Lucanus capreolus) with its hard 
[(Skeleton made of chitin. (credit: Dr. Bob Remedi)

(INCEPTS IN ACTION - For an additional perspective on carbohydrates, explore 
•lumolecules: the Carbohydrates” through this interactive animation.
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K cg ls trrcd  D ie titia n

1 i" illli п и к ет . It has been linked with diseases such as diabetes,
11■ 11■■ Hi ■■•.и>ii As a result, registered dietitians are increasingly sought after 
■ ■ ■> ,l„ iin.ins help plan food and nutrition programs for individuals in various
........ . и nil patients in health-care facilities, designing nutrition plans to
и...... .. I in example, dietitians may teach a patient with diabetes how to
.. i. .. l.y ruling the correct types and amounts of carbohydrates. Dietitians 

..... " T  Iiiiiiics, schools, and private practices.

i

■ 11 ulinl iis monosaccharides, disaccharides, and polysaccharides. The 
■..I ..и tin- number of monomers in the molecule. Carbohydrates are a group of 

*»•........ . vital energy source for cells and provide structural support to many

i. ..I i monosaccharide is
. I ■ Ю
I.....
.. I,

I' *11

si и 1. 1111111 arc examples of
a....... .
s- . li.ntilics
ids
1. • Ih indes

• Pit........no which of the following in abundance
i-1,

in

.......h in t  stale'll and  g ly c o g e n .

I-
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XllWerN

(в,*
2. U)
•' lb) , . ,

4 -  Starch and ulycoy.cn am b;Cr tK'lwtLctMi'ifiey c>co. by organisms to C or^iryu . Starch is the 
majoi polysaechiii ide that ss used by plan's u> чо'ч their sugar. whereas most animals store the i 
CompleS SieSO:- ns glyCOgcn in ;h'll !h eis.

Glossary

carbohydrate: a biological macromolecule in which the ratio of carbon to hydrogen to oxygen is 
1:2:1; carbohydrates serve as energy sources and structural support in cells

cellulose: a polysaccharide that makes up the cell walls of plants and provides structural support 
to the cell
chitin: a type of carbohydrate that forms the outer skeleton of arthropods, such as insects and 
crustaceans, and the cell walls of fungi
dehydration synthesis: a reaction where monomers combine with the help of water (and often 
an enzyme) to form polymers

disaccharide: two sugar monomers that are linked together by a peptide bond

glycogen: a storage carbohydrate in animals

monosaccharide: a single unit or monomer of carbohydrates
polysaccharide: a long chain of monosaccharides; may be branched or unbranchcd

starch: a storage carbohydrate in plants
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4 '  » l u l l  I u l i  s  I .ip ids

1 '.11141 you will be able to:
1 и паше different types oflipids 

4 •' •« и In i t  i haracteristic all lipids have w  common 
i /uni lipids function differently 

• V r.../.’/1m’ (j/irfexplain all bolded terms

' ■ ilnn\c group of compounds. All lipids share one major characteristic: they are 
i<n ii least have a hydrophobic region, as in phospholipids). Lipids are mostly 

■ •min): they have large proportions of nonpolar carbon-carbon or carbon- 
A t  .i и Mill, they do not interact well with water. Because lipids are very 

i . amt ate not made from a single subunit, the terms monomer and polymer 
: I. ,i * lu ll discussing lipids. Lipids arc also smaller in molecular size when 
*i : j пи и nl carbohydrates, proteins, and nucleic acids and therefore some sources 

■ tin in Intgc inacromolecules.

■ Mi'iny ililU-iHrnt functions. For example, they can be used for long-term energy
1 in ill limn from the environment, and act as a water-proofing material (Figure 

« ' и . it ач the building blocks for many hormones that help organisms regulate 
•n Ini i. >il pmccsscs within the body. 

i ■ -rniial component of the plasma 
. . ' ini lode fats, phospholipids,

1. -* 1 11" i'Ih I in lipids in the fur of aquatic 
!• ii ilu> i ivt i otter, protect them from 
i ii .lit К i n Bosnia / Concepts of

i int long-term use in the form of fats. Triglycerides, an example of a fat
11 i in i mg fat that can be found in many of the foods we consume.

■ il line most fat in our bodies as triglycerides (Figure 3.18). A glycerol 
iiinpoiind with three carbon atoms, five hydrogen atoms, and three 
I ii Ii latly acid consists of a long chain of hydrocarbons with an 

i i iiiiip. hence the name “fatty acid.”
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Saturated *ак* »ChJ

Figure 3.18 Lipids include fats, such as triglycerides, which are made up of fatty acids and 
glycerol; other examples of lipids are phospholipids and steroids, (credit: Fowler et al. / Concern 
of Biolouv Onen St ax >

Fatty acids may be saturated or unsaturated (Figure 3.18 and 3.19). If there are only single bonds 
between neighboring carbon atoms, the fatty acid is "saturated." Saturated fatty acids are 
saturated with hydrogen. In other words, the number of hydrogen atoms attached to the carbon 
skeleton is maximized.

When the hydrocarbon chain contains a double bond, it is called an unsaturated fatty acid 
(Figure 3 .18 and 3.19). They are called unsaturated fatty acids because when carbon atoms form 
double bonds between 
them, the two carbon 
atoms in that bond each 
has one less hydrogen (a) S a tu ra ted  

atom attached to it.
Therefore, it is said to be 
"unsaturated.''

Figure 3.19 Fatty acids; 
Saturated vs. Unsaturated 
(credit: Betts et al./ 
Anatomy and Phvsioloev 
Onen Stax 1

(b) Unsaturated
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• «•*' I ii in ul ill mom temperature and are called oils. Examples of unsaturated 
*'iil. ,< i и ill oil. Saturated fats tend to get packed tightly together and are 

'* "i"' I niimplcs of saturated fats include palmitic acid, which can be found 
i 11 и ul и hu h is found in butter. Unsaturated fats help to improve blood
1 “ bn.....  mituruled fats contribute to plaque formation in blood vessels, which

' ......... .........

1,1 ,i|"'i lali/cd cells called adipocytes, where globules of fat occupy most of 
" 1,1 | .1,1111ч, fats or oils are stored in seeds and used as sources of energy 

** '"...... . **lnpmcnl.

In the food industry, oils can be 
artificially hydrogenated to make them 
semi-solid. Hydrogenation leads to less 
spoilage and increases its shelf life. 
During the hydrogenation process the 
orientation around the double bonds is 
changed, which changes the chemical 
properties of the molecule. This forms a 
trans-fat (Figure 3.20).

Figure 3.20 A trans-fat is made from 
changing the chemical properties of a 
cis-fat. (credit: Fowler et al. / Concents 
of Bioloev OpcnStax)

' m* ii ii i пн peuimt butter, and shortening are examples of artificially hydrogenated 
■и «1111111« Imvc shown that an increase in trans-fats in the human diet may lead to 

1 1 1 Im i density lipoprotein (LDL), or “bad” cholesterol. High levels of LDL can
............ ........ .. tin blood vessels, resulting in heart disease. Many fast-food

■ >> ■, nil у eliminated the use of trans-fats. In the U.S., food labels arc now 
' '' ■ 1 "iim lal content.

i i- i'>i i it I im being bad. It is true that eating an excess of fried foods, and other 
*' '■ ul In », qilii gain. However, fats do have essential functions. Omega-3 fatty acids 

1 : bun Inin and healthy growth and development. They also may prevent heart
■ • ill. ii-Л ol cancer. Fats also serve as long-term energy storage and provide 
• 1 I Itallhy" unsaturated fats in moderate amounts should be consumed
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Phospholipids

Like fats, phospholipids (Figure 3.18) are composed of fatty acid chains attached to a glyi ■ 
molecule. Unlike a triglyceride, a phospholipid only has two fatty acid chains instead of thn • 
The third carbon of the glycerol backbone is bound to a phosphate group (Figure 3.21). I In 
addition of alcohol modifies the phosphate group. Because of this arrangement, a pho: plmli i 
has both hydrophobic and hydrophilic regions. The fatly acid chains arc hydrophobic and 
exclude themselves from water, whereas the phosphate "head" is hydrophilic and interact. ■
water.

fc> PhospJjoii;-*-(&) Structural formula (D) Space-filt! ng rrode

Myd'opiiiK
head

Hyd'OpfWai
ta ils

Figure 3.21 The molecular structure of a phospholipid. (Credit: Clark et al. / Bioloi’v I 
OpenStax)

Phospholipids are the major component of the 
plasma membrane. They come together and 
organize themselves in what is called a 
phospholipid bilayer (Figure 3.22). The 
phospholipid bilayer consists of two adjacent 
layers of phospholipids arranged tail to tail. The 
hydrophobic tails associate with one another, 
forming the interior of the cell membrane. The 
polar heads interact with the fluid inside and 
outside of the cell.

Figure 3.22 The cell membrane is composed in 
part of a phospholipid bilayer (credit: Betts et al./ 
\natomv and Physiology OnenStaxl

Extracellular
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"I ■ " i' ' steroids have a ring structure. Steroids do
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Waxes

Waxes are also classified as lipids. They are composed of a hydrocarbon molecule with an 
alcohol (-OH) group and a fatty acid chain. Examples of animal waxes include beeswax and 
lanolin, both of which can be used to prevent 
and treat dry skin. Plants also have waxes. The 
superficial waxy cuticle that covers leaves helps 
prevent plants from drying out (Figure 3.25).

Figure 3.25 Plant leaves have a superficial waxy 
cuticle, which often gives them their shiny 
appearance, (credit: Yash Deshpande /
Wiki media)

CONCEPTS IN ACTION- For an additional perspective on lipids, explore “Biomolecules: The 
Lipids” through this interactive animation.

Check your knoxvledge
Which type of lipid makes up the superficial cuticle fouud on plant leaves'?

a. Phospholipids
b. Cholesterol
c. Steroids
d. Waxes
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. i l.i., ill liiiil.'tiii “I mulct ulcs that are nonpolar and hydrophobic. Major types 
■ in |'li, ,|'i",li|,|il . .mil steroids. Fats and oils are a stored form of energy, 

ц  n„ IIM|ni 11 il l  I | II Iiu-nt of the cell membrane. Steroids are the precursor
i mi| м niiiiii iii  .....mil 1 linlcstcrol and many required honnoncs. Waxes are generated
'ми .иitl «ни,ah  null пн essential in both waterproofing and preventing organisms
II nut

n , | ,1 иi|ipnl'i in tiii|iniiiiiil components o f__________ .
i llir plnuiM iiii'iiilirnnc of cells 
li the ницiii»i luii id steroids 

the wiimi" '4 I ui| 4U leaves 
,1 the ilmilili I.....I in hydmearbon chains

i lipids an ii'ihIi up ul n hydrocarbon chain with an alcohol (-OH) group and form 
i"  i title Ic ul pUiis' 

n Kiitiiiuliil M1’ 
b Inglyu'inl'■ 
i waxes
il pliiisplinli|'ids

i •!,l i 111 at leu. lint linn linns that lipids serve in plants and/or animals.

„ 111.11 in ul i iniitMB Hiwiiiiiinlcd (at and saturated fats.

u, Jttergv. it can nit.! provide insulation. 
I M h u i m I ..>n»i;uents of cot! membranes. I ipids also firm  
• "■ I R si physiological processes.

I f *  ibn Unsauiratcd fats are fats with at least one double
■ Ш м  enAor atoms. This results in a bend in chain's
»K i » '  i v  ,'i- iwile.iiles from nackine too tightly ioeethe: and results 

.1; : . on -;—, Hare. In •:outlast .0 unsalurated fuis. saturated tats
' ' и «Aon ..t ui«s saturates! fats. Saturated tats arc solid at •••'«««

' : I 1Г.
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Glossary

fat: a lipid molecule composed of three fatty acids and glycerol (triglyceride) that typically exist i 
in a solid form at room temperature
hormone: a chemical signaling molecule, usually a protein or steroid, secreted by an endocrine 
gland or group of endocrine cells; acts to control or regulate specific physiological processes

hydrophilic: describes a substance that dissolves in water; water-loving 

hydrophobic: describes a substance that does not dissolve in water; water-fearing 

lipids: a class of macromolecules that are nonpolar and insoluble in water 

oil: an unsaturated fat that is a liquid at room temperature
phospholipid: a major constituent of the membranes of cells; composed of two fatty acids and .1 
phosphate group attached to the glycerol backbone
saturated fatty acid: a long-chain hydrocarbon with single covalent bonds in the carbon chain, 
the number of hydrogen atoms attached to the carbon skeleton is maximized

steroid: a type of lipid composed of four fused hydrocarbon rings
trans-fat: a form of unsaturated fat with the hydrogen atoms neighboring the double bond aero*, 
from each other rather than on the same side of the double bond
triglyceride: a fat molecule; consists of three fatty acids linked to a glycerol molecule

unsaturated fatty acid: a long-chain hydrocarbon that has one or more than one double bonds 
in the hydrocarbon chain
waxes: a type of lipid made up of a hydrocarbon chain with an alcohol (-OH) group and a fatty 
acid
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. ■ f  lull I iilcs Proteins

.......... . Inin vou will be able to:
•'I...........the monomers and polymers fo r  proteins
l*4i ' i г I hi' haste chemistry o f amino acids 
1 ■ : i n i //i mi peptide bonds are formed 
1 м >  m i the functions o f different proteins 
i i t an the various structures o f  proteins 
" ' '■ ю define and explain all bolded terms

i »•....... mi Nip most abundant organic molecules in living systems and have the most
• I , i n un  lions of all macromolecules. Proteins may be structural, regulatory,

i ' in...... They may serve in transport, storage, or they may be used as toxins or
■ ■ in .i living system may contain thousands of different proteins, each with a

m I In • tinctures of proteins, like their functions, vary greatly. All proteins,
.............in i . miiile up of amino acids arranged in a linear sequence.

•• ' i h im  limit ill Proteins

■ . n  -• it i on, ilinl speed up the rate of chemical reactions. Enzymes do this by 
. 4.i iiiii1111 ol activation energy needed to start the chemical reaction. Enzymes are

с и i. i iMiili'ins Each enzyme has a specific substrate, a reactant that binds to the
. и»........nay assist in hydrolysis reactions or dehydration synthesis reactions.

1 |  ил» ' .I down their substrates are called catabolic enzymes, whereas those that build
•apl * .... Ii i airs are called anabolic enzymes. Salivary amylase is an example of a

,* ..... ..ilivary amylase hydrolyzes starch into simple sugars like glucose. An 
4 , > ... ai.iilinlic enzyme is rubisco, which plants use during photosynthesis to make sugar
4» vr., I...... Ii

, linn linn iis hormones. Hormones are molecules that are important for chemical 
. ,11е I lormones regulate specific physiological processes, including growth,
M iIiiiIimii, and reproduction. For example, insulin is a protein hormone that helps 

i . .i i I... . -I levels. Not all hormones are protein-based. Some hormones, such as 
, ,, i . .и mile, are made of lipids.

, , I. .iim lural support for many cells. Plants have several different structural
l i и ngid cell walls. Cell wall structural proteins offer support and protection 

i .1 ii uctural protein found in muscle cells that allows fot muscle 
in и и idler critical protein in mammals, is the major component of skin and 

i N . ii al protection from damaging UV rays and helps organisms maintain
■ .ini. -.
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Proteins play many addit ional roles that arc important in sustaining life. Table 3.1 lists so  ., . i 
different types of protein-S, provides examples, and gives a brief description of their funrliim

Type

Digestive
Enzymes

T ransport

Structural

Hormones

Defense

Contractile

Storage

Protein Types and Functions

FunctionsE x a m p le s

Amylas-«. lipase, pepsin, trypsin 

Hemogl obin, albumin

Actin. ti—ibulin, keratin

Insulin, thyroxine

Immunoglobulins

Actin, rO yosin

Legume= storage proteins, egg 
white (a-lbumin)

Help in food by catabolizing nutricni. и 
monomeric units

Carry substances in the blood or lymph 
throughout the body

Construct different structures, like tin 
cytoskeleton

Coordinate different body systems' и ш .. 

Protect the body from foreign palhni

Provide nourishment in early embi 
development and the seedling

Effect muscle contraction

Table 3.1 lists the p rim any  types and functions of proteins, (credit: Clark et al. / H oloits 1 
OpenS taxi

Protein Shape

Proteins have different sP*apes. For example, hemoglobin is a globular protein, meaning u it 
shaped kind of like a g lo b e . Its shape is important because it allows hemoglobin to all .и li и«1 
release oxygen m olecules easily. Oxygen molecules are needed by all of the cells thal iimI 
the human body. Collage n, located in the skin, is a fibrous protein. Fibrous proteins Inal '
long and sometimes cylindrical. In our skin, collagen plays an essential protective ..........
helps hold the skin together.

Twenty types of amino a c id s  arc used to make all proteins. Different proteins have di I ■> i M 
types and different arrangem ents of their amino acids, which results in each protein brim 
unique. We will now ta k e  a closer look at the chemical make-up of an amino acid
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4|ф fViiuiiHtn i • ilini make lip proteins. Each amino acid has the same
■ tin  .........n i l . ol a central carbon atom bonded to an amino group (NH2),
I ' l l  .... .1 livilingcn atom. Every amino acid has a side chain called the R 

jihu|i in it si tic
H u *  1 ■■Mini lllllcicnt 

*• v*»y ills 14sc mid 
‘••in m id H« di‘Ibling 
liM

Im ■ t n in Him]
P  li ■  11 .41111110 ||v Mtiti

• 11 'in and и side 
•" d |i 1 1  dll I link cl
4l

Amino group Carboxyl group

■ carbon

1 iiiiiniiiiily foiuul in proteins, each with a 
1 " iниц,., d t ilicinical nature (credit : Clark et al. /
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The chemical nature of the side chain determines the amino acid's nature (that is, whether it is 
acidic, b)Sjc, polar, or nonpolar). For example, the amino acids valine, methionine, and alanine 
are nonpar or hydrophobic (Figure 3.27). Note that these R groups are mostly hydrocarbons, 
which consist of nonpolar covalent bonds. Amino acids such as serine, threonine, and cysteine, 
are polaiand have hydrophilic side chains. The side chains of lysine and arginine are positively 
charged,and therefore these amino acids have a basic pH. (Figure 3.28). By understanding the 
chemical nature of each amino acid, it is easier to understand why proteins function the way they 
do.

The seqiicnce and the number of amino acids ultimately determine the protein's shape, size, and 
function Amino acids can be linked together using a dehydration synthesis reaction. One amino

acid’s carboxyl group and the incoming amino 
acid’s amino group combine, releasing a water 
molecule. The resulting bond that forms is 
covalent and called a peptide bond (Figure 
3.28).

Figure 3.28 Peptide bond formation is a 
dehydration synthesis reaction, (credit: Clark et 
al. / Hiolouv 2F. OnenStax)

As two)mjno acids are linked together they form a peptide chain. As more amino acids are 
added %  called a polypeptide chain. A polypeptide chain is technically a polymer of amino 
acids. HUWcvcr, the term protein is not usually used until the polypeptide chain(s) have folded 
into thcir distinct three-dimensional shape and can carry out their unique function(s). After a 
ро1ур%,|е chain is made, most are modified. Parts of the polypeptide chain may be removed, or 
other die,jeal groups may be added. Only after these modifications are made is the protein 
completely functional.

COM l.p 1 S IN ACT ION Click through the steps of protein synthesis in this interactive 
tutorial.

H H
0 H 1 . O1

N>-C
❖ \

— c N - c  — c
\ OH H / о X

H H

H, R о
II

H R
о

V 1 1 f *
N - c  -1 c  -- N ‘- C 1 о

/ о XH' 1
H

1
H

Peptide Bond

Oieck y o u r know ledge

IVhat type of bond is a peptide bond?

Гше or False: All amino acids are polar.

iiiSi'S-, l 'e p ! i i f o .s  h ’i n i h  г.vi'ff’ci.' b o n ify  h e t i w i  r o n ir r -  ; i t  - 
. o rr . b o t h  p v i n r  n r .fi n o - i - p o i r

90 Return to Table of Contents



И I (ill I

t . ... I , и la-r, a protein's shape is critical to its function. For example, an enzyme can 
' ■ .iilist rote at an active site. If  this active site is altered because of changes in the

. и,, rii/yme may be unable to attach to the substrate. To understand how the
i..................i. im.il shape or conformation, we need to understand the four levels of protein 

■ -  ...  ..... , secondary, tertiary, and quaternary (Figure 3.29).

- •  • I ' M i l l i l l l
r 'bmt

• ■ limn
А ■ ■ 44 » U

S e c o n d a r y  P ro te in  
S tru c tu re
Local folding of the 
polypeptide chain into 
helices or sheets

T e r t ia ry  P ro te in  
S tru c tu re
three-dimensional 
folding pattern of a 
protein due to side 
chain interactions

Q u a te r n a r y  P ro te in  
S tru c tu re
protein consisting of 
more than one 
amino acid chain

1 il1n>lf «lies the four levels o f  protein structure (primary, secondary, tertiary, and 
i' и dii Parker ct al. /  M icrobiology O pcnStax)

i ' •• u* tut r

......... ....  Mir* иге is sim ply the polypeptide chain—the sequence o f  amino acids bonded
i piidc bonds. Figure 3.30 depicts the primary structure o f a protein. A p ro te in ’s 
tuic is not rigid, but rather is flexible because o f  the nature o f the bonds that hold

the am ino acids

O p  n  ,oscta'
Jк.*»

The pritnaiy protein structure 
is Die chain ol amino acids 
•ha: nvtkes up the r>f»etr

acdls tree carboxyl дшир, 
C-terrmnes

- oeptide bends

'Л >000000ooo©0^

Figure 3.30 The 
primary structure of a 
protein is the 
polypeptide chain, 
(credit: modification 
of work by National 
Human Genome 
Research Institute / 
Microbiology 
OnenStax)

■ .it titq  J/aeenstax.org^
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Secondary Structure

m:-n
о

Due to chemical bonding, the polypeptide chain begins to fold in some regions giving 
secondary structure of the protein. The most common secondary structures are the a- 
helix and /i-pleated sheet 
structures (Figure 3.31).
Folding occurs because 
of hydrogen bonds that 
form between different 
ammo acids within the 
chain.

rise to the

Figure 3.31 The 
secondary structure of a 
protein may be an a- 
helix or a p-pleated 
sheet, or both, (credit: 
Parker et al. / 
Microbiology OncnStax)

((-pleated
sheet

4̂ N

U И ы n O um w ~ п Г» 14
" . 7 7 - V i  • n 1 * *N'Cvq . N4r/-C-N',̂ ’4>NNr'C'N'' 4C-NvcyC-N'

; i и »  к к
о  R Н O B н и О  R Н П H

C'N-C^c^N-C'c'N-C4C^n-C'c'N-C^0'n*C'C''N-C 'C 'n' c
• » h 1 i  Л и "  r> Л Л и
H H q  R H H o  r h h o  r  h h о

Tertian' Structure

The polypeptide's unique three-dimensional shape is its tertiary structure (Figure 3.32). This 
structure is in part due to chemical interactions within the polypeptide chain. Primarily, 
interactions among different R groups create the protein's complex three-dimensional shape. It is 
only when the protein has folded into its three-dimensional shape is it considered to be 
functional. This assumes no additional modifications need to be made. When a protein loses its

three-dimensional 
shape, it may no 
longer function 
properly.

Figure 3.32 A variety 
of chemical 
interactions determine- 
the proteins' tertiary 
structure, (credit: 
Parker et al. / 
Microbiology 
OpenStax)
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............. . ol sew i ill a 11.и и I <- polypeptide chains. These proteins function only when
■ I- ml. i liinns urc pi mi .1 ml appropriately configured. The interactions that hold these 

i •(.■Uni leads towin' n i r lm n l  to as the quaternary structure of the protein.
Relatively weak interactions stabilize the overall 
quaternary structure. Hemoglobin, for example, has a 
quaternary structure of four globular protein subunits: two 
it and two (I polypeptides. Each subunit contains an iron- 
based heme that will bond to an oxygen molecule (Figure 
3.33).

I igure 3.33 A hemoglobin molecule has two u and two 
P polypeptides together with four heme groups, (credit: 
Parker ct al. / Microbiology OpcnStax)

ini • Ilini and Protein Wiling

li i■■«.u-in lias a unique sequence and is held together by chemical interactions. These 
•nil 41 inlcinctions result in unique three-dimensional shapes that allow proteins to function. If 

■ i. hi m subjected to changes in temperature, pH, salinity, harsh chemicals, etc. the protein
■ ........ i hange. When a protein loses its three-dimensional shape and is no longer functional,

> in i> said to be denaltii ed Dcnaturation is often reversible because the polypeptide's 
и tincture may be conserved during the process. If the denaturing agent is removed, and 

iMinMuy structure was preserved, the protein can refold and resume its normal function.

.....  . dcnaturation is irreversible. One example of irreversible denaturation is frying an
щ ! iqiiid egg whites are rich in the protein albumin. When the liquid egg white is placed in a 
i ни i lie heat denatures the protein. As the protein is denatured, there is a structural change 
■a iIn liquid clear egg into a ncmi-solid white substance. Once the semi-solid white substance 

Ihiiiii-iI. it cannot revert to its original state.

(ini taut to keep in mind lhat each protein has its own optimal conditions under which it 
► • нищ best. For example, not all proteins denature at high temperatures. Some bacteria that 
— iv.4 hi hot springs have prolrins that function at temperatures closer to boiling. Proteins that 

I'Milm cd and used in the stomach can tolerate and work under acidic conditions, whereas 
........ llmi function in the blood operate at a pH closer to neutral.

• >M ..I) in critical to a protein's overall function. Scientists initially thought proteins themselves
• •.. - ponsible for the folding process. Recently researchers have discovered that often

........ ........  assistance in the folding process from protein helpers, or chaperones (or
• i "inns). These discoveries lead scientists to believe that there are still more exciting details 

» Ц I. .lined on the process ofprotein folding.

- IN ACTION - Fot an additional perspective on proteins, view this 
i called “Biomolecules Hie Proteins.” 1

1 in; at httpsV/openstai org/ 93
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MICRO (■ ■ I О  - Primary Structure, Dysfunctional Proteins, and Cystic Fibrosis

Proteins associated with the plasma membranes of cells are classified as peripheral or integral. 
Peripheral proteins are associated with one side of the membrane, whereas integral proteins arc 
embedded in the membrane. Integra] proteins can allow specific materials to move into or out ot 
the cell. Cystic fibrosis (CF) is a human genetic disorder caused by a change in an integral 
membrane protein. It affects mostly the lungs but may also affect the pancreas, liver, kidneys, 
and intestine. Individuals who have CF are unable to make a transmembrane (integral) protein

(CFTR) that usually helps transport salt and water 
into and out of cells (Figure 3.34). Because of a 
mutation in the DNA, one amino acid, 
phenylalanine, is left out when the integral transport 
protein is made. The loss of one amino acid changes 
the primary structure of the protein.

Figure 3.34 The normal CFTR protein is a channel 
protein that helps salt (sodium chloride) move in 
and out of cells, (credit: Parker et al. / Microbiology 
QpcnStax)

The change in the primary' structure prevents the protein from functioning correctly, which 
causes the body to produce unusually thick mucus that clogs the lungs and leads to the 
accumulation of sticky mucus. The mucus obstructs the pancreas and stops natural enzymes from 
helping the body break down food and absorb vital nutrients.

In the lungs, the altered mucus provides an environment where bacteria can thrive. This 
colonization leads to the fonnation of biofilms in the small airways of the lungs. The most 
common pathogens found in the lungs of patients with cystic fibrosis are Pseudomonas 
aeruginosa (Figure 3.35) and Burkholderia cepacia. Pseudomonas differentiates within the 
biofilm in the lung and forms large colonies, called “mucoid” Pseudomonas. The colonies have a 
unique pigmentation that shows up in laboratory tests (Figure 3.35) and provides physicians with 
the first clue that the patient has CF. Such colonies are rare in healthy individuals.

Figure 3.35 (a) A scanning electron 
micrograph shows the opportunistic 
bacterium Pseudomonas aeruginosa, 
(b) Pigment-producing P. aeruginosa 
on cetrimide agar shows the green 
pigment called pyocyanin. (credit a: 
modification of work by the Centers 
for Disease Control and Prevention / 
Microbiology QpcnStax)

CONCEPTS IN ACTION - For more information about cystic fibrosis, visit the Cystic Fibrosis 
Foundation website.
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•In* ......class of macromolccules that can perform a diverse range of functions for the cell.
■ i ip in metabolism, provide structural support, speed up the rate of chemical reactions,
И  iii mnlrrials, and function as hormones. The building blocks of proteins are amino acids.

| in. Inive lour structures: primary, secondary, tertiary, and quaternary. Protein shape and
* о и ши intricately linked. Any change in shape caused by changes in temperature, pH,
| |  и i liemical exposure may lead to protein denaturation and a loss of function.

I л  it In «

_bond forms between the carboxyl group of one amino acid and the amino
, i inip ol another amino acid, 

a hydrogen 
h ionic 
i peptide 
d, all of the above

i и ■ vines speed up chemical reactions by_______ the energy needed to start the reaction.
u. increasing
b. decreasing

■ I и naluiation can sometimes be reversed.
a. True
b. False

• I In monomers that make up proteins are called_________.
a nucleotides 
b disaccharides
c. amino acids
d. chaperones

i ■ plain what happens if even one amino acid is substituted for another in a polypeptide 
i hum

' \  mysterious disease results in the unfolding of proteins. This disease effects which protein
•immure?

•. л  change in protein structure uniUbnclton. j.
I'w uire is affected when protein? unsold. This wtll also affect thy,quaternary stricture.
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guanine, and thymine. RNA nucleotides also use the bases: adenine, cytosine, gunnim 
however, instead of the base thymine, RNA uses the base uracil. Notice that the mi> U • •. «
makeup DNA never contain the nitrogenous base uracil, and nucleotides that maki'iip и N '  |  
contain the base thymine. The nitrogen-containing bases adenine and guanine are i In in. 1 * 
purines. The bases cytosine, thymine and uracil are pyrimidines (Figure 3.37).

Structurally, DNA is shaped like a double helix, which we will discuss later. RNA n. и . n . 
singled stranded and performs several different roles important for generating protein« i in • 
some time to review Table 3.2 which shows the features of both DNA and RNA

Function

Location

Structure

Sugar

DNA and RNA Features 

DNA

Carries genetic information

RNA

Involved in protein synlln i

Remains in the nucleus of eukaryotes Leaves the nucleus in etiku

Double helix 

Deoxyribose 

Pyrimidines Cytosine, thymine

Purines Adenine, guanine

Usually single-stranded 

Ribose

Cytosine, uracil 

Adenine, guanine

Table 3.2 shows the features of both DNA and RNA. (credit: Clark ct al./ Biolouv I 'у .

Figure 3.37 (щ Д 
nucleotide (In in. 
nitrogen coin hi • 
bases of nut li ■ >i 
(c) The two |н 11 .. 
sugars of I)NA 
RNA (credit И.и 
al. / Analoim 
Physiolpin i 'in
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.► l* 1'» 11 'И,|1е 3.38). It is composed of two strands of nucleotides. 
mIc ii i bonds between the phosphate and sugar groups of

H ydrogen bonds

h иroQfmnue buses: Thymine К  .HaN
.  . S' 4 £>u "  •Aden ine 4
Tlrymine
G u an in e  - О  ?  \  /

C y ios ttw

R a v i pa ir

Sugar
p h o ip h e le  !_  
bacubono

>— '  *  .......°  Cytos* «. Rp,anir.aMq  Guanine
____II

» «
Sr

S u ga r-p ho sph a te
backbone

S u gar-phosphate
backbone

■m|'l< . nl inn li к ueids that perform unique functions that allow cells
tRlMm*......«. nlilii ii i HI or organism usually begins with DNA, which is

U ■■ ч i •«.«v in synthesize protein. DNA dictates the structure of
i. • « . . i|.iinii iiiid RNA dictates the protein's structure in a process 

M lla • • nil ill I biglllll o f
я 03 a it у ..I p.lMIMMA

• • • i 1 » "  in  I lie ru le  

I Im (low of
* l**«|Hiii |0

lh.it DNA
|*i i itiMii
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Section Summary

Nucleic acids are molecules made up of repeating units of nucleotides that direct celliilm 
activities such as cel! division and protein synthesis. Each nucleotide is made up ol .1 |i m 
sugar, a nitrogenous base, and a phosphate group. There are two types of nucleic iu nl. M 
RNA. DNA and RNA have both similarities and differences. They both perform unii|u. 
functions that allow cells to survive.

Exercises

1. The two strands of DNA are held together by what type of bond?
a. hydrogen
b. polar covalent
c. nonpolar covalent
d. ionic

2. The building blocks of nucleic acids are________ .
a. monosaccharides
b. amino acids
c. lipids
d. nucleotides

3. A nucleotide of DNA may contain________ .
a. ribosc, uracil, and a phosphate group
b. deoxyribose, uracil, and a phosphate group
c. deoxyribose, thymine, and a phosphate group
d. ribose, thymine, and a phosphate group

4. What are the structural differences between RNA and DNA?

Answers

1 
1
4

•
. id;

. DNA forms a  double hH:v. «-tiertfts KNA is sindo-strand.ojj. DNA Uk
thyvn Inc. nt.i H \  A ilsss "the n i m  b*iuvrtoi). DN Л is *;oinp< *sed оf  i h ^  v

a ad RNAu&es the su&ar nbosc.
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" i-1 ■ III (l)NA): a double-stranded polymer of nucleotides that carries the 
■ i ........nm ill the cell

i ■ «ini • lih>lu|iiuil inacromolecule that carries the genetic information of a cell and 
'■ . ...... 11 и the functioning of the cell

ini» < iiiiniiiiiiri nf nucleic acids; contains a pentose sugar, a phosphate group, and a
, i,. .

.. i. i. ■■■•I i м in Л): n single-stranded polymer of nucleotides that are involved in protein

,i|iiii.H it.. | >i ■ и css of making RNA from DNA 

Nil...... . ....... ш. of making protein from mRNA
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• ' I  lull iKluction to Cell Structure and Function

• I 11»> body is made up o f cells organized into four tissue types. Clockwise from from 
"»■ s "i« lissue, muscle tissue, connective tissue, and epithelial tissue LM * 872, LM x 

Inn I M x 800. (Micrographs provided by the Regents o f  University o f Michigan 
1 'I .... I 2012 '\natomv and Physiology QpenStaxj

* ........... uiul picture a brick wall. What is the basic building block of that wall? Most
ни ч ч , И is n single brick. Like a brick wall, multicellular organisms are composed of 

* •linn blocks, called cells. In multicellular organisms, several cells o f one particular kind 
i ■■■■ • i 'Hlh each other and perform shared functions to form tissues. For example, the
..........or in animals or mcsophyll tissue in plants. Several tissues combine to form an organ

. Wi*i4 ■iiiiiuch, heart, or brain), and several organs make up an organ system (such as the 
i i' in i ovulatory system, or nervous system). Several systems functioning together 

tup.... . (such as an elephant).

• ■ Iitiiniiii is thought to have 37.2 trillion cells. All cells that make up your body are
i i . iib aryotic animal cells. However, the cells o f  the body are not uniform. Each 

" 'I . * Mu is specialized for a specific purpose. For example, epithelial cells protect the 
. i Oh In sly and line internal organs and body cavities (Figure 4.1). These cells are very 

Ml ■ iii> niipcd-Muscle cells help physically move the body from one location to the 
м '  . hum Him i пи nt of materials within the body. These cells are very long and cylindrical. 

■ i>« .. ..И  types plays a vital role during the growth, development, and day-to-day
i. nt tlic body.

и ни ms variations, all cells share certain fundamental characteristics. In this 
' и n about the similarities and differences amongst cell types.
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4.1 How M icroorganism s Are Studied

i L ea rn in g  ob jectives 
. By the end of this section, you will be able to:

• Describe the roles o f cells in organisms
• Understand the importance o f  the microscope
• Summarize the cel! theory

Microorganisms, as the name implies, arc tiny in size and often cannot be seen without some 
magnification. They differ from each other not only in size but also in structure, habitat, 
metabolism, and many other characteristics.

The cell is the smallest unit of life that makes up a living organism. Cells are found in each of the 
three domains of life: Bacteria, Archaca, and Eukarya. Cells w ithin the domains Bacteria and 
Archaca arc all prokaryotes; their cells lack a nucleus. Cells in the domain Eukarya arc 
classified as eukaryotes; their cells do contain a nucleus. It is important to mention that there an­
other microorganisms besides cells, such as viruses, that do not fall within the domains of life. 
We will briefly discuss viruses, before focusing our attention on cells.

Viruses are acellular, meaning they are not composed of cells. Essentially, a virus consists of 
proteins and genetic material. The genetic material can be either DNA or RNA. Viruses are 
inactive outside of a host organism. Therefore, they do not grow and develop, nor can they 
reproduce on their own. However, by incorporating themselves into a host cell, viruses can 
utilize the host’s cellular mechanisms to multiply and infect other hosts. Viruses can infect all 
types of cells, from human eukaryotic cells (Figure 4.2) to the cells of other microorganisms, 
including prokaryotic bacteria. A key take-away message is that viruses are dependent on the 
host cells. Viruses themselves do not display all the properties of life.

Figure 4.2 (a) Members of the Coronavirus family can cause respiratory infections like the 
COVID-19, common cold, severe acute respiratory syndrome (SARS), and Middle East 
respiratory syndrome (MERS). (b) Ebolavirus, a member of the Filovirus family, (credit a: 
modification of work by Centers for Disease Control and Prevention; credit b: modification of 
work by Thomas W. Geisbert / Microbiology OnenStax)
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НМ I! mu nttcntion to how cells are 
l i .»  hi v in size, and with few exceptions, 

d I» >•« и и illi the naked eye (Figure 4.3). In 
• ' . I 1 1 II . «dentists use microscopes (micro­

* ill»' “to look at”). A microscope is an 
ih.ii iinignilies an object.

■ 11  'пицц cells (eukaryotic plant cells) stained 
i- 1 1 II walls and nuclei, (credit: Elizabeth

• I I I

s l l i i  ПЧ opes

mi will become proficient using a compound light microscope (Figure 4.4a). Visible 
- .uni bends through the lens system, which enables the user to see the specimen. Light 

i .■ » in advantageous for viewing living organisms. However, since individual cells arc 
generally transparent, their components arc not 
distinguishable unless they are colored with special stains. 
Staining, however, usually kills the cells. In the lab, you 
will learn how to stain specimens and make slides.

Figure 4.4 (a) A standard light microscope, (b) An 
electron microscope provides significantly more 
magnification than a light microscope, (credit a: 
modification of work by "GcG'VWikimedia Commons; 
credit b: modification of work by Evan Bench / Biology 
2E QpenStax)

I III hi у

МП nililiciition called Micrographia, written by Robert Hooke, the term “cell” (from the 
. i iiir.uiing “small room”) was used to describe the box-like structures he observed 
t « mg cork tissue through a lens. In the 1670s, Antonie van Leeuwenhoek discovered

i. ami protozoa. Later advances in lenses and microscope construction enabled other 
-n iii see different components within cells. i

i in IK IDs, botanist Matthias Schleiden and zoologist Theodor Schwann were studying 
■ «•.I pioposed thafall living things are composed of one or more cells. They also

.1 ili.ii the cell is the smallest and most basic unit of life and that all new cells arise from 
ig i II» Muny scientists, including Louis Pasteur, famous for his discovery of the process
1.1 .1 /ilium , confirmed these same conclusions through their experimentation. Their work, 
a uli ni.iiiy others, is why these principles still stand today and arc considered the cell
i
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C A R E E R  C O N N  Е С  Т И П  - C yto technolog ist

Have you ever heard of a medical test called a Pap smear (Figure 4.5)? In this test, a doctor takes 
a small sample of cells from the patient's uterine cervix and sends it to a medical lab. A 
cytotechnologist stains the cells and examines them for any changes that could indicate cervical 
cancer or a microbial infection.

Cytotcchnologists (cyto- = “cell”) arc professionals who study cells. They arc trained to 
determine which cellular changes arc normal and which are abnormal. Their focus is not limited 
to cervical cells. They examine cellular specimens that come from all organs. When they notice 
abnormalities, they consult a pathologist, a medical doctor who interprets and diagnoses changes 
in the body caused by disease.

Cytotcchnologists play a vital role in saving people’s lives. When doctors discover abnormalities 
early, a patient's treatment can begin sooner, which usually increases the chances of a successful 
outcome.

Figure 4.5 Uterine cervix cells, viewed through 
a light microscope, are from a Pap smear. 
Healthy cells are on the left. The cells on the 
right are infected with human papillomavirus 
(HPV). Notice that the infected cells are larger, 
(credit: modification of work by Ed Uthman, 
MD; scale-bar data from Matt Russell / Biology 
2E OnenStax)

Check your knowledge
There are many different types of microscopes. Winch type of microscope will you be j 
using in the laboratory for tliis course? 1

Answer: L'timpound /i'g/u > п и >
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'* »и uiiirnary

\ • | I• ih# smallest unit o f life. Most cells are so small that they cannot be viewed with the 
. \ i I hcrefore, scientists must use microscopes to study cells. The cell theory states that 

hi are composed of one or more cells, the cell is the basic unit of life, and new cells
........... existing cells.

I  H l t l l i l

1 \t Inc h o f  the following statements is NOT correct?
и Viruses display all the properties o f life outside of a host cell.
b. New cells arise from existing cells, 
i Cytotechnologists study cells.
d All organisms are composed o f one or more cells.

' I lie ___________ is the basic unit of life.
n organism 
h. cell
c. tissue 
d organ

i In your own words, briefly describe the cell theory.

| n *  i'*<l Injur y stales that all living organisms are made of living sells and living cells come liom 
jig cells. Cells are thought lo be the Titos' basic unit oflile.

•" iiiMii y: llic biological concept that states that all organisms are composed of one or more 
tin 1 1 II is the basic unit of life, and new cells arise from existing cells

......... .. nn organism with cells that have nuclei and membrane-bound organelles

. i >•> ii|>r the instrument that magnifies an object 

. i ■■ i tilr n unicellular organism that lacks a nucleus or any other membrane-bound organelle
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4.2 Comparing Prokaryotic and Eukaryotic Cells

L earning objectives
By the end of this section, you will be able to:

• С отроге and contrastprokaryottc cells and eukaryotic cells
• Name examples ofprokaryottc and eukaryotic organ isms
• Describe the relative sizes o f  different kinds ofcells
• Be able to define and explain all bolded terms

All cells share four common characteristics. First, all cells are enclosed within a plasma 
membrane, an outer layer that separates the cell’s interior from its surrounding environment. 
Second, all cells contain cytoplasm, a jelly-like region within the cell where proteins and cell 
structures are found. Third, all cells have genetic material, such as DNA, which provides 
information necessary for the cell to remain alive. Finally, all cells have ribosomes, a non­
membrane bound organelle, used to synthesize proteins. All cells also display the properties of 
life: order, response to stimuli, reproduction, evolution, growth and development, homeostasis, 
and energy processing.

Cells fall into one of two broad categories: prokaryotic cells or eukaryotic cells. Organisms in the 
domains Bacteria and Archaea are classified as prokaryotes (pro- = “before” ; -kary- = “nucleus”) 
whereas cells of animals, plants, fungi, and protists are all eukaryotes (eu- = “true”). Although all 
prokaryotic and eukaryotic cells share the similarities discussed above, they also differ in several 
ways. Below, we will take a closer look at just how prokaryotic cells and eukaryotic cells differ 
from one another.

Components of Prokaryotic Cells

A prokaryotic cell is a simple, single- 
celled (unicellular) organism that lacks a 
nucleus or any other membrane-bound 
organelle. Like all cells, prokaryotes do 
contain DNA, which is usually 
organized in chromosomes. Prokaryotic 
chromosomes arc typically circular and 
unpaired. Prokaryotic DNA is found in 
the central part of the cell: a darkened 
region called the nucleoid (Figure 4.6).

Figure 4.6 This figure shows the 
generalized structure of a prokaryotic 
cell, (credit: Parker et al. / Microbiology 
OnenStax)
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1 tli ■ I ■ I ii I ns of Bacteria and Archaca arc both classified as prokaryotic cells, however there are 
■ i . nil differences between them. Unlike Archaea, bacteria have a cell wall made of 

tilii|dvean, and many have a polysaccharide capsule (Figure 4.6). The cell wall acts as an 
i .« i.iyi't of protection, helps the cell maintain its shape, and prevents dehydration. The capsule 

It i I lie cell to attach to surfaces in its environment. Some prokaryotes have flagella or pili.
• <| tlln me used for locomotion, while most pili are used to exchange genetic material during a
■ • i ailed conjugation.

i t .  must bacteria, archaeal cell walls do not contain peptidoglycan, but their cell walls are 
1 <i i (imposed of a similar substance called pseudopeptidoglycan. Like bacteria, archaea are

■ I hi nearly every habitat on earth, even extreme environments that are very cold, very hot, 
it..... or very acidic (Figure 4.7). Some archaea live in the human body, but none have been

■ »и In Ik  human pathogens.

Figure 4.7 Some archaea live in 
extreme environments, such as the 
Morning Glory Pool, a hot spring in 
Yellowstone National Park. The 
color differences in the pool result 
from the different communities of 
microbes that can thrive at various 
water temperatures, (credit: Parker et 
al. / Microbiolotrv OpenStax)

■ "k«i mile (Tils

i r  tu г (n e g a te  
filam en t P lasm a

m em bran e

M ic ro tub u le

C en troso m e

Mtcrolilament

Lysoeom e

S m oo th  e n d o p la sm ic  
reticu lum

Eukaryotic cells are cells 
that contain a membrane- 
bound nucleus and other 
membrane-bound 
compartments or sacs, called 
organelles (Figure 
4.8). Organelles are cell 
structures with specialized 
functions that will be 
discussed in section 4.4.

Figure 4.8 Eukaryotic animal 
cell with many membrane- 
bound organelles visible, 
(credit: Betts ct al. /
Anatomy and Physiology 
OpenStax)
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Unlike prokaryotic cells, eukaryotic cells possess a nucleus. The nucleus is a membrane-bound 
organelle that houses the DNA. The nucleus, because it contains the DNA, ultimately controls all 
activities of the cell and also serves an essential role in reproduction and heredity. Eukaryotic 
cells typically have their DNA organized into multiple linear chromosomes. The DNA within the 
nucleus is highly organized and condensed to fit inside the nucleus.

Cell Size

At 0.1-5.0 pm in diameter, prokaryotic cells are significantly smaller than eukaryotic cells, 
which have diameters ranging from 10-100 pm (Figure 4.9). The small size of prokaryotes 
allows ions and organic molecules to enter and spread to other parts of the cell quickly.
Similarly, any wastes produced within a prokaryotic cell can quickly move out.

Larger eukaryotic cells have evolved different structural adaptations to enhance cellular 
transport. The large size of these cells would not be possible without these adaptations. Cell size 
is limited because volume increases quicker than cell surface area. As a cell becomes larger, it 
becomes more and more difficult for the cell to acquire sufficient materials to support the 
metabolic processes occurring inside the cell. This can be explained by looking at a cell's 
surface-area-to-volume ratio.

Virus
Animal

Human Che kenMtocnondna eg I ega
( stem

Mom

Osh n;.liLipids \ к.
i acti ■ la

Relative sizes on a logarithm ic scale

0.1 nm 1 nm 10 nm 100 nm 1 pm 10 pm 100 pm 1  mm 10  mm 100 mm 1  m

Naked eye

Light microscope

Electron microscope
Figure 4.9 This figure shows the relative sizes of different kinds of cells and cellular 
components. An adult human is shown for comparison, (credit: Clark et al. / Biology 2E 
OpenStaxf
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1 *1 . ( (NNKC'TION

■i, и ii cell increases in size, its surface area-to-volume ratio decreases. When there is 
. '.i kin liicc area to support a cell’s increasing volume, a cell will either divide or die. In 

t  I in the cell on the left has a volume of 1 mm3 and a surface area of 6 mm2. Therefore,
■a lln led has a surface area-to-volume ratio of 6 to 1. The cell on the right has a volume 

anil и surface area of 24 mm2, with a surface area-to-volume ratio of 3 to 1. The cell on 
pM 1111- n smaller surface-area-to-volume ratio. As a result, it would be more difficult for the 
.. iIn i i|;h( to acquire sufficient materials to support processes inside the cell compared to 
.•I ..ii ilir led

•  • м и  Sin I acc area comparison of two different size cubes, (credit: Clark et al./ Biology 2E 
Л»'.1\)

HI : и i i ■ s M Л I ION - Microbiologist

Mi ' llcclivc action anyone can take to prevent the spread of contagious illnesses is to
i. in* mi her hands. Why? Because microbes arc ubiquitous. They live on doorknobs, money, 

i .«in I. mid many other surfaces. If someone sneezes into his hand and touches a doorknob,
- 1'. i и .ii it you touch that same doorknob, the microbes from their mucus are now on your 
1 II you touch your hands to your mouth, nose, or eyes, those microbes can enter your body 

hi шике you sick.

и м not all microorganisms cause disease. Many microbes arc beneficial. You have 
■■aw. in your gut that make vitamin K, which is required when making blood-clotting
• u ( Mlirt microorganisms are used to ferment beer and wine.

«atMiilugiiils urc scientists who study microorganisms (Figure 4.11). Microbiologists can 
• ■ ' i al cureers. They can work in the food industry, be employed in veterinary and

• • • i и Ilf. and work for environmental organizations, just to mention a few.

•W niiii'iiiiil microbiologists may look for new 
и ' .penally selected or genetically 

— ■■ •! microbes to remove pollutants from soil 
*-*****iu ..in We call using these microbes 
•h ■ -11щи >n technologies. Microbiologists can also 
*i 11■■ hioinlormatics field, providing 

• .It iinwledge and insight for designing and 
11114 "inputcr models.

\ microbiologist works to extract DNA 
l li inlit: Sukulva/ Wikimedia)
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Section Summary

All cells share four common characteristics: all cells are enclosed within a plasma membran. 
contain cytoplasm, have genetic material, and have ribosomes.

Prokaryotes aie predominantly single-celled organisms classified in the domains Bacteria h im ! 

Archaea. All prokaryotes have plasma membranes, cytoplasm, ribosomes, a cell wall, gcnclu 
material, and lack membrane-bound organelles. Prokaryotic cells range in diameter from ll ' u 
pm.

Like a prokaryotic cell, a eukaryotic cell has a plasma membrane, cytoplasm, and ribosome. 
Eukaryotic cells are typically much larger than prokaryotic cells (10-100pm) and have a true 
nucleus and other membrane-bound organelles that allow for compartmentalization of function*

Exercises

1. Which of these do all prokaryotes and eukaryotes share?
a. nucleus
b. cell capsule
c. membrane-bound organelles
d. plasma membrane

2. A typical prokaryotic ce ll__________________ compared to a eukaryotic cell.
a. is smaller in size
b. is similar in size
c. is larger in size
d. can be smaller or larger in size

3. Describe the structures that are characteristic of a prokaryote cell.

iliiw-rs

(til

.'. Prukjiyolic cells :uv su iiouftcd  by s pl.vmflnonifrraav ;Шч1 have DNA. cytoplasm, asm 
ribosomes They Ikisc cell walls anil may have a c, capsule. Pmkuryofts may :• tb iid le  
motility, pih fbt cc-rsLicatitHt. and fimbriae Ibt inhesion to surfaces

Glossary

eukaryotic cell: a cell that has a membrane-bound nucleus and several other membrane-bound 
compartments or sacs

nucleoid: a central region in a prokaryotic cell where DNA is found 

organelle: a membrane-bound compartment or sac within a cell

prokaryotic cell: a unicellular organism that lacks a nucleus or any other membrane-bound 
organelle
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Tt? r- inn], you will be able to: 
f iv  .:•» i In’ components o f eukaryotic cells 

rr- ml* o f  the plasma membrane 
I ' i ‘hr porh that make up the cytoplasm 
M»> the ilifferent protein fibers that make up the cytoskeleton

din ,-H the inlet that flagella, cilia, and centrosomes 
t  км le to define and explain all bolded terms

■ H. haw n more complex structure than prokaryotic cells. In eukaryotic cells,
<... r:.=,.n| ini'iimcIIcs allow different functions to be compartmentalized in different areas 

1Ч!ш» looking at cell organelles, let’s first examine three essential components o f the 
ь» : г.-c ih ii MH inbianc, cytoplasm, and the cytoskeleton.

. ■ »«<•■  ' I i  in li i  i i i i c

■ , k« tiii‘ eukaryotic cells have a plasma membrane (Figure 4.12) made up of a 
« ,  i , i Inliivci with embedded proteins. The plasma membrane separates the internal

4. I iln 11 II hum its surrounding environment. Because of its chemical makeup, the 
и . .  .1ч ini allows the passage of some substances into and out of the cell while
, 11.........wment of others. It is important because it helps the cell maintain stable

. .... .. Wc will look more closely at the plasma membrane in section 5.1.

, Glycoprotein: protein with
, .  m  carbohydrate attached

,Glycolipid: tipid with 
/  carbohydrate 
' attached

. Iili«i«l membrane
illlll

Integral membrane 
protein

Cholesterol

Phospholipid
bilayer

Protein channel
'Filaments of the cytoskeleton

I
I lie plasma membrane is a phospholipid bilayer with embedded proteins. There are
.....is, such as cholesterol and carbohydrates, which can be found in the membrane

phospholipids and protein, (credit: Clark et al. / Biology 2E OnenStaxl
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T h e  C y to p la sm

The cytoplasm is made up of two parts: the cytosol and the cytoskeleton. The cytosol is a v Mat- 
based gel-like substance that contains organelles, the cytoskeleton, and various chemicals 
Glucose and other simple sugars, polysaccharides, amino acids, nucleic acids, fatty acids, and 
derivatives of glycerol arc all found in the cytosol. Ions of sodium, potassium, calcium, and 
many other elements arc also found here. Many metabolic reactions, including protein syntlu »i*. 
take place in the cytosol.

The Cytoskeleton

Within the cytoplasm, a network of protein fibers called the cytoskeleton helps the cell maintain 
its shape, secures individual organelles in specific positions, and allows vesicles to move willim 
the cell. Some cells, such as those that line the respiratory tract, also have cytoskeleton prolcnn 
that extend outside the cell into the external environment and can be used for motility. The 
cytoskeleton also enables unicellular organisms, such as the amoeba, to move independently 
There are three types of fibers within the cytoskeleton: microfilaments, intermediate filaments 
and microtubules (Figure 4.13).

(a) (b) |c)

Figure 4.13 The cytoskeleton consists of (a) microtubules, (b) microfilaments, and (c) 
intermediate filaments, (credit: Betts et al. / Anatomy and Phvsiolouv OnenStax)
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. .I  |» . ill piolcin fibers, microfilaments are the narrowest. Microfilaments are 
i i i и 11 intertwined strands ofactin. They function in cellular movement and have a 

и .ii it.mi 1 urn Microfilaments also provide some rigidity and help form the shape of 
. 11 . i . .in disassemble and reform quickly, which enables a cell to change its shape and
,■ fm t  i i l l  White blood cells, your body’s infection-fighting cells, make good use of 

i ' i , Mm i .in move to the site of an infection and neutralize the pathogen.

ceBular processes
ft i. linen t of
i yioskeleton

a cur Wanients

_L
a e t j n  s u b u n i t

(a) (b)

(c )

i 1 I I a I Л mierofllamcnt is composed of a pair of actin filaments, (b) Each actin filament 
"4 "I polymerized actin monomers, (c) The dynamic nature of actin allows 
laiiu'iiia In he involved in a variety of cellular processes (credit: Parker et al. / 
i 11 , ■ ( ipcnStax)

' 1 1 'i ГК) 4 - To see an example of a white blood cell in action, watch a short
■ о of the cell capturing two bacteria. It engulfs one and then moves on to the other

I
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Intermediate filaments

Intermediate filaments are of intermediate diameter (between micro filaments and 
microtubules) and have structural functions such as maintaining the shape of the cell and 
anchoring organelles (Figure 4.15). K eratin, the compound that strengthens hair and nails, 1 'unit 
one type of intermediate filament.

comcytoplasm

lamina 
intermediate 

\  \  filaments

cytoskelet-on
intermeduite
Moments
■  c e l l  1

I \
e<tracellular \

intermediate
filaments
П» СЛН /

plasm a m em brane plasm a m em brane 
of cell 1 of cell 2

(C)
Figure 4.15 (a) Intermediate filaments are composed of multiple strands of polymerized 
subunits, (b) Intermediate filaments form  much of the nuclear lamina, (c) Intermediate fila .mcnK 
form the desmosomes. (credit: c “illustration”: modification of work by Mariana Ruiz Villsrrcal
Microbiology OpenStax)

Microtubules

Microtubules arc the thickest o f  the cytoskeletal fibers. These arc hollow tubes that can di ssolvc 
and reform quickly. Microtubules w ork with motor proteins to move organelles and v e s ic le s  
around within the cytoplasm. Also, microtubules are involved in cell division. M icrotubules form 
the mitotic spindle that serves to separate chromosomes during mitosis and meiosis. The rreitolic 
spindle is produced by two centrosom es, which are mostly microtubule-organizing centerss at 
opposite ends of the cell. (Figure 4.16).

centriole

Figure 4.16 (a) A centrosome is composed of two centrioles positioned at right angles to esach 
other, (b) In animal cells, the centrosomes (arrows) serve as microtubule-organizing c e n te rs  of 
the mitotic spindle during mitosis, (credit: Parker et al. / Microbiology OpenStax)
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i < ilia

. . ,iii also the structural components of flagella and cilia. Flagella (singular = 
i me long, liair-like structures that extend from the plasma membrane and are used to 
i nun i ell, lor example, sperm and Euglena. When present, a cell may have just one 
hi .1 lew llagclla. When cilia (singular = cilium) are present, they are many in number 

ml iilong the entire surface of the plasma membrane. Cilia arc short, hair-like structures 
, d to move whole cells, for example the Paramecium in Figure 4.17 Cilia also move

substances along the outer surface of the cell. For 
example, the cilia of cells lining the fallopian tubes 
move the ovum (egg) toward the uterus. Cilia lining 
the cells of the respiratory tract move particulate 
matter toward the throat where it is then trapped in 
mucus. These ciliated cells help prevent respiratory 
infections.

Figure 4.17 The ciliated protozoan Paramecium 
caudatum. (credit: Deuterostome / Wikimedia)

I



Section Summary

Like a prokaryotic cell, a eukaryotic cell has a plasma membrane and cytoplasm. The cytupL*n 
is made of two parts: the cytosol and the cytoskeleton.

The cytoskeleton has three different types of protein elements. Microfilaments provide rigidity 
and help shape the cell. Intermediate filaments bear tension and anchor the nucleus and othci 
organelles in place. Microtubules help the cell resist compression and serve as tracks for nioiui 
proteins that move vesicles through the cell. They arc also the structural elements of 
centrosomes, flagella, and cilia.

Exercises

1. Which of the following would not be considered part of the cytoskeleton?
a. intermediate filaments
b. flagella
c. cytosol
d. centrosomes

2. Which type of lipid forms the base structure of the plasma membrane?
a. fats
b. phospholipids
c. oils
d. wax

3. Describe the parts of the cytoplasm.

Answers

! (c>
2. fbi
v The cytoplasm is made up of two parts: die Btiosol and the cyloskeletoiv The cytosol contain-, 

organelles, cytoskeleton. and various chemicals. The cytoskeleton is a network of protein ''Кг» 
that helps the cell maintain its shape, secures individual organelles in specific positions, and 
allows Vi sides to move within the cell.

118 Return to Table of Cont^-



.......... .... uli/i-d microtubules that pull chromosomes to their poles during cell division
> i •» .1 , ti.(i i .1 .Imit, hair-like structure that extends from the plasma membrane in large 

■ ...I........1 in move an entire cell or move substances along the outer surface of the cell

I n n ipon between the plasma membrane and the nuclear envelope, consisting 
l« «и» mi |n nilrd in the gel-like cytosol, the cytoskeleton, and various chemicals

И  itelMi ilm nrlwork of protein fibers that collectively maintain the shape of the cell,
* им» iMgNiH'llcs in specific positions, allows cytoplasm and vesicles to move within the 

'* at ■ ninecllular organisms to move

-l И.» #■ l like inntcrial of the cytoplasm in which cell structures are suspended

(iiliiiul ll.igella) the long, hair-like structure that extends from the plasma membrane 
* 1 | . -И" пиит the cell

. in i. Ill.inrnls: fibers of the cytoskeleton that are of intermediate diameter and have 
..............I......a iiuch as maintaining the shape of the cell and anchoring organelles

iii.iin iiia ilu- ihinncst of the cytoskcletal fibers and function in moving cellular 
, ... .и- uni inniiitaining cell structure

........... • 111г thickest fibers that make up the cytoskeleton and can dissolve and reform

• mt iiiI»i iinr : a phospholipid bilayer with embedded (integral) or attached (peripheral)
.......... the internal contents of the cell from its surrounding environment

l
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4.4 Eukaryotic Cell Organelles

L ea rn in g  ob jectives
By the end of this section, you will be able to:

• Identify organelles that can be found in cells
• Know which organelles are part o f  the endomembrane sysrem
• Summarize the functions ofall major cell organelles
• Know which organelles are used to generate energy
• Identify which organelles are used duringprotem sy nthesis
• Be able to define and explain all bolded terms

Unlike prokaryotic cells, eukaryotic cells have a membrane-bound nucleus and numerous 
membrane-bound organelles. Such organelles include the endoplasmic reticulum, Golgi 
apparatus, chloroplasts, mitochondria, and others (Figure 4.18). The word “organelle” means 
“little organ” and organelles have specialized cellular functions just as your body's organs have 
specialized functions.
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* «  - 1 19“ 3i iiH iil 
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C y to s k e le f o n  
— M ic r o tu b u le s :  farm [lie 

mitotic spindie and 
maintain ceil shape.

• IA

- •  • n il и y i.i.« l

C e n t r o s o in e :  microtubule 
organizing center.

-  I n t e r m e d i a t e  f i l a m e n t s :

porous proteins that hold 
organelles in place

M lc r o f i  la m e n ts :
fibrous pro [fins; 
fo rm  tlie  cellulai 
cortex.

P la s m a  
m e m b r a n e

L y s o s o m e :
d ig e s ts  fo o d  a n d  
waste materials.

G o lg i  a p p a r a tu s :
m o d if ie s  p ro te in s .

C y t o p l a s m

M i t o c h o n d r ia :
p ro d u ce  energy

н:мГ>«« l«p*K

Plasmodesmata
channels connect 
two plant cells

C e ll w a ll maintains 
cell shape ___

Plasma 
membrane

Cytoplasm

Endoplasmic Reticulum 
smooth rough

Nucleus contains 
chromatin, a 
nuclear envelope, 
and a  nucleolus, 
as in an animal cell

Ribosomes

Central Vacuole 
filled with cell sap 
that maintains 
pressure against 
cell wall

Cytoskeleton
microtubules
intermediate

filaments
microfilaments

Peroxisome
Plastid store 
pigments

Golgi
apparatus

Mitochondria

Chloroplast site 
ot photosynthesis

I In ;c figures show the major organelles and other cell components o f (a) a typical 
uni (It) a typical plant cell, (credit: Clark et al. / Biolocv 2E QpcnStaxI
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T h e  E n d o m e m b ra n e  System

The endomembrane system (endo = “within”) 
is a group of membranes and organelles 
(Figure 4.19) in eukaryotic cells that works 
together to modify, package, and transport 
lipids and proteins. It includes the nuclear 
envelope, lysosomes, vesicles, the endoplasmic 
reticulum, and the Golgi apparatus. Although 
not technically within the cell, the plasma 
membrane is included in the endomembrane 
system because it interacts with the other 
endomembranous organelles. The 
endomembrane system does not include 
organelles such as the mitochondria or 
chloroplast, which arc used for energy 
processing.

Figure 4.19 Various organelles that are part of 
the endomembrane system, (credit: 
modification of work by Magnus Manske / 
Biology 2E OnenStax!

The Nucleus

Typically, the nucleus is the most prominent organelle in a cell (Figure 4.18). The nucleus 
(plural = nuclei) houses the cell’s DNA in the form of chromatin and directs the synthesis of 
ribosomes and proteins.

that constitutes the outermost portion ol 
the nucleus. Both the inner and outer 
membranes of the nuclear envelope arc 
phospholipid bilayers. The nuclear 
envelope is punctuated with nuclear 
pores that control the passage of ions, 
molecules, and RNA between the 
nucleus and the cytoplasm (Figure 4.20)

Figure 4.20 The outermost boundary ol 
the nucleus is the nuclear 
envelope, (credit: modification of work 
bv NTGMS. NIH 1 Concents of Bio1»- л 
QpenStax!

The nuclear envelope is a double-membrane structure

Endoplasmic
reticulum

Nucleolus 

Chromatin 

Nucleoplasm  

Nuclear pore 

Nuclear envelope
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* •>  • tniind in the nucleus, contain the cell's genetic information. They arc composed 
• i i i i i u i u I proteins (Figure 4.21). Together, this combination of DNA and proteins
1,1 HMi df I n  (1'igure 4.21). When cells are not dividing, individual chromosomes are not 
tiDl imili-ilal in the nucleus is referred to as chromatin.

•»« i liioiiiiisomcs arc linear structures. Every species has a specific number of 
NM in its nucleus. For example, humans should have 46 chromosomes in all their body 
*'■ lb* и rggs and sperm. Fruit flies, on the other hand, have a total of eight 

■hM in cucli of their cells.

C hrom o som es

Histone- a protein associated 
with PNiA

1 In) I Iiih image shows various levels of chromatin's organization, (b) This image 
1*1111 il chromosomes, (credit b: modification of work by NIH; scale-bar data from 
11 llmloiiy 2_E Open Stax)

•on • «ic only visible and distinguishable from one another when the cell is getting 
1 iili When a cell is in the growth and maintenance phases of its life cycle, the 
« ' < и tumble an unwound, jumbled bunch of threads.

* in Hu nucleus directs the synthesis of ribosomes, but how does it do this? Some 
mf. luivc sections of DNA that encode ribosomal RNA. A darkly stained area within 

* illlt-il the nucleolus (plural = nucleoli), indicates the location where ribosomal RNA 
■h i < together with specific proteins to form the ribosomal subunits. The ribosomal 

><* iIn и linnsported through the nuclear pores into the cytoplasm, where they will be 
(iM *ii'H i lyuthcsis.
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Thtf endoplasmic reticulum (ER) (Figure 4.22) is a series of interconnected membranous 
tubules that collectively modify proteins and synthesize lipids. However, these two functions Mi 
performed in separate areas of the endoplasmic reticulum: proteins are modified in the rough 
endoplasmic reticulum and lipids are synthesized in the smooth endoplasmic reticulum.

llU' Endoplasmic Reticulum

Figure 4.22 Endoplasmic Reticulum (ER) (a) The smooth and rough endoplasmic reticula arc 
vey different in appearance and function (source: mouse tissue), (b) Rough ER (source: mouse 
tissue!. EM x 110,000. (c) Smooth ER (source: mouse tissue). EM * 110,510. (Micrographs 
provided by the Regents of University o f Michigan Medical School © 2012 / Anatomy of 
Ptwsiolcnrv OnenStaxl

The hollow portion of the ER tubules is called the lumen or cistemal space. The membrane of the 
EE which is a phospholipid bilayer embedded with proteins, is continuous with the nuclear 
envelope.
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.•  . . reticulum (RER) is so named because the ribosomes attached to its
i ■>im>< (live it a studded appearance when viewed through an electron microscope 

IT  I iihosomes synthesize proteins while attached to the ER. The newly 
«I ■ i a in . move into the lumen of the RER where they undergo modifications, such as 
щ t " M it к <n of sugars. The RER also makes phospholipids for cell membranes. If the

Ш  ■  '  h i  . in phospholipids are not needed in the RER, they will be packaged within 
<•• •  ........ limited to the Golgi apparatus (Figure 4.23).

— in i mliipl.iMiiic reticulum (SER) is continuous with the RER but has few or no
ih ........ yloplasmic surface (see Figure 4.22). The SER’s functions include synthesis of
t  •<■ lipids (including phospholipids), and the precursors of steroid hormones, such as 

to ' i I In smooth endoplasmic reticulum also plays a role in detoxification of medications 
i <■ ни haling alcohol metabolism. Finally, the SER acts as a storage space of calcium 
' ■ lii necessary for muscle contraction, nervous system function, and cell division.

ПО? You can watch an excellent animation of the endomembrane 
Mm \ i I lie end of the animation, there is a short self-assessment.

- Cardiologist

.......... . the leading cause of death in the United States and has been linked to sedentary
...... I high trans-fat diets. Heart failure is just one of many disabling heart conditions.

• .i iin ■ docs not mean that the heart has stopped working; rather, it means that the heart
......и и illi sufficient force to transport oxygenated blood to all the vital organs. Left

i In hi failure can lead to kidney failure and other organ failures.

inii'ii Ic lissue comprises the heart's wall. Heart failure can occur when cardiac muscle 
.l.ipliismic reticula do not function properly. As a result, an insufficient number of 

" unis me available to trigger a sufficient contractile force.

i.'Hisis (cardi- = “heart"; -ologist = “one who studies”) are doctors who specialize in 
li. ill diseases. Cardiologists can diagnose heart failure via a physical examination,

■ Гимн .in electrocardiogram (ECG, a test that measures the heart's electrical activity), a 
< i t  in sec whether the heart is enlarged, and other tests. If the cardiologist diagnoses 
nhne, llicy may prescribe appropriate medications, recommend a reduced table salt intake, 

-1 ■ I к i vised exercise program. Depending on the severity of the diagnosis, other treatment 
in.iy need to be explored.
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The Golgi Apparatus

We have already mentioned that vesicles can bud from the endoplasmic reticulum, but where dn 
the vesicles go? Before reaching their final destination, the lipids or proteins within the transpoii 
vesicles need to be sorted, packaged, and tagged so that they wind up in the right place. The 
sorting, tagging, packaging, and distribution of lipids and proteins take place in the Golgi 
apparatus (also called the Golgi body or Golgi complex), a scries of flattened membranous sai ■■ 
(Figure 4.23).

Figure 4.23 a. The Golgi apparatus b. Transmission electron micrograph of a Golgi apparatus in 
a white blood cell, (credit: modification of work by Louisa Howard; scale-bar data from Mall 
Russell / Anatomy and Physiology OpenSlax)

The Golgi apparatus has a receiving face (cis) near the endoplasmic reticulum and a releasing 
face (trans) on the side facing away from the ER. The transport vesicles sent from the ER travel 
to the receiving face, fuse with it, and empty their contents into the lumen of the Golgi apparalin 
As the proteins and lipids travel through the Golgi, they undergo further modifications. The nm 
frequent change is the addition of short chains of sugar molecules. The newly modified protein, 
and lipids are then tagged with small molecular groups to enable them to be routed to their 
proper destinations.

Finally, the modified and tagged proteins are packaged into vesicles that bud from the opposilr 
face of the Golgi. While some of these vesicles deposit their contents into other parts of the cell, 
other vesicles fuse with the plasma membrane and release their contents outside the cell.
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1 ........... Igi varies in different cells. Cells that are involved in secreting large quantities
' • ■"1 higher amounts of Golgi. For example, cells that make up the salivary glands 

■ i n/ymes into the mouth, which aids in digestion. Some cells of the immune 
•mliliodies into the blood, which helps protect us from foreign invaders.

1 1 ilu < iolgi has an additional role in synthesizing polysaccharides. Some of these 
l'l< im incorporated into the cell wall and while others are used in different parts of

• ill» | i"li iii. packaged by the Golgi include digestive enzymes. Some of those enzymes
'• Ilu i rll to be used for breaking down certain materials. The enzyme-containing 
■ ..I by Iht Golgi may form new lysosomes or fuse with existing lysosomes. A 
»" "i candle that contains enzymes that break down and digest unneeded cellular 

"•i hi li ns a damaged organelle. A lysosome is like a wrecking crew that takes down 
iiiiul buildings in a neighborhood. Lysosomes are also important for breaking down 

M "i liueign materials that may be dangerous to the cell. For example, when certain 
•  ЦЛ и»' i II* lake up bacteria, the bacterial cell is enclosed in a vesicle (Figure 4.24)

• ! •'• i ■■ 11li a lysosome. The enzymes found in the lysosome then digest the bacteria. As
и n и и* llicsc immune defense cells contain large numbers of lysosomes.

и ■ 1111141111100*, lysosomes perform a more grand and dire function—in the case of 
. min nlihv cells, lysosomes can be triggered to open and release their digestive 

i,i . uni i vloplasin of the cell, killing the cell. This “self-destruct7’ mechanism is
....... I makes the process of cell death controlled; a mechanism called “apoptosis.”

IM 1 ........ . that lysosomes are not present in plant cells. Because lysosomes are
, '»■ и! iIn- endomembrane system, they are being discussed in this section. In plant
• ■Ini' pioccsscs 

• m»lm miuJ
Phagocytosis

Bacteria Vesicle

i ' min mphu^C
i * l*.n In  nnn,

- la .t • Willi .t
alntt llir i cl 1.

11 • III pICNCIll

■ .i »ai liniplicily,
» « •  f - ( I  till 

• I. Им 111 
a <1 I»lk hy

I

Lysosome corn 
digestive enzyi

|  fxocytk vesicle 
1 contorting 

'  undigested material
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V esic les a n d  I a cu o les

Vesicles (Figure 4.24) and vacuoles (Figure 4.18) are membrane-bound sacs that function ш 
storage and transport. Other than the fact that vacuoles are somewhat larger than vesicles, th . 
is a very subtle distinction between them. Vesicle membranes can fuse with either the phi ina 
membrane or other membrane systems within the cell. Additionally, some enzymes within pl« 
vacuoles break down macromolecules (Figure 4.18).

Ribosomes

Ribosomes are the cellular structures responsible for protein synthesis and are not part ol lIn 
endomembrane system. They are the only organelle not enclosed in a plasma membrane Wi- 
viewed through an electron microscope, free ribosomes appear as either clusters or single tm> 
dots floating freely in the cytoplasm. Ribosomes may also attach to either the plasma menihri 
or the rough endoplasmic reticulum (red circles in Figure 4.22). Electron microscopy has .In 
that ribosomes consist of large and small subunits (Figure 4.25). Ribosomes are enzyme 
complexes that arc responsible for protein synthesis.

Amino
acid

Ribosome
large
subunit

tRNA

Because protein synthesis is esscnti.il «  
all cells, ribosomes arc found in 
practically every cell. In prokaryotic 11 II 
ribosomes are smaller and differ shiilul, i 
their chemical makeup when compan >i 
ribosomes found in eukaryotic cells

Figure 4.25 A large subunit (top) and » 
small subunit (bottom) comprise 
ribosomes, (credit: Clark ct al. / Biolon. 
2E OpenStax)

Check your knowledge
Which type of cell is most likely to have the greatest amount of smooth endoplasmic 
reticulum?

a. A cell that secretes enzymes
b. A cell that destroys pathogens
c. A cell that makes steroids
d. A cell that performs photosynthesis
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•и-  . 111 .и milochondrion) are often called the “powerhouses” or “energy 
" In i itusc they are responsible for making adenosine triphosphate (ATP), the 

i'i innlceule. The formation of ATP from the breakdown of glucose is known 
i 'iimn Mitochondria are oval-shaped, double-membrane organelles (Figure 4.26) 
-■« " iilmsomcs and DNA. Each membrane is a phospholipid bilaycr embedded 
1 * шип layer has folds called cristae, which increase the surface area of the 

I In aica surrounded by the folds is called the inner mitochondrial matrix 
. I" tween the inner and outer membranes is the intermembrane space (outer

........... I I lie cristae and the matrix have different roles in cellular respiration,
ih м " U'd in chapter 6.

■ > iiiiloelumdrion is composed of two separate lipid bilaycr membranes, (b) An
i i|'h ul mitochondria. EM x 236,000. (Micrograph provided by the Regents of 

' Mn liiKiiu Medical School © 2012 / Anatomy and Physiology OnenStax!

.... -in.ill. round organelles enclosed by single membranes (Figure 4.27). They 
. и . that break down fatty acids and amino acids. They also detoxify many

poisons that may enter the body. Peroxisomes detoxify alcohol 
in liver cells. A byproduct of these reactions is the highly 
reactive molecule hydrogen peroxide, H2O2 Hydrogen 
peroxide is contained within the peroxisomes to prevent it 
from causing damage to cellular components outside of the 
organelle. Hydrogen peroxide is safely broken down into water 
and oxygen with the help of the enzyme catalase. Catalase, in 
addition to many other enzymes, is located in the center of the 
peroxisome in a region called the crystalline core.

Figure 4.27 Peroxisome (credit: Betts et al. / Anatomy and 
Phvsioloitv OnenStax!
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Section Summary

The endomembrane system of eukaryotic cells includes the nuclear envelope, the endoplasmu 
reticulum, the Golgi apparatus, lysosomes, vesicles, as well as the plasma membrane. These 
cellular components work together to modify, package, tag, and transport lipids and proteins

Eukaryotic cells have a true nucleus meaning its DNA is surrounded by a membrane. The 
nucleolus within the nucleus is the site for ribosome assembly. Ribosomes are found in the 
cytoplasm or arc attached to the plasma membrane of the rough endoplasmic reticulum. 
Ribosomes perform protein synthesis. Mitochondria perform cellular respiration and produce 
ATP. Peroxisomes break down fatty acids, amino acids, and some toxins. Vesicles and vacuole» 
are storage and transport compartments. In plant cells, vacuoles also help break down 
macromolecules.

Exercises

1. Which of the following organelles is most likely to aid in the digestion of food particles1
a. nucleus
b. rough endoplasmic reticulum
c. lysosomc
d. ribosome

2. Which of the following is not a component of the endomembrane system?
a. mitochondrion
b. Golgi apparatus
c. endoplasmic reticulum
d. lysosomc

3. Calcium ions are required for muscle contraction. Which organelle would you expect to 
find in abundance in a muscle cell that would aid in this function?

a. mitochondrion
b. Golgi apparatus
c. lysosome
d. smooth endoplasmic reticulum

4. Mitochondria contain both DNA and ribosomes.
a. True
b. False

5. Where in the nucleus are ribosomes formed?

6. Where are chromosomes found in a eukaryotic cell? Chromosomes are made of 
chromatin. What arc the two materials that make up the chromatin?

7. Compare and contrast the rough endoplasmic reticulum to the smooth endoplasmic 
reticulum.
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ДЧ’ ofiudoplnsKuc reUculuni arc pari of the csudomuEibranc system. They arc both. a 
(PinlaciMinr-tUi! membranous tubules lira! collectively modify proteins and synihesbs 
. I linvevcr. those «wo functions are pertormed in separate areas of tire endoplasmic 

Mum' Ihe rough endoplasmic reticulum and tire smooth endoplasmic reticulum, respectively.

B u lk 's  игг ibijiiij in she nucleus ami are made o f  chromatin. Cbwmiifir! is made о Г U N A
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Glossary

chromatin: substance consisting of DNA and associated proteins 

chromosome: a condensed version of chromatin

endomembrane system: the group of organelles and membranes in eukaryolu i ■ work 
together to modify, package, and transport lipids and proteins

endoplasmic reticulum (ER): a series of interconnected membranous struchu....... ..
eukaryotic cells that collectively modify proteins and synthesize lipids

Golgi apparatus: a eukaryotic organelle made up of a series of stacked mcmlii и - sorts, 
tags, and packages lipids and proteins for distribution

lysosome: an organelle in an animal cell that functions as the cell’s digestive i oiu|> • jt 
breaks down proteins, polysaccharides, lipids, nucleic acids, and even wom-oul les

mitochondria: (singular: mitochondrion) the cellular organelles responsible loi !0ut
cellular respiration, resulting in the production of ATP, the cell’s primary enci | •" , fg
molecule

nuclear envelope: the double-membrane structure that constitutes the outcmioo i ■ ***i0f  the 
nucleus

nuclear pores: control the passage of ions, molecules, and RNA between thr im j the 
cytoplasm

nucleolus: the darkly staining body within the nucleus that is responsible I'ui ..........• 1
ribosomal subunits

nucleus: the cell organelle that houses the cell’s DNA and directs the synthoi n an()
proteins

peroxisome: a small, round organelle that contains hydrogen peroxide, oxidi/i 1 •' t|s and 
amino acids and detoxifies many poisons

ribosome: a cellular structure that carries out protein synthesis

rough endoplasmic reticulum (RER): the region of the endoplasmic reticulum th studded 
with ribosomes and engages in protein modification

smooth endoplasmic reticulum (SER): the region of the endoplasmic reticulum i 1S few or
no ribosomes on its cytoplasmic surface and synthesizes carbohydrates, lipuh ,1(j
hormones; detoxifies chemicals like pesticides, preservatives, medications, and . mental 
pollutants, and stores calcium ions

vacuole: a membrane-bound sac, somewhat larger than a vesicle, that function'. ar
storage and transport

vesicle: a small, membrane-bound sac that functions in cellular storage and tnin ш  *s 
membrane is capable of fusing with the plasma membrane and the membrane, oi u» 
endoplasmic reticulum and Golgi apparatus
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> < | • 11 ч1у o f  cell  o r g a n e l l e s  w i t h i n  t h e  e u k a r y o t e s

objective* * ••
i Hi. . ml of this section, you will be able to:

Describe the differences between eukaryotic plant and animal cells
Summarize the Endosymbiotic theory
I hidersrandhow cells communicate with one another
Know the differences between plant cell and animal cell communication
Describe the cell's extracellular matrix
He able to define and explain all bolded terms

kin-, nlic cells have a membrane-bound nucleus and numerous membrane-bound
• li they are all enclosed within a plasma membrane, have genetic material, and use 

..... In synthesize proteins. Despite their fundamental similarities, there are some striking 
... ■ iimongst the different groups of cells that make up the eukaryotes. Those groups 

■ л и  i ‘ i mine. Protista, Animalia, and Fungi. We will briefly introduce the groups Protista and 
1 ■ • 1 - l i ne focusing our attention on the kingdoms Plantae and Animalia.

t i a l l i l

' ► ... in n  100.000 described living species of protists. Because the name "protist" serves as
■ 1 ill n im for eukaryotic organisms that are not animal, plant, or fungi, it is not surprising

' 11 lew characteristics are common to all protists. Most protists are microscopic,
■ .i oiganisms that are abundant in soil, freshwater, brackish, and marine environments, 

•и .1 о common in the digestive tracts of animals and the vascular tissues of plants. Some 
• ■ 11 n. huge, macroscopic cells, such as the plasmodia of myxomycctc slime molds or the
■ i и ей ulgu Caulerpa. Some protists arc multicellular, such as red, green, and brown 

.1 I In ausc of their diversity, protists have a wide variety of different membrane-bound
i. • In ihc lab, you will have the opportunity to look at several protists: Amoeba,

........... urn. and green algae. At that time, you will observe some of the organelles found in
М11Й

• ««fl

• i Inin Fungi includes an enormous variety of living organisms collectively referred to as 
, i. ur true Fungi. While scientists have identified about 100,000 species of fungi, this is
• ' i i и hi of ihc 1.5 million species of fungus likely present on Earth. Edible mushrooms,

к mold, and the producer of the antibiotic penicillin, Penicillium notatum, are all 
■ .4  ill I lir kingdom Fungi. Because of their diversity, fungi also have a wide variety of
•• ....... organelles. Students will not be held accountable for learning the cell

• i.l lungi.

Incus on the groups Animalia and Plantae and discuss key differences between
" " ‘I*
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Glossary
chromatin: substance consisting of DNA and associated proteins 

chromosome: a condensed version of chromatin

cndomembranc system: the group of organelles and membranes in eukaryotic cells that u . • 
together to modify, package, and transport lipids and proteins

endoplasmic reticulum (ER): a series of interconnected membranous structures within 
eukaryotic cells that collectively modify proteins and synthesize lipids

Golgi apparatus: a eukaryotic organelle made up of a series of stacked membranes that мин 
tags, and packages lipids and proteins for distribution

lysosome: an organelle in an animal cell that functions as the cell’s digestive componenl. u 
breaks down proteins, polysaccharides, lipids, nucleic acids, and even wom-out organelle.

mitochondria: (singular: mitochondrion) the cellular organelles responsible for carrying 
cellular respiration, resulting in the production of ATP, the cell’s primary energy-carrying 
molecule

nuclear envelope: the double-membrane structure that constitutes the outermost portion oi 'M 
nucleus

nuclear pores: control the passage of ions, molecules, and RNA between the nucleus and il. 
cytoplasm

nucleolus: the darkly staining body within the nucleus that is responsible for assembling 
ribosomal subunits

nucleus: the cell organelle that houses the cell’s DNA and directs the synthesis of nb. . im — 
proteins

peroxisome: a small, round organelle that contains hydrogen peroxide, oxidizes fatty acid* •—* 
amino acids and detoxifies many poisons

ribosome: a cellular structure that carries out protein synthesis

rough endoplasmic reticulum (RER): the region of the endoplasmic reticulum that is • i и 11- i 
with ribosomes and engages in protein modification

smooth endoplasmic reticulum (SER): the region of the endoplasmic reticulum that h.i i* ■ 
no ribosomes on its cytoplasmic surface and synthesizes carbohydrates, lipids, and steroid 
hormones; detoxifies chemicals like pesticides, preservatives, medications, and environnn .** • 
pollutants, and stores calcium ions

vacuole: a membrane-bound sac, somewhat larger than a vesicle, that functions in ccllidai 
storage and transport

vesicle: a small, membrane-bound sac that functions in cellular storage and transport; il i. 
membrane is capable of fusing with the plasma membrane and the membranes of the 
endoplasmic reticulum and Golgi apparatus
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■ . .  I.......  inclU s w i th in  t h e  e u k a r y o t e s

fee •  . '  hi \ nil will he able to: 
t t t r  <(« Jillcieneei between eukaryotic plant and animal cells 

. ^ ^ a i  . </„• / ndnwmbtottc theory
i  ..........,7/1 communicate with one another

ih, ........ hi rv between plant cell and animal cell communication
'« •u tr  il...... //'i extracellular matrix

If >al t., .t< line and explain all bolded terms

ft J tliax  ■ mi mlii.mi -bound nucleus and numerous membrane-bound
,. ill mi Inn'll within a plasma membrane, have genetic material, and use 

( i t . i i i i i i n i m  I )cspitc their fundamental similarities, there are some striking
a .  " h* ill n> unit groups of cells that make up the eukaryotes. Those groups 

im* Лn111wi 11>t. and Fungi. We will briefly introduce the groups Protista and 
i h , ....... . h i  и in on the kingdoms Plantae and Animalia.

. in i  ,l, .1 111ir.il living species of protists. Because the name "protist'1 serves as
».* ... ......... ... that are not animal, plant, or fungi, it is not surprising

** > ............an common to all protists. Most protists are microscopic,
...... hi .nr iiliiindant in soil, freshwater, brackish, and marine environments.

i ■ ... N,a digestive tracts of animals and the vascular tissues of plants. Some
t  ■<" "| a, i ells, such as the plasmodia of myxomycctc slime molds or the

/'.» ' ..... . protists arc multicellular, such as red, green, and brown
i <i il,. n ili\ I'tMiy, protists have a wide variety of different membrane-bound 

• и *» ill have the opportunity to look at several protists: Amoeba,
... ...........-I, .i. M lluil time, you will observe some of the organelles found in

1 .......... mutinous variety of living organisms collectively referred to as
i 1 Ini, >i u-nlists have identified about 100,000 species of fungi, this is

nil.... species of fungus likely present on Earth. Edible mushrooms,
1 - | и i н lii' -r of the antibiotic penicillin, Penicillium notatum, are all
....... . I Irciuise of their diversity, fungi also have a wide variety of

■ iiiiiirllcs. Students will not be held accountable for learning the cell

|.
" |i-. Animalia and Plantae and discuss key differences between
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A nim al  vs. P lan t

Despile their fundamental similarities, there are some striking differences between cells loin. ■ 
the groups Animalia and Plantae (see Table 4.1). Plant cells have a cell wall, chloroplaslv ,m' 
large central vacuole. Plant cells also have plastids that are used for storage. For example .. i 
that make up the potato have amyloplasts, a type of plastid used for storing starch. These 
organelles arc not found in animal cells. As you learned in previous sections, animal cell1, f i 
centrosomes and lysosomes. Both animal cells and plant cells have intercellular junctions Im 
communication; however, there are distinct differences in these junctions. We will now s|« «I 
some time discussing the differences in detail.

Cell Wall

In Figure 4.29b, the diagram of a plant cell, you sec a structure external to the plasma mem! ■ i 
called the cell wall. The cell wall is a rigid covering that protects the cell, provides structui ,i1 
support, and gives shape to the cell. While the chief component of prokaryotic cell walls i • 
peptidoglycan, the major organic molecule in the plant cell wall is cellulose. Cellulose is n 
polysaccharide made up of long, straight chains of glucose units. Some organisms have tin 
enzyme cellulase and can digest cellulose and use it as a source of energy.

Chloroplasts

Like mitochondria, chloroplasts have their own DNA and ribosomes. Chloroplasts are tin 
location of photosynthesis and can be found in eukaryotic cells such as plants and algae In 
photosynthesis, carbon dioxide, water, and light energy are used to make glucose and 
oxygen. One of the significant differences between plant and animal cells is that plants can 
make their own food and are referred to as autotrophs. Whereas animals, referred to as 
heterotrophs, must rely on other organisms for their organic compounds or food source

Like mitochondria, chloroplasts have outer and inner membranes. Inside the inner membram . 
the chloroplast is a fluid called stroma. In the stroma is a set of 
interconnected and stacked, fluid-filled membrane sacs called 
thylakoids (Figure 4.28). Each stack of thylakoids is called a 
granum (plural = grana). In chapter 7, you will leam about 
how different photosynthetic reactions take place in the 
stroma and thylakoid membranes.

Figure 4.28 This simplified diagram of a chloroplast shows 
the outer membrane, inner membrane, thylakoids, grana, and 
stroma (credit: Fowler et al. / Concents of Biology OnenStaxl.

The chloroplasts contain a green pigment called chlorophyll, which captures the energy of 
sunlight for photosynthesis. It is this pigment that gives leaves their green appearance. Like pi 
cells, photosynthctic protists also have chloroplasts. Some bacteria also perform photosynllii 
but they do not have chloroplasts. Their photosynthetic pigments are located in the thylakoid 
membrane within the cell itself.

Intefmembrane
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C y to s k e le to n  
M ic r o tu b u le s :  form the  
mitotic spairlte and 
maintain ceis shape

C e n t r o s o m e :  microtubule 
orgatv:rm<j center.

I n te r m e d ia te  f i la m e n ts :
fibrous; pcotems that hold 
organelles in place

M ic r o f i la m e n ts :  
fibrous proteins, 
form the cellular 
cortex

lb)

Cytoplasm

E n d o p la s m ic  R e t ic u lu m
sm ooth rough

P la s m o d e s m a ta  

channels connect 
two plant ceBs

C e ll w a ll maintains 

te ll abase__

P la s m a  —  
m e m b ra n e

C e n tr a l  V a c u o le  

tiled  with cell sap 
that maintains 

pressure against 
i HI wall

C y io s k e le to n
microtubules 
Intermediate 

filaments 
mxrofila merits

N u c le u s  contains 
chromatin, a 
nudear envelope, 
and a  nucleolus 
as in an animal cell

R ib o s o m e s

Cliloroplast site 1 P  last id store 1
of photosynthesis 1 pigments

Golgi
apparatus

Mitochondria

'P e r o x is o m e

1 mil show the major organelles and other cell components of (a) a typical 
1 |nail eukaryotic plant cell, (credit: Modified by Elizabeth О Grady 
■ I rt itl. / Biology 2E OnenStaxI
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1 П О  ONNEA. I ION - Endosymbiotic Theory

We have mentioned that both mitochondria and chloroplasts have a double plasma membrane 
and contain their own DNA and ribosomes. Strong evidence indicates that endosymbiotic 
relationships between cells explains these characteristics.

Symbiosis is a relationship in which organisms from two separate species live in close 
association and typically exhibit specific adaptations to each other. Endosymbiosis (endo- 
within) is a relationship in which one organism lives inside the other. Microbes that produce 
vitamin К live inside the human gut. This relationship is beneficial for us because we are unable 
to synthesize vitamin К and need it to produce blood-clotting proteins. It is also helpful for 
microbes because they arc protected from other organisms and are provided a stable habitat and 
abundant food.

Scientists have long noticed that bacteria, mitochondria, and chloroplasts are similar in size. Wc 
also know that mitochondria and chloroplasts have DNA and ribosomes, just as bacteria do. 
When the DNA found in these organelles was analyzed, it was found to resemble the DNA of 
current-day bacteria. Scientists hypothesize that host cells and bacteria formed a mutually 
beneficial endosymbiotic relationship when the host cells ingested aerobic bacteria and 
cyanobacteria but did not destroy them. Through selection, these ingested bacteria became more 
specialized in their functions, with the aerobic bacteria becoming mitochondria and the 
photosynthetic bacteria becoming chloroplasts (Figure 4.30). Although at one time these bacteria 
would have been able to live on their own, this is no longer possible because of the immense 
amount of specialization that has occurred.

Thu ENDOSYMBIOTIC THEORY

1 Infoldings in the plasma 
membrane of an ancestral 
prokaryote gave rise to 
endomembrane components 
including a nucleus and 
endoplasmic reticulum.

3 In a second endosymbiotic 
ev en t the early eukaryote 
consumed photosynlhetic 
bacteria that evolved into 
chloroplasts.

P ro to -e u k a ry o te

Nucleus
reticulum

2 In a  first endosymoioiic event, 
the ancestral eukaryote 
consumed aerobic bacteria 
that evolved into mitochondria.

M odern  h e te ro tro p h ic  euka ryo te

Figure 4.30 The first eukaryote may have originated from an ancestral prokaryote that had 
undergone membrane proliferation, compartmentalizalion of cellular function (into a nucleus, 
lysosomes, and an endoplasmic reticulum), and the establishment of endosymbiotic relationships 
with an aerobic prokaryote, (credit: Fowler et al. / Concents of Biology OnenStax)
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. ' I. > Inis been collected that supports that the mitochondria and chloroplasts originated
. . .  in  i living bacteria. Scientists have drawn similar conclusions that ingested bacteria

i. . .h. nunc specialized in their functions, lost their ability to live on their own, and are now 
■Ми Hi » that help their host cells generate energy. This concept is now known as the 

»  . theory.

i i .it Vacuole

ti ii.'. 11ink ill Figure 4.31, you will sec that plant cells each have a large, central vacuole that 
most of the cell. The central vacuole plays a crucial role in regulating the cell’s 

niialion of water in changing environmental conditions. Have you ever noticed that if you 
n i  nm  liter a plant for a few days, it wilts? That’s because as the water concentration in the 

■«и i i iiiih". lower titan the water concentration in the plant, water moves out of the 
"O il i .11 uoles and cytoplasm. As the central vacuole shrinks, it leaves the cell wall 

•I ru led  and appears to wilt. The central vacuole also supports the cell's expansion. When 
^  "ii at vacuole holds more water, the cell becomes larger without having to invest 

■ i . . .Me energy in synthesizing a new cytoplasm.

.......и! vacuole also functions to store proteins in developing seed cells, has digestive
“* i • mill acts as a storage site for waste materials.

Nucleus contains 
chromatin, a 
nuclea- envelope, 
and a nucleolus, 
as in an animal cel

Ribosomes

-G olg i
apparatus

- M itochondria

'Peroxisom e

Plnsmodesmata 
■ Imnnttls connect 
iwo plan! ceils

Endoplasmic Reticulum
smooth rough

■ .nil wall maintains 
i .ill shape _____

Plasma — 
niiimbrane

i ytoplasm

i.entral Vacuole 
'Kind with cell sap 
dial maintains 
piossuie against 
I all wall

i ytoskeleton
niicotubules
HiinmediAte

filaments
Mi.r.infnnments Chloroplast site 

о 1 photosynthesis
Plastid store 
pigments

i ' l l  licse iigures show the major organelles and other cell components of a typical 
". I'l.ini cell, (credit: Modified by Elizabeth O’Grady original work by Clark et al. / 

i i iprnStaxI
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Intercellular Ju n c t io n s

Cells can communicate with each other by direct contact, referred to as intercellular 
junctions. Although both animal and plant cells communicate, there are some differences in the 
way that this communication is done. Plasmodesmata (singular = plasmodesma) are junctions 
between plant cells, whereas animal cells use tight junctions, gap junctions, and desmosomes, a 
type of anchoring junction (Figure 4.32).

D esm osom es 
o f cefl 2

intermediate 
filaments 
o f cell 2

Plasmodesma

CeH wall

Cytoplasm

Vacuole

- Pathways (hrougn the cytoplasm

(a)

G io u p s  
o f tigh t
junction
proteins

Tight junctions

___
space

P la sm a m em brane

(»)
miertnediaic 
fiiamems of 
cell 1

Plasma.
m em brane D esm osom es I------------------- -----------------------------------
o f  cell 1 o f  ce ll 1 spa ce  o f  ce l! 2

w

C onпе коп  C iosed O pen

P lasm a m e m b ra n e  
of ce ll 1

P lasm a m em bran e  
of ceil 2

G a p  ju n c tio n  c ha nn e l E rtra c e ttu U ' t  

(d)

Figure 4.32 There are four kinds of connections between cells, (a) plasmodesma (b) Tight 
junctions (c) Desmosomes (d) Gap junctions (credit b, c, d: modification of work by Mariana 
Ruiz Villareal / Concents of Biology OnenStax)
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—«Л • ч ш ( а

ш лр1|Мнн mu plant cells, the plasma membranes cannot touch one another because they are 
.I liy the cell walls surrounding each cell. Plasmodesmata are channels that pass 

и il>» cell walls of adjacent cells. They connect the cytoplasm of adjacent plant cells, 
t "Lillies signal molecules and nutrients to be transported from cell to cell (Figure 4.33).

-  . мин lions between neighboring cells 
* . и nitnn open, and therefore, materials

•unuiiiinusly being shared amongst cells.

f Ф » . I II Л plasmodesma is a channel 
• m i Iwo adjacent plant cells' cell 

clli t> i. >lit: Clark et al. / Biology 2E
g [ B l lh l l l \ )

N *  imb tiimn

» until liinction is a watertight seal between two adjacent animal cells (Figure 4.34). Proteins 
l 11 I iIn* cells tightly against each other. This tight adhesion prevents materials from leaking

between the cells. Tight junctions are typically found in 
the epithelial tissue that lines internal organs and cavities. 
For example, the tight junctions of the epithelial cells 
lining the urinary bladder prevent urine from leaking into 
the extracellular space. Tight junctions are also found 
between cells of the skin and play an essential role in 
preventing materials from the external environment from 
quickly moving into the body.

Figure 4.34 Tight junctions form watertight connections 
between adjacent animal cells, (credit: modification of 
work by Mariana Ruiz Villareal / Biology 2E OnenStax)

■»tt Uf l/ltl'.V

I i iiiiiMimes are another type of junction found
hilrd with animal cells. Desmosomes arc a type of 

->« lulling junction, which provides strong and flexible
..... lions (Figure 4.35). Desmosomes occur in

i -n lire on the membranes of cells. These connections 
. «penally important in holding cells together. They 

> -• 11. ells together in a sheet-like formation in organs 
•и i 11 .*ucs that stretch, like the skin, heart, and muscles.

■ guir I 35 A desmosome forms a very strong spot 
- • Id between cells, (credit: modification of work by 

...... и Ruiz Villareal / Biology 2E OnenStax)
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Gap junction

Gap junctions in animal cells are like plasmodesmata in plant cells. They are channels bclv r. . 
adjacent cells that allow for the transport of ions, nutrients, and other substances that enable cc II 
to communicate (Figure 4.36). These junctions 
allow the electrical and metabolic coupling of 
adjacent cells. This is important because it 
coordinates function in large groups of cells and 
lets them work synchronously. Structurally, 
however, gap junctions and plasmodesmata differ 
in that gap junctions arc not always "open." This 
allows cells to control somewhat when materials 
are shared amongst one another.

Figure 4.36 A gap junction allows water and small 
molecules to pass between adjacent animal cells, 
(credit: modification of work by Mariana Ruiz 
Villareal / Biology 2H OnenStax)

Extracellular Matrix

Potysacchandr

Most animal and plant cells release materials into the extracellular space. In animal cells, the 
major components released are glycoproteins and the protein collagen. In plant cells, the 
extracellular matrix is primarily composed of carbohydrates. Collectively, these noncellular 
materials are called the extracellular matrix
(Figure 4.37). The extracellular matrix holds 
the cells together to form a tissue. It also 
allows animal cells within the tissue to 
communicate with each other.

Toteoglycai c o n , -

Figure 4.37 Animal cell-extracellular matrix 
consists of a network of substances secreted 
by cells, (credit: Fowler et al. / Concents of 
Biology OnenStax)

CarbonyUi

Prof PH
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Fibronectin
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-  I.ии, nil  ill P roka ryo t ic  an d  E uk ary o t ic  Cells (Anim al an d  P lant  Cells)  an d  T h e i r
Functions

Present
1 1 iinetion Present in 

Prokaryotes?
in

Animal
Cells?

Present in 
Plant Cells?

Separates cell from the external 
environment; controls passage of organic 
molecules, ions, water, oxygen, and 
wastes into and out of the cell

Yes Yes Yes

Provides structure to cell; site of many 
metabolic reactions; medium in which 
organelles arc found

Yes Yes Yes

1 oculion of DNA Yes No No

A cell organelle that houses DNA and 
ilnccts the synthesis of ribosomes and 
piolcins

No Yes Yes

M h n n Piolcin synthesis Yes Yes Yes

' -in i ATI’ production/cellular respiration No Yes Yes

( Ixulizes and breaks down fatty acids and 
amino acids, and detoxifies poisons

No Yes Yes

1. a 4Hi 1
t l  «

Storage and transport; digestive function 
in plant cells

No Yes Yes

'■ ‘••nil
1 n .pccified role in cell division in animal 
cells; organizing center of microtubules 
in animal cells

1
No Yes No

»■ ’« « 1 hgestion of macromolecules; recycling 
ol worn-out organelles

No Yes No

1 Protection, structural support, and 
maintenance of cell shape

Yes, primarily 
peptidoglycan 
in bacteria but 
not Archaea

No Yes, primarily 
cellulose

. *ц \к Photosynthesis No No Yes
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C o m p o n e n ts  o f  P ro k a ry o t ic  an d  E u k ary o t ic  Cells (Anim al an d  P lan t  Cells)  and I In li
Functions

Cell
Component Function

Present
Present in in Present In
Prokaryotes? Animal Plant Crll«

Cells?

Endoplasmic proteins and synthesizes lipids No Yes Yes
reticulum

Golgi Modifies, sorts, tags, packages, and
apparatus distributes lipids and proteins

No

Maintains cell’s shape, secures organelles 
in specific positions, allows cytoplasm 

Cytoskeleton and vesicles to move within the cell, and Yes 
enables unicellular organisms to move 
independently

Yes Yes

Yes Yes

No, except I- ■
Flagella Cellular locomotion Some Some some plant

sperm.

Cellular locomotion, movement of
Cilia particles along the extracellular surface of No Some No

the plasma membrane, and filtration

Table 4.1 This table provides the components of prokaryotic and eukaryotic cells and their 
respective functions, (credit: Fowler et al. / Concepts of Biology OpenStax)

Check your knowledge
Which o f the following are only found in plant cells? 

a. chloioplasts 
b mitochondria
c. nucleus
d. rough endoplasmic reticulum

Cardiac muscle that makes up the heart must contract as a unit. What type of 
intracellular junction is important in holding contractile muscle cells together?
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I .i I i'll wall, chloroplasts, and a central vacuole. The plant cell wall, whose 
• • и  ni is cellulose, protects the cell, provides structural support, and gives shape to 
■ ■ Inili.  sis lakes place in chloroplasts. The central vacuole expands, enlarging the 
........ I In produce more cytoplasm. Plant cells also have various plastids for

"in a i entrosoinc and lysosomes. The ccntrosomc has two bodies, the ccntriolcs,
• mil in cell division. Lysosomes are the digestive organelles of animal cells.

• linin' i ini and communicate with each other by plasmodesmata. Animal cells
....... (heir extracellular matrices and are connected by tight junctions,
"ni tt'ip junctions.

urn ....... . docs a plant cell have that an animal cell does not have? What structures
» tiniiiinl cell have that a plant cell does not have?

' i«in i и Ц,inches arc thought to have once been free-living bacteria?

1 ' '  IK l In- cell wall has a large abundance of what polysaccharide?
' tiiliii
■ • lllllosc 
-••и li 
* ■ V 1 ugrll

• "i iln billowing is not a junction used by animal cells?
'■Mill lunrtion 
*"|l lunrtion 
'k  IIIIIOKOIUCS 

I'L-modcsnuita

'• i« и pieces of evidence that support the endosymbiotic theory.

U>, ikt-.- until, a cell wall. <i large central vacuole, chltiropliists. and plastids. 
I f i i  i - .'.nd e.cnti'visomcs.

i >\Л ribo.-omes and art: riu:lo>etJ within r\v,; membranes!
I-
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Glossary

autotroph: an organism that can make its own food from materials in its environment
cell wall: a rigid cell covering made of cellulose in plants, peptidoglycan in bacteria, non- 
peptidoglycan compounds in Archaea, and chitin in fungi that protects the cell, provides 
structural support and gives shape to the cell

central vacuole: a large plant cell organelle that acts as a storage compartment, water reservoii 
and site of macromolecule degradation

chloroplast: a plant cell organelle that carries out photosynthesis

cilium: (plural: cilia) a short, hair-like structure that extends from the plasma membrane in lai) i 
numbers and is used to move an entire cell or move substances along the outer surface of the till

desmosome: a linkage between adjacent epithelial cells that forms when cadherins in the plasm . 
membrane attach to intermediate filaments

endosymbiosis: a relationship in which one organism lives inside the other 

cndosymbiotic theory: a theory that explains how mitochondria and chloroplasts originated

extracellular matrix: the material, primarily collagen, glycoproteins, and proteoglycans, 
secreted from animal cells that hold cells together as a tissue, allows cells to communicate with 
each other, and provides mechanical protection and anchoring for cells in the tissue

gap junction: a channel between two adjacent animal cells that allows ions, nutrients, and othci 
Iow-molccular-wcight substances to pass between the cells, enabling the cells to communicate
heterotroph: an organism that cannot make its own food and must consume other organisms to 
obtain its energy

plasmodesma: (plural: plasmodesmata) a channel that passes between the cell walls of adjacent 
plant cells, connects their cytoplasm and allows materials to be transported from cell to cell
tight junction: a firm seal between two adjacent animal cells created by protein adherence
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t. , , . i . , j; Structure and Function of the Cell Membrane and an 
..... in« lion to Energy

.  ... ’ i t hummingbird needs energy to maintain prolonged flight, (credit: modification of 
i ■ /.linker. Biology 2E OnenStax)

.il. iw iy  tusk performed by living organisms requires energy. For humans, energy is 
M . i n  n isc, to think, and even during sleep. Plants need energy to perform

iiilirun, cell division, and metabolism. Protists use energy to expel excess water and 
tin и i ilia ЛИ living cells continuously use energy.

■ > In ii'. mid in what form, does this energy come? How do living cells obtain energy, and 
»  1 1 iln v n .c  it? This chapter will discuss different forms of energy and the physical laws that

■ 11 m i иу transfer.

■ I In ( i II Membrane

' objectives
'■ = .ml ill this section, you will be able to:

1 ‘ i  stand the flu id  mosaic model o f  ceil membranes 
■ l M и rihe rite functions ofphospholipids, proteins, and carbohydrates when forming the

■ ell membrane,
• II* able to identif’what types ofmolecules can pass directly through the membrane vs.

11» не dial need to use a transport protein to enter or exit the cell
• He able to define and explain all bolded terms * 1

■ i m ilillncnces in structure and function, all living cells are surrounded by a plasma 
- ни As the outer layer of your skin separates your body from its environment, the cell

1 ". also known as the plasma membrane, separates the inner contents of a cell from its
■ n\ uemment. This cell membrane provides a protective barrier around the cell and

Ini Ii materials can pass into or out of the cell.
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Fluid M osa ic  Model

Scientists first identified the plasma membrane in the 1890s. In 1935, Hugh Davson and Janu • 
Danielli proposed the plasma membrane's structure. This was the first model that was widely 
accepted by the scientific community. In the 1950s, advances in microscopy allowed reseau In i • 
to see that the plasma membrane's core consisted of a double, rather than a single, layer of 
phospholipids, now referred to as the phospholipid bilaycr. In 1972, S.J. Singer and Garth 1 
Nicolson proposed the fluid mosaic model which provided an explanation of the different 
observations and explained the function of the plasma membrane.

The fluid mosaic model has evolved somewhat over time, but it still best accounts for plasniu 
membrane structure and function as wc currently understand them. The fluid mosaic model 
describes the plasma membrane as a mosaic of components, including phospholipids, 
cholesterol, proteins, and carbohydrates (Figure 5.2). Fluid refers to the fact that materials 
making up the membrane move and are not rigid. Plasma membranes range from 5 to 10 nm in 
thickness. For comparison, human red blood cells, are approximately 8 pm wide, or 
approximately 1,000 times wider than a plasma membrane.

Glycoprotein: protein with 
carbohydrate attached

JP attached

m m

Glycoitpid: lipid with

Phospholipid
bilayei

Peripheral membrane
protein

integral membrane
piotein

Шш&еи1

Cytoskeie-al filaments

Figure 5.2 The plasma membrane fluid mosaic model describes the plasma membrane as a fluid 
combination of phospholipids, cholesterol, proteins, and carbohydrates, (credit: Betts et al./ 
Anatomy and Physiology QpenStax)

CONCEPTS IN ACT ION - Visit this site to see animations of the membranes' fluidity and 
mosaic quality.
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' I <>ni|M>sit ion of the Cell Membrane

Extracellular

........ is an extremely flexible structure, It is composed primarily of back-to-back
• ......i cil to as a phospholipid “bilayer”

i ' In Hr-.tcrol is also present and 
. . in tin fluidity of the membrane. In 
ill i in v.uious proteins embedded within

. ,  ......... Hint have a variety of functions. We
i puiatcly at each component that 

it ill- pliiMiia membrane.

t i i rhiispliolipid Bilayer (credit: Betts ct al.] 
и , ami I'liysinlouv OpenStax)

, , ,.11.1■ 11tinlipid molecule has a phosphate group on one end, called the “head,” and two 
, k, .nl. Inlly acid chains that make up the lipid "tails" (Figure 5.4). The phosphate group is

negatively charged, making the 
head polar and hydrophilic, or 
“water-loving.” The phosphate 
heads are attracted to water 
molecules found in both the 
extracellular and intracellular 
environments. The lipid tails are 
nonpolar and are hydrophobic. The 
hydrophobic lipid tails meet in the 
inner region of the membrane and 
exclude the watery intracellular and 
extracellular fluid. Most water that 
moves into or out of a cell docs so 
through a transport protein called 
an aquaporin.

(c( PitcsohotijJNj symbol

I Л hydrophilic head and two hydrophobic tails comprise this phospholipid molecule. 
I.uk el ill. / Biology 2E OpenStax)

-i i i Inver forms the basis of the cell membrane; however, there arc various proteins 
►.I iliiuiighout. Membrane proteins are categorized as either integral proteins or peripheral 

11 igure 5.2). As its name suggests, an integral protein is a protein that is embedded in 
■ I nun- A transport protein is an example of an integral protein that selectively allows 
imilmals, such as ions, sugars, or molecules that are polar, to pass into or out o f the cell. 
I in in discussed above is also an example of an integral protein.
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Cell recognition proteins are integral proteins that serve to mark a cell’s identity so that it ■ an U 
recognized by other cells. A recognition protein may also act as a receptor that can sclccliv 1 1, 
bind a specific molecule outside the cell. When molecules bind to the recognition protein it 
causes a chemical reaction within the cell. Some integral proteins serve roles as both reccplin. 
and ion channels. The receptors on nerve cells that bind neurotransmitters, such as dopaiiuin ... 
an example of integral proteins that carry out both functions. When a dopamine molecule Inin I* 
to a dopamine receptor protein, a channel within the protein opens to allow specific ions to ll>.» 
into the cell.

Peripheral proteins are typically found on the inner or outer surface of the lipid bilayer bill . . 
also be attached to integral proteins (Figure 5.2). These proteins perform a specific function Ini 
the cell. Peripheral proteins may serve as enzymes, as structural attachments for the 
cytoskeleton's fibers, or as part of the cell’s recognition sites. Some peripheral proteins on lln 
surface of intestinal cells, for example, act as digestive enzymes to break down nutrients.

Carbohydrates

Carbohydrates arc the third major plasma membrane component. Carbohydrates arc always nu 
the cell exterior and arc bound either to proteins, forming glycoproteins, or to lipids, forniiim 
glycolipids (Figure 5.2). The attached carbohydrate on glycoproteins aid in cell recognition I 
carbohydrates that extend from membrane proteins and even from some membrane lipids 
collectively form the glycocalyx. The glycocalyx is a fuzzy-appearing coating that surrounds it. 
cell and has various roles. For example, it may allow the cell to bind to another cell, it may 
contain receptors for hormones, or it might have enzymes to break down nutrients. The 
glycocalyces found in a person’s body are a result of that person’s genetic makeup. They help 
identify cells as belonging to the same individual. This identity is the primary way that a 
person’s immune defense cells “know’’ not to attack the person’s own body cells. It is also tin- 
reason organs donated by another person might be rejected.

Cholesterol

Cholesterol, which inserts within the phospholipid bilaycr, is an important hydrophobic 
component of the membrane that helps with fluidity (Figure 5.2). It prevents phospholipids 1пмч 
packing too closely together, which would cause the membrane to become rigid and prevent 
molecules such as oxygen, carbon dioxide, and other small nonpolar molecules from moving 
directly through the membrane. Cholesterol also resists extreme changes in temperature. It will 
help keep the plasma membrane fluid even if the environment increases or decreased in 
temperature. The fluidity of the cell membrane is necessary for some enzymes and transpoit 
proteins to work properly within the membrane.
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Пимиа Membrane Components and Locations

Location

'««4 Main membrane fabric

Attached between phospholipids and between the two 
phospholipid layers

• i Ini example. Embedded within the phospholipid layer(s); may or may
not penetrate through both layers

On the phospholipid bilayer's inner or outer surface; not 
embedded within the phospholipids

■ i .......laments of Generally attached to proteins on the outside membrane
ami I'lyrolipids) layer

я пи 'inhume components and the location of each component. (Modified by 
■ и I, , ........ uinal work of Clark et al. / Biology 2E OoenStaxl

i i i i i  I It ) \  - How Viruses Infect Specific Organs

■ 11 \
....I I'lycolipids on the cells' surfaces give many viruses an opportunity for

uni hepatitis viruses infect only specific organs or cells in the human body. HTV 
i in |*l* .iii.i membranes of a group of cells called T-helper cells, as well as some 
.1 .. n11 .it nervous system cells. The hepatitis virus attacks liver cells.

"• hi nliL- lo invade these cells because the cells have binding sites on their surfaces 
in и i ogni/.c (Figure 5.5). Unfortunately, these recognition sites on HIV change at 

U • (Him: ol mutations, making it challenging to develop an effective vaccine against 
» . « appear to be incredibly adaptable, and the rate at which populations are

. iiHinding A person infected with HIV 
' I-■(■« -liI Irlent populations of the virus 

■ tin и ми Гасс markers. Although the 
■ «и in innv be able to fight one
«  ...... .. populations arise it becomes

a ■ ihllicult for the immune system to 
i 'I.. • си: of HIV, the problem is 
| .1 1.. ■ .iiisc  the virus specifically infects 

........ IK involved in the immune response.

HIV hinds to the CD4 receptor, a
..... . I i cl I surfaces, (credit:

..I wink hv N1H. N1AID / Concepts of 
i iM
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Section Summary

The modem understanding of the plasma membrane is referred to as the fluid mosaic model. T hi 
plasma membrane is composed of a bilaycr of phospholipids. The membrane is studded with 
proteins, some of which span the membrane. Some of these proteins serve to transport materials 
into or out of the cell. Carbohydrates are attached to some of the proteins and lipids on the 
outward-facing surface of the membrane. These form complexes that function to identify the coll 
to other cells. The fluid nature of the membrane can be explained by the fatty acid tails, the 
presence of cholesterol embedded in the membrane, and the mosaic nature of the proteins and 
protein-carbohydrate complexes. Plasma membranes enclose the borders of cells, but rather than 
being a static bag, they are dynamic and constantly in flux.

Exercises

1. Which plasma membrane component can be either found on its surface or embedded in 
the membrane structure?

a. protein
b. cholesterol
c. carbohydrate
d. phospholipid

2. The phospholipids tails of the plasma membrane are composed o f_____and are
?

a. phosphate groups; hydrophobic
b. fatty acid groups; hydrophilic
c. phosphate groups; hydrophilic
d. fatty acid groups; hydrophobic

3. Why is it advantageous for the cell membrane to be fluid in nature?

' E a i
2. Ui’l
3 The iliiidi'v of the cell membrane is necessary tor the орегааогЯв’чоте enzymes and o n - : 

mechanisms wilhin the membrane.
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..«• I

i i in: channel protein that allows water through the membrane at a very high rate 

i . . 1 1 1 nl : a lipid that plays an important role in membrane fluidity

• -....... . ill model: a model of the structure of the plasma membrane as a mosaic of
nlv including phospholipids, cholesterol, proteins, and glycolipids, resulting in a fluid 

. .  t i l ....static character

.........«Ii» a fuzzy-appearing coating around the cell formed from glycoproteins and other
. i s .  11 ,-iics attached to the cell membrane.

Biii'iil и combination of carbohydrates and lipids

a -in iilrln: a combination of carbohydrates and proteins

■ и *i' IN Hi: a molecule with the ability to bond with water; “water-loving.”

■ ' «i.iiiililc: a molecule that does not have the ability to bond with water; “water-fearing.”

- ....... I |u olein: protein integrated into the membrane structure that interacts extensively with
......i и niie lipids' hydrocarbon chains and often spans the membrane

. . t|il'i i «I prolein: protein at the plasma membrane's surface either on its exterior or interior

■ i i.nllplil: a major constituent of the membranes of cells; composed of two fatty acids and a 
. и. rump attached to the glycerol backbone
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5.2 Passive T ransport

Learning objectives
3y the end of tins section, yon will be able to:

• Be prepared to identify what types o f molecules can pass direr'ctly through the 
membrane vs. those that need to use a transport protein to er t  ter or exit the c< II

• Explain why and how passive, transport occurs
• Understand the processes o f  simple diffusion and facilita ted  cdiffusion
• Understand the process o f osmosis
• Explain the difference between hypertonic, hypotonic, and i s  otonic environm» ■
• Explain how animal and plant cells respond when placed in f l y  per tonic, hypoinm • 

isotonic environments
• Define tonicity and describe its relevance to passive transpo t  t
• Be able to define and explain all bolded terms

One of the great wonders of the cell membrane is its ability to reg u la te  the concentration ui 
substances inside the cell (Figure 4.44). These substances include io n  s such as Ca+2, Na' 1 
and СГ1; nutrients including sugars, fatty acids, and amino acids; a n d  waste products, 
particularly carbon dioxide (CO?), which must leave the cell.

The plasma membrane’s lipid bilayer provides the first level of con tro l. The phospholipid. 
tightly packed together, and the arrangement of the hydrophobic ta ils  causes the membi. m> 
selectively permeable. A membrane that has selective permeability only allows substam i 
meeting specific criteria to pass through it unaided. In the case of th e  cell membrane, only 
relatively small, nonpolar materials can move through the phospholipid bilayer. Some cxnmi 
of these materials are lipids, oxygen and carbon dioxide gases, and a l  cohol. The chemical 
makeup or overall size of a molecule can prevent it from easily crossing  the membrane. Wni. • 
soluble materials such as glucose, amino acids, and electrolytes c a n n ° i move directly tlimui 
membrane and need some assistance to cross. Later in this section w e  will discuss how tin ■ ■ 
materials move into or out of the cell.

All substances that move through the membrane do so by one of tw o general methods, win li 
categorized based on whether or not energy is required. Passive transport is the movent 
substances across the membrane without the expenditure of cellular energy. In contrast, a illo  
transport is the movement of materials across the membrane using energy, usually in the In ■ 
of ATP.

Passive Transport

The most direct forms of membrane transport are passive. Passive transport occurs naturally 
does not require the cell to expend energy to accomplish the movement. To understand 
how substances move passively across a cell membrane, it is necessary to understand 
concentration gradients. A concentration gradient is a difference in  the concentration of n 
substance between two places. Molecules or ions will spread out or diffuse from where they
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. ii thcv arc less concentrated until they arc equally distributed in that 
"in  i- iii this way, they are said to move down their concentration

...... . placed in a glass of water, the green food coloring molecules will
ii'ui must concentrated, the initial drop, to where they arc less 

!h- i iii i molecules in the glass. The green food coloring molecules will 
• i \ г nly dispersed amongst the water molecules resulting in one 
■ l .мне 5 <i).

i i i  i n food coloring in water, (credit: Robby Remedi)

I f •»«nr transport where substances move from an area of higher 
p»n ol lower concentration until they reach equilibrium (Figure 5.5). When 
p  ■ Ши mm, it means the molecules are evenly spread out. You may be 

i it substances through the air. For example, think about someone 
p t l n i n r  i i i  a room filled with people. The perfume is at its highest 
■Mih and is at its lowest at the edges of the room. The perfume molecules 

• i > i*»*. Iioni the bottle, and gradually more and more people will smell the

■ i through a membrane, if there is a higher concentration on one side of 
i ши c will move down its concentration gradient across the membrane 

iniili-riiils (hat can easily diffuse through the lipid bilayer of the cell 
I'.iscs oxygen (Or) and COr. O2 generally diffuses into cells because it is 
iilc ol the cells. CO2 typically diffuses out of cells because it is more 
In 1 1 IIs. Energy does not need to be put in by the cells to move these 
nir When materials move directly through the lipid bilayer of the cell 
. и-1 erred to as s im p le  d iffu s io n  (Figure 5.7 and 5.8).
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phospholip id  b ilayer  
(p la s m a  tp e m b ra n e)

T im e m . - .  .  ■ - ДВЮШМИИГ: e a r n ..— ....

simple diffusion

Figure 5.7 Diffusion of molecules through a permeable membrane, (credit: modification ul •» 
by Mariana Ruiz Villareal, Microbiology OnenStaxl

Each separate substance in an environment has its own concentration gradient, indcpcndi-ni n 
the concentration gradients of other materials in that same environment. Each material will 
diffuse according to its own gradient. In Figure 5.8, the molecules represented by the gm ■ 
circles are more concentrated within the cell, whereas the molecules represented by the him 
hexagons are more concentrated outside of the cell. Each molecule will diffuse independent! 
one another down their respective concentration gradients until equilibrium is met. The him 
hexagons will diffuse into the cell while the green circles diffuse out of the cell.

Small uncharged 
m olecules v T >  _ 0 .  C>V n Q О О

b W  о

Extracellular fluid

~ . o °  Д  o °

gm

о  0
» °  o O  *

О « О
Liptd Ыауег 
(plasma 
m em brane)

О  О
Small uncharged q  ©
m olecules \  О

V О © - © Cytoplasm q

° o o ^  
° е °  « °

Time

Figure 5.8 Diffusion of two different molecules through a permeable membrane in dilli-nm 
directions, (credit: Modified by Elizabeth O’Grady original work of Mariana Ruiz Villnn ■'
/ Biology 2E QpcnStax )
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• illm.l Ihc rate of diffusion.

■ • Hull и! ihc concentration gradient: The more significant the difference in
■ ■ nomiiihi between two points, the more quickly the substance will diffuse. The closer 

•••* '«in r gels to being at equilibrium, the slower the rate of diffusion.
1 Hu molecules diffusing: Large molecules move more slowly. It is more difficult 

i и. i,. move between the molecules of the substance they arc diffusing through. As a 
Hull di I fuse more slowly.

■wsliiii' Higher temperatures increase the movement of the molecules, which 
i m w i»i ■ Ik* iuIc of diffusion.

i in it, unity: As the density of the solvent increases, the rate of diffusion decreases.
■ m i » ' I i  . nil ■, slow down because they have a more difficult time getting through the 

fane* bilvcnt

For an animation of the diffusion process in action, view this short 
I! m i min line transport.

*  l l  ■ I K | M I I  t

I и miii| и a i, also called facilitated diffusion, material moves across the plasma
■i. ll..' Iirlp of transport proteins. In facilitated diffusion, materials still move down 

Ш - i mi in ln-nt from high to low concentration without investing any energy (Figure 
‘ -i tin help of a transport protein however, the substances that undergo facilitated 

i.lii mu i I i I I u n c  easily or quickly across the plasma membrane.

' .1 -i.i wi iiii-cs and other large or charged substances across the plasma membrane, 
......... Ki d proteins that span the membrane. The material being transported is first
• |'."ii in in glycoprotein receptor on
....... ... nl the plasma membrane. extracellular fluid
• ............ that is needed by the cell
. .1 l  ш и  iIn- extracellular fluid or 
11" < nl nuances arc then passed to

-••«ai |nnil iiis that facilitate their 
- ,. .1 iHi'li ins form channels or pores
.и .in ...... .. nils to pass through the
i i.i inlugiiil proteins involved in 

.( "ii ни- collectively referred to as

■ 'nl diffusion of substances 
. iiiluiinc lakes place with the 
i■tnii-iiis. (credit: Parker etal./

I l M . I X )

cytoplasm О О
facilitated diffusion

О
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Osmosis

Osmosis is a form of passive transport that involves transporting only water across a 
membrane. Osmosis can be defined as the movement o f water from an area of low solult 
concentration to high solute concentration until equilibrium is met. Water can move frcrlv 
the cell membrane of all cells, either through protein channels called aquaporins or by s 111 >|. . 
between the lipid tails of the membrane itself. Water, like other substances, moves from *i it» 
of higher water concentration to an area of lower water concentration. Water movemenl n 
dependent on solute concentration.

Imagine a beaker with a semipermeable membrane separating the two sides or halves (I tgi»« 
5.10). On both sides of the membrane, the amount of water molecules is the same, but tlu-i ■ m 
different concentrations of a dissolved substance, or solute, on each side. For example, on им 
side of the beaker, there is a single teaspoon of sugar dissolved in the water; whereas, on lln< 
other side o f the beaker 1/4 cup of sugar has been dissolved. The sugar cannot cross the 
membrane. The sugar is kept dissolved in solution due to its chemical interactions with wnu i 
The more sugar molecules that are present, the more water molecules that are needed lo kr p | 
sugar dissolved in the solution. In Figure 5.10, there is a higher concentration of sugar on 111- 
right side and, therefore, a lower concentration of free water on that side because of the tin м 
interactions between the sugar and the water. On the left side, there is a low concentration i.l 
sugar; therefore, a higher concentration of free water. Water will move from an area with In-» 
solute concentration, right side, to an area of high solute concentration, left side, until 
equilibrium is met (Figure 5.10). This can also be stated as water will move from an area nl in 
free water concentration to an area of low free water concentration until equilibrium is met

Figure 5.10 In osmosis water always moves through a semipermeable membrane from an an 
low solute concentration to an area of higher solute concentration, (credit: Fowler et al. / 
Concepts o f Biology OncnStax)
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■[>1- .  ii>. linn turn of solute in a solution. The measure o f  the tonicity of a solution is 
I lure terms, hypotonic, isotonic, and hypertonic, are used to relate the 

1 Hi. ii .molarity o f the extracellular fluid that surrounds the cell.

>* • i. 111 и ii inch as distilled water, the extracellular fluid has a lower concentration
v  11 и ii | inside the cell. As a result, water enters the cell. In living systems, the 

ю «> • и .i d iis the point o f comparison, so the prefix h y p o -  means that the 
•! In . и lower concentration o f solutes, or a lower osmolarity when compared to 

f l i m i  Ii id m i  means that the extracellular fluid has a higher concentration of free 
I г>;ми d In the cell's cytoplasm. In this situation, water will move down its 

j  i in unil enter the cell. This may cause an animal cell to burst or lyse.

Miliiilini, the prefix h y p e r -  refers to the extracellular fluid having a higher 
•  *■ ni •nhili'K Iliau the cell’s cytoplasm. Imagine putting an animal cell into a glass of 

и»' cel l has a lower concentration of solutes when compared to the fluid 
* * :;•» . . и » »ici will leave the cell. This may cause an animal cell to shrivel, or

IM M li • ill uiiiiii the extracellular fluid has the same osmolarity as the cell. I f  the
■ ■ .ini. , mi a cell is approximately equal to that o f the extracellular fluid, there 

1 ' ■■•"Mini-ill o f water into or out o f the cell. Figure 5.11 shows what will happen if  
9  ......... 11 i ll» in hypertonic, isotonic, and hypotonic solutions.

Hy por ionic Isotonic Hypotonic
(volution solution solution

u pressure changes the shape of red blood cells in hypertonic, isotonic, and 
n  (credit: modification o f  work by Mariana Ruiz Villarreal / Concents o f

. ■ i
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O sm osis

Osmosis is a form of passive transport that involves transporting o n ly  water ш m • 
membrane. Osmosis can be defined as the movement o f water from an area ol fm  «< 
concentration to high solute concentration until equilibrium is met. Water cun m>"> > •> 
the cell membrane o f all cells, cither through protein channels called aquapm nm 1 ■ 
between the lipid tails o f  the membrane itself. Water, like other substances, uim • • »<<
o f higher water concentration to an area o f lower water concentration. W ater....... —
dependent on solute concentration.

Imagine a beaker with a semipermeable membrane separating the two sides 01 !m>im  I 
5.10). On both sides o f the membrane, the amount o f water molecules is the sum «Я 
different concentrations o f a dissolved substance, or solute, on each side, hoi u • 
side o f the beaker, there is a single teaspoon o f sugar dissolved in the w atei. w Ih u m i  

other side o f  the beaker 1/4 cup o f sugar has been dissolved. The sugar cannot is  « *• 
membrane. The sugar is kept dissolved in solution due to its chemical interm n •«* 
The more sugar molecules that are present, the more water molecules that an m 
sugar dissolved in the solution. In Figure 5.10, there is a higher concentration nl h i , i i 
right side and, therefore, a lower concentration of free water on that side bn .Una <
interactions between the sugar and the water. On the left side, there is a low 11 .......  (
sugar; therefore, a higher concentration o f free water. Water will move from .........• *<
solute concentration, right side, to an area o f high solute concentration, left soli >•«
equilibrium is met (Figure 5.10). This can also be stated as water will move • •>
free water concentration to an area o f  low free water concentration until equilibrium

Figure 5.10 In osmosis water always moves through a semipermeable menibiim 
low solute concentration to an area o f higher solute concentration, (credit: I m I. 
Concents o f Biology OnenStaxI
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4 . '• ~ ‘ и •ihiiiuii I lie measure of the tonicity of a solution is
i niiinu anil hypertonic, are used to relate the 

I | |  . aii.ii I'llulni lluid that surrounds the cell.

ИИ*! «• I. p. llir extracellular fluid has a lower concentration
I A«....... till, water enters the cell. In living systems, the

|  *|||>  .,|........... so the prefix h y p o -  means that the
ЦМ < о "l solutes, or a lower osmolarity when compared to 
й и.. ••и... i llulat lluid has a higher concentration of free 

| | M . , I n  llni. situation, water will move down its 
• • ip . i n  in a у i nose an animal cell to burst or lyse.

к k l f r  ii Ip-in lt> the extracellular fluid having a higher 
• ■, i. ]• I ■ 1111 Imagine putting an animal cell into a glass of 

<■ . ■ nil .it и hi ol solutes when compared to the fluid 
W >i «И I Im may cause an animal cell to shrivel, or

M*i pmiiI lias the same osmolarity as the cell. If  the 
•  ^ ■ n iiin .it i  ly i*> | ни I to that of the extracellular fluid, there 

о ip. ..ii ol the cell. Kigure 5.11 shows what will happen if 
I Ip.ii.iiii anil hypotonic solutions.

Ita llOIHC
'dilution

Hypotonic
solution

li.i|ii' of red blood cells in hypertonic, isotonic, and 
i i ho i  к by Mariana Ruiz Villarreal / Concepts o f
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ГЫ ь j? lau r t o i l  w a s  p la c e d  ш  h y p o to n ic  s o lu t io n  s u c h  * ъ  d is u U c o  w a te r .  B e c a u s e  th e  p lo n t 'А'Г’.ч 
p la c e d  m  a  h y p .н о т е  s o lu t io n ,  w a te r  w n u li j  m o \ c  m o r e  th e  e x te rn a l  c m  i r o n m c n i a»j k  > e h  :. 
i r e  in  U?w c o n e e r m a t io n  in to  th e  p la n t  c e ll  whsrve s o lu te  c o n c e rn  r a t io n  w o u ld  h e  e o m ld e r a b h  
h ig h e r  if* c o m p a r is o n  T liis  w o u ld  a c c o u n t  to r  the- p lan t ecU  s w e ll  m g  ы  b u lg in g .

-  Kb} 
x ВЧ

W a te r  iTnivo across о .епирегтеаЫс membrane in osmosis because there is a dttiercnce ш s, 
conccniraiion bciu ecu il:c inside o f 'h e  cell and ;he outside o f s.hc ceil.

Glossary
aquaporin: channel protein that allows water through the membrane at a very high rate 

active transport: the method of transporting materials into or out o f  a cell that requires energy 

concentration gradient: an area o f high concentration across from an area o f  low concentration

diffusion: a passive process o f transport where solutes move from an area o f  high concentration 
to an area o f  low concentration until equilibrium is met

facilitated transport: a process by which solutes moves down a concentration gradient (from 
high to low concentration) using integral membrane proteins

hypertonic: describes a solution in which extracellular fluid has a higher osmolarity than the 
fluid inside the cell

hypotonic: describes a solution in which extracellular fluid has a lower osmolarity than the fluid 
inside the cell

isotonic: describes a solution in which the extracellular fluid has the same osmolarity as the fluid 
inside the cell

osm olarity: the total amount of substances dissolved in a specific amount o f  solution

osmosis: the transport o f water through a semipermeable membrane from an area o f  low solute- 
concentration to an area o f high solute concentration. Water also moves from an area o f high 
water concentration to an area o f low water concentration until equilibrium is met.

passive transport: a method of transporting material that does not require energy

selectively permeable: the characteristic o f  a membrane that allows some substances through 
but not others

simple diffusion: a process where solutes move directly through the membrane from an area ol 
high concentration to an area o f low concentration until equilibrium is met

solute: a substance dissolved in another to form a solution 

tonicity: the amount o f solute in a solution
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Hie I ranspurt

iiuL id-b-cm  es
.ml of this section, you will be able to:
; \plain active transport
Пей i ibe endocytosis, including phagocytosis, pinocytosis, and receptor-mediated 
mdocstosis
I ■'ihlersrand the process o f exocytosis
lie able to define and explain all bolded terms

in« inuisport methods described in the preceding section shared one important 
, ilny the cell did not have to use energy, ATP, to move materials. During active 
■.и l mergy is required to move a substance across a membrane, often with the help of 
■i I'lnlcins. and usually against its concentration gradient. If a material must be moved out 

11 it gainst its concentration gradient, that means the concentration of the material outside
of the cell is greater than the concentration 
of the material inside the cell (Figure 5 .13).

Figure 5.13 The blue circles are moving 
against their concentration gradient through 
a transport protein that requires energy, 
(credit: Modified by Elizabeth O'Grady 
original work of Emma Dittmar Wikimedia)

1 ilm must common types of active transport involves proteins that serve as pumps. The 
i iiiinp" probably conjures up thoughts of using energy to pump up the tire of a bicycle or a 

ill Similarly, energy from ATP is required for these membrane proteins to transport 
Mich as molecules or ions across the membrane.

-'I'li . some cells have a high concentration of potassium (K ) and a low concentration of 
‘"I1* inside the cell when compared to that of the extracellular fluid. The sodium­

.... . pump transports sodium out of a cell while moving potassium into the cell (Figure
" Mi шик are being pumped against their concentration gradients; therefore, energy must 

tumplish this. The Na+/K+ pump is an important ion pump found in the membranes 
ivpi a of cells. These pumps are particularly abundant in nerve cells, which arc 

■ .ilv pumping out sodium ions and pulling in potassium ions to maintain a gradient across 
i iiii'iubranes. -
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Figure 5.14 The sodium-potassium pump, which is powered by ATP, is found in the plasma 
membrane of many cells, (credit: Betts ct al. / Anatomy and Physiology OpenStax)

Active transport can also occur when electrons are passed through a series of chemical 
reactions. Protein complexes can pass electrons, and as they do, small amounts of free energy 
are given off. This energy can then be used to transport ions or other materials across a plasma 
membrane. This type of active transport will be discussed in chapters six and seven when 
electron transport chains are used in cellular respiration and photosynthesis.

Endocytosis

Endocytosis is a type of active transport that moves large molecules into the cell. These large 
molecules, which can include cell parts and foreign cells, cannot be moved through integral 
proteins because of their large size. There are three different variations of endocytosis, however 
they all share a common characteristic: the plasma membrane of the cell invaginates, forming a 
pocket around the target substance. The pocket pinches off, resulting in the material being 
contained in a newly created vesicle or vacuole (Figure 5.15).
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, ■' 15 Three variations of endocytosis are shown, (a) phagocytosis (b) pinocytosis
. . ......-mediated endocytosis (credit: modification of work by Mariana Ruiz Villarreal /

i .'I Hiologv OnenStaxf

i (m/v

i l l  i lulls is the process by which large particles, such as cells, are taken into the cell. For 
• i t  « hen microorganisms invade the human body, a type of white blood cell called a 

■ i i n i  irmovcs the invader through this process of phagocytosis. The neutrophil surrounds 
' ...„nils ihc microorganism (Figure 5.15a). The microorganism, which is now contained in a 

>. i ill (use with a lysosome and be destroyed by the digestive enzymes.

■ wi i ill ion of endocytosis is called pinocytosis. The word pinocytosis means “cell 
i iiikI was named at a time when the assumption was that the cell was purposefully

.............. .. acellular fluid. In reality, the cell is taking in solutes that it needs from the
• и IIiml (Figure 5.15b).

. ...........Ihiled endocytosis

.............. of endocytosis, receptor-mediated endocytosis, involves binding specific
• i in in  cptor proteins in the plasma membrane (Figure 5.15c). The substances bind to 

Cti i | и oleins, the plasma membrane invaginates, and both the specific material and the
............. I, mu. lire brought into the cell. For example, the form of cholesterol termed low-

i - a 11 ilc-in or LDL, also referred to as “bad” cholesterol, is removed from the blood by 
о , Med endocytosis. In the human genetic disease familial hypercholesterolemia, the 

me defective or missing entirely. People with this condition have life-threatening 
1 i -I ol because their cells cannot remove the lipid from their blood.
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CONCEPT S IN ACT ION See receptor-mediated endocytosis animation in action.

Exocytosis

Exocytosis is a type of active transport that allows the cell to expel materials into the 
extracellular fluid. This process works by enclosing the materials within a vesicle, which then 
fuses with the interior of the plasma membrane. This fusion opens the vesicle to the exterior Ы 
the cell, and the particle is expelled into the extracellular fluid (Figure 5.16).

E«ocyto«is

Figure 5.16 In exocytosis, a vesicle migrates to the plasma membrane, binds, and releases its 
contents to the outside of the cell, (credit: modification of work by Mariana Ruiz Villarreal/ 
Concepts of Biolottv OnenStax)

Check your knowledge
An amoeba uses pseudopods to engulf a paramecium for lunch. Will it use exocytosis 
or endocytosis?

A l l S V W  I ' i l d f H
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•  -« •■•lllHIMiy

' |»'il uses energy stored in ATP to fuel transport. Active transport uses integral 
-  ■ i<i ми iv r the material either into or out of the cell against their concentration 

к ' inr ill the most common types of active transport involves proteins that serve as

la ii type of active transport that moves large molecules into the cell. These large 
P  ... и hull can include cell parts and foreign cells, cannot be moved in through integral 
«. i . .и и.? of their large size. There are three different variations of endocytosis:

...........pinocytosis, and receptor-mediated endocytosis. The cell expels waste and other
i> i ilinaiit • the reverse process, exocytosis.

I . ■ i.laia

I... h statement best describes active transport, 
и Active transport always requires the use of an integral protein.
Ii Active transport moves materials from an area of high concentration to an area of 

low concentration.
■ Active transport always requires energy, 
il Active transport is used to move water into the cell.

' ' niiipiiic and contrast the three types of endocytosis.

it nerent variations of endocytosis. but all shave a coinn'iun characteristic. I he plasma 
• T 4 k  evil invaginaies, tormina a pocket around the target substance. The pocket 

г с ..lit in ц in llie material being cunUined in a newly created vacuole. Pluvvuvteus is 
. i s sshich large panicles, such as cells, arc taken in by a cell. Pinocytosis lakes in 
о the ceil needs from the extracellular fluid. Receptor-mediated endocytosis mvul* es 

du: substtiiictrs to receptor proteins in the plasma membrane.

I ■••«411
. i i « i i  niisport: the method of transporting material that requires energy 

.  • i iihIc u type of active transport that moves substances, including fluids and particles, into

. i inila: и process of passing material out of a cell

. .i tinli: a process that takes macromolecules that the cell needs from the extracellular 
.........Million of endocytosis

. l u l l s :  a process that takes solutes that the cell needs from the extracellular fluid; a 
..... ... endocytosis

, .......... Mediated endocytosis: a variant of endocytosis that involves the use of specific
luuicins in the plasma membrane for specific molecules or particles
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5.4 Energy and Metabolism

Learning objectives
By the end of this section, you will be able to:

• Understand how energy flows through a living system
• Explain what metabolic pathway’s are
• Know the difference between anabolic and catabolic reactions and be able to give an 

example o f both
• Be able to define and explain all bolded terms

All organisms require energy to maintain homeostasis. Most life forms get their energy cither 
directly or indirectly from the sun. Producers, such as plants, can directly capture sunlight and 
convert it into chemical energy, such as glucose. Because producers make their own food, they 
are considered autotrophs. Herbivores, carnivores, and omnivores are classified as consumers 
because they must obtain their chemical energy by "consuming" it. They are considered 
heterotrophs. Consumers indirectly get their energy from the sun. Herbivores, such as cows, 
obtain their chemical energy by consuming producers, such as grass. In the case of carnivores, 
they must obtain their chemical energy by eating other consumers. Omnivores are adapted to 
consume both producers and other consumers. Decomposers obtain energy through the 
decomposition of dead and decaying materials. Figure 5.17 is a very simplified food web that 
shows where energy comes from and how energy flows through living systems.

Carnivores

Omnivores (Decomposers

Herbivores ̂

Producers
(autotrophs)

Consumers
(heterotrophs)

E n erg y  M o v e m e n t
M in e ra l an d  N utrient
M ovem ent
H e a t E n erg y

Minerals andSun
N u tr ie n ts(Light energy)

Figure 5.17 A simplified food web model of energy and mineral nutrient movement in an 
ecosystem. The yellow arrows indicate the flow of energy, the black arrows the movement of 
minerals and nutrients, and the red arrows the loss of energy in the form of heat. The circles 
indicate all the species that would be classified under that group, (credit: Elizabeth O'Grady)
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■ 1 11м>Iic Pathways

ii ■ illi producers such as plants capture light energy and convert it into chemical energy such as 
•••r (Figure 5.18)? How do all cells convert chemical energy found in glucose into ATP? To 

•"•и llicsc questions, it is important to understand that energy conversions occur through a
■ Mi > и! related chemical 
*  ■ i iiiiii culled a 
— ulmllc pathway.

■ «.mi i 18a Producers 
■i in г light energy from
■ • ••in and convert it into 
iviini nl energy, (credit:
■Nil Ц Wikimediaf b.

Ik I'M ores, like the 
uii consume the 

!■' •Ini n  and make their 
•  и Ini ill of chemical 

i I u  edit: Modified 
hi I I «belli O'Grady 

in il work
l i ||и nSlux; Wikimedia)

uii i the metabolic pathway o f photosynthesis. During photosynthesis, plants use energy 
. i in light to convert carbon dioxide gas (CO2) and water (H2O) into sugar molecules like

t i f (< JluOe) and oxygen (Figure 5.18). This metabolic pathway is quite extensive and will 
■ ird in chapter 7. For now, we will summarize this metabolic pathway in the following 

• Hull

6CO2 + 6H 2O  + light energv-------> СбНпОб+ 6O2

и* i .......sc produced through photosynthesis can then be used to form adenosine triphosphate
■ 1 1' 1 through a process called cellular respiration. Adenosine triphosphate (ATP) is the

■ ....... energy currency of all living cells. Cellular respiration is a metabolic pathway that is
ii illy ihc reverse reaction of photosynthesis. The reaction is summarized as:

СбНиОб + 6O 2 ------> 6CO2 + 6H2O + energy (ATP)

1 1 -l 11 itosynthesis and cellular respiration are different metabolic pathways involved in energy
1.1 lor living cells. However, not all cells perform both pathways. For example, animal cells 

1 1 limn cellular respiration but not photosynthesis. Plant cells, on the other hand, can do 
i.liiilnsynthesis and cellular respiration. Figure 5.19 shows how these two metabolic 

' are connected.
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O r g a n ic  m o le c u le s  (g lucose) 

_______ and  O xyg en  ( O j

{
Cellu lar Resp ira tion

Carbon dioxide (CO,) and 
W ater (H?Q)

Figure 5.19 Autotrophs use carbon dioxide, water, and light energy to make organic nialii ■ « 
°Xygen. Organisms use organic matter and oxygen to generate ATP and produce the w.i-.i- 
Products o f carbon dioxide and water, (credit: Modified by Elizabeth O'Grady original «ml i 
sun- Hariboneagle927 : leaf-Krzvsz,tof P. Jasiutowicz: cvanobacteria-NASA. algae-Myl "In 
Swarnvk. cow-Chensoec . mushroom-MichaelMaegs plant- Alex Gomas/Concen'~ ol Hi" 
ОпепУ ix humans-Weltenbummlcr84. Staphylococcus - scientificanimations. tigei-Vn.i t||i

Energy converting chemical reactions are classified as either being anabolic or catabolu 11 >r“  
5.20). In anabolic reactions, smaller, simpler molecules are combined into larger, том - *
substances. Anabolic reactions, such as photosynthesis, require an input of energy. In ......... ...
reactions, such as cellular respiration, larger, more complex substances are broken d- •• n 
smaller, simpler molecules. Catabolic reactions release energy. Figure 5.5 shows the dill- • 
between these two types of chemical reactions.

M e ta b o lic  p a th w ay s

A n a b o lic : Sm all molecules are built into large ones E n e rg y  is  re q u ire d .

C a ta b o lic : Large  molecules are broken dow n into small ones. E n e rg y  is  re le a s e d

0 3 0 0 — - ю  о  о  ©  —

Figure 5.20 Catabolic pathways are those that generate energy by breaking down ling-1 
molecules. Anabolic pathways are those that require energy to synthesize larger 
molecules, (credit: Fowler et al. Concents of Biology OnenStax).
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, . . 11 ii m processes arc called metabolism. Metabolism is the sum of all anabolic
»_ i.. i ii i i i im .s lliut take place in a cell (Figure 5.21). Both anabolism and catabolism

occur simultaneously and continuously 
within cells. These metabolic reactions 
allow cells to maintain homeostasis.

The chemical reactions that make up 
metabolic pathways do not take place on 
their own. Each reaction is facilitated, or 
catalyzed, by a protein called an enzyme. 
Enzymes arc important for both anabolic 
and catabolic reactions and will be 
discussed in section 5.7.

Figure 5.21 Metabolism includes both 
anabolic and catabolic reactions, (credit: 
Betts et al. / Anatomy and Phvsiolotrv 
OncnStax)

- View this animation to leam more about metabolic processes.
, i.i iIn Imdy likely carry out anabolic processes? What about catabolic processes?

I I imhi I. hum W'llf'O

.* ili l. 'll.'Miiif events as catabolic or anabolic reactions:
• |и||||1оchip.

ft I iiiiikiiig an enzyme.
.. .iHl.iplit line leticulum removing a toxin.

I«».i ''...tin iiir irllulose for the ceil wall. * I

. i/ i'i.i '.r / ', rxcxb o t'r, uaaihiUc. x x lu h o ’jx. nnah-oiK
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Section Summon'

Cells perform life functions through various chemical reactions. A cell’s metabolism refers to all 
the chemical reactions that take place within it. Catabolic reactions involve breaking down 
complex chemicals into simpler ones and are considered energy-releasing reactions. Anabolism 
refers to metabolic processes that build complex molecules out of simpler ones and arc procc: fci . 
that require energy.

Exercises

1. Most organisms get their energy either directly or indirectly from the sun. Provide an 
example of an organism that gets its energy directly from the sun and one example thai 
gets its energy indirectly from the sun.

2. Which of the following is not an example of an energy transformation?
a. plants using the sun to make sugar
b. animals eating plants
c. animals eating animals
d. all of the above are energy transformations

3. The energy currency used by cells is ________ .
a. ADP
b. ATP
c. AMP
d. Adenosine

4. Is photosynthesis an anabolic or catabolic reaction? Explain your answer.

Answers

1. pHHiucen-.ffiuch as plants, can directly capture sunlight and cons ert it into chemical energy
Consumer*, such as such as cows, obtain their chemical energy by consuming producers, s ■. _
gta-Sa. Cows indirectly get their energy hum the sun.

2. Ы !
3. (b)
!. Photosynthesis is an example o f an anabolic reaction. Sr. anabolic reactions, smailoi. simple ■ 

molecules such as carbon dioxide and water are combined into larger. move complex sun:-:-. •
like glucose. Anabolic reactions, such as photosynthesis, require an input of energy.

Glossary
adenosine triphosphate (ATP): is the primary energy currency of all living cells

anabolic: describes the pathway that requires a net energy input to synthesize complex 
molecules from simpler ones
catabolic: describes the pathway in which complex molecules are broken down into simpler 
ones, yielding energy as an additional product of the reaction

metabolic pathway: a series of related chemical reactions is referred to as a
metabolism: all the chemical reactions that take place inside cells, including those that use 
energy and those that release energy
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• ! 'И ul I licrm odynam ics

........o b jec tiv e s
"> 'I . ml of this section, you will be able to:

1 l i i>l<iin how thermodynamics and energy-are related
• 'i mtr the first and second laws o f  thermodynamics
1 I 'mlersrand what entropy is and how that relates to energy
• H r  able to define and explain all bolded terms

l b  i i»nil\ mimics refers to the study of energy and energy conversions. Energy can be defined 
** aluliu lo do work or to create some kind of change in matter. To appreciate what energy is 

«i i i  ,in be converted from one form to another, it is important to understand two laws that 
t *  i m i  i i i i 'l g y .

1 ■ i -I I In i ituidynamics

' Hi il In» nf thermodynamics states that the total amount of energy in the universe is 
■ iinil conserved. In other words, there has always been, and always will be, the same 
■I i nergy in the universe. Energy exists in many different forms. According to the first 

p on i modyiiamics, energy may be transformed from one form to another, and it may be 
.......... I hum one system to another, but it cannot be created or destroyed.

• ........ ilcrs and transformations take place around us all the time. Light bulbs transform
. .1 . ипцу into light and heat energy. Plants perform one of the most biologically useful 
и uinliirmations on earth; they convert the energy of sunlight to chemical energy stored in 
mill' i ules such as glucose (Figure 5.22).

• ‘ 1 иiu in nanisms must obtain enough energy
• ....... nundings to support their

a. in I iving cells have evolved to meet
...... ицг ( 'hemical energy stored in organic

•i. • >iu li as sugars can be transformed 
( i In,much! reactions into molecules of 

, 11.. . иегцу in ATP molecules can then be 
. Mi. in do work. Examples of work 

i. i, i li 11 и v complex molecules, transporting 
,i< powering the motion of cilia, and 

a in,i muscle fibers to create movement.
........pics of energy transformations are

...... I i if in  c  5.23.

Musi life forms on earth obtain their 
ilu sun. (credit: Clark et al. /  Biology 
l
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Figure 5.23 Here are two examples of energy transferring from one system to another and 
transformed from one form to another, (credit: “ice cream”: modification of work by D. Sharon 
Pruitt; credit “kids on bikes”: modification of work by Michelle Riggen-Ransom; credit “leaf 
modification of work by Cory Zanker / Bioloirv 2E OnenStaxl

It may seem easy for living cells to obtain, transform, and use energy to do work; however, thi 
is not the case. Energy transfers and transformations arc never completely efficient. In every 
energy transfer, some amount of energy is lost in an unusable form. In most cases, energy is lo*t 
in the form of heat.

Heat energy is defined as the energy transferred from one object to another that is not being 
used for work. For example, when a light bulb is turned on, some of the energy being convert 11 
from electrical energy into light energy is lost as heat energy. Likewise, when an airplane flic- < 
loses some of its energy as heat due to friction with the surrounding air. During metabolic 
reactions, such as cellular respiration, some energy is also lost in the form of heat energy. Hen1 
energy is good for warm-blooded organisms like us because it helps us maintain our body 
temperature.

The more energy that is lost, the less ordered and more random the system is. Scientists refer i" 
the measure of randomness or disorder as entropy. The second law of thermodynamics state1 
that every energy transfer or transformation increases the universe's entropy.

High entropy means high disorder and low energy (Figure 5.24). To better understand entrop' 
think of a student’s bedroom. If no energy or work were put into it, the room would quickly 
become messy. It would exist in a very disordered state, one of high entropy. Energy must be 
into the system, in the form of the student doing work, to bring the room back to a state of 
cleanliness and order. This state o f cleanliness and order is one of low entropy.
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Figure 5.24 Entropy is a measure of randomness 
or disorder in a system. Gases have higher 
entropy than liquids, and liquids have higher 
entropy than solids, (credit: Modified by Jason 
Cashmore original work by Clark ct al. / Biology 
2E OpcnStaxJ

'*'• • *lnn have varying amounts of 
' • I "i rminiple, when molecules 
"  ""in tin area of high concentration 

J 1 "I luw concentration, entropy 
"  ’• '  i oncentrated drop of food 
“♦ 1ы« luw entropy. As the food 

i 1 -ii ■ ulcs begin to slowly diffuse 
«  •! w nlcr, the entropy increases 

• I  *

I nlitipy increases as 
*• (credit: Modified by
•  1 ч ни I. original work of Robby

" . are highly ordered. Organisms require a constant input of energy to maintain 
■ i ulropy. As living organisms take in energy and transform it through chemical 

......mount of usable energy is lost in the process. No chemical reaction is entirely
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Section Summary

The laws of thermodynamics are a series of laws that describe the properties and processes of 
energy transfer. The first law states that the total amount of energy in the universe is constant. 
This means that energy cannot be created or destroyed, only transferred or transformed. The 
second law of thermodynamics states that every energy transfer involves some loss of energy in 
an unusable fomi, such as heat energy. This results in a more disordered system. No energy 
transfer is completely efficient, and all transfers trend toward disorder.

Exercises

1. High entropy means:
a. high disorder and low energy
b. high disorder and high energy
c. low disorder and low energy
d. low disorder and high energy

2. Thermodynamics refers to the study of:
a. light
b. sound
c. energy
d. equilibrium

3. Explain the second law of thermodynamics.

Answers

'. (aj
L. fei
>. Mi energy transfers and transformations are never completely •, i l i r h : n every ener ■

sonic amount <>1'energy i» lost in an unusable tomi.

Glossary
energy: the ability to do work or to create a change in matter 

entropy: the measure of randomness or disorder within a system

first law of thermodynamics: states that the total amount of energy in the universe is constant 
and conserved
heat energy: the energy transferred from one system to another that is not work

second law of thermodynamics: states that every energy transfer or transformation increases 
the universe's entropy
thermodynamics: the science of the relationships between heat, energy, and work
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‘jj цЩ . Wv I
:! Mil* lion, you will be able to:

l ............ that there are different types ofenergy> and be able to give examples o f
i c f  ■ * /  energy

, it ihr difference between kinetic and potential energy
?*r : i/'.' r J  rgonic and exergonic reactions 
*• ■ ' in define and explain all bolded terms

и ilifluicnt forms. You may be familiar with some types of energy, such as light 
*■( *i4, there are other types of energy that are much less tangible. An object held 
■ ■•■■I I in к energy, as does a ball moving through the air. To understand how energy 

. i I'11 и ill systems, it's important to look more closely at the different types of 
’ - « k I in llie  world.

■ »ii ii.ii nl I и I l.nergy

i i i* iii motion, there is energy associated with that object. Think of a wrecking 
■ In** moving wrecking ball can do a great deal of damage to other objects. The 

|«пч1 willi objects in motion is called kinetic energy. A speeding bullet, a person 
•»i i lowing water all have kinetic energy (Figure 5.26).

* iill wnlci has potential energy; moving water, such as in a waterfall or a rapidly
• i. i kinetic energy, (credit "dam": modification of work by "Pascal'VFlickr; credit 
»• i U a ,it ion of work by Frank Gualticri / Concepts o f Biology QpcnStax)

.... motionless wrecking ball is lifted two stories above the ground with a crane? If
i i king ball is unmoving, is there energy associated with it? The answer is yes. 

i ic*]uired to lift the wrecking ball did not disappear but is now stored in the
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wrecking ball because of its position and the force of gravity acting on it. This type of energy n 
called potential energy. If the ball were to fall, the potential energy would be transformed mlu 
kinetic energy until Ihe ball rested on the ground. Wrecking balls swing like a pendulum. As .1 
pendulum swings, there is a constant change of potential energy to kinetic energy (Figure 5. ' 1

Potential energy is highest when the pendulim 
is at the top of the swing. As the pendulum 
swings, potential energy is converted into 
kinetic energy. Other examples of potential 
energy include the energy of water held bclnml 
a dam (Figure 5.26) or a person about to skydi»1 
out of an airplane.

Figure 5.27 This image shows a pendulum \miI> 
one spherical ball at the top of its swing.
(credit: Chris Potter ccPixs.com / Flickr)

Potential energy is not only associated with the location of matter, but also with the structuu ul 
matter. A spring on the ground, if it is compressed, or a rubber band that is pulled taut both lui • 
potential energy. On a molecular level, chemical bonds that hold a molecule together also huu 
potential energy. Remember that anabolic reactions require energy to form complex molecule •
A catabolic reaction releases energy when complex molecules are broken down. The release ul 
energy by the breakdown of individual chemical bonds implies that those bonds have stored 
potential energy.

All food molecules we eat have potential energy stored within their bonds. The potential encip 
is released when the bonds are broken. The type of potential energy that exists within chemu 111 
bonds is called chemical energy.

CONCEP TS IN ACTION- Visit the site and select “Pendulum” from the “Work and Energy 
menu to see the shifting kinetic and potential energy of a pendulum in motion.
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I mil \i Illation Energy

• uiuil iii ihe second law of thermodynamics, all energy transfers involve tbve the loss of some 
-  ■■ an unusable form, such as heat. "Free energy" specifically refers to tt to  the energy

•  laii il with a chemical reaction that is available after the losses occur. In о in  other words, free 
| l  ii utile ,'ncrgy or energy that is available to do work.

■ 0  ii n leased during a chemical reaction, it means that the products of t lo f  the reaction have 
!■ » •unity than the reactants. This is because the reactants released some itme free energy during

i licmical reactions that release free energy are called exergonic niiic reactions (Figure 
lliiidi cicrgonic means energy is exiting the system.

End*-ndergonic reaction 
-  Err-- Energy Input

' I Ins figure shows the energy input of an endergonic reaction and tlnd the energy output 
■ 41111111 icaction. (credit: Elizabeth O’Grady) *

* ........ 1. action absorbs (requires) energy rather than releases energy, tha, the products have
* • ...... .. than the reactants. Thus, the products of these reactions can b an  be thought of as

.............у molecules. These chemical reactions are called endergonic reacureactions (Figure
'  ......Irigonic reaction will not take place on its own without the additiodition or input of free
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Check your knowledge
Look al each of the processes shown and decide if it is eudergouic or exergonic 
(Figure 5.29)

(0 (a)
Figure 5.29 Ihis figme shows some examples of eudergonic processes and 
exergonic processes These include (a) a compost pile decomposing, (b) a chick 
developing from a fertilized egg, (c) sand art destruction, and (d) a ball rolling d own 
a hill, (credit a: modification of work by Natalie Mavuor; credit b; modification ot 
work by liSDA: credit c: modification of work by “Athlex"Tlicki : credit d: 
modification of work by Налу' Malscli / Biology 2E QpenStax) * 1

Answer- * compost pili • • •
p r t .H  i ' . ,  •r.kv.SV С  ' Щ с с р т р  f r o r > ' • ‘ : ’

1. O S .  Sil!h< SC! ilruCt!-»! Й

'/> („  -  V*. . • h d U  r o i l i n g  l o n s n h i H  i s  , i ) ;  , -
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....... I .Мик Systems

■n i Im cell, where does energy to power chemical reactions come from? The answer lies 
„in rni'igy-supplying molecule called ATP (adenosine triphosphate). ATP is a simple,

,• . 11 «mall molecule; however, its bonds contain significant amounts of potential energy
yalii * •• Hi).

ATP
Adenosine liiphosphate

Adenine

Ribose. required

Adenme

.Ribose,

High-energy bond

O - P - e O  — P —O p - о  - ch

Energy

A-uibo!*; t o v■ •1 'v toenm ns
store energy released••••ntgy lobe
irom a catabolic*• им »iw»bol'C

•A HM»I

h o - p - o - p - o - ch

Energy^
{Adenine grouptoe,'.'., j

| 1 Ribose

I Phosphate groupsnUr
Adenosine diphosphate

, <ui Slructure of adenosine triphosphate (ATP). ATP is the energy molecule of the 
hi llclts ct al. / Anatomy and Physiology OncnStaxt

• .. is-, bunds of ATP arc broken, a quick burst of energy is released. That energy can be 
■  ■ il in pci form cellular work. ATP can be thought of as the primary energy currency of 

i n« ATP provides the energy used to power the majority of cellular chemical reactions 
i ми that occur in the cell. The energy from ATP drives all bodily functions, such as 

■ - 1 ii muscles, maintaining the electrical potential of nerve cells, and absorbing food in the 
• •mini Iruct. The metabolic reactions that produce ATP come from various sources

•• I U)

il iillos://ooenstax.org/ 179



Cannibalization 
of muscle tissue
(starvation
response)

Catabolic Anabolic
reactions reactions

Breakdown 
ol stored tat 
(weight kDsti

Figure 5.31 During catabolic reactions, proteins are broken down into amino acids, lipids .u 
broken down into fatty acids, and polysaccharides are broken down into monosaccharides 1i.. - 
building blocks arc then used for the synthesis of molecules in anabolic reactions, (credit I li n* 
et al. / Anatomy and Physiology QpenStaxt

ATP Structure and Function

At the heart of ATP is a molecule of AMP, adenosine monophosphate. 
AMP is composed of an adenine molecule bonded to both a ribose 5- 
carbon sugar and a single inorganic phosphate group. AMP is a 
nucleotide, a monomer of nucleic acids. The addition of a second 
inorganic phosphate group results in adenosine diphosphate, ADP; the 
addition o f a third inorganic phosphate group forms adenosine 
triphosphate, ATP (Figure 5.30). Phosphate groups arc most often 
attached with the help of enzymes through a process called 
phosphorylation (Figure 5.32).

Figure 5.32 The enzyme ATP synthase forms a phosphate - phosphate 
bond, (credit: Modified by Elizabeth O'Grady original work of Klaus 
Hoflrneier) P.
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■' •'•Mini I lie addition of a phosphate to a molecule, requires a large amount of energy 
i high energy bond. Phosphate

. niv. Iv i barged and therefore 
' •" ■ ■ In n they arc arranged in

Ё Л ........ with ADP and ATP. This
*■ Ни* Al)P und ATP molecules 
h iiI'Ii I nergy is released when 

d I lie release of energy can

...........live transport and other
“ н и  (I ig u rc  5 .33 ).

IЦ» i nrigy derived from 
'  IP Imliulysis pumps sodium and 

■i limit the cell membrane.
• ■ i al llnilouv 2E OpenStax)1 tit ' u < ihe energy released by ATP perform work inside the cell? This depends on a

...... . i ■ ns energy coupling. Cells couple cxergonic processes that release energy
•  №*• i itui i it processes that require energy. In Figure 5.34, this sodium-potassium

iiiiliuui out of the cell and potassium into the cell against its concentration gradient.
I (►‘"ip in ишк. it requires energy in the form of ATP. When ATP hydrolyzes, its 
■ • iii»« ши «imply float away but is transferred onto the pump protein. When a 

9  • H"n|i к attached, the Na+/K+ pump has more free energy and undergoes a
MM . Iinngc This change allows it to release Na+ outside the cell. The pump then 

*• • llul hi к  which, through another conformational change, causes the phosphate to 
и I - pump 1 he detachment of the phosphate group triggers the K+ to be released into 

••1 n-ill, llic energy released from ATP is coupled with the energy required to power 
и 4111 | и i tin ms cellular work using energy coupling through phosphorylation.

11, iiilium-potassium pump, which is powered by ATP, is found in many cell 
ни . (credit: Betts et al. / Anatomy and Physiology OpenStax)
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Section Summary

Energy comes in many different forms. Kinetic energy is the energy of objects in motion. 
Objects that are not in motion may have the potential to do work, and thus, have potential 
energy. Molecules have potential energy because breaking molecular bonds has the potenti.il t. 
release energy. Living cells depend on harvesting potential energy from molecular bonds to 
perform work. Free energy is a measure of energy that is available to do work.

A reaction that releases energy is called an cxcrgonic reaction. One that requires an input ol 
energy' is an endergonic reaction. Endergonic reactions' products have a higher energy state il.. 
the reactants.

ATP is the primary energy-supplying molecule for living cells. The bonds that connect the 
phosphates have high-energy content. The energy released from ATP hydrolysis into ADP 1 l1 
performs cellular work.

Exercises

1. Your cells arc producing proteins during translation. Is this an cxcrgonic or endergom. 
reaction?

2. Which of the following is not an example of an energy transformation?
a. Heating dinner in a microwave
b. Solar panels at work
c. Turning on a light switch
d. All the above are examples of energy transformations

3. Which of the following is not true about ATP?
a. It is the primary energy currency of all living cells.
b. The phosphate-phosphate bonds represent large amounts of kinetic energy
c. Phosphate-phosphate bonds repel one another and make the molecule unslahli
d. ATP has three phosphate groups

4. Think about a pendulum swinging. Which type of energy (kinetic or potential) is 
associated with the pendulum in the following instances:

a. the pendulum is in motion between its highest and lowest positions
b. the moment that the pendulum is in its most elevated position but is not moving

Answers

1. Endergonic 

"■ 0\>
4. a. kinetic b. potential
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• ■ ни lii|i|iosphatc; the cell’s energy currency

■ <l i Ivpc of potential energy that exists within chemical bonds 

■ i fault '!• i • ibes a chemical reaction that results in products that store more chemical
, , , i .... limn the reactants

« Im> .Inlilv to do work

»i H-«|illn|l energy released from cxergonic processes is used to support or transferred to
I- | и i и Г MACK

,1, it i ilim a chemical reaction that results in products with less chemical potential 
iii>. ■ пи i.inis, plus the release of free energy

,a . . H-.il'le energy or energy that is available to do work 

m  **••(» llir type of energy associated with objects in motion
, ,  .........  the addition of a phosphate to a molecule

i . u»i Щ I he type of energy that refers to the potential to do work
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5.7 Enzym es

Learning objectives
By the end of this section, you will be able to:

• Understand what enzymes are and why they are important
• Discuss enzyme function
• Know the role enzymes play on the activation energy’
• Explain what a merabolic pathway■ is and how enzymes are involved m  these pan s-
• Be able to define and explain all bolded terms

All chemical reactions require some input of energy. For example, exergonic reactions tli.u 1 
a net release of energy still require some energy in order to begin. This amount of energy 
necessary to begin a chemical reaction is called the activation energy

Enzymes

A substance that helps a chemical reaction to occur is called a catalyst. Molecules that cninlyi 
chemical reactions in cells are called enzymes. Most enzymes are proteins that lower the 
activation energy needed for the chemical reaction to occur. To maintain homeostasis, cIkmii 
reactions must occur in a timely fashion. On their own, most of the chemical reactions in .1 • 1
happen too slowly for life to be maintained. Enzymes are used to speed up chemical read ....
allowing life to exist (Figure 5.35).

Figure 5.35 Enzymes decrease the activation energy required for a given chemical reaction 1. 
occur, (a) Without an enzyme, the energy input needed for a reaction to begin is high, (b) W 1 
the help of an enzyme, less energy is needed for a reaction to begin, (credit: Betts et al. / 
Anatomy and Physiology QpenStax)
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tin nitc of chemical reactions by binding to the reactant molcculcsand
holding them in such a way that it 
makes the chemical bond-breaking and 
-forming processes take place more 
quickly. Enzymes do this by reducing 
the activation energy required for the 
reaction to happen (Figure 5.36). An 
enzyme itself is unchanged by the 
reaction it catalyzes. Once une reaction 
has been catalyzed, the enzyme can 
catalyze the reaction again.

Figure 5.36 Enzymes lower the 
activation energy of the reaction but do 
not change the free energy of the 
reaction, (credit: Modified by Elizabeth 
O'Grady original work of Concepts of 
Biology OnenStax)

> ■ .......... .i| i euction, the enzyme binds to the reactants, which are called the enzyme's
**• *■ ■ i i li< n may be one or more substrates, depending on the chemical reaction. Insome 

* • Hilmirutcs may come together to create one larger molecule (Figure 5.37).In 
m.'Ii *nMrate is broken down into multiple products (Figure 5.38). The location 
и vine where the substrate binds is called the enzyme’s active site. The active site is 
hi linn" happens.

i ill Substrates approach active sites on an enzyme, (b) Substrates bind to active sites, 
ч hi i-n/yme-substratc complex, (c) Changes internal to the enzyme-substrate complex 

i- i In interaction of the substrates, (d) Products are released, and the enzyme returns to its 
1 'nun, ready to facilitate another enzymatic reaction, (credit: Betts et al. / knalomyand 

i >ni пмах)
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Enzymes are not the only catalyst that can affect a chemical reaction. Increasing cnvironim ш 1 
temperature also generally increases chemical reaction rates. However, temperatures mu ш1< it 
an optimal range reduce an enzyme's ability to function. If the temperature is too hot. the 
enzymes will eventually denature. When an enzyme is denatured, it loses its thrcc-dinicu ■ « 1 
shape and is no longer able to function properly. Enzymes are suited to work best undci in n n  
optimal conditions. Changes in pH and salt concentration range, as with temperature, can ч* 
enzymes to denature.

Substrate entering Enzymetsubstraie En/ymetproducl Products leaving
the active site of complex complex the active site ot

tire enzyme the enzyme
Figure 5.38 The induced-fit model explains how enzymes and substrates undergo dynatnn 
modifications during the transition state to increase the affinity of the substrate for the at In» и 
(credit: Fowler et al. / Concents of Biology OnenStax)

For many years, scientists thought that enzyme-substrate binding took place in a simple "In. i 
and key” fashion. This model stated that the enzyme and substrate fit together perfectly in m 
instantaneous step. However, current research supports a model called induced fit (Figure t 
The induced-fit model expands on the lock-and-key model by describing a more dynatnn 
binding between enzyme and substrate. As the enzyme and substrate come together, theii 
interaction causes a mild shift in the enzyme’s structure. The mild shift in structure forms an 
ideal binding arrangement between enzyme and substrate.

CONCEPTS IN AC'TK UN View an animation of induced fit.

When an enzyme binds its substrate, an enzyme-substrate complex is formed. This compl. ■ 
lowers the activation energy of the reaction and allows the chemical reaction to happen quu I 
It is important to remember that the enzyme will always return to its original state by the uni « 
the chemical reaction. One of the hallmark properties of enzymes is that they remain ultinmi. 
unchanged by the reactions they catalyze. After an enzyme has catalyzed a reaction, it rclt i .. i 
its product(s) and can catalyze a new reaction.
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........... >il il nn organism's enzymes always existed in large quantities and functioned
-  to h.m. | lowever, a variety of mechanisms ensures that this does not happen.

■ ....... I irqinrcments continuously vary from cell to cell. The required enzymes of
ИМ- Mb i from those of fat storage cells, skin cells, blood cells, and nerve cells. As 

.•I- mill i onditions vary, so must the amounts and functionality of different

•* !‘ИШП

Ы .

Hi i mi be regulated in several different ways. Environmental factors such as pH or 
■ . II .is regulatory molecules, can either promote or reduce an enzyme's activity. 

i i i' Hiihitory molecules inhibit or promote enzyme function. In some cases of 
i iiinii. in inhibitor molecule is similar enough to the substrate that it can bind to the 

" 11 ill н к the substrate from binding. When this happens, the enzyme is inhibited 
through competitive inhibition. Figure 5.39 shows 
how the rate of a chemical reaction decreases during 
competitive inhibition when compared to normal 
enzyme activity.

Figure 5.39 This plot shows the rate of reaction versus 
substrate concentration for an enzyme in the absence 
of the inhibitor and the enzyme in the presence of 
competitive and non-competitive inhibitors, (credit: 
Clark et al. / Biology 2E OnenStax)

wlithiiion

roncMtrttcn

“'•i|i«llllvr Inhibition, an inhibitor molecule binds to the enzyme in a location other 
и ■ .He, often called an allosteric site. The inhibitor still prevents the substrate from 

’• “i iin* ai live site; however, it does so by causing a conformational change that reduces
■ liimling ability of the enzyme for its substrate. This type of inhibition is called 

t •• ' hilililini (Figure 5.40). There arc also allosteric activators. When an allosteric 
mil. In the allosteric site in the enzyme, it induces a conformational change that
1 ii l linily of the enzyme’s A llosteric  Inhib ition A llo s te ric  A ctivation

> i Ini its substratc(s) 
till E nzym e _ _ E nzym e

III Allnatcric inhibition
A ctiv e------A to e w x

*
A ltered -----
active siln

Min 1 11 v inducing a 
• i ' al i linnge to the active T 1 T

Activator

hIiikI. in allosteric 
ihr Activator molecule S jb s ir iu e  V S u b s tra te  У

shape of the active site 
in i lit of the substrate.
• i 11 al Concents of

| л .

■t IX) / 1
A le re d  active s ie Active sa e
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С ЛК1‘Л:Н CONNECTION - Pharmaceutical Drug Developer

Understanding how enzymes work and how they can be 
regulated are key principles behind the development of 
many pharmaceutical drugs on the market today. 
Biologists working in this field collaborate with other 
scientists to design pharmaceutical drugs (Figure 5.41).

Figure 5.41 Pharmaceutical drugs can act on enzymes, 
(credit: Deborah Austin / Concepts of Biology 
OnenStax)

For example, consider statins, a class of pharmaceutical drugs that can reduce choir, i ml 
These compounds are inhibitors of the enzyme HMG-CoA reductase, which is the cn. 
synthesizes cholesterol from lipids in the body. By inhibiting this enzyme, the level nl 
cholesterol synthesized in the body can also be reduced.

Cofactors and Coenzymes

Many enzymes do not work optimally, or at all, unless bound to other specific non pi• •• 
molecules. They may bond either temporarily through ionic or hydrogen bonds, or |« 
through stronger covalent bonds. Binding to these molecules promotes the optimal sh чм 
function of their respective enzymes. Two examples of helper molecules are cofuctni • 
coenzymes. Cofactors are inorganic ions such as iron and magnesium, whereas corn/1 <« 
organic helper molecules. Like enzymes, these molecules participate in reactions w i i  

altered and can be reused. Vitamins are 
a source of coenzymes (Figure 5.42).
Vitamin C is a coenzyme for enzymes 
used to synthesize the important 
protein, collagen. Enzyme function is, 
in part, regulated by the abundance of 
various cofactors and coenzymes, 
which may be supplied by an 
organism’s diet or, in some cases, 
produced by the organism.

Figure 5.42 Shown are the molecular 
structures for Vitamin A, folic acid, 
Vitamin B l, Vitamin C, Vitamin B2, 
Vitamin D2, Vitamin B6, and Vitamin 
E. Vitamins arc important cocnzymcs 
or precursors of cocnzymes. (credit: 
Clark et al. / Biology 2E OpenStax)
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>i * и. Metabolic Pathways

Ы " ' I, the chemical reactions of metabolic pathways do not take place on 
к Hi» Hi |i It lacilitated or catalyzed by an enzyme. Without the enzymes, the 

nhl nut in cur promptly. Enzymes involved with metabolic pathways are 
щ  a ■ I'. ill, ips the most relevant source of regulation is the products of the 

a ii ■ >■» h i n t  ells have evolved in such a way that they can use the products 
хина Ini Irrdhack inhibition of enzyme activity. Feedback in h ib it io n  

ill 11ai>lih l hum the reaction is used to inhibit the starting reactants or enzymes 
■ «I m iii Inin (Figure 5.43). This inhibition will slow down or stop the 

-h> H n i i  I ' i i h I i i i I

r
i t ..... . «1 11 ief pathway

1■■ fin* I

In term ediate Intermediate
substra te substrate

Enzyme 2 Enzyme 3

► ■ - ...... pathway with feedback inhibition, (credit: Clark et al. / Biolonv

i"'lllt,l« org/ 189



Section Summary

Enzymes are chemical catalysts that speed up chemical reactions by lowering Itn u * 1 
energy. Enzymes have an active site that fits particular chemical reactants for llinl i . •­
substrates. Enzymes and substrates are thought to bind according to an induced In • 
Enzyme action is regulated to conserve resources and respond optimally to the i п n •

Exercises

1. Which of the following analogies best describes the induced-fit model ol m u  * 
substrate binding?

a. a hug between two people
b. a key fitting into a lock
c. a square peg fitting through the square hole and a round peg fitlinu di 

round hole of a children’s toy
d. the fitting together of two jigsaw puzzle pieces

2. An allosteric inhibitor:
a. Binds to the enzyme in a location other than the active site, incrciniin и 

for substrate binding.
b. Binds to the active site and blocks it from binding substrate.
c. Binds to the enzyme in a location other than the active site, deem 

for the substrate.
d. Binds directly to the active site and mimics the substrate.

3. Which of the following is NOT true about enzymes?
a. They arc consumed by the reactions they catalyze.
b. They are usually made of amino acids.
c. They lower the activation energy of chemical reactions.
d. Each one is specific to the particular substrate(s) to which it bind.

4. Concerning enzymes, why are vitamins and minerals necessary for good In .Mi 
examples.

\us«t:rs

' (a>
2 (ci
з. m  , _
: MosL vitamins arid minerals act as cofactons and coenzymes. tor enzyin?Ю М Ц М Н

require the binding of specific cofactots or «'enzymes to be able to с т а  ; - - t 
enzymes catalyze many vital reactions, it is enlical to obtain sidle.ice! sits .■ • ■
from diet anti supplements. У Иа-ntn t. (ascorbic acid) is J  coenzyine nee. . .
enzymes dial build collagen.

190 Return i . 1



. , i  ill. 411H11111I o f  in itia l energy necessary for reactions to occur 

щ ill. i »p m i on the enzyme where the substrate binds

lit. inn linnism for activating enzyme action in which a regulatory 
M null kite (not the active site) and initiates a conformation change in the 

ImimIimi .Mill the substrate

•Ik iih'i linnism for inhibiting enzyme action in which a regulatory 
i«nl kill- (not the active site) and initiates a conformation change in the 

kliuling wilh the substrate

■ |h  i .1 up the rate of chemical reactions 

li пиilen ules, such as a vitamin or its derivative, which is required to
I l k l l V

■ ih li at non and magnesium ions, required for optimal enzyme activity

■ in in ml mechanism of enzyme activity regulation in which a molecule 
i* . .и! i.n.ilr can hind the active site and prevent the substrate itself from 

и» in null rate of reaction for the enzyme

• ,i pmlein that may be a result of changes in temperature, pH, or

1 ihai i ni.ilv/rs a biochemical reaction

■ ....... I..... . of enzyme activity regulation in which the product of a
1 mi*i,i, i nl и sei ics of sequential reactions inhibits an enzyme for an earlier

'-bilii ..........general mechanism of enzyme activity regulation in which a
1 uni# in n kite other than the active site and prevents the active site from 

*< •- Hi.i■ iln inhibitor molecule does not compete with the substrate for the 
к  :r.i.il.iilini i> a form of noncompetitive inhibition

I  • "• и •> In. h the enzyme acts
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I ill I inluction to Cellular Respiration

nilii-miiil energy plant transforms thermal energy from deep in the ground into 
it ledil modification of work by the U.S. Department of Defense / Biology 2E

" i t plant in Figure 6.1 converts energy from one form to another. This type of 
'an i with underground thermal energy (heat) and transforms it into electrical 
1 utia I in homes and factories. Like an electrical plant, plants and animals also 
• ■ . Ii ши the environment and convert it into a form that their cells can use. 

i" i .. plants and other photosynthetic producers take in light energy and 
■= mu ill energy in the form of glucose. Glucose is essential because it stores 
ш lit chemical bonds. In cellular respiration, a series of metabolic chemical 

i mulcted from the bonds of glucose and used to make ATP. In this chapter, 
i Ii ink at the metabolic pathway of cellular respiration.

I It Iiii; Systems

• w lion, von will be able to:
и . i redox (reduerion/oxidation) reaction is 

" ю , ill equation for aerobic cellular respiration and be able to explain 
’ . ii /it are reduced or oxidized into which molecules 

l Ч' and describe how it is involved in energy- transfer within cells 
• line and explain all bolded terms

pi i Ini in cellular respiration. Cellular respiration is the process of using 
"■ i су, stored in the bonds of organic nutrients, to generate ATP (adenosine 

и и icquircd when performing cellular respiration, the process is called 
■I’li inn When oxygen is not required, the process is called anaerobic
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Humans, plants, some bacteria, and many other living organisms use aerobic cellular rcspn.i1 
to generate ATP. During aerobic cellular respiration, potential energy from glucose is used u 
drive the synthesis of ATP with the help of oxygen. During the process, both carbon dioxidi 
water arc released as waste products. In addition, like all energy transformations, some cm 11 
lost in the form of heat. Aerobic cellular respiration can be summarized by the equation In li

heat

glucose

C6H i20 6 +  6 O 2 + 3 2 A D P  + 3 2 P i 6 C 0 2 + 6 H 20  +  3 2 А 1 Г

Figure 6.2 shows the reaction for aerobic cellular respiration. Note that this process con*n 
several chemical reactions, as indicated by the multiple arrows, (credit: Jason Cashmorr)

Hrcuking down sugar molecules occurs through a series of chemical reactions. As you пш » 
from Figure 6 .2 ,  these reactions begin with one molecule of energy-rich glucose. G I u c u m  . 

modified through a series of metabolic pathways and eventually leads to the synthesis ol I . 
quantities of ATP. Most of these pathways are combinations of oxidation and reduction 
reactions. Oxidation and reduction reactions occur in tandem. An oxidation reaction sliq 
electron from an atom in a molecule making that atom more positive. That electron is tin n 
gamed by a different atom in a reduction reaction. The atom that receives or gains the r l . . 1 
now has more electrons than protons and therefore becomes more negative (its charge к " К 
hence the name reduction reaction). Because reduction and oxidation usually occur togrtln 1 
these pairs of reactions are called reduction-oxidation reactions or redox reactions. F . h i . 1 

shows a redox reaction; sodium is oxidized when it loses an electron, and chlorine is rnlm «U 
when it accepts an electron.

R # d « € t ia n

Figure 6.3 shows a redox reaction. Sodium loses an electron, so it is oxidized into a pn«iu 1 
sodium ion. Chlorine gains an electron, so it is reduced into a negative chloride ion. (1 n 
Flizabeth O'Grady)
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«ml I 111'ГЦУ

•  >l kI nil electron from a molecule, oxidizing it. results in a decrease in potential energy 
. i.i,,, ,1 molecule. The electron, which is often donated from hydrogen, does not remain

>. I И н11li t, the electron is shifted to a second molecule. The molecule that accepts the
■.......I in lie reduced. During aerobic cellular respiration hydrogen atoms from glucose

l о .oiling in carbon dioxide (CO?). Oxygen molecules arc reduced, resulting in 
- !►. .и, . 111.O). When glucose is oxidized, it removes some potential energy from the
• »l,n h is then used to synthesize ATP (Figure 6.4).

Reduction

« 11,,11, 1 6O2 + 3 2 ADP + 3 2 P| 6CO2 + 6H2O + 3 2 ATP + heat

Oxidation

■ к,,! • iinnlnc cellular respiration as redox reactions, (credit: Jason Cashmore)

1 ......... potential energy is found in the form of its high-energy electrons. The transfer
1 . mi 111 atoms allows the cell to transfer and use energy in small increments rather 

1, ,l, -11111 live burst. Section 6.2 will focus on how energy is extracted from glucose in
........ .. generate ATP. You will see that as you track the path of the energy transfers,

« 1 к» ihr path of electrons moving through metabolic pathways. To follow electrons 
• о .1" pathways it is necessary to learn about electron carriers, special molecules that 
..... . iliiniighout the cell.

.........  knowledge
, «1 'li< billowing is true of redox reactions'?

........... ion results in atoms becoming more negative.
I ' '  'Im lion results in atoms gaining electrons.

''■Min lli.it are oxidized release oxygen, 
i* i.i' ci I atoms become more positive.
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Electron Carriers

In redox reactions in living systems some molecules function as electron shuttles. Inn *  
carrying high-energy electrons between molecules in different metabolic pathways 
Nicotinamide adenine dinucleotide (NAD) is a major electron carrier derived from v nun 
(Figure 6.5). NAD* is the oxidized form of the molecule. When NAD* accepts two elt. 
a proton (hydrogen ion) it is reduced to NADH.

Figure 6.5 The oxidin d M  
the electron carrier (N M 1 M 
shown on the left, niul il>< 
reduced form (NAI )l 11 
on the right. The red ниш» 
to where an electron is l>*i"| 
carried and the orange 
arrowpoints to when .in ■ I» ■ 
and a proton arc being i »i">e 
(credit: Modified by In* < 
Cashmore original wink i«i 1 
et al. / Biology 21 t V . M il

In Figure 6.6 below, the organic substrate, CH;0, is being oxidized. An enzyme help* '■ • ’* 
the two hydrogen atoms from the organic substrate. The two hydrogen atoms translei ll« • ■ 
electrons along with one hydrogen ion to the electron carrier, NAD*. When NAD .n . *
electrons and hydrogen ion, it is reduced to NADH. In eukaryotic cells, the NADII i .in M 
shuttle the electrons to the inner membrane of the mitochondria, where they will be им d in

H+  +  N A I " 1

H+ +  ■

Figure 6.6 shows a redox reaction where an organic molecule is oxidized NAD is rcdiu . ■' 
(credit: Elizabeth O'Grady)

Similarly, flavin adenine dinucleotide (FAD), derived from vitamin В2, also functions n* an 
electron carrier. Its reduced form is FADH2. Both NAD* and FAD are extensively им il mi 
shuttle electrons into the mitochondria and will be discussed throughout the next sevend 
sections.

synthesize large quantities of ATP.

C H 2 0
Oxidized

- >  2 H  + C = 0

1 U +  »2 H +  + 2 e  + N A D + ------------ >
Reduced

2 H +  +_ _ +  @  ------------ >
Reduced
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I M i m i

•" Min , псгцу currency" of a cell because it provides much of the energy 
■ •♦lluliii processes. ATP is classified as a high energy molecule because the 

...............hr phosphate a*™™
”  '" «■  ' 11 lull l it i cs of

riaiiiiiti i) Phosphate
........... .. i Inugcil and as a

■■ Uni I о bring them 
on II» . ..vnlcnt bonds 

••• d «... iy t .tie necessary, 
ч Hu I и unis arc broken,

f - *........ шпицу is released
' i»'» ri any number of

it i i i  i i in | . .%

NH,

H igh-energy bonds

✓  \  H
И \ l  c — 

I
OH

| \  o~ О
H  J *  H  ' v  I I
\  /  P — O " ■ P — о

I
OH

-P-O'
о

Phosphate

■ '»iv ni Adenosine 
*• 1 '• 11" i (i ui lil Herts et al. / 
. f H it tM m iv  ( incnStaxl

Adenosine  m on ap itosp ha ie  (AM P)-------------r-------------
A d enosine  d iphospl>aie (ADP;

Adenosme triphosphate (ATP)

i v ••• inli d when an inorganic phosphate (Pi) is covalently bound to ADP
*■■■ pluiii-) through the process of phosphorylation Phosphorylation requires

* • i" ilnnr using three separate mechanisms. Where does this energy for
• • ■' nun' imm? In almost all living organisms, the energy comes from the

• 1 ini|i|i- Uigurs such as glucose, fructose, or galactose. Let's now take a closer look
' 1 и . ul phosphorylation.

. ........... irtnuiUtiim

■ I.  ■ 4 'lmi ylaiion, a few ATP molecules arc generated when a phosphate group is
.......... imediate reactant in the

. ■ mu pnihway. The free energy of
■ ■ .1 in ndd the removed phosphate 

• ii |Minlucing ATP (Figure 6.8). This 
' ■ 1 |ilmsphorylation is called
о I |dunphorylation and does not

• nihslriite-level phosphorylation reactions, where a phosphate is removed from 
l iliui lied to ADP to make ATP. (credit: Clark et al. / Biology 2E OnenStax)
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Oxidative Phosphorylation

Most of the ATP generated during glucose catabolism is synthesized during oxid.il i < 
phosphorylation, a complex process that takes place in the mitochondria (Figure 6 '»l ■ 1 
eukaryotic cells or the plasma membrane of some prokaryotic cells. Oxidative plnupl »»» * • 
is made up of two steps: the electron transfer chain and chcmiosmosis. Chcmiosimni • ••• t 
generate 90 percent of the ATP made during glucose catabolism. It is also used in pin n 
to convert light energy from the sun to
chemical energy found in the bonds ot A 1 P. electron transport c tw «......

Chemiosmosis yields ATP as long as oxygen 
is present. The details of oxidative 
phosphorylation will be discussed in section 
6.4.

Figure 6.9 In eukaryotes, oxidative 
phosphorylation takes place in mitochondria, 
(credit: modification of work by Mariana Ruiz 
Villareal / Biology 2E OpenStaxI

Check your knowledge

How many electrons will NAD- carry?

When NAD- picks up those electrons, is it oxidized or reduced?
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« I I I

ш uI......".piration to generate ATP. The energy stored in th e  bonds o f  organic
к , h .. iilin use is used to drive the synthesis of ATP. The breakdown occurs through

..... .1 и .и lions called redox reactions. NAD+ and FAD function as electron
•Иг A I P synthesis. There arc two processes of ATP synthesis during cellular 

I i,4.-ii и level phosphorylation and oxidative phosphorylation through the process of

iructions electrons are donated, whereas in reactions electrons are

I « 11' (jliieose
■ ■•■In. I uni, oxidation
i plili nie , Л1 P

i i  л ill.11 ii <n, reduction 
•«••gv i ftnency used by cells is

• Ml*
к • ■ i n

« «Ml1
I us к Ц1-П

•* M i .и 11 pis an electron, it is_________ to NADH.
# limiliil
■ . ik l . | i / . . |

i p . I i ii  m l

1 mm. ..I ihr above
■. i*• ...i . ..iiliast substrate level phosphorylation and chemiosmosis o f  oxidative 

pattee tU lion

vnlliesi^ed from Ai)P and inorganic phosphate. Jiubsuafe level does 
•  ■ .id.itie. phosphorylation docs.
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Glossary
aerobic cellular respiration: the use of oxygen as an electron acceptor to complete metnl •
anaerobic cellular respiration: the use of an electron acceptor other than oxygen to coni|<i> 
metabolism
ATP: (also, adenosine triphosphate) the cell’s energy currency

oxidation reaction: a chemical reaction that consists of an electron being donated by an ni<

oxidative phosphorylation: production of ATP using the process of chcmiosmosis in lln 
presence of oxygen
phosphorylation: addition of a high-energy phosphate to a compound, usually a mctaboln 
intermediate, a protein, or ADP

redox reaction: a chemical reaction that consists of the coupling of an oxidation rcaclum •••a . 
reduction reaction

reduction reaction: a chemical reaction that consists of an electron being gained by an hIinM

substrate-level phosphorylation: production of ATP from ADP using the excess enen n . 
chemical reaction and a phosphate group from a reactant
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(Hit <-i■ i ctivcs
1 " i  Mils section, you will be able to:

« nbc iiii’ basic steps o f  glycolysis 
l «si - tlii- starting reactants andfinal products ofglycol• sis

'■и hu h organisms are capable ofglycohsis and u here rhe\’ cany these reactions 
u l t h l n  the cell

1 M e  to define and explain alt bolded terms

Imlmlc, glucose, supplies much of the energy used by living cells. Glucose is
.........hi й .1 lies of chemical reactions called cellular respiration (Figure 6.10). This section

nil idvi nlysis, the process where glucose is oxidized to produce small amounts of

<3^po-o ■ ■ uhocrondnm

ikmmim ntoophoryiillori

• ДТД P°"° 4  

Сдг.5х>°  4  

<4f?~poo

Elecitorts '«mOMXf 
hem  glucose.
pyruvate, and У носной ил1atxtf Co* now

FT»tnbl*r»

■ Mill.ii inspiration oxidizes glucose molecules through glycolysis, Krebs cycle 
i .mil oxidative phosphorylation to produce ATP. (credit: Betts ct al. / Anatomy 

i ipcnStax)

FtertO*
'«ЯЛ110П6
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Glycolysis

S ta rt:
One glucose molecule

Glycolysis is the first metabolic pathway used to catabolize glucose. Glycolysis is thought in l • 
the oldest energy-harvesting pathway since nearly all living organisms carry out this pron v 
Scientific evidence suggests that atmospheric oxygen levels were very low, if not nonexistent 
when life first evolved on the planet. The earliest living cells would have needed to be abl tn  

generate energy in the absence of oxygen. Glycolysis is anaerobic, meaning it does not rct|im 
oxygen. As a result, glycolysis could have been used by the first living cells to produce enn n. 
Also, glycolysis takes place in the cytoplasm of both prokaryotic and eukaryotic cells. 
Membrane-bound organelles are not necessary to carry out this metabolic pathway. Glycol) ti 
consists o f distinct phases. In the first phase, the energy-consuming phase, two ATP molci и .« 
are used to alter one six- 
carbon glucose 
molecule. In the next 
phase, the six-carbon 
sugar is split evenly into 
two three-carbon sugar 
molecules which are 
then oxidized. Two 
molecules of NADb 
accept the electrons and 
are reduced to NADH.
In the last phase, four 
ATP and two three- 
carbon sugars, called 
pyruvate or pyruvic acid, 
are produced (Figure 
6.11). Note, some 
biochemists use the 
words pyruvate and 
pyruvic acid 
interchangeably. Recall 
that two ATP molecules 
were invested in the first 
phase of glycolysis, 
therefore one glucose 
molecule results in a net 
production of two ATP 
molecules.

Figure 6.11 shows an 
overview of glycolysis.
(credit: Betts et al. /
Anatomy and 
Physiology Open Stax)

tr4J:
Two pyruvate molecular

Free pncMfiij .i.
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| ■ .1 much more extensive metabolic pathway than that which is shown in Figure 6.11. 
provides a more accurate picture of glycolysis. Students are not responsible for 
intermediates or the enzymes used to catalyze each reaction.

H • BO
' *TP AO»» H'-QH
4 „ \  '  *••?*„ ' \  rf » H-COM
'/  0H *****

* 0  ЛОР
HO - -H \

H- OH ___ l

t  . '
/  ♦ «> -H

■ 1 Oihytkoxyarvtnoo*-
phobphaie

A B .
l - *T

G lucose  6  pfKIPt'fVRP F tu c to s e e p l  « sp lu y e Риалам!-
K-C'OH
и-С -O 3-eh>sphate

H-C-OM Glycefatfehyrle- 
3-phosphate

- .. NAD’ • f>
*

t AFP ASP p  3 x p  Ю*

У  \  ! S < \  5 ? \  /  «I
,  >Q .-V —  1 H ' OO: 1 \ . . /  - c

«v« ;• -  Д . »  ■ „л.
r'hospfceiloipvir.'iite
(PEP)

2-Phospbog!yce«w* 'J^’rc*.p-,t09^ce'ai« 

a j

•hows the glycolysis pathway in detail, (credit: Clark et al./ Biology 2E QpcnStaxf

i Г molecules that are netted during the process of glycolysis are made through
li t cl phosphorylation. Remember that during substrate phosphorylation, a phosphate
.... veil from an intermediate substrate and attached directly to ADP producing ATP

i I his process does not require oxygen.

. ф ф  . ф  С С С С ф  En.-me Adenosine ф ф ф  * r-

I t f
Substrate with Phosphate Adenosine Triphosphate Substrate with Phosphate

Groups (ШР) Group

lii uibstrate-level phosphorylation, an intermediate organic substrate provides the 
i'ii iii nl ATP with the help of an enzyme, (credit: Elizabeth O'Grady)

гм .nit, pyruvate will enter the mitochondria, where it will be oxidized and a large 
i I' will be produced. If the cell cannot oxidize the pyruvate, it will only be able to 
inulmilcs of ATP from one molecule of glucose. For example, mature mammalian 

.и only capable of glycolysis. Glycolysis is their sole source of ATP, and if this 
11 opted, these cells will die.
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CONCEPTS IN ACT ION - Gain a better understanding of the breakdown of glucosi I 
glycolysis by visiting this site to see the process in action Also view the video - Glycol\ in I 
Overview

Outcomes of Glycolysis

Glycolysis begins with one molecule of glucose, two molecules of ATP, and two moln ul< t 
NAD+. The outputs of glycolysis arc two molecules of pyruvate, four molecules of Л 11 •• 
molecules of NADH (Figure 6.14). Note: because four new ATP molecules are gcncrali >1 ii «m | 
glycolysis but two molecules of ATP are used in the first half o f the pathway, the cell lm. ♦ 
gain o f two A TP molecules.

Inputs Outputs

1 Glucose —-------------- * 2 Pyruvate
" S ^ e  +2H*

2 ATP — — - Ч т — ► 2 ADP + Pi\
2 NAD* --------------- - 2 NADH

4 ADP + Pi - ----------------► 4 ATP

Figure 6.14 shows the inputs and outputs of glycolysis, (credit: Jason Cashmore)

Check your knowledge
If a bacteria has 4 glucose molecules, how many net ATP can it produce during 
glycolysis?
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• tlii- lirsl pathway used in the breakdown of glucose. Because nearly all organisms 
0 *  ■••• ". glycolysis is thought to have evolved early in the history of life. Glycolysis

■ i t •lilli ictil phases: The first and second phases prepare the six-carbon glucose for
•i min two thrce-carbon sugars. Energy from ATP is invested in the molecule during this

• ш г Ни- separation. The last phase of glycolysis extracts ATP and high-energy
fc  nil aches them to NAD*. Two ATP molecules are invested in the first half, and four 

'il- mil formed during the second half. This produces a net gain of two ATP 
* |« ' molecule of glucose for the cell.

I Н**И1ц glycolysis for one molecule of glucose, a total o f_____ATP are made but of that,
II in i . __ ATP molecules.

*
I. fi, .1
• 4.2
.1 N. (>

| II» Ч Г  made in glycolysis is made through_____.
■ i In miosmosis
'• iiiluitiate-level phosphorylation 
. >>• nlulive phosphorylation
i \  I Psynthase

M glui one that enters the glycolysis pathway is split into two molecules o f_________ .
. M P 
и phosphate 
. NADII 
. pyiuvnlc

• i I........ hi у ut ic and eukaryotic organisms carry out some form of glycolysis. How does
.......  i support or not support the assertion that glycolysis is one of the oldest metabolic

......« a ss ’

.i-lativefy I- к  it likely would not be as universal in organisms- as к ;s. It 
ir ■ - r . priuktive organism* ihat did not' require oxygen and did net need lo 
> '...-I' .unil organefie.

■ . hi which organisms do not require oxygen

......г si. of breaking glucose into two three-carbon molecules with the production
>i I >11 ,
i phncplioiylation: production of ATP from ADP using the excess energy from a 

nnl a phosphate group from a reactant
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6.3 Citric Acid Cycle

Learning objectives
By the eud of this section, you will be able to:

• Describe the location o f  pyruvate oxidation in the cell
• Explain what happens during pyruvate oxidation including the starring rear tain i 

final products
• Describe the location o f  the citric acid cycle in the cell
• Explain what happens during the citric acid cycle including the starting rea i i »> 

final products
• Be able to define and explain all bolded terms

In eukaryotic cells, the pyruvate molecules produced at the end of glycolysis are transpuo. 
mitochondria. If oxygen is available, aerobic cellular respiration will go forward.

Pyruvate Oxidation

In the mitochondria, pyruvate will be oxidized into a two-carbon acetyl group. This pun ■ < 
done by removing a molecule of carbon dioxide and transferring electrons to NAD*, mint 
to NADH. The acetyl group will then be picked up by a carrier molecule called cocn/ym 
(CoA). The resulting molecule is called acetyl CoA. (Figure 6.15).

Oxidation of Pyruvate

o* * CoA-SH 3
1 V S—CoAО

 
О 

II 
II

■о—
и

1c=o
1

1 NAD' NADH CH3
СН3

n О IV»

Pyruvate Oxidation Acetyl CoA
reaction

1 2 3

A carboxyl group NAD* is reduced An acetyl group is
is removed from to NADH. transferred to
pyruvate, releasing coenzyme A.
carbon dioxide. resulting in acetyl 

CoA. '

Figure 6.15 Upon entering the mitochondria, pyruvate is converted into acetyl CoA. (crnlil 
Clark et al. /  Biology 2E OpenStax)
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■h i  In used in a variety of ways by the cell. Its primary function is to deliver the 
i d from pyruvate to the next pathway in glucose catabolism, the citric acid 

■ ltd Since two pyruvate molecules exit glycolysis, pyruvate oxidation will occur 
n|i n total of two Acetyl CoA, two molecules of carbon dioxide, and two molecules

ATP |ADP |

i . i иvк acid (pyruvate) is converted into acetyl-CoA before entering the citric acid
■ I m lei el al. / Concepts of Biology OoenStax)

\  i l i t « \ e l e

■ 11 «11111 ol pyruvate to acetyl CoA, the citric acid cycle in eukaryotic cells takes
..ми n o l  the mitochondria (Figure 6.9). Unlike glycolysis, the citric acid cycle is a 
и - l.i*l part of the pathway regenerates the molecule used in the very first step,
11 i u in *' 6 .16). The citric acid cycle is also commonly referred to as the Krebs cycle 
• ■ l’* ii t lei man-bom British biochemist who discovered the metabolic pathway.

In nil- nl acetyl CoA that enters the citric acid cycle, two carbon dioxide molecules, 
i ill (hi an equivalent), 3 NADH molecules, and 1 FADH2 molecule is formed 

и 11111 tuber, for every one molecule of glucose that entered into glycolysis, two
■ .1.1 lyl CoA can be formed. As a result, the citric acid cycle can make two turns for

nil1 nl glucose, forming a total of four carbon dioxide, two ATP (or an 
M 1 Mill, and two FADIb molecules.

и 1 iinl two FADfh arc electron carriers that will transport electrons to the final 
1 . ' llular respiration, oxidative phosphorylation. Most ATP molecules will be 

mi tin linal stage. ~ .
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T h e  K r e b s / c iu ic  a c id  c yc le

Figure 6.17 Each pyruvate (pyruvic acid) that is generated by glycolysis is converted uiln * 
carbon acetyl CoA molecule. In the citric acid cycle, the acetyl CoA is systematically pun 
through the cycle and produces carbon dioxide and high-energy NADH, FADFb, and A 11* 
molecules, (credit: Betts et al. / Anatomy and Physiology OpenStax)

ADP ATP

The citric acid cycle is considered an aerobic pathway because it requires oxygen. Tin- NA i 
and FADH2 produced during the citric acid cycle must transfer their electrons to the cln 
transport chain, which is part of the next stage of aerobic respiration-oxidative phospln м i 
If oxygen is not present, NADH and FADH2 cannot be oxidized, and the citric acid eye a« 
occur.
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■ мн i til'oxygen, pyruvate is transformed into an acetyl group attached to a carrier 
I ■> h i  incn/.yme A. The acetyl group is delivered to the citric acid cycle for further 
Ж  h i  l 'in ing the conversion of the two pyruvate molecules into the two acetyl groups, two 

in ■ ubon dioxide and two molecules of NADH arc produced.

i ill cycle is a series of redox reactions. This cycle starts with acetyl CoA and
■ which combine and form citric acid. For everyone molecule of glucose that enters 

■m mu molecules of acetyl CoA can be formed. Therefore, the citric acid cycle can make 
i lin in g : 4 carbon dioxide molecules, 2 ATP molecule (or an equivalent), 6 NADH 
•tnl l ЛПН2 molecules.

If 1 " 1 In Ihe electrons added to NAD' do?
■ I hey become part of glycolysis
1 • I hey go on to the electron transport chain.
■ I hey energize the entry of the acetyl group into the citric acid cycle.
.1 I hey are converted into NADP.

I . 1 rtiyolic cells, where docs pyruvate oxidation occur?
• mitochondria 
I' cyloplasm
1 nucleus 
1 plasma membrane

' и • .  • II has ueccss to three molecules of glucose, how many molecules of NADH could 
......... . during the citric acid cycle?

• I
I. (1
• 12
d IK

I t  •plain why the citric acid cycle is considered an aerobic pathway.

an {bithwuy because the NADH and FADH; produced must transfer their electrons ro 
* a), in the system, which will use o"<ygcn. If oxygen is not present, this transfer decs

iiinbination of an acetyl group derived from pyruvic acid and coenzyme A 
1 in pantothenic acid (a В-group vitamin)

1 h 1 .cries o f enzyme-catalyzed chemical reactions of central importance in all 
1 li.iiscst the energy in carbon-carbon bonds of sugar molecules to generate ATP;

. Ii is tin aerobic metabolic pathway because it requires oxygen in later reactions
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6.4 Oxidative phosphorylation

Learning objectives
By the end of this section, you will be able to:

• Describe the location o f oxidative phosphorylation in the cell
• Describe the overall outcome o f  oxidative phosphorylation in terms o f the pm. • 

each
• Describe the relationships o f  glycolysis, the citric acid cycle, and oxidathi 

phosphorylation in terms o f  their ATP outputs.
• Describe the relationships o f  glycolysis, the citric acidcycle, and oxidathe 

phosphorylation in terms o f  electron carriers.
• Be able to define and explain all bolded terms

You have just read about two pathways in glucose catabolism, glycolysis and the cittn m 
cycle. Both pathways generate only small amounts of ATP. Most of the ATP is made <!'■■■ .
final stage of aerobic cellular respiration, oxidative phosphorylation. Oxidative 
phosphorylation consists of two parts, the electron transport chain and chemiosmosi * 11.
processes of oxidative phosphorylation take place on the inner membrane of the mitix ...............
eukaryotic organisms and on the inner part of the cell membrane of prokaryotic orgntm ■ « n 
us take a closer look at the processes that make up oxidative phosphorylation.

Electron Transport Chain

The electron transport chain is the only part of glucose catabolism that uses oxygen <!>■.• 'Ц 
Electron transport is a series of chemical redox reactions that resemble a bucket brigadi • l...
rolling down a staircase (Figure 6.18).

Figure 6.18 The electron transport 
chain resembles a staircase. As the 
electron moves down each stair energy 
are given off, which can be used to 
generate ATP. (credit: Modified by 
Elizabeth O'Grady original work 
of Betts et al. / Anatomy and 
Physiology OoenStax)

As electrons are passed rapidly from one protein to the next in a series of redox reaction i 
energy is released. At the end of the protein chain, oxygen acts as the final electron aa  ,
Each oxygen atom accepts two electrons and two hydrogen ions and is reduced to walci 
below equation. Note the equation begins with one oxygen molecule, which is two atom» 
oxygen covalently bound together.

0 2 + 4H+ + 4e~ — ► 4H20

210 Return to Tahi r «.



I Mill; from glycolysis and citric acid cycle arrive at the electron transport chain, 
и I i 'III oxidized. Electrons from NADH and FADH: are passed to protein 

■ I m the inner membrane of the mitochondria. The electron transport chain 
consists of four protein complexes labeled I 
through IV and several mobile electron carriers, 
labeled Q and Cyt c (Figure 6.19).

Figure 6.19 The electron transport chain is a 
series of electron transporting proteins embedded 
in the inner mitochondrial membrane that 
shuttles electrons from NADH and FADH2 to 
molecular oxygen, (credit: Modified by 
Elizabeth O'Grady original work of Clark et al. / 
Biology 2E OnenStax)

....... . transferred through the electron transport chain, some of the electron's energy
1 in tin' protein complexes. The potential energy can be used by the protein 

pinup hydrogen ions across the inner mitochondrial membrane against their 
n 1 1 иlu-nt using active transport (Figure 6.1 8). The ions are pumped into the 
■ i- ipncc, which creates a hydrogen ion gradient that will be used in chemiosmosis.

Iи 1 ill-in complex, the electrons are accepted by oxygen, the terminal acceptor. It
......к to split one molecule of oxygen. Each oxygen atom then accepts two

....... hydrogen ions from the electron transport chain and is reduced to water
1 II no oxygen was present in the mitochondrion, the electrons could not be removed 
' in nml the entire electron transport chain would back up and stop. Without the 
pi и 1 rhain. new ATP would not be synthesized during oxidative phosphorylation, 

i < hilil ultimately die from a lack of energy. This is the reason we must inhale

м I ION - Watch this video to leam about the electron transport chain.
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Chemiosmosis

As electrons are passed through the electron transport chain, the energy released is used to 
establish a hydrogen ion concentration gradient. Because of their charge, hydrogen ions cun 
diffuse across the inner membrane of the mitochondria through 
integral transport proteins. ATP synthase, an integral protein and 
an enzyme, acts as a tiny generator which allows hydrogen ions to 
easily diffuse across the inner membrane (Figure 6.20). The 
movement of hydrogen ions through ATP synthase regenerates 
ATP from ADP plus inorganic phosphate. The flow of hydrogen 
ions across the membrane through ATP synthase is called 
chemiosmosis.

Figure 6.20 ATP synthase is a complex, molecular machine that 
uses a proton (11+) gradient to form ATP from ADP and inorganic 
phosphate (P,). (Credit: modification of work by Klaus Hoffmeier 
/ Biology 2E OnenStax)

The energy generated from the electron transport chain and chemiosmosis (Figure 6.21) 
generates 90 percent of the ATP made during aerobic glucose catabolism. Chemiosmosis innl 
electron transport chain arc also used during the light reactions of photosynthesis. Both tin + 
processes will be discussed again when we get to chapter 7.

Inf « m e m b ra n e  sp a c e
®  ®  ®  ©

№  _ Ь

©  М О И , FAD* * ___

©  ®

В  Electron liarvsoort chain 

I \ ATP synthase

M itochondria l m a b iж 2 tree 2 erttsrimns М2 nt 
hydrogen exiting ETC an 0 ? 
ions motocue ©

Figure 6.21 Shows the electron transport chain and chemiosmosis (credit: Betts et al. / Ли , •
and Physiology OnenStaxl
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* I ter of ATP molecules generated from glucose catabolism varies. For ex;- nt
ми у in the number of hydrogen ions that the electi on transport chain can Г ' 

P # *  min line. This variation impacts the hydrogen ion concentration gradient and. e
• M l' synthesis. Another difference stems from the electron carriers' ability'0....

mhI ail membrane. ThcNADH generated from glycolysis cannot easily cn';: ‘
......Inn. As a result, electrons fromNADH produced during glycolysis arep|C“~
■till id the mitochondria by either NAD* or FAD. Fewer ATP molecules arev '
I ЛI ] nets as a carrier. It is estimated that for every NADH molecule that an1'5 
• ii.msport chain, approximately two to three molecules of ATP can be syn|’|C'“ ,r 
.и- molecule of FADH:oxidized at the electron transport chain, the cell can® '4"ne 

i imilci tiles of ATP. NADH results in more ATP because it delivers its elects11' lem 
h I nod they travel through the entire electron transport chain. FADH:, in c°

.. Ilv electrons to protein complex 11 and they only travel through part of the •'

► • . •• ■ minting for the total number of ATP produced per glucose molecule, it *° 
■» ...I i the following points;

. A net of two ATP is produced through glycolysis (four produced, but two*10' ' c 
■Ini mg I he energy-consuming stage).
^ nrl of two ATP is produced through the citric acid cycle.
\  iи-1 of 28 molecules of ATP is produced during oxidative phosphorylati°n 
A|i|noximalcly 25 ATP molecules from the oxidation of NADH and three111 ° 
5 I P I rom the oxidation of FADH: (see Figure 6.22).

i 11 «■ к your knowledge
Am the following options active or passive transport?
■ ( hrmiosmosis
■ Pioteins moving H+ into the intermembrane space (outer matrix)
■ '.odium/Potassium pump
■ '.ugar dissolving in a glass of water.

v n n  p :ssm rr. u.

I
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4
Total ATP p-onticed
Giyc«ys«s * 2  АГР
Pyrjvaie «ко *с«»! CaA » 3 AJP 
Krtrtji qr*m = i  ATP» fere» nap

Appoi.matalv U ATP per glucose

Figure 6.22 Shows the Л 11'
yield for one molecule......
glucose catabolism, (cmlu 
Modified by Elizabeth t * 
original work of Betts cl и 
Anatomy and Phvsiul 
OpenSlaxl

Mitochondrial Disease

What happens when the critical reactions of cellular respiration do not proceed corrcctl 
Mitochondrial diseases are genetic disorders of metabolism. Mitochondrial disorders 
from mutations in nuclear or mitochondrial DNA, and they result in the production of Ь , . • 
than is normal in body cells. Symptoms of mitochondrial diseases can include muscle и ■ a 
lack of coordination, stroke-like episodes, and loss of vision and hearing. Most people ill > 
by these types of diseases are diagnosed in childhood, although there are some adult-oim 
diseases. Identifying and treating mitochondrial disorders is a specialized medical field 11 • 
educational preparation for this profession requires a four-year college education degici 
followed by medical school with a specialization in medical genetics. Medical gencticmii .i 
board certified by the American Board of Medical Genetics and go on to become assm i 
professional organizations devoted to the study of mitochondrial diseases.

214 Return to Tab!i '



•  -nilIIIilI V

. I'liorylation begins with the electron transport chain, where electrons arc passed
■ ■ т  а nt redox reactions to a final electron acceptor, oxygen. Oxygen accepts two
■ nt two hydrogen ions, forming water. The energy released as the electrons are passed

In lion transport chain is used to generate a hydrogen ion gradient across the inner 
-—bill membrane. The potential energy of the gradient is used to generate ATP with the 

• vine ATP synthase through the process of chemiosmosis.

N..... i hr enzyme involved in chemiosmosis that helps the cell make ATP.
t* li* happens to NADH when it arrives at the electron transport chain?

* Il m reduced to NAD+
i It in oxidized to NAD+

. h и* reduced to FAD 
li n oxidized to FAD

i .... i.musis in eukaryotic cells involves:
« iln- movement of electrons across the cell membrane 
1 Iln movement of hydrogen atoms across the outer cell membrane
• iln movement of hydrogen ions across the mitochondrial membrane 
1 l In- movement of glucose through the cell membrane

» i h Mr oxygen and exhale carbon dioxide. What is the oxygen used for, and where 
. ill. si  lion dioxide come from?

. i и v Inhale is the linn! electron acceptor in the election Iraiispiiri chain and allows. 
a • . . . .  .in mi to proceed. The carbon dioxide we breathe oul is formed during pyruvate 
m . . v. % • t.iuic acid cycle >*rlie'll the honiis in carbon compounds arc broken.

ШГ i
............. mcmhranc-cmbcddcd protein complex that regenerates ATP from ADP with

■ •■iiiim diffusing through it

..................In  movement of hydrogen ions down their electrochemical gradient across a
......„ill All* synthase to generate ATP

pm I chain: a series of four large, multi-protein complexes embedded in the inner 
i mi 1 i inc that accepts electrons from donor compounds and harvests energy from 
mu nl reactions to generate a hydrogen ion gradient across the membrane

, ■ iplioi t lation: the production of ATP by the transfer of electrons down the 
111 ham to create a proton gradient that is used by ATP synthase to add 

In ADP molecules
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6.5 Fermentation

I Learning objectives
Bv tlie end of this section, you will be able to:

I * Describe the relationship between anaerobic cellular respiration andJenm
• Describe the types offermentation thatreadily occur and the conditions ih. 1» ~

[
that fermentation

• Be able to define and explain ad bolded terms

For aerobic cellular respiration to occur, oxygen must be present to accept electrons in N 
and FADH2 produced during glycolysis, pyruvate oxidation, and citric acid cycle Wl... 1 
when oxygen levels are low or absent? Can cells still produce ATP?

Remember that glycolysis is an anaerobic pathway that allows cells to generate sin.ill .
ATP through substrate-level phosphorylation in the absence of oxygen. Glycolysis 1 . 1  -
anerobic cellular respiration. Anaerobic cellular respiration enables organisms in ■■
ATP in the absence of oxygen. However, cells still need a way to oxidize the NADI I |>< 
during this pathway. Some living organisms are able to use an organic molecule as tin n 
electron acceptor in times when oxygen levels are low or absent. Processes that use n , . 
molecule to regenerate NAD+ from NADH arc collectively referred to as fermentalnm 1 
contrast, some living systems use an inorganic molecule as a final electron acccptoi

Lactic Acid Fermentation

Lactic acid fermentation is a method of fermentation used by animals and some hacli > 1 
those in yogurt (Figure 6.23). This occurs routinely in mammalian red blood cells niul ш 
muscle that has insufficient oxygen supply. When oxygen is in low supply, cells cun . 1*
carry outglycolysis to produce small quantities of ATP. However, because oxygen 1 u 
used to  accept electrons from NADH, an organic molecule must be used in its plai 1 In !<«• 
acid fermentation, electrons from NADH are transferred to pyruvate, forming lacln • 
called ladate). When NADH is oxidized NAD+ is regenerated, and glycolysis c. mi

In mamrtals, lactic acid fermentation allows muscle cells to generate small amounts ■ 1 ■ 
short periods of time. Lactic acid build­
up causes muscle stiffness and fatigue.
Once thelactic acid has been removed 
from the muscle it is circulated to the 
liver, where it can be converted back to 
pyruvateand further catabolized for 
energy.

Figure 623 Lactic acid fermentation is 
commonin muscles that have become 
exhaustel by use. (credit: Jason 
Cashmoie)
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|. Hlxlliini t  Ht

i ....... dilution process is
..I-ition During alcohol 
i null и type of alcohol, is 

111•< inuclion, a carboxyl 
. мини pyruvate, releasing 

. i . « |1пл (l4gure 6.24).

. .h uliol fermentation
,«  I tnllMHHC)

1 Glucose

2 NAD+ 2 NADH + 2 pyruvate

2 ethanol + Fermentation
2 C02

n i. iliuxule reduces the molecule by one carbon atom, making acetaldehyde. The 
nun г . an electron from NADH, oxidizing it to NAD+. When acetaldehyde is 

i .. limned (figure 6.25).

Ш у
NADH NAD+

.......in ul reactions of alcohol fermentation are shown here, (credit: Parker et al.
: ■ h i '• )

■ ■I |iviuvatc by yeast produces the ethanol found in alcoholic beverages (Figure 
action is not vented from the fermentation 
chamber, for example, in beer and sparkling 
wines, it remains dissolved in the medium until 
the pressure is released. Ethanol above 12 percent 
is toxic to yeast, so natural levels of alcohol in 
wine occur at a maximum of 12 percent.

Figure 6.26 The fermentation of grape juice to 
make wine produces C02 as a byproduct. 
Fermentation tanks have valves so that pressure 
inside the tanks can be released, (credit: Clark et 
al. / Biology 2E Open Stax 1
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.\nacrobic Cellular Respiration

Certain prokaryotes, including some species of bacteria and Archaea. solely uu .......
respiration. To oxidize its NADH, a group of Archaea called methanogens redtn . и 
dioxide to methane. These microorganisms are found in soil and in the digestive no >« 
animals, such as cows and sheep. Similarly, sulfate-reducing bacteria and Arcli.i... ...

which arc anaerobic (I igoi 4 
sulfate to hydrogen siilluli i. . 
NAD1 from NADI I

Figure 6.27 The green .. I 
coastal waters is from an . ni| 
hydrogen sulfide. Annrmln. 
reducing bacteria releu . I.. ■
sulfide gas as they dreuiiif*. 
the water, (credit: NASA m i, 
Jeff Schmaltz, MODIS I .hi " 
Response Team at NASA t . i 
Biolotrv 2E OnenS ix)

CONCEPTS IN ACTION- Visit this site to sec anaerobic cellular respiration ni ml

Many prokaryotes arc facultatively anaerobic. This means that they can switch b et- 
respiration and fermentation, depending on the availability of oxygen. Certain pint • 

Clostridia bacteria, are obligate anaerobes. Obligate anaerobes live and grow in Мм • 
oxygen. Oxygen is a poison to these microorganisms and kills them upon exp. . .in. 
noted that all forms of fermentation, except lactic acid fermentation, produce gn- i i 
some bacteria can be identified based on their gas production.
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m » i  I

• и t. n> uli/.cil through aerobic cellular respiration, another electron acceptor must 
■•••itiain . will use some form of fermentation to accomplish the regeneration of 

ц  ii. ii |' lvi olysis continues. The regeneration of NAD' in fermentation does not 
►- ■■ i * 1 1' I lowever, once NAD+ is regenerated, it can again be used in glycolysis 

minis i i Л 11’ can be made through substrate-level phosphorylation.

■ t.i-.t I in lie acid can be converted back to pyruvate.
И >1 ih. Iiillowing fermentation methods can occur in animal skeletal muscles? 
i In in .it id lermentation 

•  •kiilinl In mentation 
■ i i a u l  h i nl fermentation 

I in и i и lenuentation
Him v I. 11 If. run out of oxygen, what happens to the potential for energy extraction 

.uni what pathways do the cell use?

■; pliospltoryldllon and the citile neiiJ tyek  *tup. so ATP is no longer 
<!;• nisiri, which extreewthe gicatesl amt>unt o f  energy from n sugar 
11 ;;i .... umulale.-. preventing glycolyv.' iiorn going ft'irward because of 
IK si fermentation uses tiic electrons in N ADH to generate lacric acid 
■ . ‘MveolyMS to conunuc. and thus, a smaller amount ot ATP can be

n ..........  iln steps that follow the partial oxidation of glucose via glycolysis to
'• tl< .,„1 luiuluccs the products ethanol and carbon dioxide

" N i.U i in ip lr  wlinii: the use of an electron acceptor other than oxygen to complete 
■ . , , i ., unit transport-basedchemiosmosis

о,, .и |.< tlint follow the partial oxidation of glucose via glycolysis to regenerate 
... in aliaimec of oxygen and uses an organic compound as the final electron

• > ..........nun 'he steps that follow the partial oxidation of glucose via glycolysis to
• .. .1 | и ■ uluecs the products lactic acid
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6.6 Connections to Other Metabolic Pathways

Learning objectives
By the end of this section, you will be able to:

• Discuss how the metabolic pathways, such as glycolysis and the citric acid c\ > 
use sugars other than glucose to generate ATP

• Discuss how proteins and lipids can be used to generate ATP by entering gl\ . 
pvruvate oxidation, and citric acid cycle as intermediates

• Be able to define and explain all bolded terms

You have learned about the catabolism of glucose, which provides energy to living cell» 
However, living things consume more than just glucose for food. How docs a turkey s,m,i. 
which contains protein, provide energy to your cells? This happens because all the ciiluhn 
pathways for carbohydrates, proteins, and lipids eventually feed into glycolysis, pyru 
oxidation, and the citric acid cycle pathways (Figure 6.28).

Carbo­
hydrates 
Some amino 
acids 
Glycerol

Some amino 
acids

Fatty
acids
Some
amino
acids

Glycolysis ф Pyruvate
oxidation

. Citric acid ^  Oxidative 
“  cycle ^  phosphorylation

Figure 6.28 Different organic food molecules can feed into the catabolic pathways foi 
carbohydrates, (credit: Fowler et al. / Concepts of Biology QpenStaxl

Connections of Other Sugars to Glucose Metabolism

Sucrose and lactose are both disaccharides that can be used during aerobic cellular respu. 
Both sugars must be hydrolyzed before they can be utilized. Sucrose, commonly refcm a
table sugar, is broken down into glucose and fructose with the help of the enzyme si.....
Lactose, a sugar found in milk, is hydrolyzed into glucose and galactose with the help ni 1 
enzyme lactase. Both fructose and galactose can be used during glycolysis; however, llu 
begin the process as glucose does. Both sugars can enter glycolysis as intermediates .m.i 
the same amount of ATP molecules as glucose.
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i* i nidus lo G lucose M etabolism

, .. mi In'ken down by a variety of enzymes called proteases. Most of the time,
' 111 vi led into new proteins. If there are excess amino acids or if the body is in a 

m- ►■! •*>. siiine amino acids will be shunted into the citric acid cycle to generate ATP. 
m ■ nl> nie used to create intermediates of glycolysis or generate acetyl CoA (Figure 
i i " i iu ill must have its amino group removed before entering into these metabolic
| .......... пи gmup is converted into ammonia and along with carbon dioxide forms

. .«м. - i i. pioduct found in mammalian urine.

«♦,•••lysis ACetylCoA Citric Acid Cycle

• i .•»! и i hccseburger that contains carbohydrates, lipids, and protein.
■ a. i i i inidy / cheeseburger image original work by National Cancer Institute

.*.» i"H IU  )

i" i ■ i.l I iplils In Glucose Metabolism

i - ........ (I VI cridcs are the most common lipids used to generate ATP. Cholesterol is a
nilniii . in the flexibility of the cell membrane and is a precursor of steroid 
.  i , in In sis of cholesterol starts with acetyl CoA (Figure 6.28). Remember that

i .......... usury reactant in the citric acid cycle. The citric acid cycle can be used to
■ i tl ill and FADH2.

........... . sml long-term to store energy in animals. Triglycerides store about twice as

............ Inihydrates and are made of glycerol and three fatty acids. Glycerol can be

............1 niter ns an intermediate of glycolysis. Fatty acids are broken into two-carbon
«*4. iln Mini acid cycle as acetyl CoA.

Protein 
(amino acids)

Fats
(glycerol, cholesterol, fatty acids)

Glycolysis
AcetylCoA

|.
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Section Summary

The breakdown and synthesis of carbohydrates, proteins, and lipids can be used к •- >«a 
Galactose and fructose arc additional carbohydrates that can feed into glycolysis I ' .  .. 
acids from proteins can  be used to generate pynivate, acetyl CoA, and compound ' s. 
acid cycle. Cholesterol, glycerol, and fatty acids can be used in the citric acid c

E x e r c is e s

1. Which of the following is generated during cholesterol synthesis?
a. glucose
b. acetyl CoA
c. pyruvate
d. carbon dioxide

2 . Which of the following cannot be used to generate ATP in eukaryotic a n ....... I

a. lipids
b. carbohydrates
c. proteins
d. water
e. all of the above are used in the catabolism of energy

3. True or False Galactose can start the process o f glycolysis

Falsi
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i'li Hi и* y ill licsis

* ..... allows Earth’s distribution of photosynthetic activity determined by
. .  • i.iiinn ( In land, chlorophyll is evident from terrestrial plants, and within 
"  M: iu|iliyll o f  phytoplankton, (credit: modification of w ork by SeaWiFS 

! ,nl I' ll г Flight Center and ORRIMAGE / Biology 2E QpenStax)

• ■ ' a mi to humans require energy to carry out their metabolic processes.
■ ..I ......... kv by eating; that is, by ingesting other organisms. But where docs

№ ' .li nun Irom? The vast majority of this energy can be traced back to
k.. in.• ti.ijiii'i. students will learn how the process o f photosynthesis works

- 1 i I i i -1114v iith e s is

w< in .и you will he able to:
i.'ii " ......it o f  photosynthesis

i .nii г n f photosynthesis la other living things 
.. • mu/ i andproducts o f 'photosynthesis 

iin tit net tires involved in photosynthesis 
.........m il  explain oil bolded terms

..... I In nil life on earth. It is the only biological process that can capture
i inn mill convert it into chemical energy found in the covalent bonds of 
ф i . iMiiup o f  bacteria called cyanobacteria are the only organisms capable 

..Mu - ii. (Figure 7.2). These organisms are called photoautotrophs, 
j  light,” because they use light to generate their own food. Other 

.il. Iinigi, and most other bacteria, are called heterotrophs because they 
■ in niganisms for their energy needs. A third group of bacteria 

, .... ii* using light energy. These organisms extract energy from inorganic 
. icferred to as chemoautotrophs.
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<d) (в)

Figure 7.2 Photoautotrophs including (a) plants, (b) algae, a n d  (c) cyanobacteria synthesize llu и 
organic compounds via photosynthesis. In a (d) deep-sea v e n t, chemoautotrophs, such as the: i 
(e) thermophilic bacteria, capture energy from inorganic com pounds to produce organic 
compounds, (credit a: modification of work by Steve Hillebrand, U.S. Fish and Wildlife Scrvi.. 
credit b: modification of work by "eutrophication&hypoxia'VFlickr: credit c: modification of 
work by NASA; credit d: University of Washington, NOA/Ч; credit e: modification of work by 
Mark Amend, West Coast and Polar Regions Undersea R esearch Center, UAF, NOAA / Umli ,д 
2E QpenStaxI

Solar Dependence and Food Production

Photosynthesis is a chemical process by which certain c e lls  convert kinetic light energy to 
potential chemical energy stored in carbohydrates made fro in  carbon dioxide and water. 
Autotrophs use these carbohydrates to generate ATP th rough  cellular respiration. Excess 
carbohydrates an= stored in their o h a ta n m H io c i r
tissues, and certain heterotrophs Light PnO tO SyntnG SIS
consume them to generate their own Energy

ATP through cellular respiration. The 
waste products of aerobic cellular 
respiration, carbon dioxide and water, 
can then be used as the starting 
reactants for photosynthesis. In this 
way, photosynthesis and aerobic 
cellular respiration are interrelated 
metabolic pathways (Figure 7.3).

Figure 7.3 Photosynthesis and aerobic 
cellular respiration arc interrelated 
metabolic pathways, (credit: Jason 
Cashmore)

6 C 0 2 + 6 H  2 0 C6H 120 6 + 6 0 .

.„v Aerobic
Ceellular Respiration
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'"snlhcsis powers 99 percent of Earth’s ecosystems. When a top predator, such as a wolf 
• mi n deer (Figure 7.4), the wolf is at the end of an energy pathway. The pathway begins 
hglit energy from the sun. Light energy is captured by photoautotrophs that carry out 
• 7 nthesis to produce carbohydrates. Hcterotrophs such as the deer consume the 

"hydrates in the vegetation. When a wolf eats a deer, it obtains energy that was initially 
к nl by plants.

Carnivores,

Omnivores

lerbivores

Sun
(tight energy)1 Producers

(autotrophs)

M inerals and 

Nutrients

Consum ers

(heterotrophs)

■ —  -7 E n erg y M o v e m e n t

M in e ra l an d  N u tr ie n t  

M o v e m e n t

'  I The predator that eats these deer receives a portion of the energy that originated in the 
. ulhctic vegetation, (credit: Elizabeth O'Grady original pictures by: wolf - Mas3cf / deer - 
. iitnin of work by Steve VanRiper / plant - Katpatuka /sun - NASA SDO)

l I M S  IN ACT ION- Click the following link to lcam more about photosynthesis.
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M ain  S tru c tu re s  an d  S u m m a ry  o f  P hotosyn thesis

Photosynthesis is a multi-step process that requires 
specific wavelengths of visible sunlight, carbon dioxide, 
and water (Figure 7.5). After the process is complete, 
producers release oxygen and produce glyceraldchydc-3- 
phosphate (G3P), G3P is a simple carbohydrate molecule 
that can be converted into glucose, sucrose, or dozens of 
other sugar molecules.

Figure 7.5 Photosynthesis uses solar energy, carbon 
dioxide, and water to release oxygen to produce energy­
storing sugar molecules, (credit: Fowler et al. Concepts 
of Biology / OncnStax)

The complex reactions of photosynthesis can be summarized by the chemical equation I 
Figure 7.6. Although the equation looks simple, many steps must take place, and plioln- > 
is quite complex. To better understand photosynthesis, students will first become fannli 
leaf anatomy.

Light energy

6C02 + 6H20  C6H120 6 + 602
Figure 7.6 The process of photosynthesis can be represented by an equation. Inorgaim 
dioxide and water are combined with light energy to form glucose and oxygen. As w n 11 
respiration in chapter 6, the multiple arrows in this equation indicates that multiple cln » 
reactions are involved, (credit: Jason Cashmorc).
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- .......... 111 h r lie S tru c tu re s

I '.nimynthesis generally takes place in the leaves, which consist of several layers of 
it ' I", и кк> of photosynthesis occurs in a middle layer called the mesophyll (Figure 7.7).
■' • i»n layers that make up the mesophyll, the palisade mesophyll and the spongy 

it lli. palisade mesophyll is made up of elongated cells that contain a large quantity of 
■ < I lie palisade 
и .< Ни- mujor site of 

.Hu it Spongy mesophyll 
m..a am chloroplasts, but 

•*•■■. iin* palisade mesophyll.
'•'i- air lncgularly shaped 

i.aiween (hem. The 
■ и. |ii>ri such as oxygen 

rule to pass through 
•..... iIh palisade

'  ........ aection of a plant
(aiv*i a Л 11111 is / Wikimedia

sal

Ц, , '  in , nthesis, plants take in carbon dioxide and release oxygen. Gas exchange into and 
■t ■ ..il m mis through small openings called stomata (singular: stoma). Stomata play 

• a. i in regulation of gas exchange and water balance. The stomata are typically located 
. ..I. nl Ihe leaf, which helps to minimize water loss due to higher temperatures on 

к - 11 м r ol the leaf. Each stoma is flanked by guard cells that regulate and control the
w l i In iing of the stomata. Guard cells close the stomata when too much water is

limn the leaf. In many plants the stomata are located in the epidermis, a protective 
Utii covering leaves, stems, and roots. The epidermis can be found on both the upper 

i 11iii с» of leaves and secretes a waxy substance called the cuticle. The cuticle is an 
>.l ipi.ilion that helps plants conserve water and acts as a protective barrier limiting

i liii eukaryotes, photosynthesis takes place inside an organelle called a chloroplast. 
hi lun r u double membrane envelope composed of an outer and an inner plasma 

1 1., inner membrane is ancestrally derived from ancient free-living 
, I In liikuids are stacked, disc-shaped structures found within the chloroplasts.

- in' in . I. up of membranes embedded with proteins and chlorophyll. Chlorophyll is 
.. i.. iill* necessary to absorb light. The thylakoid membrane encloses an internal 
i Пн' thylakoid lumen. As shown in Figure 7.8, a stack ofthylakoids is called a 

... i iii,- liquid-filled space surrounding the granum is called stroma. Do not confuse 
ill llir stoma, an opening on the leaf epidermis used for gas exchange.
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lower

Stomaia

Figure 7.8 Cells within the middle layer of a leaf have chloroplasts, which contain the 
photosynthetic apparatus, (credit: modification of work by Cory Z anker/Concepts of Ни I 
QpenStaxi

a-!;-

mernbrane
G rcvriifr

-'HCIl'.i

Check your knowledge
On hot, dry days, plants close their stomata to conserve water. What impact will tin 
have on photosynthesis'?

.huv.ver- With the stomata elo.ani ' 
t'\chiin(-c poses. I f  plants cannot take in e a i ■ - 

they cannot can y out the process ot pinn-
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I I hr Two Parts of Photosynthesis

Chloroplast
Stroma

ADP + P. + NADP

,— > ATP + NAD PH —

Thylakoid

iiimir '  

'iioinbrane

^  .1.. ,i. lakes place in two stages: the light-dependent reactions and the Calvmf, ^
j f  t  | hr light-dependent reactions take place in the thylakoid membrane,

E g ,,  и aliMirbs light energy and then converts it into chemical energy with thehê
V  i i И. pendent reactions water is broken down, and oxygen is released as abyf

..... .. le lakes place in the stroma. During the Calvin cycle, the chemical
,  , 11ir light-dependent reactions drives the synthesis of sugar molecules froif
ь i h* iwo reactions use carrier molecules to transport the energy from one staff:'
,, It,. i uiiicrs, NADPH and ATP, move energy from the light-dependent raff1' '
L . ,. I. NADP is an electron carrier similar to NAD+lwhich is used in aerobic!1

[he
l,r/gy

rn  ..„I A IT can be thought of as being “full” because they bring energy prodiifjV 
I, t . , nili iit reactions to the Calvin cycle. After the energy is released, the “empty f  

E , .  NADI'1 and ADP + Pi, return to the light-dependent reactions to obtain moit

| | ^ > .. i ■■

i иilit-dependent Reactions The Calvin Cycle

' I'luUosynthesis takes place in two stages: light-dependent reactions andth1 
"In Kahn Academy / original work by Clark et al. /  Biology 2E OpenSti

is  \l IION - Click the Jink to learn more about photosynthesis.
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S e c tio n  S u m m ary

The process of photosynthesis transformed life on earth. By harnessing energy from thr u ii 
photosynthesis allows living things to access enormous amounts o f energy. Only autolin|4# 
perform photosynthesis. These organisms require pigments, such as chlorophyll, to iiIisihIi 
and convert it into chemical energy. Photosynthesis uses light energy, carbon dioxide ■■■ 
to  synthesize carbohydrates, such as glucose, and releases oxygen. Eukaryotic autotroph* 
as plants and algae, have organelles called chloroplasts in which photosynthesis takes pi- .

Exercises

1. On a hot, dry day, plants close their stomata to conserve water. What impact will и « 
have on photosynthesis?

2. What two products result from photosynthesis?
a. water and carbon dioxide
b. water and oxygen
c. glucose and oxygen
d. glucose and carbon dioxide

3. Which statement about thylakoids in eukaryotes is not correct?
a. Thylakoids are assembled into stacks.
b. Thylakoids lack membranes.
c. The space surrounding thylakoids is called stroma.
d. Thylakoids contain pigments such as chlorophyll.

4. Hctcrotrophs directly obtain their energy from:
a. the sun
b. the sun and eating other organisms
c. eating other organisms
d. consuming water

5. Why are carnivores, such as lions, dependent on photosynthesis to survive?
6. Label the following diagram.

C redit: SuperM anu /  CC BY SA 3.0
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is reactant] -vtil] tali, aud levels ol oxygen i.a produ .r: ‘--.-И fi:-s Л; a 
k U-:->tlU!Csib Will -low down

«. jpals that «at plants.
5. ihyWkoic Uimun iiusidi 

space of )hy lahoid >
^ ^ р И Км» ... thyiaknki membrane

^ H k a i i  Il'jkl) ". gra-nim (stack ol
(Й К -  tiii 'akolCSl
В S .rs  ,.koi:l

i the second stage of photosynthesis where chemical energy produced in the light- 
Rm< lions drives the synthesis of sugar molecules
liapli»: un organism capable of producing its own food by extracting energy from 

•featim nl compounds
N iIn grren pigment that captures the light energy that drives the reactions of 

• И
i Un h i  nanclle where photosynthesis takes place 

■ i Iki kid thylakoids located inside a chloroplast

>|н . uili/.cd plant cells that control the opening and closing of the stomata 

щ Ь  .in oiganism that consumes other organisms for food
■ il- nl i i-ai lion: the first stage of photosynthesis where visible light is absorbed to 

Ь  м  п  1 arrying molecules (ATP and NADPH)

il ili iniddlc layer of cells in a leaf
••Min ••pit nn organism capable of synthesizing its own food molecules (storing energy), 
■ • •••••Igy nl light

■ I ■ihttlt a multi-step chemical reaction that requires light energy, carbon dioxide, and 
• ......... i » sugar and oxygen

• . ..nil i tile that is capable of absorbing light energy

*• i ...iiimg that regulates gas exchange and water regulation between leaves and the 
- I ■ 1111 iiI stomata

i. 1 null Idled space surrounding the grana inside a chloroplast where the Calvin cycle 
<i i .inivnthcsis take place
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Section Summary

The process of photosynthesis transformed life on earth. By harnessing energy from Hi.
photosynthesis allows living things to access enormous amounts of energy. Only a .......
perform photosynthesis. These organisms require pigments, such as chlorophyll, to iih*i. 
and convert it into chemical energy. Photosynthesis uses light energy, carbon dioxiik >■ 
to synthesize carbohydrates, such as glucose, and releases oxygen. Eukaryotic autolmpl. 
as plants and algae, have organelles called chloroplasts in which photosynthesis take i I

Exercises

1. On a hot, dry day, plants close their stomata to conserve water. What impact « ill 
have on photosynthesis?

2. What two products result from photosynthesis?
a. water and carbon dioxide
b. water and oxygen
c. glucose and oxygen
d. glucose and carbon dioxide

3. Which statement about thylakoids in eukaryotes is not correct?
a. Thylakoids are assembled into stacks.
b. Thylakoids lack membranes.
c. The space surrounding thylakoids is called stroma.
d. Thylakoids contain pigments such as chlorophyll.

4. Hctcrotrophs directly obtain their energy from:
a. the sun
b. the sun and eating other organisms
c. eating other organisms
d. consuming water

5. Why are carnivores, such as lions, dependent on photosynthesis to survive''
6. Label the following diagram.

Credit: SuperM anu / CC BY SA 3.0
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, ' i.nynthcsis take place

1 •Imped m em branous structure inside a chloroplast w here the light-dependent
i nthesis take place using chlorophyll em bedded in the m em branes
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Section  S u m m ary

The process o f photosynthesis transformed life on earth. By harnessing energy from ilii> 
photosynthesis allows living things to access enormous amounts of energy. Only aut.ili 
perform photosynthesis. These organisms require pigments, such as chlorophyll, to nl«ati 
and convert it into chemical energy. Photosynthesis uses light energy, carbon dioxidi 
to synthesize carbohydrates, such as glucose, and releases oxygen. Eukaryotic autotni|ilat 
as plants and algae, have organelles called chloroplasts in which photosynthesis Uikr» |

Exercises

1. On a hot, dry day, plants close their stomata to conserve water. What impact « ill 
have on photosynthesis?

2. What two products result from photosynthesis?
a. water and carbon dioxide
b. water and oxygen
c. glucose and oxygen
d. glucose and carbon dioxide

3. Which statement about thylakoids in eukaryotes is not correct?
a. Thylakoids are assembled into stacks.
b. Thylakoids lack membranes.
c. The space surrounding thylakoids is called stroma.
d. Thylakoids contain pigments such as chlorophyll.

4. Hctcrotrophs directly obtain their energy from:
a. the sun
b. the sun and eating other organisms
c. eating other organisms
d. consuming water

5. Why are carnivores, such as lions, dependent on photosynthesis to survive’'
6. Label the following diagram.

Credit: SuperM anu /  CC BY SA 3.0
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Section  S u m m ary

The process of photosynthesis transformed life on earth. By harnessing energy front l ti»- •ни. 
photosynthesis allows living things to access enormous amounts of energy. Only a.iinimi Ц* 
perform photosynthesis. These organisms require pigments, such as chlorophyll, to nli-xli I 
and convert it into chemical energy. Photosynthesis uses light energy, carbon dioxidi mil 
to synthesize carbohydrates, such as glucose, and releases oxygen. Eukaryotic autolui|i|i.

1. On a hot, dry day, plants close their stomata to conserve water. What impact vnn i 
have on photosynthesis?

2. What two products result from photosynthesis?
a. water and carbon dioxide
b. water and oxygen
c. glucose and oxygen
d. glucose and carbon dioxide

3. Which statement about thylakoids in eukaryotes is not correct?
a. Thylakoids are assembled into stacks.
b. Thylakoids lack membranes.
c. The space surrounding thylakoids is called stroma.
d. Thylakoids contain pigments such as chlorophyll.

4. Hctcrotrophs directly obtain their energy from:
a. the sun
b. the sun and eating other organisms
c. eating other organisms
d. consuming water

5. Why are carnivores, such as lions, dependent on photosynthesis to survive?
6. Label the following diagram.

Exercises

C redit: SuperM anu / CC BY SA 3.0
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Section  S u m m ary

The process of photosynthesis transformed life on earth. By harnessing energy from tin «<■
photosynthesis allows living things to access enormous amounts of energy. Only am ..... la
perform photosynthesis. These organisms require pigments, such as chlorophyll, to nl ■ ■ • I■ I 
and convert it into chemical energy. Photosynthesis uses light energy, carbon dioxide >nul I 
to synthesize carbohydrates, such as glucose, and releases oxygen. Eukaryotic aulnlmi i (  
as plants and algae, have organelles called chloroplasts in which photosynthesis take. |il«u

Exercises

1. On a hot, dry day, plants close their stomata to conserve water. What impact u ill M 
have on photosynthesis?

2. What two products result from photosynthesis?
a. water and carbon dioxide
b. water and oxygen
c. glucose and oxygen
d. glucose and carbon dioxide

3. Which statement about thylakoids in eukaryotes is not correct?
a. Thylakoids are assembled into stacks.
b. Thylakoids lack membranes.
c. The space surrounding thylakoids is called stroma.
d. Thylakoids contain pigments such as chlorophyll.

4. Hctcrotrophs directly obtain their energy from:
a. the sun
b. the sun and eating other organisms
c. eating other organisms
d. consuming water

5. Why are carnivores, such as lions, dependent on photosynthesis to suivivc '
6. Label the following diagram.
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Section  S u m m ary

The process of photosynthesis transformed life on earth. By harnessing energy from lli< 
photosynthesis allows living things to access enormous amounts of energy. Only milnln i 
perform photosynthesis. These organisms require pigments, such as chlorophyll, to nlum 
and convert it into chemical energy. Photosynthesis uses light energy, carbon dioxide >ii 
to synthesize carbohydrates, such as glucose, and releases oxygen. Eukaryotic autotiuph 
as plants and algae, have organelles called chloroplasts in which photosynthesis take . |il

Exercises

1. On a hot, dry day, plants close their stomata to conserve water. What impact u ill 
have on photosynthesis?

2. What two products result from photosynthesis?
a. water and carbon dioxide
b. water and oxygen
c. glucose and oxygen
d. glucose and carbon dioxide

3. Which statement about thylakoids in eukaryotes is not correct?
a. Thylakoids are assembled into stacks.
b. Thylakoids lack membranes.
c. The space surrounding thylakoids is called stroma.
d. Thylakoids contain pigments such as chlorophyll.

4. Hctcrotrophs directly obtain their energy from:
a. the sun
b. the sun and eating other organisms
c. eating other organisms
d. consuming water

5. Why are carnivores, such as lions, dependent on photosynthesis to survive '
6. Label the following diagram.

Credit: Superfvlanu / CC BY SA 3.0
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Understanding Pigments

Pholtosynthetic organisms use pigments to absorb light energy from the visible spectrum 
Pigments are molecules which absorb certain wavelengths of light and reflect or transmil ill 
o ther wavelengths. All photosynthetic organisms contain a pigment called chlorophyll u 
Chlorophyll a absorbs wavelengths of light from either end of the visible spectrum: violii. 
indi^go, blue, and red light. Chlorophyll a reflects the colors in the middle of the visible s | h < ' 
green and yellow light. This explains why most plants appear to be green in color.

Plamts use accessory pigments to absorb additional parts of the visible light spectrum. Otlin 
pigrment types include chlorophyll b, xanthophyll, and beta-carotene. Chlorophyll b absoil» i '•« 
red, and orange light whereas xanthophyll and bcta-carotene absorb blue and violet light I In 
specific pattern of wavelengths can identify each type of pigment.

Not all photosynthetic organisms have full access to sunlight. Some organisms grow undci • it. 
w here the light intensity decreases with depth, and the water absorbs certain wavelengths l hi 
orgaanisms grow in places where they must compete for light. For example, plants on the

rainforest floor must be able to absorb any bit of light lh»i 
comes through because taller trees block most of the 
sunlight (Figure 7.14). Keep in mind, if plants cannot .il • 
enough light to carry out photosynthesis, they will die

Figure 7.14 Plants that commonly grow in the shade .......
from having a variety of light-absorbing pigments, (ciml 
Jason Hollinger/ Concepts of Biology QpenStax)

H o w  Light-Dependent Reactions Work

The overall purpose of the light-dependent reactions is to convert light energy into chentii »l 
епем-gy in the form of ATP and NADPH. NADP+ is an electron carrier, much like NAD wlm I 
u s e d  during aerobic cellular respiration. When NADP+ is reduced to NADPH, it shuttles hiц11 
ene*-gy electrons from the light-dependent reactions to the Calvin cycle. Both ATP and NADI и 
will be used in the Calvin cycle to drive the synthesis of sugar molecules.

The= light-dependent reactions begin in a complex 
ca lled  a photosystem (Figure 7.15). Photosystems 
are located in the thylakoid membrane and are made 
up o f  both pigments and proteins. Pigments in the 
pho tosystem absorb photons of light. A photon is a 
d iscre te  quantity or “packet” of light energy.

F ig u re  7.15 shows a photosystem with chlorophyll 
mol ecules that absorb light energy, (credit: Fowler 
etaU . Concepts of Biology QpcnStaxl

Г \
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■. . titicl some prokaryotes, two photosystems exist. The first photosystem used in the 
. ti l. ut reactions is called photosystem II. Photosystem II was named for the order of its 

. .ilia than for the order in which it functions (Figure 7.16).

Electron 
transport chain

Light |
H- H*

\  Light

Stroma

" ‘Л1Н1Й1 
•* • I n a im *

H,0 2H

i h I mm photosystem II, the electron travels along the electron transport system, and 
ши the electron is used to pump hydrogen ions into the interior of the thylakoid. (credit: 

it to Elizabeth O'Grady original work of Fowler et al. / Concepts of Biology OnenStax)

17 Tight energy is 
. il by pigments and 
in the special pair of 

,'hуII и molecules 
и. electron is excited 

nmund state to its • 
. .1 ilnlc. (credit:

.. I liy Elizabeth 
. 1  niiginal work of 
. i il htology 2E

. . .  m i . in photosystem II absorb light energy, it is passed to a special pair of chlorophyll a 
.1. located in the reaction center of the photosystem (Figure 7.17). The reaction center is 
i in the middle of the 

I. in and contains
. .pccial chlorophyll a Light
nli and a primary 
и .и i eptor molecule.

ГТит.вГу electron

OitQfOphytl a pan

Light energy
excites the electron • —Electron in its excited state 
of the chlorophyll a

T —Electron in its ground state

Chlorophyll 0  pasr
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Light energy causes an electron in the reaction center chlorophyll a molecules to b 
“excited" (Figure 7.17). As the electron is excited, the energy associated with the 
increases. In the excited state, the electron is donated by the chlorophyll a molecub ■ 
to the primary electron acceptor, also located in the reaction center (Figure 7.17).

High-energy electrons in photosystem II are passed through a scries of proteins in il> 1 
membrane called the electron transport chain (Figure 7.18). As the electrons arc p;u 
energy from the electrons is transferred to membrane proteins that function as pun i| ■ ■
active transport, protein pumps use the energy to move hydrogen ions against then ■ 
gradient from the stroma into the thylakoid space. Because of their charge, hydrop 
only diffuse across the thylakoid membrane through integral proteins. ATP syntha . 
hydrogen ions to diffuse across the thylakoid membrane generating ATP.

The process of using light energy to synthesize ATP from ADP plus inorganic phi. , . 
called photophosphorylation (Figure 7.18). Using photophosphorylation, a plant 
generate 18 ATP molecules to synthesize one molecule of glucose in the Calvin cy. :

Light
N AD P ' + H * NA i

N A D P ’
reduci.»P S  1

‘ Thylakoid lumen

ш р т т

ATP

Figure 7.18 shows the light-dependent reactions in the thylakoid. (credit: Clark cl .il 
2E OpenStaxl
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.... . , |"11' 11 ls accepted by a pigment molecule in the reaction
lln. pliiitunystcm is called photosystem I (Figure 7.18). At

........... . 'I with more light energy. The excited electron is
H***1 d In NADI’1. When NADP1 accepts two high energy 

t i и 1ч ii dm ed to NADPH. The NADPH will now carry the high 
• Inm* iIii’V will be used in the Calvin cycle.

|h»i«» dir plant cell must generate 12 NADPH molecules in the
• ........ 'I'Hi''. Ihc electrons from the reaction center chlorophyll
■W 1н- и placed. To replace the electrons, water is oxidized 

viti-n ((>■) and hydrogen ions (H+) are formed and 
•  I In iuygcn molecules are released to the surrounding 
H " la i nine part ol the hydrogen ion gradient, which is used to

•  P " ' i<ai у because they provide energy in the fonn of ATP and
........N M il'll carry energy from the thyiakoid membrane to the
■I pliiiliniyiillu'sis, (he Calvin cycle, will now take place.

’•Hi »pn trum is used by plants?

Ш N»w explain what they use water for?

I' ji 'i ibe щ  viable 1 it spectrum. Violet, blue and <; 
*‘ ' * ■ J arc u*fSm<*theavily, plants use 1 its, s
f -.'i- i ions cs pail o! ihe leceiom uapr-poni chant davinc 
►‘•depiiridom teaiBouj. Those electrons will 1ч used to 

potvei carbon fixation in the Calvin cycle.

!■

237



Section Summary’

In the first part of photosynthesis, the light-dependent reaction, pigment molecules ah <■ -i 
from the sunlight. The most common and abundant pigment is chlorophyll a. Light eni-igy 
strikes photosystem II to initiate photosynthesis. Energy travels through the electron tian i- 
chain, which pumps hydrogen ions into the thylakoid space. This forms a concentration i <> tU 
The ions flow through ATP synthase from the thylakoid space into the stroma in a pnu i • 4  
chemiosmosis to form molecules o f ATP. ATP is used for the formation of sugar mold и I* н 
the second stage of photosynthesis, the Calvin cycle. Photosystem I absorbs a second plmii 
which results in the formation of an NADPH molecule. NADPH is an energy carrier III i 
transports high energy electrons to the Calvin cycle. A total o f 6 water molecules will In- 
oxidized during the light dependent reactions, which releasees electrons to the photosy ii m 
6 Oz molecule as waste products. 12 NADPH and 18 ATP are generated during the liglii 
dependent reactions and will then be used in the Calvin cycle.

Exercises

1. What is light energy used for in the light-dependent reactions?
a. split a water molecule
b. energize an electron
c. produce proteins
d. synthesize glucose

2. Which molecule absorbs light energy?
a. ATP
b. glucose
c. chlorophyll
d. water

3. Plants produce oxygen when they photosynthesize. Where does the oxygen come In .
a. splitting water molecules
b. ATP synthesis
c. the electron transport chain
d. chlorophyll

4. Which color(s) of light does chlorophyll a reflect?
a. red and blue
b. green
c. red
d. blue

5. Describe the pathway of energy in light-dependent reactions.
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7.3: The Calvin Cycle

Learning objectives
By the end o f this section, you will be able to:

• Describe the Calvin cycle
• Define carbon fixation
• Explain what photorespiration is
• Explain how photorespiration has led to the evolution o f C4 and СЛ Kfplants 
■ Be able to define and explain all bolded terms

After energy from the sun is converted and packaged into ATP and NADPH, the cell has the 
chemical energy needed to build carbohydrates. However, chemical energy alone is not enough 
the cell also must have a carbon source. Where docs the carbon come from? The carbon atom* 
used to build carbohydrates come from carbon dioxide. The Calvin cycle is a set of chemical 
reactions that uses the ATP and NADPH generated in the light-dependent reactions to form 
glucose and other carbohydrates (Figure 7.19).

Light-dependent Reactions The Calvin Cycle

Light Chloroplast

Granum

Outer 
membrane

Inner 
membrane

Figure 7.19 Photosynthesis takes place in two stages: light-dependent reactions and the Calvin 
cycle, (credit: Kahn Academy / original work by Clark et al. / Biology 2E QpenStax)
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■ In tc rw o rk in g ’s o f  th e  C a lv in  Cycle

nils, carbon dioxide (CO2) enters 
> into the stroma of the 

■mpliist where the Calvin 
' и actions take place 

ф иг 7.20). The reactions arc
.... I idler Nobel Prize-
•niing American scientist 

1 In Calvin, who discovered

the plant through the stomata. The carbon dioxide then

... 7.20 Light-dependent 
iii hiн harness energy from 
■ hi to produce ATP and 
I'l'll. These energy-carrying 
In -lies travel into the stroma 

(lie Calvin cycle reactions 
• place, (credit: Fowler et al. / 

pii. >• Biology OpenStaxl

- i nlvui cycle reactions (Figure 7.21) can be organized into three basic stages: carbon
.... 11, reduction, and regeneration. In addition to CO:, two other molecules are needed to start

the Calvin cycle: Rubisco (an 
enzyme), and the molecule 
ribulose bisphosphate 
(RuBP). RuBP is a fivc- 
carbon molecule with a 
phosphate group at the end of 
the molecule.

Figure 7.21 The Calvin cycle 
has three stages, (credit: 
Fowler et al. / Concepts of 
Biology QpcnStax)
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Rubisco catalyzes a reaction between 3 molecules of CO2 and three molecules of Rulll’ 11 
reaction results in the formation of three six-carbon compounds. These three six-carbon 
molecules immediately split into six three-carbon compounds called 3-PGA (Figure 7..' 1 1 
process is called carbon fixation because CO; is “fixed” from its inorganic form into lli< ■ 1 
form of 3-PGA.

ATP and NADPH use their stored energy to convert the six 3-PGA, into another three 1.111 
compound called G3P (Glyceraldehyde 3-phosphate) (Figure 7.22). This type of react! 
called a reduction reaction because it involves the gain of electrons. The molecules of ЛI ir 
NADP‘ resulting from the reduction reaction return to the light-dependent reactions to I» и 
energized.

One of the G3P molecules leaves the Calvin cycle and can be used to form carbohydrate 1 
form a glucose molecule, a six-carbon sugar, it takes two molecules of G3P. The Calvin 1 
needs to make two turns before it can yield one glucose molecule. The remaining G3P nini 
regenerate RuBP, which enables the system to prepare for another round of carbon-lix.iiini 
(Figure 7.22). ATP is also used in the regeneration of RuBP.

1. Carbon fixation

Figure 7.22 The Calvin cycle has three stages, (credit: Elizabeth O'Grady)

In summary, nine ATP, six NADPH, and three molecules of carbon dioxide arc ncctli il 1 
each round o f the Calvin cycle. Both the ATP and NADPH are generated in the thyl.il • 1 
membrane through the light-dependent reactions (Figure 7.23). The Calvin cycle net »■ 
stroma and begins when carbon dioxide is fixed to RuBP with the help of the enzyini ml* 
For one turn of the Calvin cycle, the plant cell gets to use one G3P to synthesize cailmli ь 
(Figure 7.23). Simple carbohydrates, such as glucose, can then be used by the plant l>< 
aerobic cellular respiration.
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I m ill-independent reactions 

И’ H '
Calvin cycle

NAIM- * H* NADPH

RuBP

NADPH
11‘ i »<i lumen

N A D P ^H "

” " i membrane

i ' i'IiI reactions harness,i- igy from the sun to produce chemical bonds, ATP, and 
In i energy-carrying пц| , ulis are made in the stroma where carbon fixation takes 
1 i laik et al. / Bioloci;l i iprnSlax)

i м TIC i- T he  fulli m mg is a link to an animation of the Calvin cycle. Click 
. and then Stage 3|ц h i i i II’ and ATP regenerate to form RuBP.

b a lluii

и i -,x of photosynthesi 1 i i hanged very little over time. The light-dependent 
fii in absorb light and| nIih e short-term energy carriers. The energy is then used in 

• I -11- icactions to makt 111 As with all biochemical pathways, a variety of 
■ Ini to different adr пик

1 ini' Iniced to c lose the iiuuala for prolonged periods of time, gas exchange cannot 
■ nicly limited- Bee* . jilniits can continue to do the light-dependent reactions,

U up in the cells. Recall ш the light-dependent reactions, water is split to replace the 
1 »| h i lal chlorophyll a nmlmilc. This reaction generates oxygen as a by-product,

n me used for carl . iimn in the Calvin cycle, can bind to carbon dioxide or 
i in ItuBP. In tim I n  n oxygen is in a higher concentration than carbon
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dioxide, for example when the stomata arc closed on hot days, rubisco will fix oxygen ■■ ■ 
a process called photorespiration (Figure 7.24). The process of photorespiration wu .i> > ill 
energy carriers that were produced in the light-dependent reaction and does not lead In ll>. 
production of glucose. When photorespiration happens, the plant cannot generate sug.n <*< 
must have to carry out aerobic cellular respiration.

CO,

Calvin Cycle
Low water stress

Rubisco

RuBP

c c c c c

0 ,

Photorespiration
Drought conditions

- High Concentration 

of carbon dioxide/ 
Low Concentration of 
oxygen in the cell

- Low Concentration 
of carbon dioxide/ 
High Concentration 
of oxygen in the cell

Figure 7.24 shows the difference between rubisco in the Calvin cycle and photorespiration 
(credit: Elizabeth O'Grady)

Drought-adapted plants have evolved in such a way that they are able to reduce the impact ul 
photorespiration. C4 plants, such as com and sugar cane, can photosynthesize even when ( ' 1 
in short supply. When it is extremely hot and dry, plants are forced to close most or all of tin u 
stomata to prevent water loss. With their stomata closed, gas exchange is extremely limited m,.i 
O’ builds up. By using special enzymes and carrying out the Calvin cycle reactions in mcsii|ili>( 
cells called bundle sheath cells, photosynthesis can continue. They are called C4 plants bci .ни 
carbon dioxide must first be fixed into a four-carbon molecule, oxaloacctate, before it can lx 
used to produce glucose.

CAM (Crassulacean Acid Metabolism) plants such as cacti (Figure 7.25), pineapple, and Sp....
moss, open their stomata at night to exchange gas. By doing so, the 
plant can preserve water. Carbon dioxide can be stored in the central 
vacuoles until the daytime when the light dependent reactions can 
occur and produce the energy carriers needed to fix carbon dioxide 
during the Calvin cycle.

Both C4 and CAM plants have different adaptations that allow them to 
avoid photorespiration and cany out photosynthesis under water stress.

Figure 7.25 Cactus is an example of a CAM plant, (credit: Piotr 
Wojtkowski / Concepts of Biology QpenStax)
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tit lii I’rokaryotes

I iiit ill photosynthesis, the light-dependent reactions and the Calvin cycle, have been 
» l ■■ lliry take place in chloroplasts. However, prokaryotes, such as cyanobacteria, lack 
■■ biiiiiul organelles. Prokaryotic photosynthetic autotrophic organisms have infoldings 

01  i.i . . ihu membrane for chlorophyll
■ kihI photosynthesis (Figure 7.26). 

i twi 1 ■' prokaryotes, like cyanobacteria,
I ... < mu photosynthesis.

.'I. \  pliotosynthetic prokaryote has 
i t .  i ..ними of the plasma membrane that 
■ ■ -iik. ihylakoids. (credit: scale-bar 

...... Mutt Russell / Concepts of Biology

■ . ■ I. your knowledge
■m i  i hr location of the light-dependent reactions in prokaryotes. Where is it in 

Ш ' i oles?

■ ii me ihe inputs of the Calvin cycle?

Inoee I f  to p * ■>о ic e, the tii'hi-JctM-nJee: ч -octior: ; i . v

fttunJ iirhA(U нк’Ш the pUisntu ntvinhroto . In < t / T u n i v .  thvv ji\: on 
the thvhl.otd nientbrnniot in the ehinriipIiMi 

The Oilvot cede needs IS A TP o n j die elccii от  can tcJ hy •' M U)PH 
f n t r M h e  h iT m  ■ j c p e t ' .J v r l  t o  ! h  i h e  6  C 0 2  i n t o  1’ < i M ’.
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Using the energy carriers formed in the first stage of photosynthesis, the Calvin cycle reaction', 
fix CO2 from the environment to build carbohydrates. An enzyme, rubisco, catalyzes the carbon 
fixation reaction, by combining CO2 with RuBP. The resulting six-carbon compound is broken 
down into two three-carbon compounds, and the energy in ATP and NADPH is used to convcil 
these molecules into G3P. One of the thrcc-carbon molecules of G3P leaves the cycle to bcconn 
a part of a carbohydrate molecule. The remaining G3P molecules stay in the cycle to regencr.il» 
the RuBP, which is ready to react with more CO2. Three carbon dioxide molecules are required 
to make each G3P. Two G3P molecules can be combined to form one glucose molecule. C4 nn 
CAM plants have evolved variations of photosynthesis that allow them to survive in dry, hot 
climates, which reduces photorespiration.

Exercises

1. Where in plant cells does the Calvin cycle take place?
a. thylakoid membrane
b. thylakoid space
c. stroma
d. granum

2. Which statement correctly describes carbon fixation?
a. the conversion of inorganic CO2 to an organic compound
b. the use of RUBISCO to form 3-PGA
c. the production of carbohydrate molecules from G3P
d. the formation of RuBP from G3P molecules
e. the use of ATP and NADPH to reduce CO2

3. What is the molecule that leaves the Calvin cycle to be converted into glucose?
a. ADP
b. G3P
c. RuBP
d. 3-PGA

4. Which part of the Calvin cycle would be affected if a cell could not produce the cm им 
rubisco?

Xnsssers
i. (e)
2 t:0
3. (bj
4. Nunc of the cycle could take place because rubisco is essential in fixing§8rbon dins

Specifically, rubisco catalyzes the reaction between carbon dioxide ami RuBP at the ....... I «
cycle

Glossary

Calvin cycle: the reactions of photosynthesis that use the energy stored by the light-dcprml. ».t] 
reactions to form glucose and other carbohydrate molecules

photorespiration: when oxygen is in a higher concentration than carbon dioxide, rubisco «ill 
fix oxygen to RuBP

Section  S u m m ary
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(гг 8: Introduction to Reproduction at the Cellular Level

(a) (b) (c)
N I Л sea urchin begins life as a single cell that (a) divides to form two cells, visible by
■ electron microscopy. After four rounds of cell division, (b) there arc 16 cells, as seen in 
M image. After many rounds of cell division, a (c) mature sea urchin is formed, (credit a: 
iilion of work by Evelyn Spiegel, Louisa Howard; credit b: modification of work by 
.picgcl, Louisa Howard; credit c; modification of work by Marco Busdraghi; scale-bar

111 Matt Russell / Biology 2E QpenStaxl

i In '.even properties of life is that all organisms must reproduce. Reproduction can be
■ li on a cellular and an organismal level. Many multicellular organisms, including
i .produce sexually by first making specialized reproductive cells. Life begins when 

I'inductive cells come together to form a fertilized egg. The single fertilized cell then 
'и divide through a process that generates trillions of genetically identical cells. All 
iinliir organisms use cell division for growth, maintenance, and cell repair.

• riled organisms, such as bacteria or yeast, must also reproduce; however, they do so on 
i  и, iiscxually. At the end of asexual reproduction, the new daughter cells should be 
il in the parent cell.

Iwplcr, students will learn about different forms of cell division. Students will become 
«villi the steps that must occur for cell division to take place and the consequences of 

пи-ns if cell division does not occur in a precise, controlled manner.

- .it https://openstax.orE/ 247

https://openstax.orE/


8.1 The Genome

Learning objectives
By the end of this section, you will be able to:

• Describe the DNA o f  prokaryotic and eukaryotic genomes
• Explain why DNA must be condensed hi the cell
• Describe how DNA is condensed to fir  hi the cel!
• Be able to define and explain all bolded terms

Collectively, all the DNA found within the cell is called its genome. An organism's gemma
determines its overall characteristics. Prokaryotic and eukaryotic cells differ in both the ......
and organization of their genomes; therefore, they differ in their characteristics. Before lc.nn , 
how cells replicate, students will first take a closer look at both prokaryotic and eukaryoti 
genomes.

Genomic DNA

Ribosome

In prokaryotes, the genome is typically composed of a single chromosome. The chromoson» 
made of a double-stranded DNA molecule organized in a loop or a circle. The circular 
chromosome is found in a region called the nucleoid (Figure 8.2). Some prokaryotes also l>„. 
smaller loops of DNA called plasmids. Plasmids are not essential for normal growth, but nil. 
contain unique genes that confer beneficial properties, such as antibiotic resistance. These 
plasmids can be exchanged between Pll|\
different bacteria, and therefore, the Capsule

Ту-" Атшя)
. , X e Z s  ШCell \  , V- 1 Ж Я

beneficial properties can propagate.

membrane

Figure 8.2 Prokaryotes, including both 
Bacteria and Archaea, have a single, 
circular chromosome located in a central 
region called the nucleoid, (credit: Clark 
et al. ! Biology 2E OnenStax)

Chromosome
(DNA)

Nucleoid region

In eukaryotes, the genome is made up of several linear chromosomes (Figure 8.3). 
Chromosomes consist of double-stranded DNA molecules wrapped around proteins. Far h 
eukaryotic species has a characteristic number of chromosomes in its nuclei. In humans, nil 
(with the exception of our eggs and sperm) contain 46 chromosomes, or 23 pairs of 
chromosomes (Figure 8.3).
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| I line .ire 23 pairs o f  chromosomes in a female hum an cell. In this image, the 
were exposed to  fluorescent stains to distinguish them , (credit: “718 

... ili.i ( iimmons, N ational Human Genome Research /  Biology 2E QpcnStax)

mill < Imiiiiosomal S tru c tu re  and Packaging

i»/ •. hum all 46 chromosomes in a human cell were laid ou t end-to-end, it would measure 
mi in ly Iwo meters! T h e  average size ofa human cell is about 10 pm: this means that the
..... In- /nickuged or condensed  to fit into the cell’s nucleus. At the same time, it must
.. и.lily accessible so th a t  it can be used to make proteins. F or this reason, the long strands 

t , i-ilher loosely o r tightly condensed with the help o f  different proteins.

in I ■ N A is loosely condensed by winding it around special proteins called histone 
. ■ . die l)NA is w ound  around the protein, it forms a  long  fiber-like strand called 
■ iiii Within the chromatin fibers, stretches of DNA w ind  around several histone proteins 
„„ . .ii>ly terming beadlike complexes called nuclcosomcs. The nucleosomcs can coil,
. ч*1, mm  the DNA ev en  more (Figure 8.4).

. .11 divides, the DN A  -will be condensed even more an d  individual chromosomes will 
. ililc Chromosomes are always present in the form o f  chromatin; however, they 

, .r.ily seen until th e  cell is preparing to divide.
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Organization of Eukaryotic Chromosomes

Nucleosomes 
coiled into a 
chromatin 
fiber

Further 
condensation 
of chromatin

Duplicated
chromosome

Figure 8.4 From top to bottom: The top panel shows a DNA double helix. The second 
shows the double helix wrapped around histone proteins, which makes a nucleosomr 
middle panel shows multiple nucleosomes. The fourth panel shows that the chromatin 
further condenses into the chromosome shown in the bottom panel, (credit: Clark cl nl 
2E OnenStaxt

CON'CH’TS IN  ACTION - This animation illustrates the different levels of chroinn- 
packing.
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' ■ lunml within the cell is called its genome. Prokaryotic and eukaryt»teUs differ in
i ' unity and organization of their genomes. Prokaryotes have a singled 

0 m  whereas eukaryotes have multiple linear chromosomes. Human ctfcaccpt for 
i mi, have 46 chromosomes.

1........ tin is made of:
i I >N A only 
' I >N A and protein

I )NA and carbohydrate 
.1 l)NA and lipid

I4nt myotic cell________ .
• lb.ii. one circular chromosome
' ha* several linear chromosomes
. dues not have chromosomes
а 1ыя homologous pairs of chromosomes
к iii и prokaryotic chromosome and eukaryotic chromosomes.

the g c n b te  is typically compose!) oka single chromosome. i:;ii •
( 4 muiied DMA luoleciik игранное) in a loop or a arch; I

i'Mmd in region called die see lee-id. fa cakasgote the eo rue 'S ads up о 
t.iomosomcs. Chromosomes consist of iluiihle-nti'.indcil DA -A ■ a s  wrapped 

I a e li eukaryotic ‘•peeioj, has a ehoraeterislie number ot eh r ! ■ m '*h

■s l i s t  wound around proteins forming long fiber-like strands

biiiKlurcs made of chromatin that are visible when the cell is diAj 

............ genetic complement (DNA) of an organism
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8.2 The Cell Cycle and Mitosis

Learning objectives
By the end of this section, you wil] be able to:

• Describe the rhree stages o f  interphase
• Discuss the behavior ofchromosomes during mitosis and how the cvtopbnnm • 

divides duringcytokinests
• Explain wlr\' and hon• cytokinesis differs in plant and animal cells
• Define the GO phase
• Explain how the three internal control checkpoints occur at the end o f G1 nub 

h i  transition, and during metaphase
• Describe hon' cancer is caused by uncontrolled cell growth
• Be able to define and explain all bolded terms

The cell cycle is a series of events involving both cell growth and division. The cell i s. 
when a cell is first formed and continues until it divides and produces two new daughn i 
When a cell is dividing, it proceeds through a series of carefully timed and regulated i 
growth, DNA replication, and division.

Many multicellular organisms, including humans, reproduce sexually by the complctini 
process of meiosis. Meiosis is a process that produces specialized reproductive cells i nil 
and sperm (Figure 8.5). Sexual reproduction requires the egg and sperm to come tuyi il. 
form a fertilized egg, also called a zygote. In humans, gametes are produced in the tc n • 
males and the ovaries of females. The process of sexual reproduction and meiosis will !>. 
discussed in detail in section 8.5.

Figure 8.5 The human cell cycle includes two types of cell division: mitosis and meiosi- 
Biology QncnStax / Wikimedia Commons)

252 Return to Tab1 I



i f ,  uni) formed, it will begin to reproduce or divide through a process called mitosis 
• • MiIii-ms must occur billions of times to produce the billions of genetically identical 

bti ■ i t  и|i one multicellular human. All multicellular organisms use mitosis for growth, 
....Ii ell repair.

i  , < и I... .. major phases: interphase and the mitotic phase (Figure 8.6). During
f l t n  ih, i ell grows, and DNA is replicated. The mitotic phase consists of two subphascs: 
, ,  w  i ikmcsis. In mitosis, the nucleus breaks down and the genetic material is equally 
,4  i wv • 11 in DNA is divided, two new identical nuclei are formed. Cytokinesis then 

fc. i yinphism into two new distinct cells.

Щ0Н ....I I hr Mitotic phase

Mitotic Phase

. A ell moves through a series of phases called the cell cycle, (credit: Clark et al. / 
i »|«.rSlax)

,|h ml the majority of their time in interphase. During interphase, the cell undergoes 
i .cs while also preparing for cell division. The three stages of interphase are called 

i i S (synthesis), and G2 (gap 2).
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G i P h a se

The first stage of interphase is called the Gi phase, or gap 1. Although it may not serin like 
much happens in gap one, especially given its name, the cell is actually very active at the 
biochemical level. During the Gi phase, the cell is accumulating the materials it will need to 
replicate its chromosomes. The cell must also generate enough energy to perform the prove ■ • 
of DNA replication and cell division. The cell also continues to carry out its normal cell I uin ' «

S Phase

Throughout interphase, chromosomes are in a semi-condensed state, meaning chromatin is 
visible; however, individual chromosomes are not. In the S phase or synthesis phase, I )NA 
replication occurs. DNA replication involves making an identical copy of each chromosome I ■

helpful to refer to chromosomes ns bcinu ■■ 
either the unduplicated state or (he 

Chromosome In the unduplicated state duplicated state (Figure 8.7).

*

C h ro m o s o m e  in th e  d u p lic a te d  s ta te

S '
Sister chromatids

Figure 8.7 Chromosome in the iindiiplu no i 
state versus a chromosome in the dupln ni> 1 
state, (credit: Elizabeth O'Grady)

For example, in Gi all chromosomes exist in the unduplicatcd state. After S phase chmmu .шп ■ 
exist in the duplicated state. Chromosomes in the duplicated state each consist of two idcntn ul 
sister chromatids. Sister chromatids are firmly attached to one another at a location culled tin 
centromere region (Figure 8.8).

chromosome in the duplicated state after
nucleus synthesis of Interphase

cen tro m e re

sister chromatids

nucleosomes

bases
histones

DNA of 
double helix

Figure 8.8 shows a 
chromosome in the duplu #  I 
state consisting of two 
identical sister chromatids 
(credit: Modified by I li/,il i h 
O'Grady original win к ol 
KES47 Wikimedia i miin i t jn  . i
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....... .. arc also duplicated during the S phase. Recall from chapter 4 that ccntrosomcs arc
....toluhule-organizing centers (Figure 8.9). The two centrosomes give rise to the mitotic

. i microtubule network used to physically move the chromosomes during mitosis. The 
... мин consist of a pair of rod-like centrioles at right angles to each other (Figure 8.9).

Ii . help organize cell division in human cells and different types of animal cells. Neurons 
in die brain and spinal cord lack centrioles and are therefore amitotic, meaning they do not 

i'I.iiiH and most fungi also do not use centrioles for cell division.

<W

1 *i (a) A centrosome is composed of two centrioles positioned at right angles to each 
i a i In animal cells, the centrosomes (arrows) serve as microtubule-organizing centers of 

ImIи npindle during mitosis, (credit: Parker et al. / Microbiology OnenStax)

i . phase, or gap 2, the cell replenishes its stored energy and synthesizes the proteins 
lot separating the chromosomes. Some cell organelles arc duplicated, and the 

i i inn is dismantled to provide resources for the mitotic spindle. There may be additional 
■ ill during Gi. The final preparations for the mitotic phase must be completed before the 

j ruler the first stage of mitosis.

, ll< can also enter a resting phase called the Go phase (Figure 8.10). Cells, such as muscle 
, .1 hair follicle cells, can temporarily stop dividing and will not enter the S phase. At that 
•in м cells are said to be in the Go phase. When 
dm 1 1 1 Is can enter back into gap one of 
•l,.i«( Some cells, such as nerve cells or mature 

muscle, have permanently stopped dividing and 
i n >iiiil to be in the Go phase.

• 10 Cells that are not actively preparing to 
iiiri an alternate phase called GO. (credit: 
i il f'nncepts of Biology OnenStax) Cell Cycle
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T h e  M ito tic  Phase

The mitotic phase is a multistep process where chromosomes in the duplicated state are align-.l 
separated, and moved to opposite poles of the cell. The cell is then divided into two new 
identical daughter cells. The first portion of the mitotic phase, mitosis, is composed of five 
stages. Each stage has key events which allow for the chromosomes to be equally divided 
amongst the two daughter cells. The second portion of the mitotic phase, called cytokinesis 
the physical separation of the cytoplasmic components into two new daughter cells.

Mitosis

Mitosis is divided into five phases: prophase, prometaphase, metaphase, anaphase, and telopln • 
Each of these phases includes important events that allow for equal division of the chromosome 
into two new daughter cells (Figure 8.11).

Mitotic spindle is Cohesan proteins Animal cells i
centrosomes are separates the

Chromosomescentrosornes centromeres

chromosomes

kinetochoresNucleolus Each sister

attached to a spindle fibers

MITOSIS

PronwtaphftM AnapMsc itNoahast Cytokinesi t.P rophase M etaph.ise

Оvo
Chiomosornes Ctirornov.oines

nay developedcondense and continue to binding the sister cleavage furrowarrive at opposite
become visible condense chromatids poles and beam

at opposite poles together break io oecondense daughter cells
Spindle libers kinetochores of :ne cell J. wn
emerge from the appear at the Nuclear envelope Plant cells a cell■ ■ • : material plate separate*

are lined up at (now calltHl surrounds the dau g h u t
Mitotic spmdle the metaphase dMomosomes)Nuclear envelope each set of cl ,
imcrotuhiite i mate are pulled toward
attacn to opposite poles

The mitouc
feappeat % chromatid is spindle breaks■ ■

Centrosomes down
move toward sp;noie fiber ■ ' ■ ■
opposite poles ongmaitnq from elongating

5 pm

Figure 8.11 Animal cell mitosis is divided into five stages—prophase, prometaphase, metapli ■ 
anaphase, and telophase—visualized here by light microscopy with fluorescence, (credit 
"diagrams": modification of work by Mariana Ruiz Villareal; credit "mitosis micrographs" 
modification of work by Roy van Heesbeen; credit "cytokinesis micrograph": modification ol 
work by the Wadsworth Center, NY State Department of Health; donated to the Wikimedia 
Foundation; scale-bar data from Matt Russell/ Concepts of Biology OpenStax)
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,  pi upliasc, the first phase of mitosis, several events occur which will allow chromosomes 
: l In nlcd state to be divide. During this phase, the nuclear envelope starts to breakdown

• .....II tchicles. The Golgi apparatus and endoplasmic reticulum fragment and disperse to the
,. . of the cell, and the nucleolus disappears. The centrosomes begin to move to opposite 

. ' ilie cell with the help of microtubules. As the microtubules begin to form the mitotic
a n ,  iliry extend between the centrosomes, pushing the centrosomes farther and farther apart, 

i i i hromatids begin to coil tightly and become visible when using a light microscope.

tll/W'

, pi iniictaphase, many of the processes that began in prophase continue. The remaining 
nvclope completely disappears. The mitotic spindle continues to develop as more 

, 11 n 11 cn are formed and then stretched across the entire length of the cell. Chromosomes
......... c condensed, and individual
и nines become more visible. A protein 

i died the kinetochore attaches each 
. inimiattd to microtubules at the centromere

I ? During prometaphase, mitotic spindle 
4 il ailes from opposite poles attach to each 
, 11 niatid at the kinetochore. (credit: Clark 
itinli ■  2E QpcnStax!

-едю п

M ito tic  spindle 
/  m ic ro tub u le s

S is te r chrom atids

imtiiphase, all the chromosomes align in a region called the metaphase plate with the 
i ihc mitotic spindle. The metaphase plate is a region midway between the two poles of 
1 I he sister chromatids arc tightly attached to one another. At this time, the chromosomes 
in i: most condensed form.

, anaphase, the sister chromatids are split apart with the help of both the kinetochore 
■ nid the spindle fibers. Each chromatid is now referred to as a chromosome in the 

ilcd state. Each chromosome is rapidly pulled toward the centrosome to w'hich its 
niliiile is attached. The cell becomes visibly elongated as the microtubules slide against 
,.ihcr at the metaphase plate.

I Il/w

, Irluphase, as the chromosomes reach the opposite poles, they begin to decondense or 
. I I he mitotic spindles are broken down into amino acid monomers that will be used to 
iiili the cytoskeleton for each daughter cell. Two nuclear envelopes begin to form around 
.. p.irated group of chromosomes.
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Cytokinesis

Cytokinesis is the second part of the mitotic phase. During cytokinesis, cell .L , , 1(l ^ 
completed when the cytoplasmic components are physically separated into lv>,, ,,i.
daughter cells. Although the stages of mitosis are similar for most eukaryotes, 11,,. 
cytokinesis is very different for eukaryotes that have cell walls, such as plant i , n !■*•* i f

In cells that lack cell walls, such as animal cells, cytokinesis begins during nn,i| i„ , 
contractile ring composed of actin protein filaments forms just inside the plasuiH
the center of the cell. The microfilaments pull the equator of the cell inwaid, I.......
called the cleavage furrow. The cleavage furrow deepens as the actin ring conti a, lt 
eventually, the membrane and cell arc cleaved into two separate identical d.iny l,i . , ц  
8. 12) .

In plant cells, a cleavage furrow is not possible because of the rigid cell walls mi 
plasma membrane. A new cell wall must form between the two daughter cells 1i 
interphase, the Golgi apparatus accumulates enzymes, structural proteins, and i.. 
which will later be used to build the new cell wall. Once these materials are cnlli, 
apparatus breaks into vesicles that disperse throughout the dividing cell. Dili um i. 
microtubules move these Golgi vesicles to the metaphase plate. Once there, tin si 
fuse, forming a structure called the cell plate. As more vesicles fuse, the cell pUi. 
it merges with the cell wall at the 
periphery of the cell. Enzymes use 
the glucose that has accumulated 
between the membrane layers to 
help build a new cell wall of 
cellulose. (Figure 8.13).

Animal cell

...."*•* I»

■

i1 H. ' ^
'• I 1'- ■
slit. .

Figure 8.13 In part (a) a cleavage 
furrow forms at the former 
metaphase plate in the animal cell. 
In part (b) The cell plate grows 
from the center toward the cell 
walls, (credit: Clark et al. / Biology 
2E OnenStaxl

Golgi vesicles
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* I - mi I иm\ pledge

1-4' '  1 lliiivnij^gisihe correct order of events?
• • . Ime^ up^ the metaphase plate.

*  !...... to  -mpleted when the cytoplasmic с о ш р о ц ^ ^ ^  phyS]cally

. i . „ i . .  |„ iii- iwOecomes attached to each chromosome, 
in in 1.1 grids separate.

- ' ... I г l.iignns.
i .1 ivcl Доре starts to  breakdown into small vesiC|

* /. 4. ), :

i 1
! I li 
I ill

i 4̂ 1S- This pane of movies illustrates diffe^ 
tn microscopy of cell division in a newt lur^ nt aspects of mitosis. Watch 

cell” and identify the phases

, , . .m i l  и! ilihheCell Cycle

. II i ytl isle varies greatly depending on the orga^ 
,i„„ M(. ;iol all cells will divide at the same rate. sm. Even within a
......n|,«oryonic cells that divide in just a few he h“ ’ l*e frequency of cell
, | ,,1,-gIe. There is also variation in the time th*,'5 to “ lls the neLur° ns o fr 

. 0 -dividing mammalian cells are grown * ,ce11 sPends 1Q « “*  Phase ° f
............mans, the length of the cycle is a p p r o x in ,* ,^  '3Utsi*  ^  body unrder

I, ,  .  s controlled by mechanisms that are both ly 24 hours' The ,,m,ng ° f ,1 internal and external to the cell.

,.,,111й1 ( Э Checkpoints

о i, l xJ(Cxact copies of the parent cell. Mistakes;.
I, ,,| Id to mutations that will then be passed 0h ‘hc duPllcation or distribution 
, ,1 , oJ cell from continuing to divide, there arc, 0 every new cel1 Produced To

..........  ISt which the cell cycle can be stopped U|,,?ernal contro1 mechanlsms or
i i imii-ii'ints where cell division can be stopped conditions arc favorable.

„ " , ,;m| .  bd during metaphase (Figure 8.14). ^  occur near th e  end of G l- at

jWnnenstax.org/
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Mitotic Phase 
I

Checkpoint
M Checkpoint Formation 

of 2 daughtei 
cells

Figure 8.14 The cell cycle is controlled at three checkpoints, (credit: Fowler et al. / ( o' 1 
Biology OnenStaxl

The Gi Checkpoint

The Gt checkpoint determines whether all conditions are favorable for cell division in p " ' • 
The Gt checkpoint, also called the restriction point, is the point at which the cell irrevt t 1 1 
commits to the cell-division process. In addition to adequate protein reserves and cell »i# i  1 

is a check for damage to the genomic DNA at the Gi checkpoint. A cell that docs not им •' 
requirements will not enter the S phase.

The G: Checkpoint

The G; checkpoint prevents the cell from entering the mitotic phase if  certain condition* 
met. As in the Gi checkpoint, cell size and protein reserves are assessed. However, thr n -< 
crucial role of the G2 checkpoint is to ensure that all the chromosomes have been repln 1 
that the replicated DNA is not damaged.

The M Checkpoint

The M checkpoint occurs near the end of metaphase of mitosis. The M checkpoint is .il 1 
as the spindle checkpoint because it determines if all the sister chromatids are correctly .hi 
to the microtubules that make up the mitotic spindle. Because the separation of the sistn 
chromatids during anaphase is an irreversible step, the cycle will not proceed until each |i« 
sister chromatids is firmly anchored to spindle fibers arising from opposite poles of the
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IЦ ■.' I ION- Watch what occurs at the Gi, G->, and M checkpoints by v isiting  this 
it» i i'll cycle.

• . M I ION: The Implication o f an Out o f Control Cell Cycle

,.M. i live name used to describe many different diseases caused by uncontrolled cell 
, in the redundancy of the cell cycle, errors can occur. Proper replication o f  DMA
I ........ . monitored closely during the cell cycle checkpoints. However, even with
ni> n email percentage of replication errors, called mutations, can occur and b e  

■laughter cells. If one of these mutations occurs within a gene, a gene m utation

ыиi when a gene mutation gives rise to a faulty protein that is used during c e ll 
i и inn mistakes allow subsequent mistakes to occur more readily. Over a n d  over, 

i ti ll errors arc passed from parent cell to daughter cells. Eventually, the p a c e  of 
, . i its up as the effectiveness of the control and repair mechanisms decreases.

...... will of the mutated cells outpaces the growth of normal cells in the area, and a
mil

и abnormalities may cause loss of cell cycle control. Environmental fac to rs, such 
. minting, can also damage DNA and impact control of the cell cycle. O ften , a 
I I mill genetic predisposition and environmental factors lead to cancer.

.,i a tell escaping its normal control system and becoming cancerous may happen 
i Inuly quite frequently. Fortunately, specific cells of the immune system a re  

, iii/.ing cancerous cells and destroying them. However, in some instances, the 
ii> i cumin undetected and continue to proliferate.

I minor docs not pose a threat to surrounding tissues, it is said to be benign and can 
.. 11 у i rmoved. A tumor becomes malignant, or cancerous, when it spreads beyond 
Miiyiimlcs in. The specific names of cancers reflect the tissues they arise in. F or 

l he cancerous cells originate in white blood cells, important immune defense  
. ' i щ called leukemia.

dir type and stage of cancera person has, treatments vary. Traditional approaches, 
.. . iv. radiation, chemotherapy, and honnonal therapy, aim to remove or kill rapidly 

i i ells, but these strategies have their limitations. Depending on a tumor’s  location
■ I «I unable to remove it. Radiation and chemotherapy are difficult, and it is often 

. i hi get only the cancer cells. The treatments inevitably destroy healthy tissu e , as
■ . ibis, researchers are working on pharmaceuticals that can target specific 
In. eil only in cancer-associated cells.
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Section Summary

The cell cycle is an orderly sequence of events. Cells on the path to cell division pn«. г 
a series of precisely timed and carefully regulated stages. In eukaryotes, the cell cyi li< i • 
a long preparatory period, called interphase. Interphase is divided into Gi, S, and ( p p. •.. 
Mitosis consists of five stages: prophasc, prometaphase, metaphase, anaphase, and ii I■ |itia 
Mitosis is usually accompanied by cytokinesis, during which the cytoplasmic O" ihpipu , 
daughter cells are separated either by a cleavage furrow, animal cells or by cell plate l am 
plant cells.

Each step of the cell cycle is monitored by internal controls called checkpoints. I hi и .. .  
major checkpoints in the cell cycle: one near the end of Gi, a second at the G?-M (• ши 
the third during metaphase. Cancer is the result of unchecked cell division caused l>\ . 
breakdown of the mechanisms regulating the cell cycle.

Exercises

1. Which phase will come between prophase and metaphase?
a. Telophase
b. S phase
c. Anaphase
d. Prometaphase

2. Chromosomes are duplicated during what portion of the cell cycle?
a. Gi phase
b. S phase
c. prophase
d. prometaphase

3. Separation of the sister chromatids is a characteristic of which stage of mitosi
a. prometaphase
b. metaphase
c. anaphase
d. telophase

4. Cancers can begin when a mutation occurs in the DNA
a. TRUE
b. FALSE

5. What is necessary for a cell to pass the G2 checkpoint?
a. the cell has reached a sufficient size
b. an adequate stockpile of nucleotides
c. accurate and complete DNA replication
d. proper attachment of mitotic spindle fibers to kinetochores

6. Describe the similarities and differences between the cytokinesis mechanisin' linn 
animal cells versus those in plant cells.
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. I less sinkarines 4 4  ween animal cell and p]<jn1 celi cytokinesis. I n  annul cells. «
•> libers in a rm e d  around the periphA- oi Ik* ceil at the Aimer mernphaSi' plate. The 
• • liiacis inward, pulling the plasma membrane toward (he center ul the cell until i h r *  
. J  in tw o . In plant sells, a «ess cel! 'vail must be formed between Он: daughter cel is. 
ii's- ligii.ilrcl! wills of ihSPurertt cell, contraction o f  the middle rtf th e  cel! is net 

fc.tip Й cell plate is ffmied fr. die center of'the cell at the termer motaphase plate. The 
term ed (roro vesicles limit contain enzymes. proteins, and glucose. Hie vedeies 

enzym es build a new cell wall from she proteins and glucose I b e  cell plate prows 
•. cmuiiTfy t'nsc-n with, the ceil vwdl <ii'Bte parent cell

•M

• * tlx .Inge o f mitosis during which sister chromatids are separated from each other

* *• lint ordered sequence of events that a cell passes through between one cell division 
•««I

In i к points: mechanisms that monitor the preparedness of a eukaryotic cell to 
'« 'tigh the various cell cycle stages

•' ■ • i «tincture formed during plant-cell cytokinesis by Golgi vesicles fusing at the 
■ • ■ i Ulc; will ultimately lead to the formation of a cell wall to separate the two daughter

.■■•I ■ microtubule-organizing centers that give rise to the mitotic spindle

lurrow: a constriction formed by the actin ring during animal-cell cytokinesis that 
• inpliismic division

• 'w .li the division of the cytoplasm following mitosis to form two daughter cells

»••• i cell-cycle phase distinct from the Gi phase of interphase; a cell in Go is not 
и i" divide

»%•<• lulso called g a p  1) a cell-cycle phase; the first phase of interphase centered on cell 
......... . mitosis

•>•4 l ulso called gap  2) a cell-cycle phase; third phase of interphase where the cell 
- . I he final preparations for mitosis

' i . i  Ihc period o f  the cell cycle leading up to mitosis; includes Gi, S, and G2 phases; the 
m 1» I ween two consecutive cell divisions

......1 r: a protein structure in the centromere of each sister chromatid that attracts and binds
mi mtubules during  prometaphase

pk 'и- plate: the equatorial plane midway between two poles of a cell where the 
■iiics align during  metaphase
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metaphase: the stage of mitosis during which chromosomes arc lined up at the mctapli.n i

mitosis: the period of the cell cycle at which the duplicated chromosomes are separated in* 
identical nuclei; includes prophase, prometaphase, metaphase, anaphase, and telopha

mitotic phase: the period of the cell cycle when duplicated chromosomes are distributi I • 
two nuclei, and the cytoplasmic contents are divided; includes mitosis and cytokincsi.

mitotic spindle: the microtubule apparatus that orchestrates the movement of chronnm " 
during mitosis

prometaphase: the stage of mitosis during which mitotic spindle fibers attach to kincli

prophase: the stage of mitosis during which chromosomes condense and the mitotic spin 1 
begins to form

sexual reproduction: requires the egg and sperm to come together to form a zygote

sister chromatids: two identical chromosomes attached to one another at a location cull' 1 
centromere region

S phase: the second, or synthesis phase, of interphasc during which DNA replication o>..

telophase: the stage of mitosis during which chromosomes arrive at opposite poles, dm ■ 
and are surrounded by new nuclear envelopes
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1 'iikmyoiic Cell Division

B k i  Hiii.1 objectives
** ilM Hid of this section, you will be able to:

■ / ii'« ribe the process o f  binary fission w  prokan’otes 
' Hr able to define and explain all bolded terms

.......... Iliilur organisms, cell division is the only method to produce new individual cells. In
*■ .... knryolic and eukaryotic cells, cell reproduction should produce two daughter cells that

' • • in ,ilb' identical to the parent cell.

■ ••In. c identical daughter cells, the following steps are essential. First, the genomic DNA 
* 1 * 11 pin .ited and then divided into each of the new daughter cells. Next, the cytoplasmic 

•!>. 111101 he divided equally to give both new cells the machinery necessary to sustain life, 
«к |i. nic required for both eukaryotic and prokaryotic cells.

1 • • 1 1HI1 < ell Division

■■ •■In 1 ills have genomes that consist of a single, circular DNA chromosome located in a 
II.'I the nucleoid. The process of cell division, called binary fission, is simplified. First, 

* • 'in hr 1 cplicated at a faster rate given bacteria only have one chromosome to replicate.
I tin ilcps of mitosis are unnecessary because there is no nucleus that needs to be broken 

........ • 1 multiple chromosomes that need to be divided.

• M l  Im Iiui

. , ihviiling, a prokaryotic cell must first grow and increase the number of its cellular 
.  ... hi. ( figure 8.15). Next, DNA replication starts at a location on the circular 

... ..mi» 1 idled the origin of replication. The chromosome is attached to the cell membrane,
• iti.i 1. nlinn continues in opposite directions along the chromosome. Next, the cell elongates,
, ,ц, iliiplii'iitcd chromosomes separate and move to opposite poles of the cell.

11 .о "II begins cytokinesis. Cytokinesis is directed by proteins that result in the 
., hi  ..111 septum. The septum consists of the bacterial cell wall and outer cell membranes.

•' |iinm is complete, the cell pinches apart, forming two new independent cells.
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Binary Fission in Prokaryotes

Replication cit the circular prokaiyotfc chromosome begins at the origin of replication 
and continues in both directions at once

Origin Ы replication

Prokaryotes have a single 
circular chromosome

FisZ protein

The cell begins to elongate FtsZ proteins migrate toward the midpoint of ihe cell.

The duplicated chromosomes separate and continue to move away bom each other 
rowarrt opposite ends of the cell FtsZ proteins form a ring around the periphery of ihe 
midpoint between the chromosomes.

The FisZ ring directs the formation of a septum that divides ihe cell Plasma membiaiN 
and cell wall materials accumulate.

After the septum is complete, the cell pinches in two, forming two daughter cells. FtsZ e. 
dispersed throughout the cytoplasm of the new cells.

Figure 8.15 The binary fission of a bacterium is outlined in five steps. Note the шшр »• 
the name of a protein, FtsZ, which assembles into a ring structure, which directs flu; f« i 
the septum, (credit: modification of work by “Mcstrother’VWikimedia Commons)
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••nil mill n much 
I |и llnlllH'll by 

|NH№ Inn ii ini like E. coli 
liimiili i Salmonella 
•■I Inn in  in that causes 

^  III iniiiiili'i allowing for 
I hillin' К 16). Most 

| «linw >igns ol Ihc 
|M |...... I In Ihc bacteria.

ili |ni'li two cells
i * I ......и v li:..ion event.

1 Ji'iillStUi)

| n«i.|.l. li' Iniiniу Mission?

И* "i •  il

S t.tr.h U iLfK  '.:;:', и и ъ 'и ?  : v - ’i i '  o n ly  i :r o k < u y a !» : m  m
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Section Summary

In both prokaryotic and eukaryotic cell division, 1 u ' 
is allocated into a daughter cell. The cytoplasmic- contents il 
cells. However, there are many differences betw es^ ccn ^ro' 11' 
Bacteria have a single, circular DNA chromoson- “ni* n" 
necessary for bacterial cell division. Bacterial cy~&  cs s i . . i 
protein called FtsZ. During cytokinesis, a septurr-̂ "  co|isistmi 1,1 
wall forms, and eventually, the ceil pinches aparfcJ 1‘ orm,nl ' ' "

Exercises

that w ill.

I Which eukaryotic cell-cycle event is m i s ^ * sln^ 111 * " 1 11
a. cell growth
b. DNA duplication
c. mitosis
d. cytokinesis

- FtsZ proteins direct the formation of a ___ /
walls of the daughter cells.

a. plasma membrane
b. cell plate
c. cytoskelcton
d. septum

5 Name the common components of cukar ^ -

I . tC!
2 . и1:
5. The common components o f eukaryotic ceU  

separation oi the duplicated chromosomes. . f

Glossary

binary fission: the process of prokaryotic cell e f t  *IN lslon 

septum: a wall formed between bacterial daugl~i^"Lr cc^s us “ 1
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• ill It  лЫс to:

m enial and sexual reproduction 
. .. i , lit 11, A i images ofasexual and sexual reproduction 
■ f ii i i l l  hohh'd tprins

• |  •• i . л .1, «nil some multicellular organisms, including 
P и. ihully identical clones through a process called asexual 
|  i oigiiniHins and most multicellular organisms, including the 

«•in illy (figure 8.17). Recall, sexual reproduction requires 
u, In., noil form a single, genetically unique cell called a zygote. I.

I llic Commander butterfly, (credit: Rajeeshraghav /

I. pviiliiliimary innovation. The process is thought to have started 
" » 11. *i ruluiryolic cells. In many animals, it is the only mode of 
■ n i.|т /i- that there are disadvantages when it comes to the
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For example, although an individual may be successful in their given environment, it .1- 
guarantee the offspring will be equally as successful. One or both parents may pass on n 
functional or mutated genetic material to their offspring.
Cystic fibrosis is one such example. With this 
condition, healthy parents pass on faulty DNA to their 
offspring. The faulty DNA leads to the production of 
abnormally thick mucus in the lungs, often resulting in 
respiratory failure. If an organism that reproduces 
asexually is successful in their environment, their 
offspring should also be equally successful because they 
have the same identical traits as the parent.

Figure 8. 18 shows a plant reproducing asexually 
through a process called budding, (credit: Biology 
OpcnStax / Win.media Commons!

An organism that can produce offspring by asexual budding, fragmentation, or asi xu <i 
has an advantage in that they do not require another organism of the opposite sex to и 
(Figure 8.18). There is no need to expend energy finding or attracting a mate. That run 
spent on producing more offspring. The opposite is true for organisms that reprodm i il 
sexual reproduction.

On the surface, organisms that perform asexual reproduction may appear to be mui i 
advantageous. However, multicellular organisms that exclusively depend on ascxu.il 
reproduction are exceedingly rare.

Why is sexual reproduction so common? A likely explanation is that sexual reprodm in 
variation amongst individuals (Figure 8.19). Variation is very important to the survn о 
reproduction of the population. As the habitat or the environment around the organi-.ni 
variation allows different individuals within the population to be successful. In asexim 
organisms, if the environment changes and an individual is negatively impacted. llu-u • 
individuals would be negatively impacted due in part to the lack of genetic variation

The only source of variation in asexual organisms is a mutation. This is also a soui ■ I
in sexual organisms; however, it is not tl> 
source of variation. Also, different nun .и i 
continually reshuffled from one geneinlim. 
next when different parents combine tin и 
reproductive cells. Other sources of gem n- 
occur when reproductive cells arc protlm . -I 
mciosis. Mciosis will be discussed in ilia n< 
section.

Figure 8.19 shows human skin coloi gen- ■ 
diversity, (credit: truthseekerOR Fix.if i
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• MlllIIII V

H iiliii organisms and a few multicellular organisms can produce genetically identical 
i t  ми!» .1 process called asexual reproduction. Other single-celled organisms and most 
<•- и in nanisms reproduce sexually. The variation introduced into the reproductive cells 

• in u'tirs to be one of the advantages of sexual reproduction that has made it so

* ..........likely evolutionary advantage of sexual reproduction over asexual
■»r"4ilmtion?

■ icxual reproduction involves fewer steps
'» Ion chance of using up the resources in a given environment
• rexonl reproduction results in greater variation in the offspring
• i M-xtial reproduction is more cost-effective

1 ■ mu the advantage that populations of sexually reproducing organisms have over 
>•.•■Hilly reproducing organisms?

- ■■ sexually reproducing orgamsiv#ate ..ill genetically unique. Because o l'tn n .
, ■ iuoing oieaiiisiiib msyjiave more successful survival ofotlbpimg in environments 

i -:' u.exualiv reproducing organisms, whose offspring are ail genetically identical.
adaptation tif sexually reproducing organisms is higher because of their 

• »ni,n. This rnav allow sexually reproducing urganUBis to adapt more quickly to 
"■■.I parasites, who arc evolving new wqys n, exploit or ouieonipctc then;.

...... . lion: produces genetically identical clones to the parent organism

• .... .„tin Him: requires that two different gametes come together to form a zygote
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8.5 Meiosis

! 1 t u r n in g  ob jectives 
By the end of this section, you will be able to:

• Describe the behavior o f chromosomes during meiosis
• Describe events that occur during meios is
• Explain the similarities and differences behveen meiosis and mitosis
• Explain the mechanisms within meiosis that generate genetic variation
• Be able to detme and explain all bolded terms

Sexual reproduction requires fertilization, a fusion between two specialized cell-, 
called gametes. Each gamete is haploid, meaning it contains one set of chromosnm . t 
gametes unite, they form a zygote, or fertilized egg (Figure 8.20). Each zygote is ill|ili,i,i 
meaning that it contains two sets of chromosomes, one from each biological parent

Most of the cells that make up the human body are called somatic cells. Each soinnii. ^  
called a body cell, should contain 46 chromosomes. Germlinc cells lead to the pindm „ 
gametes and makeup only a small percentage of our overall cells. In humans, garni a > <>. .
cells, and should each contain 23 chromosomes. Female gametes are called eggs, win i м  
gametes arc called sperm.

8.20 In animals, sexually reproducing adults form haploid gametes from diploid genii • 
(credit: Biology OpenStax / Wikimedia Commons)
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| t i  „I m alic cell conta in s tw o cop ies o f  each c h r o m o s o m e ,  ca llcd liom o lt»gou s 

, i | Inm o logou s ch rom osom es are the sam e length and h a v e  specific n u c le o t id e  

i ■ ■ Wil grt ie s in exactly the

•  .................................... Incus (Figure 8.21).
■ ■■ i im iih I units o f

p ill trim ine an o rg a n ism ’s

* » «ч. li llstlCS.

II  t iiinh ilogous chrom osom es, 

uni in in the duplicated

• ' ■ i h/aheth O'Grady)

locus
Centrom«ere region

Chromosome in the DupIS cated Stale

........ liiiuiiosomes may have different variations of the s a m e  gene at the sam e  location.
14* пи a homologous pair of chromosomes, one of the chromosomes may h a v e  a gene 

• 4 1 ulohcs at a specific location. On the other chrom osome, at the same loc ation. there
........ Hint causes earlobes to be unattached. In the end, it is  the genes on the

i "in ■ that determine the physical characteristics of an individual

........ . and females have twenty-two pairs of homologo vis chromosomes called
iniiisiiiiics are chromosome pairs one through tw enty-tw o and do not de term ine a 

"I'l'ii al sex (Figure 8.22). The twenty-third pair of chromosomes arc re fe rred  to as 
■ •.■«I. i Figure 8.22). Humans contain the allosomes X and Y  Somertsourcess use the

mines” instead of allosomes. “Sex chromosome”  is misleading. M any non-sex
■ t- vi m-и arc found on the X chromosome and autosomes d o  contain genes involved in

Inin In phenotypic females, the twenty-third pair o f chromosomes are 
щит К nntl X. Phenotypic males, however, have a tw enty-third pair,X and 'Y , that are

■ г "И* (F igure 8.22). The genes found on the X and Y chsromosomts do n o t  code for 
1 i и tcristics. For example, on the Y chromosome, th e re  is a set of genes called the

, Hun ullow males to develop testes. Those genes are not tvpicall) located. on the X 
■и. lliu*. this pair is not homologous.

Autosomes

• 1 «hows a
I •" vulypc.
II «hllcd by 
' • 1 i t daily

Hay
....... id
Minium

• "'.iriiich 
liihlli.
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If the reproductive cycle is going to occur, specialized diploid cells called aduli i i n  . ■ ■ 
carry out a process called meiosis. In males, the adult stem cells are called ^ hmiimi , na 
lead to the production of gametes called sperm. In females, these cells are i alii «I >» . и  
lead to the production of female gametes called eggs or ova.

Plants do not reproduce the same way as animals; however, they still prodin . ' ■> -  i-wa 
distinct gametes. In flowering plants, the male gametes form in the anthers ami .m ■ - 
within a pollen grain. Flowering plants make their female gametes in a strurliiu i -til- ■' i 
and the gametes are called ovules.

Meiosis is the process that produces haploid gametes by reducing the numhci ol > !■■■ < 
pairs by half. If this did not occur, the number of chromosomes would double « iib n%» 
round of fertilization. Meiosis includes many of the same cellular events as питч II l 
you have learned, mitosis produces daughter cells wrho are genetically identu nl in ш» «—4 
mitosis, both the parent and the daughter cells should have the same genetic in n. e* 
therefore, the same chromosome number. Both the parent cell and the daugliln i i ll 
have the same “ploidy level.” This means that a diploid parent cell will prodin г il :■> I 
that arc also diploid. The process of mitosis should result in the ploidy level i i - i u h u : i > ! . |

In meiosis, the starting adult stem cell is always diploid. The daughter cells tli.ii n< pi.. » |  
haploid; therefore, with meiosis, the ploidy level changes. To achieve this rciliu lin n  in 
chromosome number, meiosis consists of one round of chromosome replication Inlln.i ■
rounds of chromosome division. Because the events that occur during each ul lln
similar to the events of mitosis, the same stage names are assigned. Howcvci I.....
two rounds of division, the major processes and the stages are designated with i " i ■ • l
Thus, meiosis I is the first round of meiotic division and consists of prophasc I ........ ..
and so on. Likewise, meiosis II, during which the second round of meiotic division i ■' м > 
includes prophasc 11, prometaphase II, and so on. Let's take a closer look at the tini • • u •• 
up meiosis (Figure 8.23).

Check your knowledge

Which chromosomes are homologous? How can you tell?

a. b. c. d

Chromosome images modified by Marsha Hay from Figure 8.22
A US П >l*i' :J j r * >  ho> П о й щ а Ц ?  < h V-siT-V- >f
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Chromosomes are duplicated during interphase. The 
resulting s-ster chromatids are neld together at the 
centromere. The centrosomes are also duplicated.

Chiomosomes condense and the nuclear envelope 
fragments. Homologous chromosomes bnd firmly 
together «Jong their length, forming & tetrad 
Ctuasmata form between non sister chromatids. 
Crossing over occurs at the cfnasmata. Spindle libers 
emerge from the ecmrosomes.

Homologous chromosomes are an ached to spindle 
ima utubufes at the fused kinetochcre shaied by 
the sistet chromatids. Chromosomes continue to 
cor dense, and the nuclear envelope completely 
disappears

Homologous chromosomes randomly assemble at the 
met apt t и se pa te  «Дкке they have been maneuvered 
into place by die m*cioit«xrf«

Spindle microtubules pull the homologous 
chromosomes арап The sister chromates are still 
attached at the centromeie.

Sister chromatids arrive at the potes o< the cell and 
negm to deccndense a nuclear envelope forms 
around each nucleus and the cytoplasm is divided bv 
a cleavage furrow. The result is two tvaplod cels 
Each cell contains one duplicated copy ai each 
hcrnologous chromosome pair

Sisier chromatids condense Anew spindle begins to 
form. The nuclear envelope starts to fragment.

Tlte nuclear envelope disappear, arid the spindle 
fibers engage the individual mnetocfiores an the 
sister chromatics

Sister chiomaiids line up at tire metaplrase plate

Sister chromatids are pudeo арап by the shortening 
ot the kineiochoie iriaotj&ufes. Non krneiochore 
microtubules lengthen ttie cell

Chromosomes arrive a i the poles o! the cell and 
dtcondense Nuclear envelopes suifuund the ou 
nuclei. Ceavags furrows divide the two cells irtd 
1га я haploid cells

il i ell with a diploid number of four (2n = 4) proceeds through the stages of 
lour haploid daughter cells, (credit: Clark et al. / Biology 2E OnenStaxl
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Interphase

Meiosis is preceded by an interphase consisting o f  the G i, S, and G2 phases, wlm >«■ 
identical to the phases preceding mitosis. The Gi p h a s e  is the first phase of inlnph- • «  
focused on cell growth. In the S phase, the DNA o f  the chromosomes is replicated !>я 
G2 phase, the cell undergoes the final preparations for meiosis.

During DNA duplication of the S phase, each chrom osom e becomes composed i>l 1 i4fl 
copies called sister chromatids. Once this occurs, th e  chromosomes arc said to he ш 'и  
duplicated state. Chromosomes in the duplicated s  tate are held together at the crnlinn--Щ • 
they are pulled apart during meiosis II. In an a n im a l cell, the centrosomes that iiiiiuih • Щ 
microtubules of the mciotic spindle also replicate «luring interphasc. This prepnien iht 1 • •  
first meiotic phase.

Meiosis I

Prophase 1

Prophase I is the first phase of meiosis. Early in p  rophase I, the chromosomes lirgni n i« 
and the nuclear envelope begins to break down.
Homologous chromosomes are brought together ’w ith the 
help of unique proteins. Each homologous chrom osom e 
pair is held together by proteins forming a te t r a d  , a 
complex consisting of four sister chromatids (F ig u re  8.24).
Recall that in mitosis, homologous chromosomes do not 
pair together.
Figure 8.24 Homologous chromosomes pair to ge ther during 
prophasc I to form a tetrad, (credit: Clark et al./ B iology 2E 
OpenStax)

When the tetrad is formed, the genes on the non-sister chromatids of the homologou» i'ii* 
precisely aligned with each other. This alignm ent allows for chromosome segment: in 1 ■ 
exchanged between non-sister chromatids; a p rocess called crossing over or reconiblimH 
Crossing over occurs at precise locations called chiasm ata (singular = chiasma) (1 i,nm' ■

Figure 8.25 Chiasmata hold the homolugi .1 
chromosomes together, (credit: Biology 1 1| 
/  Wikimedia Commons’!Mtcrotuhulefc attach

to the I used kineiochores
of the sister chromaiids

s«mw M n w ie w h --------- —  I
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'  ula urc the first source of genetic variation produced during mciosis. A single
........ ill between homologous non-sister chromatids results in chromosomes that differ

* ■ >" ■ parents. The recombinant sister chromatid has a combination of maternal and
■ i that did not exist before the crossover (Figure 8.26). Crossover events can occur 

•■I» heic along the length of (he chromosomes; therefore, each gamete produced will
.........  i innbinations o f  both maternal and parental genes.

■ i m  though the X and Y allosomes are not considered homologous in that most of 
■ • tiller, there is a small region of homology that allows the X and Y chromosomes to

I •••нищ pmphase I. There have also been documented cases where the SRY gene located 
*' i nnmsome has crossed over to the X chromosome. Recall that the SRY genes result 

ipincnt of testes. This has resulted in XX males who are phenotypically male, even 
“ " ■ - have 2 X chromosomes.

Homologous 
chromosomes 

aligned
Chromosome

crossover

V
Recombinant
chromosomes

Nonrecombinanl
chromosomes

i i . illustration shows the effects of crossing over; the blue chromosome came from 
• lather, and the red chromosome came from the individual’s mother, (credit:

■ IImingy 2E OpenStaxI
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Prometaphase I

The key event in prometaphase I is the attachment of the microtubules to each sisti-i . I<11 —•  
kinetochore proteins (Figure 8.25). The microtubules assemble from centrosonu » i. , , ■
poles o f the cell and grow toward the middle of the cell. Homologous chromosome. n. • 
together at the chiasma. In addition, the nuclear membrane has broken down entirely

Metaphase I

During metaphase I, the homologous chromosomes are arranged in the center ol tli 1 
region called the metaphase plate. Each tetrad is attached to microtubules from boili r  1 
Within the tetrad, one homologous chromosome is attached at one pole, and the ntlii
homologous chromosome is attached to the opposite pole. The orientation or arum и...... '
each homologous pair on the metaphase plate is random.

This randomness of how the chromosomes align at the metaphase plate, called iinli |» nii> 
assortment, also generates genetic variation in offspring. Using humans as an cxami 
female provides one set o f 23 maternal chromosomes via the egg or ova. The male pm .. »• 
other set of 23 paternal chromosomes in the sperm which fertilizes the egg. In nu iapl»• 
pairs line up at the midway point between the two poles of the cell. The arrangcim-ni • i it" 
tetrads at the metaphase plate is random. This is because a microtubule is just as liki I • 
to a maternal chromosome as it is to attach to a paternally inherited chromosome l'l mi • 
maternally inherited chromosome may face either pole. Likewise, any paternally iiilmu t 
chromosome may also face either pole. The orientation of each tetrad is indepemlrni 
orientation of the other 22 tetrads.

In each cell that undergoes meiosis, the arrangement of the tetrads is different. The шин 
variations depends on the number of chromosomes making up a set. Each tetrad ha» i 
orientations; thus, the potential number of alignments equals 2"' where n is the numln 1 1
chromosomes per set. Humans have 23 chromosome pairs, which results in over cjgln i*-i
(223) possibilities. This number does not include the variability previously created mil...... *
chromatids by crossing over. Given these two mechanisms, it is highly unlikely tli.i am 1 • 
haploid cells resulting from meiosis will have the same genetic composition (Figiii. * l

Anaphase I

In anaphase I, the spindle fibers pull the linked homologous chromosomes apart. (>■» ■ 
homologous chromosomes are separated, one chromosome, in its duplicated stale, n
pulled towards one pole while the other is pulled to the opposite pole. The sister chi....... *'
make up each chromosome remain tightly bound together at the centromere.

Telophase I

In telophase I, the separated chromosomes arrive at opposite poles. Other events llini
in telophase depend on the species. In some organisms, including animal cells, the i .......
decondense and the nuclear envelopes reform in telophase I. In other organisms, sm li •• 
protists, cytokinesis occurs without the reformation of the nuclei.
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M e tap h a se  >

a ira n g e m e n t 1 a rran g e m e n t 2

M e tx p h a s * !  И М

M iriaphase  It

w ra n g en ten t 4

.....istiatcs independent assortment in metaphase I. (credit: Clark et al./ Biology
I  • (M tlt i  l

и i « », cytokinesis 1 separate the cell contents by cither a cleavage furrow in 
nut lungi, or a cell plate in plant cells. The cell plate will ultimately lead to the 

- 1 1  i ll wall between the two new plant cells. At this point, each daughter cell is
1 i iind, cuch cell contains only one set of chromosomes. Each of the chromosomes 

•k. •i.an н liter cells is in the duplicated state, meaning each chromosome consists o f two 
■ I . lhal are still attached to each other. Although in interphasc, the sister

............  copies of one another, they are no longer identical at this stage because of
i i n ikk ing  o v e r .

it , с I Ik enter a brief interphase, or interkinesis, before entering meiosis II.
■ i . nn S phase, so chromosomes are not duplicated. The two haploid cells

• .......... I go through the events of meiosis 11 in synchrony. During meiosis II, the
•»i I. within the two daughter cells separate, forming four new haploid gametes. The 

и ■ и ims II are similar to mitosis, except that each dividing cell has only one set of 
until ..... . each consisting of two sister chromatids.
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CONCEPTS IN ACTION- Review the process of meiosis, observing how chromosome' »i. | 
and migrate, at this site.

Meiosis II

In meiosis II, the connected sister chromatids w ill be split and separated into four haploid i «М 
Let’s take a closer look at the events of meiosis II, which begins with prophase II.

Prophase II -  Prometaphase II

In prophasc II, if the chromosomes dccondenscd in telophase 1, they condense again. If ши к • 
envelopes were formed, they once again break down. The centrosomes once again move a» . 
from each other toward opposite poles, and new spindles are formed. In prometaphasc II. Hi. 
nuclear envelopes are completely broken down, and the spindle is fully formed. Each sisit-i 
chromatid’s kinetochore attaches to microtubules from the opposite poles {Figure 8.28)

Metaphase 11- Anaphase 11

In metaphase II, the sister chromatids are completely condensed and align on the metaph.i - 
plate. In anaphase II, the sister chromatids are pulled apart by the spindle fibers and move i.>« 
opposite poles (Figure 8.28).

Telophase 11 -  Cytokinesis 11

In telophase II, the chromosomes, now in the unduplicated state, arrive at opposite poles timl 
begin to decondense. Nuclear envelopes now form around the chromosomes. Cytokinesis 11 
separates the two cells into four genetically unique haploid cells (Figure 8.27). At this poun 
newly produced cells are haploid and genetically unique because of the crossing over and 
independent assortment.

280 Return to Table of Си



►ttmotogois pairs erf 
cfiomosoines am  puUnd 
apart bv microtubules 
adi twd to *te k.ineiocboie

MKJOfutotfe rum 
to the hiM CiKiiiaiM  
tfthesBteinyneWa.

S is »  etnemawte 
romans attached ;ti the arftliomeie

.1 «и thioovmcs«« 1«И«ЧГ«МЧ •» i «мотете

SdJei f^mllrtS Bf€ 
puled apart by nw ratuU ies 
jo a tn e j  аз me ьтеюспсле.

МЮТ-иМцИл tr»» 
lYbvajua l «j mm- erf
m e s i s »  c nmaaji

in imiinclaphase I, microtubules attach to the fused kinetochores of homologous 
i i In anaphase 1. the homologous chromosomes are separated. In prometaphase II, 
• • attach to individual kinetochores of sister chromatids. In anaphase II, the sister 

■ и »i parated. (credit: Clark dll./ Biology 2E OpcnStaxl
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Mitosis and meiosis are both necessary processes of the eukaryotic cell cycle. These procr 
share some similarities, but also exhibit several important and distinct differences that lead tn 
very different outcomes (Figure 8.29). Mitosis is a process where one single diploid cell divid> 
and produces two new genetically identical daughter cells.

O n the other hand, meiosis is a process that begins with one diploid cell, which then goes 
th rough two rounds of chromosome divisions. The four daughter cells produced at the end i. i 
meiosis are genetically unique because of processes like crossing over and independent 
assortment. Each of the daughter cells produced during meiosis is haploid. Keep in mind lni|>i., 
cells each contain only one chromosome set, which is half o f the original chromosome mnnl •

In humans, cells produced by mitosis will (unction in different parts of the body and arc i . 
fo r growth and/or replacing dead or damaged cells. Cells produced by meiosis are used Inn 
organismal reproduction.

C o m p a r in g  M eiosis an d  Mitosis

Check your knowledge

Iu  the following list, decide if the event occurs in mitosis, m eiosis, or both.
• Crossing over
• One DNA replication
• F.nd in haploid cells
• Nucleus degrades
• Cytokinesis
• Homologous chromosomes align on the metaphase plate

.IrMitr.s. tf ittw .' oji/v. lUtth. Л/г'Г<;.и.\"п.Ч. Both. ;l
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i M* uisis and mitosis arc both preceded by one round of DNA replication; however, 
- imli n two nuclear divisions, (credit: Clark et al./ Biology 2E OpenStax')

меюsis i

Crossover

T IO V  For an animation comparing mitosis and meiosis, go to this website

— » cuenstax -х л ч ы
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Sexual reproduction requires that diploid organisms produce haploid cells 111-........ I
fertilization to form diploid offspring. Meiosis is the process used to prodiu < I. , +* § 
Meiosis is a series of events that arrange and separate chromosomes into (Iium I i >■* 1
the intcrphasc of meiosis, each chromosome is duplicated. In meiosis, then in i-
nuclear division, resulting in four genetically unique haploid daughter ccIIn 1....... .
variation in the daughter cells is introduced because of crossing over in propln * i .41 
independent assortment in metaphasc 1.

Meiosis and mitosis share similarities but have distinct outcomes. Mitotic dm nun it 
nuclear divisions that produce daughter nuclei that arc genetically identical m,i 1 '
number of chromosomes as the original cell. Meiotic divisions are two nuclmn it ■
produce four haploid daughter cells that have half as many chromosomes us tin ■ ■ ■. ". 
cell. The main differences between the processes occur in the first division ol mi <■ 
homologous chromosomes separate into different nuclei during meiosis I шшмц t 
ploidy level. The second division of meiosis is much more similar to a mitnln Hi •■mi

Exercises

1. Meiosis produces________daughter cells.
a. two haploid
b. two diploid
c. four haploid
d. four diploid

2. At which stage of meiosis are sister chromatids separate from each ullu 1
a. prophase I
b. prophase II
c. anaphase I
d. anaphase II

3. A part o f meiosis that is similar to mitosis is________ .
a. meiosis I
b. anaphase I
c. anaphase II
d. interkincsis

4. If a somatic muscle cell o f an organism contains 32 chromosomes, Imw кма| ■ 
find in a gamete?

a. 8
b. 16
c. 32
d. 64

5. Explain how the independent assortment of homologous chromosom. • 1. 14 
I contribute to variation in gametes produced by meiosis.

6. In what ways is meiosis II similar to and different from mitosis of u ili| l

Section  S u m m ary
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' тI'1 ипi"Tii loads to new combinations ot traits. 1 ho chromosomes that were morally 
'*  '*•«* gamete-produc-mg individual came equally I'mm the egg and ihe sperm, fn 

i the duplicated copies of these maternal 5M  paternal h«inoiocovs chromosomes line 
• a  Mr to ilet ol die cell to form a tcuad. The orientation o f  eadt к-trad is random. Thov is 
♦•►a 1 .i i. e dial the maternally derived chromosomes: wffl heJacinu cilhcr ni.de. The same is 

Щ  paicritally derived chromosomes. Tire alignment should occur differently in almost
........ . . As die homologous chromosomes are pulled арап in anapiia.se I. any combination

►»> t m  nul pulcma! chromosomes ",\ ill move toward each pole. The gametes formed from 
9 ■ yrnups ofchiomoscvhes w ill have a mixture of trails from the individual's parents.

i m i, ■ unique
i * i do nii in-, are sirniuiyn that the chromosomes line up '.done, the metaphase plate 
- ii И iiii-aninu unpaived with other cluoniosov.tes las in meiosis It Also, each

I » .....  consists ol'two sister chromatids that will be palled apart. The two divisions are
mi ■ ii  i и-, .nine in meiosis H there is half the number of chromosomes that are present in a 
• . ' i i  . 11.| Uie same species undergoing mitosis. This is because meiosis 1 reduced die ntnm-i 
| ........... . .mcs in a haploid slate.

I-
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allosome: chromosomes that play a role in sex determination 
autosome: any non-allosome

chiasmata: (singular = chiasma) the structure that forms at the crossover points after gcncln 
material is exchanged

crossing over: (also, recombination) the exchange of genetic material between homologous 
chromosomes resulting in chromosomes that incorporate genes from both parents of the 
organism forming reproductive cells

diploid: describes a cell, nucleus, or organism containing two sets of chromosomes (2n) 

egg (ovum): the female gamete; a haploid cell

fertilization: the union of two haploid cells typically from two individual organisms 

gamete: a haploid reproductive cell or sex cell (sperm or egg)

gene: the physical and functional unit of heredity; a sequence of DNA that codes for a spo ill 
peptide or RNA molecule

germline cell: specialized cell line that produces gametes, such as eggs or sperm

haploid: describes a cell, nucleus, or organism containing one set of chromosomes (n)

homologous chromosomes: the randomness of how the homologous chromosome pairs iilun 
the metaphase plate during metaphase 1 of meiosis I

independent assortment: describing something composed of genetic material from two sum 
such as a chromosome with both maternal and paternal segments of DNA

interkinesis: a period of rest that may occur between meiosis I and meiosis II; there is no 
replication o f DNA during interkinesis

locus: the position of a gene on a chromosome

meiosis I: the first round of meiotic cell division; referred to as reduction division because u ■ 
resulting cells are haploid

meiosis II: the second round of meiotic cell division following meiosis I; sister chromatin ■ 
separated from each other, and the result is four unique haploid cells

sperm: the male gamete; a haploid cell

somatic cell: all the cells of a multicellular organism except the gamete-forming cells

tetrad: two duplicated homologous chromosomes (four chromatids) bound together by 
chiasmata during prophase I

zygote: a fertilized egg produced when a sperm and egg fuse

Glossary
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• • ........... Mciosis

1 < l i i  i ob jectives 
и и-..... I и! this section, you will be able to:

I i/ i/iI/m 1ю к  nondisjunctionleads t o  d is o rd e r s  in chromosome number
■ th‘,< i rbc how errors in chromosome strnctme occur through duplications, deletions, 

mvm ions and translocations
■ lie able to define and explain all bolded terms

*.......11 liminosomal disorders can occur when mistakes happen during meiosis. Chromosome
• - ' i i  an be divided into two categories: abnormalities in chromosome number and

•nun structural rearrangements. Chromosomal disorders arc characteristically noticeable 
11 n l.itnl. We will look at how errors occur during meiosis and the impact this has on an 

>i < nliml health and homeostasis.

H w n l i i i  In C h r o m o s o m e  N u m b e r

........mini abnormalities in humans can be detected by first isolating chromosomes and then
■ i. i ■ 11i|i them using a microscope. A karyotype is the number and appearance of an 
h - < 11ml'я chromosomes, including their length, banding pattern, and centromere position.

> «мая И 111 This karyogram shows the chromosomes of a female human immune cell during 
м |n  edit: Andreas Bolzer, et al / Biology 2E OnenStax)

Ii -nvc an individual’s karyotype, a  person’s cells, such as their white blood cells, are first 
il Irom a blood sample or other tissue sample. The isolated cells are stimulated to begin 
A chemical is then applied to the cells to arrest mitosis during metaphase, and the cells

.... Iixed to a slide. Chromosomes are stained with one of several dyes to better visualize the
• in i mid reproducible banding patterns of each homologous chromosome pair. An 
I» 111*111 .-ii medical professional can identify each band, size, and centromere location. To 

. in- Ihe karyogram, the chart that shows an individual’s karyotype, homologous pairs of 
..... unes are manually aligned in numerical order from longest to shortest (Figure 8.30).
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Chromosomal Number Disorders

Of all chromosomal disorders, abnormalities in chromosome number arc Ihc ini i ' | 
looking at a karyogram. Duplicating or losing entire chromosomes can occui llimufi . 
called nondisjunction. Nondisjunction occurs when homologous chromosome i,.h ,
chromatids fail to separate during mciosis I or meiosis II. Misaligned .....................
chromosome pairs not fonning tetrads, or failure of the microtubules to attach mill 11, , 
chromosomes to opposite poles can all cause nondisjunction to occur. The risk ni n. .. i 
occurring increases with the parents' age.

Nondisjunction

Meiosis I Meiosis II

Nondisjunction can occur during either meiosis I or II (Figure 8.32). If homulugnu ■ 
chromosomes fail to separate during mciosis I, 100% of the gametes will be alb 11 i 
case, tw o gametes will lack a particular chromosome, and two gametes will havr a.i.i.i.
copies o f  that particular chromosome (Figure 8.31). If sister chromatids fail to mjh.....
meiosis II, there is a chance that 50% of the gametes will contain the correct numln . i 
chromosomes (Figure 8.31). Regardless of whether nondisjunction happens in i ih  u k h  
some gametes, if not 
all, will have the 
wrong chromosome 
number. I f  those 
gametes participate 
in fertilization, it 
will result in an 
individual that has a 
genetic condition.

Figure 8.31 
Following meiosis, 
each gamete has one 
copy of each 
chromosome. 
Nondisjunction 
occurs when 
homologous 
chromosomes 
(meiosis I) or sister 
chromatids (meiosis 
II) fail to separate 
during mciosis. 
(credit: Clark et al. / 
Biology 2E 
OpenStaxl
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.1 individual with the appropriate number of chromosomes for their 
■ilil In humans, cuploidy corresponds to 22 pairs of autosomes and one pair of 
Nil individual with an error in chromosome number is described as aneuploid, a term 

i i • iniiimsomy, losing one chromosome, or trisomy, gaining an extra chromosome.

i ... I town syndrome, is a condition that occurs when an individual has a third copy of
„  ' I Down syndrome is characterized by short stature, stunted digits, facial

пн , ili.it include a broad skull and large tongue, and significant developmental delays.
ii in с of Down syndrome can be correlated with parental age. Older parents are more
' nil I Ictuses carrying the trisomy 21 genotype (Figure 8.32). Turner syndrome,

и  . iki.ii li u/ed by the 
1 1nil v one X allosome, 

■ |ii. id n monosomy 
у -  I . unites that have
• i  ..... In line  arc typically

_ i . Hiinot reproduce.

• i I hr incidence of 
. ini w illi trisomy 21

. .......ulically with
,i «I ■ (ricdit: Clark et al. / 

I OpcnStax)

Down Syndrome Correlation with Maternal Age

3 75

(л t: 2 25 -c ■=5-°
£ >

0.75

Mother’s age

Data source: American Family Physician; Aug 15. 20Ш

i N V< I ION Visualize the addition of a chromosome that leads to Down 
in this odco simulation.

it Ы tps://oDenstax.ore/ 289

https://oDenstax.ore/


Polyploidy

W e call an individual with more than the correct number of chromosomae pairs a pol\pl . 
instance, fertilizing an abnormal diploid egg with a normal haploid s p e r m  would yield a 
polyploid. Polyploid animals are extremely rare, with only a few exampoles including ми 
flatworms, crustaceans, amphibians, fish, and lizards. Polyploid anim als are sterile bci ■ 
meiosis cannot occur normally. Rarely, polyploid animals can reproduce asexually win 
unfertilized egg divides mitotically to 
produce offspring. In contrast, 
polyploidy is very common in plants, 
and polyploid plants tend to be larger 
and more robust than the euploids of 
their species (Figure 8.33).

Figure 8.33 As with many polyploid 
plants, this triploid orange daylily 
(Hemerocallis fulva) is particularly 
large and robust and grows flowers with 
triple the number of petals of its diploid 
counterparts, (credit: Steve Karg /
Biology 2E QpenStax)

Chromosomal Structural Rearrangements

In addition to errors in chromosome number, numerous structural chrorrmsomal геаггапц i 
can occur. These include duplications, deletions, inversions, and translo cations.

Duplications and Deletions

In chromosomal duplications, a part of a chromosome is duplicated. THe duplicated I >■. 
then either be inserted into a different position on the same chromosome or a complcu-l>

different chromosome (Figun К '■ 
chromosomal deletions, a pail ui 
chromosome is lost or removed 11 
8.34).

Figure 8.34 Chromosomal anauj. 
include both duplications and d- i 
(credit: Modified by Elizabeth t 11 
original work of  Guv Leonard 
Wikimedia Cnmmonsl
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v’- ■ .iIhiiis and deletions often produce offspring that survive but exhibit physical and
il Kies. A deletion of a region on chromosome 11 leads to a condition called 1 lq 

-s li lion disorder or Jacobsen syndrome. Jacobsen syndrome involves distinct changes 
iiiuii » as well as heart and bleeding defects. A gene duplication on chromosome 17 

11 iimlilmn known as Hereditary motor and sensory neuropathy or Charcot-Marie-Tooth 
It* и . I n . CMT results in individuals that have nerv ous system issues involving nerves 
i I. J d. liver information to an individual’s legs, arms, hands, and feet.

и .  Inversion is a detachment, 180° rotation, and reinsertion of part of a
mi 11 igurc 8.35). Inversions may occur in nature as a ___

Au'inpcd or cut DNA or from transposable elements,
. ’ l A sequences capable of rearranging chromosome 

• I iiilrss a gene sequence is disrupted, inversions are 
i . minor effects. However, inversions that disrupt 

.. lilt in abnormally high or low levels of specific

Ли inversion is an example of a chromosomal 
a li «edit: Modified by Elizabeth O'Grady original 
. I i imard Wikimedia Commons)

V  -f 
nversion  

A  A

r-l

Г I ■Until

•hi 11 loii occurs when a segment of genetic material breaks from one chromosome and 
niiother chromosome or a different part of the same chromosome. Translocations 

•*•1 Inn i minimal to no impact or have devastating effects depending on how' the positions 
• "• nltctcd. Notably, specific translocations have occurred with several cancers and with

, ........ . Reciprocal translocations result from exchanging chromosome segments between
« .: iniiliigous chromosomes such that there is no genetic information gain or loss (Figure

in v e rs io n

No gain or loss 
ol genetic, infcxmafon

R e c ip ro c a l T ran s lo c a tio n

... Iiromosomal inversion (b) reciprocal translocation (credit: modification of 
....nil Human Genome Research Institute Concepts of Biology QpenStax)
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Section S u m m ary

A karyotype is the number and appearance of an individual’s chromosomes, including Им 9 
length, banding pattern, and centromere position. The number, size, shape, and hiiinlm|, rta.i
of chromosomes make them easily identifiable in a karyogram. A karyogram allow • I.......
assessment of many chromosomal abnormalities. Disorders in chromosome nuinlu i i ( 
lethal to the embryo, although a few trisomy and monosomy conditions arc viable t In «и— 
number abnormalities can occur because of nondisjunction, the failure of homologi na 
chromosomes or sister chromatids to separate properly. Chromosomal structural iibii.n..... a
may also occur and include segments of the chromosome being duplicated, deleted, ш ....... ц
translocated. All of these aberrations can result in problematic phenotypic effects

Exercises

1. The genotype XXY would be:
a. A monosomy condition
b. A trisomy condition
c. A deletion
d. A polyploid

2. Nondisjunction is:
a. failure of homologous chromosomes to separate properly
b. is an example of a chromosomal rearrangement
c. only occurs during meiosis II
d. involves only autosomes

3. Polyploidy often happens in animal cells.
a. True
b. False

4. Explain what a karyotype is and why a karyogram helps identify different gem in 
conditions.

Answers

2 .

3.
A

fb)
( a . i

ibi
A karyotype is the number arid appearance of an individual's chromosomes, indud 
length, banding pattern. and centromere position. Abnormalities in ciinimibpio • ■ 
obvious when looting as a karyogram because it allows if an extra chromosome 
w riether an entire chromosome lias been lost
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m i.i mi individual with an error in chromosome number; includes deletions and 
in nl chromosome segments

с м , .. ■ |nut of a chromosome is lost or removed
iiihh и part of a chromosome is duplicated and either inserted into a different position on 

я  ......... or a completely different chromosome

• ' individual with the appropriate number of chromosomes for their species

11 detachment, 180° rotation, and reinsertion of a chromosome arm

m 11 , . .  hi the photographic image of a karyotype

,m tin* number and appearance of an individual’s chromosomes, including the size,
, , hi. i и.. and centromere position

, i - - -, mi otherwise diploid genotype in which one chromosome is missing

......Hun: Ihc failure of synapsed homologs to completely separate and migrate to
.. , . . during the first cell division of meiosis

id in individual with an incorrect number of chromosome sets
.  ■ linn  ihc process by which one segment of a chromosome dissociates and reattaches to

i i ...» luuiliomologous chromosome
*• ■■■. ... ..llicrwise diploid genotype in which one entire chromosome is duplicated

i aMill

i iib i . i nl , “Segmental duplication associated with the human-specific inversion of 
....... IК u further example of the impact of segmental duplications on karyotype and

- .  . .Iiiiiiui in primates,” Human Genetics, 115 (2004): 116-22.
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Introduction to Patterns of Inheritance

I i" i inicnting with thousands of garden peas, Mendel uncovered the fundamentals of 
• •In modification of work by Jerry Kirkhart / Biology 2E OpenStax)

*|h- .Indy of heredity, the ability to pass on traits from one generation to the next.
, ш Mendel set the framework for genetics long before chromosomes or genes had 

■ I Mendel selected a simple biological system, the common garden pea plant, and 
ни ilmdical. quantitative analyses using large sample sizes. Mendel’s work identified 

hi id principles of heredity, and as a result, he is often referred to as the “father of

•i к put forth by Mendel forms the basis o f classical, or Mendclian, genetics. It is
...... that not all traits are passed from parents to offspring according to Mendelian

■' ver, Mendel’s experiments serve as an excellent starting point for thinking about 
:.hh r works.

' Mendel and Genetic Crosses

I ii 'it ic tives
■ I llus section, you will be able to: 
in the his r a n • o f  Mendel and his work 

"ii the difference between characteristics and traits
• i fund the difference between continuous and discontinuous variation 
i i/i a the expected outcomes o f  different Mendelian crosses 

. il'lr to define and explain all bolded terms

ilh il .7/openstax.org/ 295



Johann Gregor Mendel 11822-1884) (Figure 9.2) was a 
lifelong learner, ttacher, scientist, and man of faith. As a 

1 yorag adult, he joined the Augustinian Abbey in what is now 
•  the Czech Republic. Supported by the monastery, he taught 
П physics, botany, and natural science courses at the secondary 
зв and university levels. In 1856, he started studying inheritance 
П  patterns in honeybees and plants. His research would span 
w i well over a decade, and much of what he found became a 
CO cornerstone for the field of genetics.

Fe’d Figure 9.2 JohannGregor Mendel set the framework for the 
stilt* studyof genetics.(credit: Clark et al. / Biology 2E QpenStax)

IUltimately, Mendel settled on pea plants as his primary model 
sy "X^ystem. Pea plantswere an ideal model organism for several reasons. First, pea plants 
msirr-natunty within ore season, meaning that several generations could be evaluated ovci m u  
sheJrtighorttime. Second, large quantities of pea plants could be cultivated simultaneously I In* 
alloll^Uowcd Mendel toperform quantitative statistical tests that supported his results.

Рсжэ*эса plants also have seven different heritable characteristics that could be studied. A 
c lin d  haracteristic is aphysical feature of an organism. The characteristics Mendel studn-il .. i 
plat Ul.iantswere stem length, flower color and position, seed texture and color, and pod textm* 
coloh-Hdor. Each of these characteristics has two easily identifiable traits (Figure 9.3). A ti all i 
lefi ifiefined as variation in the physical form of a characteristic that is heritable. For cxamplu 
l)lai*tt(jants produce either yellow or green seeds. The seeds are either wrinkled or smooth I in 
lifloTt jfrferait variations, yellow or green, or wrinkled or smooth, are referred to as traits

Characteristics ot pea plants Gregor Mendel used in his inheritance experiments

urc *H*jre 9 3 yhe seven characteristics Mendel studied in pea plants, and the two traits loi * 
Jd Modified by Elizabeth O'Grady original work of Mariana Ruiz / Public Domain I
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1 1' oriel p rese t lhc rcsul,iu its 0f his experiments, which were based on nearly 30,000 pea 
Ом- local Na<"ral History 1 ,̂ Society. In 1866 he published his work, Experiments in Plant 
nun 1 in the proceedings >«, 0f (he Natural History Society of Briinn. Although he 
lu« lind№^Mendel s Wirwork went virtually unnoticed. At this time, the scientific 

и i iliouglif incorrectly, th if^hat the process of inheritance involved a blending of parental 
■ I'll itdin^ htpotliesis of|0 f inheritance stated that when txvo individuals made an 

ihcir origin2' parental trs^faps were lost because their traits blended together when the 
» «* tomre(l' f°r examPl'ble, if two horses with different coat colors, white and black,
■I. llic coalc°l°rs wouldl, j  blend together, resulting in an offspring with an intermediate 

i I >ncc blen(lc<l> lhe co lo |orSj black and white, would not appear again in the offspring’s 
i1««nitions

know ibat this is not the г  case. Many people supported the blending hypothesis because 
11 iiimiooly referred to s as continuous variation. Continuous variation is when a 

•*o <luplaYs aw|dc range & 0f  values for a character, such as height in humans. We now 
rtn curs vVl1cn a charactetc r js influenced by several different genes. Continuous variation 

i" observed wl,h humartT1 characteristics such as skin, hair, and eye color. Offspring often 
ni In n "bler|d ° f  their P6.arents’ traits; however, this is not completely true and will be
• <1 later in section 9 3 .

1 "I hrd 'S'11*1 traits that s^how discontinuous variation. Discontinuous variation is when 
'"•In iluiil cu b its  one of btwo easjiy distinguishable traits, such as violet or white flowers.

1 I'loi ision 10 use traits t^bat show discontinuous variation allowed him to see 
•minlly that offspring wvere not a result of "blending.” Mendel hypothesized that each 

• «  11 pt <ji stinct from one another and, as a result, could be passed on and reappear in 
in iiitiotrs *n 'b t’X Me ndel became abbot of the monastery and exchanged his scientific 
li« his pastoral duties. Ne was not recognized for his extraordinary scientific 
iii'iis d u nng his lifetirrye was not цтц 1900 that his work was rediscovered,
■ *1, and revitalized by scientists on the brink of discovering the chromosomal basis of 

1

1 ■ M u rid  System

iiniied c ar'ler. Mendel studied inheritance using the common garden pea plant, Pisum 
I Ins s p ecles of plant naturally self-feitilizes itself, such that pollen encounters ova 

1 и Inn individual flow^rs -pbe flower petals remain sealed tightly until after pollination, 
ii'UI pol lination from other plants. The result is highly inbred, or “true-breeding,” pea 
1 in: »c plants always Produce offspring that look like the parent plant. By experimenting

....  1 и cctilng pea plants Mendel avoided the appearance of unexpected traits in offspring,
■" itlil occur if the plates were not true-breeding.

• •■ Ими ('po sses

" 1 lor'm ed hybridrijtions, or cross-fertilizations, which involve mating two truc- 
4 imliv/iduals that havc different traits. For example, Mendel would take pollen from a 

•...... ling violet-flowery plant and use it to fertilize the egg of a true-breeding white-
I
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Cross between True-breeding Pea Pinin'»

P generation

flowered plant. In this cross, the true-breeding violet flower plant and true-breeding и li 
flowered plant are called the parental generation, or P generation (Figure 9.4). Altei г 
Mendel collected the seeds belonging to the P generation and grew them the followinj! 
These offspring were called the 
first filial generation, or the Fi 
generation. Filial means 
offspring, daughter or son.
Once Mendel examined the 
characteristics in the Fi plants, 
he allowed them to self-fertilize 
naturally. He then collected and 
grew the seeds from the 
FI plants to produce the second 
filial generation, or F2 
generation. M endel’s 
experiments extended beyond 
the F2 generation to the F3 and 
F4 generations, and so on. It 
was the ratio o f  characteristics 
in the P, F 1, and F2 generations 
that were by far the most 
intriguing and became the basis 
for M endel’s hypotheses.

Figure 9.4 Mendel’s 
experiments involved cross­
fertilizing true-breeding plants 
with different traits, such as 
purple-flowered plant and a 
white-flowered plant. These 
plants are the P generation. 
Their offspring, the Fi 
generation, were allowed to 
self-fertilize, resulting in the F2 
generation, (credit: Clark et al. / 
Biology 2E QpenStax)

Violet
flowers

White
flowers

Hybridization of true-breeding plani

generation

> * -  o

J p
щ к

All hybrid progeny have violet dowers 

Self -fertilization of hybrid plants

F2 generation

705
Violet flowers

W
2 2 4

White flowers
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I 14; hypothesis o f inheritance stated that when two individuals made an offspring, their 
i traits were lost because their traits blended together when the offspring was

■4 ' . now know that this is not the case. Many people supported the blending hypothesis 
«! * linl is commonly referred to as continuous variation. Continuous variation occurs 

i lei. such as height in humans, is influenced by several different genes. Mendel 
. . .  • Hi li nits that show discontinuous variation. Discontinuous variation is when each

1 ■ luhils one of two easily distinguishable traits, such as violet or white flowers. 
i mJul • <ii i noon to use traits that show discontinuous variation allowed him to see 

m  a,illy that offspring were not a result o f “blending.” Mendel studied inheritance using 
i .Miiiii gulden pea plant, P isu m  s a tiv u m . This species o f plants naturally self-fertilizes 

. producing offspring that look like the parent plant. By experimenting with true- 
I  i it i и a plants, Mendel avoided the appearance o f unexpected traits in offspring. Mendel

.....hybridizations, or cross-fertilizations, which involve mating two true-breeding
. i. . . i< iliul have different traits.

и i lil in humans is an example of: 
i I hscontinuous variation 
h ( 'ontinuous variation 
i The blending hypothesis 
d Both b and c

1 i i die one of the reasons that made the garden pea an excellent choice o f  a model 
• l i  h i  lor studying inheritance.

.a  pen has flower- tiiaWiusc i.ghtly during self-pollination. This helps to prevent 
il nr unintentional fertilizations dial could have diminished the xieuraiv of Mendel's

I
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would disappear completely from the Fi generation, only to reappear in the F2 gciicialuui * • 
ratio o f roughly 3:1.

Why did Mendel repeatedly obtain a 3:1 ratio in his crosses? To understand how Mciul. • 

deduced the basic mechanisms of inheritance that lead to such ratios, we must first rc\ и .. 
probability.

Probability Basics

Probabilities are mathematical measures o f likelihood. The empirical probability of an m I |  
calculated by dividing the number o f  times the event occurs by the total number o f opt» - "»
for the event to occur. It is also possible to calculate theoretical probabilities by dividim 
number o f times that an event is e x p e c te d  to occur by the number o f times that it could 1 
Empirical probabilities come from observations, like those of Mendel. Theoretical pml 
on the other hand, come from knowing how the events are produced and assuming tli.il lb.
probabilities o f  individual outcomes are equal. A probability o f one for some event iud...............
it is guaranteed to occur, whereas a probability o f zero indicates that it is guaranteed ...........
An example o f a genetic event is a round seed produced by a pea plant.

In one experiment, Mendel demonstrated that when one true-breeding parent has round t. 
and one true-breeding parent has wrinkled seeds, the probability o f the Fi offspring Inn mf 
“round seeds” was one. When the Fi plants were subsequently self-crossed, the probalnfii 1 • 1
any given F2 offspring having round seeds was now three out o f four. In other words, in ......  1
population o f F2 offspring chosen at random, 75 percent were expected to have round v 1 
whereas 25 percent were expected to have wrinkled seeds. Using large numbers of croi,«*. 
Mendel was able to calculate probabilities and use these to predict the outcomes of olln 
The fact that Mendel confirmed his work with statistical analysis made it relatively сим I « 
others to repeat his experiments and verity his results.

Mendel’s Laws of Inheritance

Mendel simplified the results o f  his pea plant experiments into four hypotheses, some nl ■ 
are sometimes called “laws.” These hypotheses or laws describe the basis o f inheritance 1 
diploid organisms, as understood by Mendel.

Mendel first hypothesized that for each characteristic, plants have two copies o f the hn  n 
trait, one from each parent. Today, wc use the word gene to describe the basic unit of h. . 1 In 
Based on what he saw in pea plants, Mendel recognized that different versions o f gen 
exist for the same characteristic. These different gene versions are called alleles. For ci . . 
because pea plants could have either violet or white flowers, he argued that there had In 1 
least two different alleles for flower color. Mendel hypothesized that it was possible lot 
to either have two identical alleles or to have two different alleles for a specific gene. Iii.in 1 
that have two identical alleles are said to be homozygous. M endel’s true-breeding viuli 1 
flowered and white-flowcrcd pea plants arc both homozygous; they have two identical .ill 
both resulting in either violet or white flower color. When individuals have two difTcrcnl .• 1

302 Return to  1>Ь I



•. i p a  '•» v lire said to be heterozygous. For example, a plant that has one allele for violet 
< .. »il Mu- allele for white flowers is heterozygous for the characteristic o f flower color.

i •«■in i ted that each parent passed on only one of its two alleles to its offspring. For 
■ • •• i 1 i ill the male and female gamete would each only carry one copy o f an allele for

.......i.u When fertilization occurred, the new zygote would then have two alleles for flower
ala i'.a life the parents that produced it.

‘ I i".mil that when he crossed true-breeding violet-flowered pea plants and truc-brccding 
>. II . I . d pea plants, all the offspring were violet. The violet flower color is therefore 

—•• I ..l dominant. An allele is considered dom inant when it is expressed in heterozygous 
. Inal i I Mendel’s Fi pea plants were heterozygous because they had one violet-flowered 

. ... i ..in- white-flowered allele. Violet flower color was expressed in this generation,
a .......... the dominant allele. The white-flowered allele is therefore considered recessive. An

....... Icrcd recessive if  it is masked (does not appear) in the Fi offspring. The recessive
. i •. however, reappear in the F2 generation. Mendel hypothesized that if  he saw the

.1 lout being expressed, it meant that the plant did not have a dominant allele, rather they 
м  in. Iwo recessive alleles. He also suggested that because the recessive trait reappeared in

......... ... this meant that the traits remained separate and not blended in the
, h i (lion plants.

1 . ..I mi Ins observations of the Fi and F; generations, Mendel proposed the law of segregation. 
Hm i«« .'Hies that paired unit factors, today called genes, must segregate equally into gametes 

•I Ispring have an equal likelihood of inheriting either gene. Recall that in mciosis,
■ 1 1 .him chromosomes are separated into different haploid gametes arbitrarily (Figure 9.5).

11 11 Inal’s characteristics are a result o f the genes carried on chromosomes. W hen a haploid 
.. 1 in an one parent fertilizes a haploid gamete from another parent, a diploid offspring is 

.1. il I lie diploid offspring has two copies o f each chromosome, and therefore two copies o f 
.....  supporting Mendel’s hypothesis.

D a u g h te rMen r, is. 1

Prometaphase I Anaphase 1Inlcrpnase

Telophase IProphase 1 Metaphase 1

.1 . 4 5 The random segregation into daughter nuclei that happens during the first division in 
•a  .in supports Mendel’s law o f segregation, (credit: Fowler et al. / Concents o f  Biology 
,• uSui\)
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M endel’s hypotheses were based on the physical characteristic that he could observe. An 
organism’s observable physical traits are referred to as its phenotype; for example, violet 
white flowers (Figure 9.6). Mendel could not examine an organism’s genetic makeup M e n  • 

inferences on whether an organism was homozygous or heterozygous for a particular gene 'hi 
could not provide genomic data that supported this. An organism’s underlying genetic n u t . ц 
called its genotype (Figure 9.6). A genotype is usually denoted by using two of the same len 
(Figure 9.6). The letter that is used is often the first letter o f the dominant trait, but genet к : i 
prefer to use letters that have distinct upper- and lower-case forms (P and p may be m istal... 
each other, while В and b are more distinct). The genotype may be two upper case lettcis i- 
lower case letters, or an upper and a lower-case letter (BB, bb, or Bb).

9.6 Phenotype shows an organism’s physical observable traits, whereas genotype is an 
organism’s genetic makeup, (credit: Modified by Elizabeth O’Grady original work of Mm I. . 
Price Balll

What do the genotype letters represent? The P generation plants that Mendel used in his 
experiments were each homozygous for the trait he was studying, meaning that for a given | . 
it had two identical alleles for that gene. Genotypes o f individuals that have two identical .ill 1 
are represented by either two identical upper-case letters (BB) which represent homozygou. 
dominant individuals, or two identical lower-case letters (bb) which represent homozygou • 
recessive individuals. The dominant allele is capitalized, and the recessive allele is lower ■ ,i.. 
When P plants with contrasting traits, for example, violet flowers (BB) vs. white flowers I hi. i 
were cross-fertilized, all offspring were heterozygous. Heterozygous plants have two diften 
alleles, one violet and one white, from each corresponding parent. The heterozygous gcnolv | • 
denoted by one upper-case letter and one lower-case letter (Bb). It is the phenotype that is 
observed in a heterozygous individual that determines which trait is dominant and which tin и 
recessive.

Monohybrid cross and Punnett Square

M endel’s cross-fertilization experiments demonstrate the difference between phenotype an 
genotype. When fertilization occurs between two true-breeding parents that differ in only «ни 
characteristic, the process is called a monohybrid cross.

To demonstrate a monohybrid cross, consider the case o f true-breeding pea plants with yell' - 
seeds versus green seeds. The dominant seed color is yellow; therefore, the parental genol>|W» 
were Y Y  for the homozygous dominant plants with yellow seeds and y y  for the homozygou-
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Monohybrid Cross

г plants with green seeds. A Punnett square, devised by the British geneticist Reginald 
i и can be drawn that applies the rules o f probability to predict the possible genotype 
меч of a genetic cross and their expected frequencies. To prepare a Punnett square, a table 
■4 i where all possible combinations o f  the parental alleles arc listed along the top for one 
1 mid all possible combinations o f the second parental alleles are listed on the left side o f  
Mr (figure 9.7). This allows the alleles to be separated into separate boxes, which represent 
• n iotic separation into haploid gametes. The different combinations o f egg and sperm are 
in the boxes in the table to show which alleles are combining. Each box then represents the

diploid genotype o f a zygote, or fertilized egg, 
that could result from this fertilization event. 
Because each possibility is equally likely, 
genotypic ratios can be determined from a 
Punnett square. If  the pattern o f inheritance is 
known, the phenotypic ratios can be inferred as 
well. For a monohybrid cross of two true- 
breeding parents, each parent contributes one 
type o f allele. In this case, only one genotype is 
possible. All F i offspring are heterozygous,
Yy, and have yellow seeds because they have a 
dominant allele (Figure 9.7).

Gametes from
dominant patent 

Y Y

Yy Yy

y y Yy

\ /

Yy

\
Y У

Y У

Y e llo w  Y e tlo w

YY УУ

Each homozygous 
parent in the P 
genet ation produces 
only one land ol
g a m « e .

Y e llo w  G reen

The heteiozygous F j 
offspring produces 
two kinds ot gamete

Self-роШпапоп of the 
F i offspring produces 
F s offspring with a  3:1 
ratio of yelkxY to green  
seeds.

Y y  ф  ' г — x

4 R a t iO !
’

G e n o ty p e P h e n o ty i
-•« ■ ty p e s G e n o ty p e s r a t io ra tro

Y Y 1 3
Y f l lo w

Yy 2

1 . i r o n У У 1 1

Figure 9.7 This Punnett square shows the cross 
between plants with yellow seeds and green 
seeds. The cross between the true-breeding P 
plants produces Ft heterozygotes that can be 
self-fertilized. The self-fertilization of the F| 
generation can be analyzed with a Punnett 
square to predict the genotypes o f the F2 
generation. Given an inheritance pattern o f  
dominant-recessive, the genotypic and 
phenotypic ratios can then be determined, 
(credit: Modified by Elizabeth O'Grady original 
work o f  Clark et al. / Biology 2E OncnStax) * 1

11 . mss o f one of the Yy heterozygous Fi offspring can also be represented in a Punnett 
Notice that there arc two ways to obtain the Yy genotype: a Y  from the egg and a у  from 

1111. or a y  from the egg and a Y from the sperm. Both possibilities must be counted.
: 1 lertilization is a random event, we expect each combination to be equally likely and for 

iftpiing to exhibit a ratio o f YY: Y y .yy  genotypes o f 1:2:1 (Figure 9.7). Furthermore,
1 1111(1 Yv offspring all have yellow seeds and are phenotypically identical. Therefore, we 

■ 11 lie offspring to exhibit a phenotypic ratio o f 3 yellow:l green. In all the characteristics 
1. udel observed, he found this ratio in every F2 generation.
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Check your knowledge
111 pea plants, purple flowers (P )  are dominant to white (p ) . and yellow peas i l l ....
dominant to green (v). Wliat are the possible genotypes and phenotypes foi w i m  
betw eenP p Y Y  andp p Y y  pea plants'?

/Vil- »: л -Л- Р р ‘П . I 'p Y v . f

7Ш':; vhPs tk f  l --’ ■ 1
•  «|АГ /?оч,< >•• > w /-1 . r  ' l . , : .  /  / r j :

Pedigrees

Mendel chose a model organism, the common garden pea plant, that he could easily ........ j-uU '
through cross-fertilizations. This allowed him to observe and track different characters 
one generation to the next. Humans also have characteristics that are genetically inhci it- -I 
However, doing cross-fertilizations in humans is both unethical and impractical. Instc.nl 
geneticists can use a pedigree to study inheritance patterns o f human genetic character i in 
(Figure 9.10). A pedigree is chart used to study inheritance patterns o f  genetic character i '

How can a pedigree be used to study inheritance patterns? Let’s look at an example ol n 
recessive disorder, alkaptonuria, in which two amino acids, phenylalanine and tyrosine in »  
properly metabolized (Figure 9.10). Individuals that have this condition may have dai к < ш 
and brown urine. They may also suffer joint damage and other complications.

When looking at or generating a pedigree, phenotypic females are represented by circle- ih-i 
phenotypic males arc represented by squares. A horizontal line connecting a phenotypu iiial 
and a phenotypic female indicates a mating event. A vertical line represents any offspring il— 
result from a mating event. In the pedigree below, individuals with the disorder arc shown 
solid blue circles or squares. Because we know the inheritance pattern o f Alkaptonuria r  
autosomal recessive, we also know these affected individuals have the genotype a a . U i i .i I I » * »  ■ 

individuals are indicated by unshaded or white circles or squares and have either 
genotype A A  or A a . Sometimes it is not possible using a pedigree to determine whether и |н . . 
is A A  or A a , and in these cases, the genotype can be denoted as A _  or by writing out both 
possibilities, “A A  or A a" . Note that it is often possible to determine a person’s genotype 11 • • 
genotype o f  their offspring. For example, if  neither parent has the disorder, but their child 
then both parents must be heterozygous for the gene to be passed down.
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I I M a le  Fem ale Unaffected “  Affected

1 И"' 4 III Л pedigree is showing the recessive genetic disorder, alkaptonuria, (credit: Modified 
1 ■ - lit O'Gradv original work o f Clark et al. / Biology 2E OnenStaxl

' ' i i an be generated by observing traits o f individuals within a family or by looking for 
* •  t  "■ tming molecular biology techniques. In either case, pedigrees allow geneticists to look at 

• nl inheritance within a family and predict genotypic probabilities.

1 lict U your knowledge
In в pedigree, you are evaluating a filled in circle. Which best describes this person?
■ I'licnotypic male who is unaffected 

Phenotypic female who is unaffected 
Phenotypic female who is affected 
Phenotypic male who is affected

Punnet square: What is the genotype of the parents if all the offspring are dominant?

fef.-r.nverv; fei dfto' ( i u ll the Oshytiiig a ix  ciomina/if. u< least оче <;J 
fhi* porirtus fit a st he howazyrmi* Jotnina m l*. г m at fhe

aer. o»J p iti'a t! eould 1ч> any fur.
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Section Summary

Working with garden pea plants, Mendel found that crosses In in . , •• <•. f  
trait produced Fi offspring that all expressed the traits o f one pan »i i и 
referred to as dominant, and non-expressed traits are described in n . •
in M endel’s experiment were self-crossed, the F: offspring i «lul u. -I l it  i 
recessive trait in a 3:1 ratio, confirming that the recessive trail hid i n  • ■ ■ •
from the original P plant. Reciprocal crosses generated idenla n i l , *  l 
examining sample sizes, Mendel showed that his crosses hclin . ,1 . ,«i . • 
laws o f probability, and that the traits were inherited as indep*-»d.......

Mendel hypothesized that genes arc inherited as pairs o f alii I, • 1
recessive pattern. Alleles segregate into gametes such that cm li ц,»..........
receive either one of the two alleles present in a diploid individual ■ •
gametes independently o f  one another. That is, in general, ullcl.............. > |
into a gamete with a particular allele o f another gene. Л dilis hi ul ■ , i >
assortment when the genes in question are oil different chi on»........  1 ■
on the same chromosome.

!

310



(< pii m o l  by an o rg an ism  are  d e sc rib ed  a s  its

| ^ |  ihiK hr observed in individuals that a re ________ for that trait.

I n  « a a l w

. I M4IIH it's dial can be produced by an individual with the genotype

*  #

i « kiiI.I......Heeled male be notated?
4 ...IHi i lo li

in | ii ■ .li. i die offspring in a cross between a dwarf pea plant 
l u l l ,  i :lnil и lull pea plant (heterozygous). What is the phenotypic ratio

■ in |>i. .li. I Ibe offspring in a cross between a tall pea plant
■ i.il r  „ plant (heterozygous). W hat is the genotypic ratio o f  the

ill have < arid t along She lop and T arid 1 along the led 
■■•-pcs I isle.'I within the hoses will be Ti.r Ъ- у , anti n

have ! and ' along the top and 7 'and ! along die left 
■ Hypes listed within the boxes will be TT, !'t, Tl, and It
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Working with garden pea plants, Mendel found that crosses In in . r  ц 
trait produced Fi offspring that all expressed the traits o f onr | mi »in ■ 0
referred to as dominant, and non-expressed traits are descrilu d n< 
in M endel’s experiment were self-crossed, the F: offspring i к Ini ш . I - 
recessive trait in a 3:1 ratio, confirming that the recessive tiail lu<l -n  
from the original P plant. Reciprocal crosses generated irictilu i ll  n  
examining sample sizes, Mendel showed that his crosses helm\ . .1 . , .  i .  • • 
laws o f probability, and that the traits were inherited as indep*ml- ••

Mendel hypothesized that genes are inherited as pairs o f alii h - i « . 
recessive pattern. Alleles segregate into gametes such that I'lll I I UllllllH . | ,
receive either one o f the two alleles present in a diploid indivuln il 
gametes independently o f one another. That is, in general, nlh i. .. 
into a gamete with a particular allele o f  another gene. Л diliyhn.l. .  -  t. 
assortment when the genes in question are on different chromuM.i .
on the same chromosome.

Section Summary
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allele: one o f two or more variants o f a gene that determ ines a particular trait lor a chut * ■ an

dihybrid: the result o f a cross between two true-breeding parents that express diffen nl n 
two characteristics

dom inant: describes a trait that masks the expression o f  another trait when both vci» «  i *• 
gene are present in an individual

gene: the basic unit o f heredity

genotype: the underlying genetic makeup, consisting o f bo th  physically visible and non 
expressed alleles, o f an organism

heterozygous: having two different alleles for a given gene on the homologous chronu». a 

homozygous: having two identical alleles for a given gene on the homologous chroma ■■■"• i

law of dom inance: in a heterozygote, one trait will conceal the presence of another turn im i 
same characteristic

law of independent assortm ent: genes do not influence each other concerning sorting о iiww. 
into gametes; every possible combination o f alleles is equally likely to occur

law of segregation: paired unit factors (i.e., genes) segregate equally into gametes such iIki 
offspring have an equal likelihood o f inheriting any combination o f factors

m onohybrid: the result o f a cross between two true-breeding parents that express ditTcn 
for only one characteristic

phenotype: the observable traits expressed by an organism

Punnett square: a visual representation of a cross between two individuals in which the i ■ 
o f each individual are denoted along the top and side o f  a grid, respectively, and the pos >11• l 
zygotic genotypes are recombined at each box in the grid

pedigree: to chart used to study inheritance patterns o f genetic characteristics

recessive: describes a trait whose expression is masked by another trait when the alleles Im •< 
traits are present in an individual

Glossary
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< • I i n  i u i o m s  of the Laws o f Inheritance

>si jives
«. и . ml nf this section, you wall be able to:

1 1 l r r 'J \  n o n -M e n d e lia n  in h e r i ta n c e p a t te r n s  s u c h  a s  in c o m p le te  d o m in a n c e ,

a , lu m in an ce . p le io tr o p y .  p o lv g e n r c  in h e r i ta n c e ,  a n d  e n v ir o n m e n ta l  f a c t o r s  

' l a llo w  t r a i t s  p a s s e d  d o w n  th r o u g h  in c o m p le te  d o m in a n c e  a n d  c o d o m in a n c e  u s in g  a  

• •••m o ln b rid  c r o s s  a n d  h e  a b le  t o  p r e d i c t  th e  g e n o t y p e s  a n d  p h e n o ty p e  o f  th e  o f f s p r in g  

■ l i t  a b le  to  d e f in e  a n d  e x p la in  a l l  b o ld e d  t e r m s

xperiments with pea plants suggested that: ( 1 ) two alleles exist for every gene (2 ) 
ui.initmn their integrity in each generation, and  (3) in the presence of the dominant allele, 

a s m '.ive allele is hidden and makes no contribution to the phenotype. Recessive alleles can 
. nii il and not expressed by individuals. M endel’s work suggested that the presence of the 
■••пн allele, independent o f whether an individual had one copy or two, always resulted in

..... . phenotype, a concept referred to as com ple te  dom inance. The work put forth by
» * 1 iin ins the basis o f classical, or Mendelian, genetics.

I и .ills are passed from parents to offspring according to Mendelian genetics. Further 
' iiailics in other plants and animals have show n that much more complexity exists. With 
' m iu  said, the fundamental principles o f M endelian genetics still hold true. In this section, 
mtiiloi inodes o f inheritance that differ from classical Mendelian genetics. If  Mendel had 
■ h i  experimental system that exhibited these genetic complexities, it’s possible that he 

have understood what his results meant.

■nplrte Dominance

i. I ■ irsults that traits are inherited as dominant and recessive pairs contradicted the view 
i11 ipi ing exhibited a blend o f their parents’ traits. However, the heterozygote phenotype

.........I ly  does appear to be an intermediate phenotype between the two parents. For example,
i. Mpdragon, A n tir rh in u m  m a ju s  (Figure 9.11), i f  a homozygous parent with white flowers 

Mused with a homozygous parent with red flow ers (R R )  all offspring will have pink 
• iH i) The heterozygous 

i г has half as much red

■ II These pink flowers 
• in • chic snapdragon 

1 111nii incomplete 
«uni г (credit: RudLus02 /

*«ii pi ihcir red homozygous 
mi parent. This pattern o f 

и им i: is described 
iiip lc tc  dominance. -

F , g e n e ra tio n
Pink

li.i commons')
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With incomplete dominance, heterozygous individuals have intermediate phenotypes I h. , , >. 
for red flowers is incompletely dominant over the allele for white flowers. Although the pinl 
intermediate phenotype would appear to support the blending hypothesis, this is not the . i , 
Recall that if  genes blended, the paternal phenotypes would not appear in future generation* 
which is not the case in snapdragons. The results o f  a heterozygote self-cross provide datn it. 
rejects the blending hypothesis with 
the reappearance o f  both the red and
white phenotypes (Figure 9.12). In '  ■ л Т
this case, the genotypic ratio would
be 1 R R : 2  R r: 1 nr, and the R '

phenotypic ratio would be 1 :2 : 1  for 
red: pink: white (Figure 9.12).

Figure 9.12 These pink flowers o f a 
heterozygote snapdragon result from 
incomplete dominance, (credit: 
RudLus02 / Wikimcdia commons)

,y r V

R Рьт
«Я ft ^ м

Ы
f Pint, _ . Wh.u

Codom inance

Pink

Mendel implied that only two alleles, one dominant and one recessive, could exist for a givi i, 
gene. For example, violet or white flowers and yellow or green seeds. Wc know now that tli 
an oversimplification in most cases. Many genes have more than just two different alleles 
Human blood type is an example o f  a character that is determined by three different alleles 
(Figure 9.13). The alleles arc notated as ] ° ,  1A, and /" Each person should have only two all< i . 
for blood type, one from each parent. The two alleles a person inherits leads to one of foui 
possible phenotypes: blood type А, В, AB. or O. The letters represent two different 
carbohydrates that can be found on the cell membrane o f  red blood cells. For example, sown- 
who is type A has the A carbohydrate, whereas someone who is О has neither the A nor the It 
carbohydrates. Someone who is AB has both the A and the В carbohydrates on their red blm .i 
cells. To explain the AB blood type, we need to discuss codominance, which is another v i i i i u .  

o f Mendelian inheritance.
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Blood Type

A ¥ A b 0

Red Blood 
0 )1  Type Ф Ф Ф
Antibodies
in Plasma " y / ' K

A f S C A n th A Ч у м Anti-A and Anti В

Antigens In 
Red blood 
Cell

?
A anligen

?
В antigen

n
A and В antigens Ч у ч

Blood Types 
Compatible 
in an
Emergency

A. О B .O
A, B. AB. О 
{AB* is the 

universe) recipient)

0
(0  is Itie 

universal donor)

( . h i  'I I ? The four different ABO blood types, (credit: Betts et. al / Anatomy and Physiology 
. "4 u \)

i . ndniiiinance, both alleles for the same characteristic are simultaneously expressed in the
..... /уnote genotype. For example, a person that inherits the IA allele from one parent and the

1 . N hum the other parent will hare the genotype lAlB and the phenotype of AB blood type.
vgoles (!A IA and Iй Is ) express either the A or В blood type, respectively. Someone who 

i  / ' ' h i  /* P  will also express either the A or В blood type. Only individuals that receive an P  
i I mm both parents will have the О 
l type. If the genotypes o f the parents 

• known, the Punnctt square can still be 
.1 to predict the possible outcomes of 

.  iilbpring’s phenotype. For example, if 
Mill' hus the genotype I A P  and the 
. ill- hus the genotype I е P  then they can
.Ini c offspring that have all four [ i ____
niilypes. А, В, AB, or О (Figure 9.14). |—j 0

■ ') 14 A blood typing genetic cross
>«si a male with the genotype 1A 1°  and 

li mule with the genotype IB 1° and the
■ I'll- offspring they can produce, 
in VussineMrabet / Wikimedia 
Ill III?)

Blood typo A Blood type AB в ood type B 8:ood typ< 0
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Pleiotropy

In pea plants, Mendel focused on how one gene is responsible for one characteristic it' — 
Mendel did notice with some characteristics, certain phenotypes tended to relate to шн ш» 11 
White flowering pea plants always had clear seed coverings, whereas violet flowciing p i г  * 
always had seed coverings that were brown. It is now understood that the gene thill li .nl 
flower color also impacts the color o f the seed’s cover. Pleiotropy is a pattern o f inlici > n

where one gene controls two or more dilli i«i 
Gene A characteristics (Figure 9.15).

Figure 9.15 In this image, “gene A” affect*.... I"i
characteristics, both height, and heart fum lion 
an example o f pleiotropy. (credit: Elizabeth 1 ■ 1

Fibrillin -  1 syndrome is an example o f human pleiotropy and is caused by a single g. n< 
mutation. The gene mutation prevents individuals from making a necessary protein Inn.. 1 »• 
connective tissue. It can cause individuals to be abnormally tall and have digits, fingn • •• 1 s 
that arc long and thin, and they may have visual impairments. Individuals that have I'll nil 
syndrome also often suffer from aortic aneurysms, a heart condition where the aorta Inilya • *
can burst, leading to death. Although treatments are available to help with symptoms. II.........
cure for Fibrillin -  1 syndrome.

Polygenic Inheritance

Mendel worked with traits that showed discontinuous variation. Recall that discontinumi 
variation is when each individual exhibit one o f two easily distinguishable traits, such n> t м
white flowers. However, at the time o f Mendel many people supported the blending hvi....... •
because o f what is commonly referred to as continuous variation. Continuous variation it 
character, such as height in humans, is influenced by several different genes. This also .« - •
with characteristics such as skin, hair, and eye color.

For example, when looking at eye color, it is evident that there are many different sh.nl. »I. 
comes to blue and brown. In this case, there isn’t just one gene that determines eye coh la ■ 
rather many genes that contribute to this characteristic. Height can be just as complicah .1 ■ 
individuals ranging ffom very short to very tall. How does genetic inheritance lead to mi. h 
variation? The answer lies in the fact that many different genes control characteristics m . 
height, skin color, and eye color. Each gene that an individual inherits has a small additi . . о 
on the overall phenotype, a concept known as polygenic inheritance.

1  i
Characteristic #1 Characteristic ft2 

Ex. Height Ex. Heart Function
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' polygenic inheritance has an additive effect on phenotype, click the link below to see 
i ' lies, which are inherited separately, can lead to seven different wheat kernel colors 
It.)

Iti Wheat kernel color variation is a characteristic under the control o f  polygenic 
■ (credit: unknown / Public Domain)

l \  c( f lO V  Visualize the polygenic inheritance at this link - Link on Polygenic

no ii I ill Influences

nulls ulual’s phenotype is impacted by environmental factors. Using height as an 
Hiii characteristic is not only influenced by the number and type o f genes inherited; it

■ ml», on environmental factors. For instance, if  a child does not receive the proper 
including calcium for bone growth, he or she may be stunted or delayed in growth.

mil proper sleep quantities also influence a person’s overall growth and stature. As you 
il< nrtics alone cannot always explain an individual’s phenotype. i

i iiiii tcristics are thought to be dependent on both genetic and environmental factors; a 
• .lit-ii referred to as nature vs. nurture. Most humans are bom with the physiological 

ni.ikc sound; however, the language that an individual leams to speak is heavily
■ d by the environment in which they are raised. It is yet to be determined and agreed 
I h i w  much of an organism’s characteristics are based on genetics versus environmental 
Mn..I agree that an individual’s phenotype is a result o f some combination of both.
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Section Sum m ary

Alleles do not always behave in dominant and recessive patterns. Incomplete dominance 
describes situations in which the heterozygote exhibits a phenotype that is intermediate bctwi i 
the homozygous phenotypes. Codominance represents the simultaneous expression of both 
alleles in the heterozygous genotype. Plciotropy is the term used to describe when one gene 
controls two or more different characteristics. Polygenic inheritance represents when multiple 
genes each have a small additive effect on the overall phenotype. Examples o f  polygenic 
inheritance include skin color, height, and eye color. Also, an individual’s phenotype is 
impacted by environmental factors.

Exercises

1. I f  you cross a male who is l A l A and a female who is l B I s  for blood type, what arc tin 
possible blood types o f their offspring?

a. AB and О
b. only A or В
c. only AB
d. Only О

2. If  black true-breeding mice are mated with white true-breeding mice, and the result i« « 
gray offspring, what inheritance pattern would this be indicative of?

a. dominance
b. codominance
c. multiple alleles
d. incomplete dominance

3. Characteristics such as height are only influenced by your genetic makeup.
a. TRUE
b. FALSE

4. ______ is when each gene that an individual inherits has a small additive effect on tin
overall phenotype.

a. Polygenic inheritance
b. Plciotropy
c. Complete dominance
d. Incomplete dominance

5. Could an individual with blood type О (genotype 1 ° I ° )  be a legitimate child o f pim ni# 
which one parent had blood type A and the other parent had blood type B?

Answers

3. fb"i
-  ;'i!!
?■ Yes. this child could have come from these parents The child would nave inherited • t t

from each parent and tor this to happen, the type л parent had to have genotype i ■ •
type p pawn: had so he w  genotype
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' i n M u r y

.luminance: in a heterozygote, complete and simultaneous expression of both alleles for the 
characteristic

Hin|ilcte dominance: in a heterozygote the dominant allele masks the effect of the recessive
I.

......plete dominance: in a heterozygote, expression of two contrasting alleles such that the
-In  itluul displays an intermediate phenotype

r M id i opy: describes when one gene controls two or more different characteristics

P..h i i nfc inheritance: describes when each gene that an individual inherits has a small additive 
i on Ihe overall phenotype
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9.4 Chromosomal Basis oflnheritancc

Learning objectives
By the end o f this section, you will be able to:

• D is c u s s  th e  C h r o m o s o m a l T h e o r y  o f  I n h e r i ta n c e

• E x p la in  th e  e f fe c t  o f  l in k a g e  a n d  r e c o m b in a tio n  o n  g a m e te  g e n o ty p e s

• h i  ten  m u l t ip le  a lle le s  e x i s t  f o r  a  g e n e , b l o w  th e  d if f e r e n c e  b e tw e e n  th e  w i ld  ty p e  ■ • i 

x a r ia n ts

• B e  a b le  to  d e f in e  a n d  e x p la in  a l l  b o ld e d  te rm s
.            ......— ^ ................................................................................ ..  -  - I

Long before scientists visualized chromosomes under a microscope, the father o f modem 
genetics, Gregor Mendel, began studying heredity in 1843. With improved microscopic 
techniques during the late 1800s, cell biologists could stain and visualize subcellular sin и 1 
with dyes and observe their actions during cell division and meiosis. With each cell diviM n 
chromosomes replicated, condensed, and migrated to separate cellular poles. These 
advancements allowed scientists to connect inheritance with the physiological events ol ■ ■ 11 
division.

Chromosomal Theory oflnheritancc

The speculation that chromosomes might be the key to understanding heredity led sevcial 
scientists to examine Mendel’s publications and reevaluate his model in terms of chroim» 
behavior during mitosis and meiosis. In 1902, Theodor Boveri observed that sea urchin 
embryonic development does not occur 
unless chromosomes are present. That same 
year, Walter Sutton observed chromosome 
separation into daughter cells during meiosis.
Together, these observations led to 
the Chromosomal Theory of Inheritance.
The Chromosomal Theory oflnheritancc 
states that genes are found at specific 
locations on chromosomes and that it is the 
chromosomes that independently assort and 
segregate during metaphase 1 and anaphase I 
o f  meiosis I (Figure 9.17).

Figure 9.17: Shows how chromosomes are 
separated, or segregated, during meiosis. 
(credit: Modified by Elizabeth O'Grady 
original work o f Rdbickel / Wikimedia 
commons!

Two possible 
chromosomal 

arrangements in 
metaphase I
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misoinal Theory of Inheritance was consistent with M endel’s laws. The following 
I ж  hhiiis supported the connection between the two:

i I >ui mg mciosis, homologous chromosome pairs migrate as discrete structures that are 
independent o f other chrom osom e pairs.

i i luoinosomc sorting from e ac h  homologous pair into gametes appears to be random.
I n h parent synthesizes gam etes that contain only half their chromosomal number.

. I 11 u though male and female gametes, sperm and egg, differ in size and shape, they have 
me ■. mie number o f chrom osom es, suggesting equal genetic contributions from each
pilirllt.

■ I lie chromosomes found in e a c h  gamete come together during fertilization to produce 
Ibpiing with the same chrom osom e number as their parents.

i miiin  i pi oposed the Chromosomal Theory of Inheritance long before there was any direct 
,.-4m i that chromosomes carried tra its . Critics pointed out that individuals had far more 
•>■ 1  mil ally segregating traits than th ey  had chromosomes. It was only after several years of 
< i 11|i ' <iit cross fertilizations with th e  fruit fly. D r o s o p h ila  m e la n o g a s te r ,  that Thomas Hunt 
• « I  in pmvided experimental ev idence  to support the Chromosomal Theory of Inheritance.

i ■ . a < ,i-»cs Violate the haw of Independent Assortment

и ...... . *11 of Mendel’s pea characteristics behaved according to the law of independent
.  .....m i (figure 9.3), W'e now' k n o w  that some allele combinations are not inherited
m i fir i и It illy o f each other. Genes th a t  are located on separate non-homologous chromosomes 

ну» sort independently. H ow ever, each chromosome contains hundreds or thousands of 
, n. .и guni/cd linearly on chrom osom es like beads on a string. The segregation of alleles into 
,. m i. > i nn be influenced by lin k a g e , in which genes that arc located physically close to each 
ы  ..и the same chromosome are m o re  likely to be inherited as a pair. However, because o f the 

. id recombination, or “c ro ssover,” it is possible for two genes on the same chromosome
i. in  independently, or as if  th e y  are not linked. To understand this, let’s consider the

• 1..4 I111I basis o f gene linkage and  recombination.

n<a»J«i|ii>us chromosomes possess th e  same genes in the same linear order. The alleles may 
1 ни homologous chromosome pairs, but the genes to which they correspond do not. In 

1 и ilmii for the first division o f  m eiosis, homologous chromosomes replicate and form 
• i i  iciies on the homologous p a irs  align with each other. At this stage, segments o f

•  ...minus chromosomes exchange  linear segments o f genetic material (Figure 9.18). This
. ■. lulled r e c o m b in a tio n  or c ro ssin g  over, is a common genetic process. Because the genes 

1 in d during recombination, t h e  gene order is not altered. Instead, the result o f 
niliiii.ilion is that maternal an d  paternal alleles are combined onto the same chromosome.
.. ,1 yivcn chromosome, sev e ra l recombination events may occur, causing extensive

• л liny uf alleles.
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Crossover

Homologous 
chromosomes 

aligned

Chromosome
crossover

Recombinant 
chromosomes 

■

Non-recombinant
chromosomes

Figure 9.18 The process o f crossover, or recombination, occurs when two homologous 
chromosomes align during meiosis and exchange a segment o f genetic material. Here, the .il 
for gene C were exchanged. The result is two recombinant and two non-recombinant 
chromosomes, (credit: Clark et al. / Biology 2E OpenStaxi

When two genes are located in close proximity on the same chromosome, they are consult' 
linked, and their alleles tend to be passed through meiosis together. To demonstrate this, iin.ii 
a dihybrid cross involving flower color and plant height in which the genes arc next to cadi ut 
on the chromosome. If one homologous chromosome has alleles for tall plants and red flow. . 
and the other chromosome has genes for short plants and yellow flowers, then when the gam 
are formed, the tall and red alleles will go together into gametes, and the short and yellow all. 
will go into other gametes. However, because the genes arc linked, there will be no gameti 
tall and yellow alleles and no gametes with short and red alleles. I f  you create the Punnett si|u 

with these gametes, you will sec that the classical Mcndelian prediction o f  a 9:3:3:1 outconn 
dihybrid cross would not apply. As the distance between two genes increases, the probabilit. 
one or more crossovers between them increases, and the genes behave more like they are on 
separate chromosomes. Geneticists have used the proportion o f recombinant gametes, the our 
not like the parents, as a measure o f  how far apart genes are on a chromosome. Using this 
information, they have constructed elaborate maps of genes on chromosomes for well-studu .1 
organisms, including humans. M endel’s publication makes no mention o f linkage, and many 
researchers have questioned whether he encountered linkage but chose not to publish those 
crosses out o f concern that they would invalidate his independent assortment hypothesis. Tin 
garden pea has seven chromosomes, and some have suggested that his choice o f seven 
characteristics was not a coincidence. However, even if the genes he examined were not loc.u. 
on separate chromosomes, it is possible that he simply did not observe linkage because of tin 
extensive shuffling effects o f recombination.
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■ -ч .  M id is

!in|ilii*il that only two alleles, one dominant and one recessive, could exist for a given 
Kk a*iw know that this is an oversimplification. For any given gene, multiple alleles may 

* ;!■- population level. Different combinations o f alleles lead to different observed
* 4 ), Note that when many alleles exist for the same gene, the convention is to denote the 

union phenotype or genotype among wild organisms as the wild type, often abbreviated 
i i i oibidered the standard or norm. All other phenotypes or genotypes are 
i4 * i il variants o f this standard, meaning that they deviate from the wild type. The variant 

,ive or dominant to the wild-type allele.

г duple of multiple alleles is coat color in rabbits (Figure 9.19). Here, four alleles exist for 
I he wild-type version, C C+, is expressed as brown fur. The chinchilla 

vne. i 'V *, is expressed as black-tipped white fur. The Himalayan phenotype, A ‘, has 
n mi the extremities and white fur elsewhere. Finally, the albino, or “colorless” 
p i, i r. is expressed as white fur. In cases o f multiple alleles, dominance hierarchies can 

. in ease, the wild-type allele is dominant over all the others, chinchilla is incompletely 
i toi ..in  Himalayan and albino, and Himalayan is dominant over albino. This hierarchy, or 

p i ....... и-», was revealed by observing the phenotypes o f each possible heterozygote offspring.

i • i HupHc dominance o f a wild-type phenotype over all other mutants often occurs as an
i i iluvage” of a specific gene product. The wild-type allele supplies the correct amount o f 

, . • mini t. whereas the mutant alleles
. l .a the allelic series in rabbits, the 

. ( I , ,  allele may supply a given 
•  . . I  In i pigment, whereas the

Ma -apply a lesser dosage or none at
...........Hngly, the Himalayan

г- is the result o f  an allele that 
• . .1 temperature-sensitive gene

■ ili.il only produces pigment in the 
. • 11 i-iiiitics o f the rabbit’s body.

. V i 'I Four different alleles exist for 
i»:.'ip coat color (C) gene, (credit: 

i -....... I / Hiologv 2E OpenStax)

.l.i a work identified the fundamental principles o f heredity; however, as you have now 
... .1 (cnclics arc much more complicated. Had he used a different model organism or 

■ i Hi d both linked and unlinked genes, it would have been much more difficult for him to 
■! in и I icd model o f his data based on probability. Researchers w ho have since mapped the 

. tail Mendel investigated have confirmed that all the genes he examined are either on 
• • luomosomes or are sufficiently far apart as to be statistically unlinked. Some have 

, . . I  linn Mendel was enormously lucky in both his choice o f  model organism and that he
11 nly unlinked genes. Others question whether Mendel discarded any data suggesting 
1 gardlcss. Mendel and his data helped build the foundation for modem genetics.
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Section Summary

Sutton and Boveri's Chromosomal Theory o f Inheritance states that chromosomes are the 
vehicles o f genetic heredity. Neither M endelian genetics nor gene linkage apply to inhi i n mi. 
all characteristics. Instead, chromosome behavior involves segregation, independent assiiitiin '
and occasionally, linkage. Sturtcvant devised a method to assess recombination frequency.....
infer linked genes' relative positions and distances on a chromosome based on the averagi 
number o f crossovers in the intervening region between the genes. Sturtevant correctly pi « « a  
that genes are arranged in serial order on chromosomes and that recombination between 
homologs can occur anywhere on a chromosome with equal likelihood. Whereas linkage i «■ • 
alleles on the same chromosome to be inherited together, homologous recombination Ыам 
alleles toward an independent inheritance pattern.

Exercises

1. The Chromosomal Theory of Inheritance was consistent with Mendel’s laws. Provnli »» 
observations that supported the connection between the two.

2. When many alleles exist for the same gene, the convention is to denote the most ..........
phenotype or genotype among individuals as the:

a. variant
b. wild type
c. dosage
d. none o f the above

3. When two genes arc located in close proximity on the same chromosome, they an 
considered linked, and their alleles tend to be passed through meiosis together.

a. TRUE
b. FALSE

Answers

1 (11 During meiosis. homologous ehroiniwens pairs migrate as disente structures ife  i 
independent of other ehrornosomc pairs (2) Chromosome sorting from each hoivtou.-- 
htto gametes appears Ur be random. i3) loch patent s-.mhesiees gametes that contain .. 
their chromosomal number. H) Even though male and female gametes, sperm and ■ 
size and morphology, they have the same number of chromosomes, suggesting eqttai >. 
contributions from each parent. (5 1 The chromosome* found m each gamete come toe, 
fettrii'ealiuu tc< produce otppring v. ilh tire same khromos-mie number us thch pui cut

2 ih;
" (at
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..........11

......... .. Theory of Inheritance: a theory proposing that chromosomes are the genes'
■ i. !■ . nnd that their behavior during meiosis is the physical basis o f the inheritance patterns

' ihH  observed

■■■ «(■ u phenomenon in which alleles that arc located in close proximity to each other on the 
i hinniosome are more likely to be inherited together

■ > .пн genotypes or phenotype that deviate from the wild type

•  л (jpe: the most commonly occurring genotype or phenotype for a given characteristic found
■ ■ 1'iipulation
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9.5 Patterns of Inheritance

Learning objectives
By the end of this section, you will be able to:

• N a m e  a n d  d e s c r ib e  e x a m p le s  o f  th e  m o s t  c o m m o n  h u m a n  g e n e t i c  d i s e a s e s f o i  n  i, h 

t y p e  o f  in h e r i ta n c e — a u to s o m a l o r  se x - lin k e d , d o m in a n t  o r  r e c e s s iv e

• B e  a b le  to  p e r f o r m  P u n n e rr  s q u a r e s  t o  p r e d i c t  th e  p o s s ib l e  o u tc o m e s  o f  d iffe re n t  

p a t t e r n s  o f  in h e r i ta n c e

• B e  a b le  t o  d e f in e  a n d  e x p la in  a l l  b o ld e d  te r m s

Chromosomes carry genes necessary to maintain homeostasis. Thanks to the work ot iumi) 
scientists, it is now understood that chromosomes, not just individual genes, are the hctii.iMi- 
units that are passed on from one generation to the next. Recall from chapter eight thal Imiii 
human males and females have twenty-two pairs o f homologous chromosomes called инь.» - 
Autosomes are chromosome pairs one through twenty-two and do not determine a pci sun * »*• 
The twenty-third pair o f chromosomes are referred to as the allosomes and determine win iln ■ 
individual will physiologically develop as a male or female.

Human Genetic Disorders

Some human disorders are genetically inherited. These conditions are caused by faulty gem • 
located on chromosomes that often code for non-functional proteins. Genetic disorders i an 4  
classified based on whether the gene is located on autosomes or the allosomes. Disordi 
further classified as dominant or recessive, depending on whether a dominant or rcccssivi ill. i. 
causes the disorder. Most genetic disorders fall into one of three inheritance patterns .ini. > 
dominant, autosomal recessive, or X (sex) -linked disorders.

Autosomal Dominant Disorders

Autosomal dominant disorders occur when an individual inherits a mutated or faulty doinni— i 
allele on an autosome. The person may have one faulty dominant allele and one functional 
recessive allele (Aa) or two defective dominant alleles (AA). Regardless o f whether the 
individual is homozygous dominant or heterozygous, they will have the genetic condition ■ . >. 
individuals that are homozygous recessive (aa) will not be affected.

An example o f  an autosomal dominant disorder is neurofibromatosis type I, a disease thal 
induces tumor formation within the nervous system and leads to skin and skeletal deformili. • 
Consider a couple in which one parent is heterozygous (N il)  and has the disorder 
neurofibromatosis, and the other person ( t i n )  is healthy and does not have the disorder Tin- 
heterozygous parent would have a 50 percent chance o f passing the dominant allele for this 
disorder to his or her offspring, and the homozygous parent would always pass on the 
normal/functional allele. Therefore, four possible offspring genotypes are equally likely to 
occur: N n ,  N n ,  n n ,  and n n . Every child o f this couple would have a 50 percent chance of 
inheriting neurofibromatosis. This inheritance pattern is shown in Figure 9.20.
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Generation 2:
50% are dominant (Nn) and 
have neurofibromatosis 
50% are recessive (nn) and 
do not show the disease

■■ ч 20 Autosomal Dominant Inheritance pattern o f an autosomal dominant disorder, such as 
i llhiomatosis, is shown in a Punnett square, (credit: Betts et al. / Anatomy and Physiology

*niM. i\>

>i>, г. nctic diseases that are inherited in this pattern are achondroplasty dwarfism, Fibrillin- 1 
. M unir, and Huntington disease. Because autosomal dominant disorders are expressed by the 

г o f just one allele, parents that do not have the autosomal dominant condition cannot 
. in ■ laulty allele on to their offspring. However, if an offspring has the condition, then at 

. ■ niie of their parents must have at least one defective allele and therefore also has the 
mhIiIkiii.

'  ...... inuI Recessive Disorders

i>i«iuiniil recessive disorders occur when the gene is located on an autosome and the faulty 
i«- i ' which causes the disorder is recessive. When a genetic disorder is inherited in

.... . recessive inheritance pattern, the condition corresponds to the homozygous
•■ «•ivc genotype. Heterozygous individuals will not display symptoms o f this disorder because 

i« и lunctional dominant allele will be expressed. Heterozygous individuals are
l carriers.” Carriers for an autosomal recessive disorder do not themselves have signs or 

гм >ms of the condition, but they can pass the faulty allele on to their offspring. The carrier
......... ... know they have a defective allele unless they have a child with the condition, or they

llicir genome sequenced. Only recessive disorders can have carriers since heterozygous 
iiliiuls with autosomal dominant disorders will always show the disease. •

• i ample o f an autosomal recessive disorder is cystic fibrosis (CF). CF is characterized by the 
ml accumulation o f thick, tenacious mucus in the lungs and digestive tract. Decades ago,

и with CF rarely lived to adulthood. With advances in medical technology, the average 
-1 i.in in developed countries has increased into middle adulthood. CF is a relatively common 

■ "inlet that occurs in approximately 1 in 2000 Caucasians. A child bom to two CF carriers
• have a 25 percent chance o f inheriting the disease. This is the same 3:1 dominant:
• .-.ivc ratio that Mendel observed in his pea plants. Figure 9.21 shows what the probability is

1 ■ • nig  an offspring with an autosomal recessive condition if  two carriers mate.
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On the other hand, someone who is homozygous dominant (AA), with two functional и in i. % 
would have a zero percent probability o f passing on an autosomal recessive condition in in |  
offspring. Other examples o f autosome recessive conditions include the blood disonln n i •» 
cell anemia, the fatal neurological disorder Tay-Sachs disease, and the metabolic dixonl- 
phenylketonuria.

A utosom al recessive

U naftected  C a rrie r C a rrie r A lfected
son dau g h ter son daughter

Figure 9.21 Autosomal Recessive Inheritance The inheritance pattern o f  an autosomal ten • 
disorder with two carrier parents reflects a 3:1 probability o f expression among offspring и t 
U.S. National Library o f Medicine / Anatomy and Physiology OpenStax)

Sex-linked Disorders

A X (sex)-linked inheritance pattern involves genes located on the X chromosome of the ' ini 
pair (Figure 9.22). Recall that a male has one X and one Y chromosome. When a father Иннам* 
a Y chromosome, the child is male, and when he transmits an X chromosome, the child is 
female. A mother can transmit only an X chromosome, as both her allosomes are X 
chromosomes. Any male that has a X-linked condition received the faulty allele from his im м

When an abnormal allele for a gene that occurs on the X chromosome is dominant over the 
recessive, functional allele, the pattern is described as X-linked dominant. This is the case ■ 
vitamin D resistant rickets. For example, an unaffected mother and an affected father have 
children. The affected father would pass the faulty gene on the X chromosome to all o f his 
daughters, but none o f his sons. He can only donate the Y chromosome to his sons (see Figtin 
9.22a). If  it is the mother who is affected and she is homozygous dominant for the faulty alh !■ 
all her children, male or female, would have the condition. If  the mother is heterozygous fin I In 
faulty allele, her sons and daughters have a 50 percent chance o f inheriting the disorder (see 
Figure 9.2b).

328 Return to  Table г f



Unaffected
son

AHected U naffected 
daugh te r son

A ffected
daughter

(a) X-linked dom inant, affected  father

P ro b a b il i t ie s :
0%  sons a ffected 
100%  daugh te rs  a ffected

(b) X -linked  dom inant, a ffected m o lher

P ro b a b il i t ie s :
50%  s o n s  affected  
50%  d a u g h te rs  a ffected

иг 4.22 X-Linked Patterns o f Inheritance A chart of X-linked dominant inheritance patterns 
i depending on whether (a) the father or (b) the mother is affected with the disease, (credit: 
N n 1 1 о n a I L i b rary of M e d i c i ne / Anatomy and Physiology Open Stax)
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The X-linked recessive inheritance pattern is much more common because females can h. 
carriers o f the disease yet still have a normal phenotype. X-linkcd recessive conditions im In' 
red-green color blindness, the blood-clotting disorder hemophilia, and some forms ol mu», и I 
dystrophy. For an example of X-linkcd recessive inheritance, consider parents in which ili. 
mother is an unaffected carrier, and the father does not have the condition. None of the ilmi I 
would have the condition because they receive a functional allele from their father. Howe . i 
they have a 50 percent chance o f receiving the faulty allele from their mother and bccom nij i 
carrier. In contrast, 50 percent o f the sons would be affected (Figure 9.23).

With X-linked recessive conditions, males either have the condition or they do not; they i minis 
be carriers. Also recall, males always get the sex-linked recessive condition from their nmilii <•
Females, however, may not have the condition but may carry the faulty allele and thcrcl.......
it on to their offspring. A daughter that has an X-linked recessive condition had to get tin l.iuli • 
alleles from both her mother and her father. As you can imagine, X-linked recessive divmli и  
affect many more males than females. For example, color blindness affects at least 1 in u m i 
but only about 1 in 400 females.

Probabilities:
50% sons affect, м I 
0% daughters air<>• in,

Figure 9.23 X-Linked Recessive Inheritance Given two parents in which the father is niinmil 
and the mother is a carrier o f an X-linkcd recessive disorder, a son would have a 50 peri nil
probability o f  being affected with the disorder. In contrast, daughters would cither be cu.......
entirely unaffected, (credit: U.S. National Library of Medicine/ Anatomy and Phvsiolou , 
OnenStaxl
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( A R E E R  CONNECTION - Genetic Counselor

i iiv en  the intricate orchestration of gene expression, cell migration, and cell differentiation 
during  prenatal development, it is amazing that the vast majority o f newborns are healthy and 
tree  o f  major birth defects. When a woman over 35 is pregnant or intends to become pregnant, or 
her partner is over 55, or if there is a family history of a genetic disorder, she and her partner 
m ay want to speak to a genetic counselor to discuss the likelihood that their child may be 
affected by a genetic or chromosomal disorder. A genetic counselor can interpret a couple’s 
fam ily history and estimate the risks to their future offspring.

Kor many genetic diseases, a DNA test can determine whether a person is a carrier. For instance, 
carrier status for Fragile X, an X-linkcd disorder associated with mental retardation, or for cystic 
librosis can be determined with a simple blood draw to obtain DNA for testing. A genetic 
counselor can educate a couple about the implications o f  such a test and help them decide 
whether to undergo testing. For chromosomal disorders, the available testing options include a 
hlood test, amniocentesis (in which amniotic fluid is tested), and chorionic villus sampling (in 
which tissue from the placenta is tested). Each of these has advantages and drawbacks. A genetic 
counselor can also help a couple cope with the news that either one or both partners arc a carrier 
o f a genetic illness, or that their unborn child has been diagnosed with a chromosomal disorder 
or other birth defects.

1 о become a genetic counselor, one needs to complete a 4-year undergraduate program and then 
obtain a Master of Science in Genetic Counseling from an accredited university. Board 
■ ertification is attained after passing examinations by the American Board of Genetic 
i ounscling. Genetic counselors arc essential professionals in many branches o f medicine, but 
there is a particular demand for preconception and prenatal genetic counselors.

i i INCEPTS IN ACTION Visit the National Society o f Genetic Counselors website for more 
information about genetic counselors. Visit the American Board of Genetic Counselors,
Inc. website for more information about genetic counselors.
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Section Summary'

Human genetics focuses on identifying different alleles and understanding how they cxpi 
themselves. Medical researchers are especially interested in the identification of inhcrit.in 
patterns for genetic disorders, which provides the means to estimate the risk that a given > 
offspring will inherit a genetic disease or disorder. Patterns o f inheritance in humans inch 
autosomal dominance, autosomal recessive, X-linkcd dominance, and X-linkcd recessive

Exercises

1. Hemophilia is a X-linked recessive disorder. A woman who has hemophilia urn I ■ 
unaffected (healthy) male have a son; what is the probability that their son will li i
hemophilia?

a. 25%
b. 50%
c. 75%
d. 1 00 %

2. Cystic fibrosis is an autosomal recessive disorder. Two heterozygous carrien. Im 
offspring; what is the probability that they will have an offspring with cyslu III i"

a. 25%
b. 50%
c. 75%
d. 1 00%

3. Marfan syndrome is inherited in an autosomal dominant pattern. Which ol tin ml 
is true?

a. Female offspring are more likely to be carriers o f the disease.
b. Male offspring are more likely to inherit the disease.
c. An affected offspring must have at least one affected parent.
d. Female offspring are more likely to inherit the disease.

4. Can a male be a carrier o f red-green color blindness?

Answers

1. ;
2 (as
3. (ci
4. No, males -.'СП only express color blindness end eannnl curry it beceiiSi1 «it 

chromosomes к; he a carrier.



I 1нм«гу

• nines: chromosome pair twenty-three in humans and plays a role in a person’s sex

iiiiiuI dominant inheritance: pattern o f dominant inheritance that corresponds to a gene on 
I l lie 22  autosomal chromosomes

........ .. recessive inheritance: pattern o f recessive inheritance that corresponds to a gene on
l llie 22 autosomal chromosomes

i ■ixiiiiiir: chromosome pairs one through twenty-two and does not determine a person’s sex

. .........  a heterozygous individual who does not display symptoms o f a recessive genetic
• |*J. i hut can transmit the disorder to his or her offspring

i linked: pattern o f inheritance in which an allele is carried on the X chromosome o f the
!<■< II

■ I ■ il dominant inheritance: pattern o f dominant inheritance that corresponds to a gene on 
4 > liinniosomc of the 23rd pair

• b id ■ cccssive inheritance: pattern o f recessive inheritance that corresponds to a gene on 
I ......... . o f the 23rd pair
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t liupter 10: DNA replication and Protein Synthesis

i if in c 10.1 This photo shows Dolly the sheep. Dolly the sheep was the first clone of a mammal.
■ .. ilil: Clark et al. Biology 2E OoenStaxi

i iN A, deoxyribonucleic acid, is found in every living cell. It can be isolated from single-celled 
i nanisms like bacteria, or multicellular organisms like plants and animals. Each organism's 

i iNA is unique, making it an excellent tool for species identification.

1 1 ..- field o f molecular biology, which was developed in the last half-century, has enabled us to 
' .ill isolate and sequence DNA. These techniques allow us to look more closely at the history of 

и nnd to understand the relationships between different living organisms. Thousands o f species 
i i i had their entire genomes sequenced. These sequences allow us to understand inheritance, 

uliilionary relationships, and much more.

И). I «'he Structure of DNA

I . l in in g  o b je c tiv e s  
I Iv the eud of this sectiou. you will be able to:

• B r ie f ly  e x p la in  th e  h i s to r y  a n d  w o r k  o f  W atson , C r ic k , F ra n k lin , a n d  W ilk in s

• D e s c r ib e  th e  s t r u c tu r e  o f  D N A  in c lu d in g  lo c a t io n s  o f  c o v a le n t  a n d  h y d r o g e n  b o n d s ,  

b a s e  p a i r in g ,  a n d  th e  m a jo r  c o m p o n e n ts  o f  a  n u c le o t id e

• C o m p a r e  D N A  a n d  E N A

• B e  a b le  t o  d e f in e  a n d  e x p la in  a l l  b o ld e d  te r m s  * l

In the 1950s, many different scientists were working to answer the following question: what does 
in Iructurc o f DNA look like? Research supported that DNA was the heritable material being 

i i id  from parent to offspring It was also understood that if  cells were going to divide, the
l INA needed to be replicated. However, to understand DNA synthesis or how DNA leads to 
*|n i die phenotypes, the molecular structure o f DNA needed to be determined.
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Francis Crick and James Watson, both students at the University o f Cambridge, England, win t 
together to determine the structure o f DNA; however, they did not do it alone. They depended 
the work and research of other scientists, including Rosalind Franklin and Maurice Wilkins 
Maurice Wilkins and Rosalind Franklin were working in the same laboratory when Franklin 
developed an improved technique of X-ray crystallography to understand the structure o f DNA 
(Figure 10.2). X-ray crystallography was a process that involved shooting X-rays through a 
crystal o f a substance and then observing the patterns that were formed. The patterns give 
important information about the structure o f the molecule o f interest. Wilkins shared Franklin 
X-ray crystallography data with Watson and Crick without her permission. With the help of In i 
data, they were able to piece together the structure o f DNA.

Figure 10.2 Rosalind Franklin provided X-rnv 
crystallography data leading to the discover ■ ' 
the structure o f DNA. “Photo 51” led to a nr» 
understanding of DNA structure, (credit: 
Rosalind Franklin image MRC Laboratory ul 
Molecular Biology/ Wikimedia Commons S \ 
4j0 (credit: X-ray crystallography image 
modification of work by NIH / Biology 21 
OnenStax)

Watson and Crick also used information published by the researcher Erwin Chargaff. Charg.il1 
was an Austrian biochemist who examined the content o f DNA in different species and found 
that the amounts o f pyrimidines (cytosine and thymine) were not found in equal quantities. 
Likewise, purines (adenine and guanine) were also not found in equal quantities (Figure It)
He found that the relative concentrations o f the four nucleotide bases varied from species to 
species. He also discovered that the amount o f adenine equaled the amount o f thymine, and tin 
amount o f  cytosine equaled the amount o f guanine; that is, A = T and G = C. These observaln i 
became known as C hargaff s rules. Chargaffs findings proved immensely useful when Wati.in 
and Crick were getting ready to propose their DNA double helix model.

p y r im id in e s p u r in e s

NH 3 0 NHj
I

0
II 11 11

N * *  'C H
/ < 4  ^ C H 3 

HIST C
Nf  c

H C '
ST

1 II 1 11 н е т  II 1 El 1
..C L  -CH

0 ^ '  " n "
C . X H

V C^ CH
\  _  

N C - N ^ C
H H H H

cytosine thymine (in DNA) adenine guanine
c T A G

Figure 10.3 Nitrogenous bases within DNA are categorized into the two-ringed purines adcin 
and guanine, and the single-ringed pyrimidines, cytosine and thymine. Thymine is unique to 
DNA. (credit: Parker et al. / Microbiology QpenStax)
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■•ik done by Rosalind Franklin and others, such as Erwin Chargaff, 
и il'lr to determine the structure o f DNA (Figure 10.4). Watson and Crick 
• in,ule up of two strands that are twisted around each other to form a right-
•iihI lluil in the interior 
- I'l'lween a purine and 

t i t  .m was suggested by

" ■ lentists (a) James
| in к me pictured here
■ ' i Maclyn McCarty.

•  « i |b ) Double helix DNA
■ i t ItV-SA 3.0)

■ I iiincis Crick, and Maurice Wilkins were awarded the Nobel Prize in 
■ I hi determining the structure of DNA. Rosalind Franklin died of ovarian 
■i ■ nl 17. As a result, she was not awarded the Nobel Prize for her 

i мм iv of the DNA structure because it is not given posthumously.

■!■ ui*. Ii iimcd about nucleic 
" .hit' lent biologically 

iiniiiil in nil living cells.
' - ..  Important polymers of

11 И....... Uric acid (DNA) and
IA i Although both DNA and 

i inn lenlidcs, they function 
ll DNA stores the genetic 

| mill proteins required for 
. . i ItNAs, on the other 

hut ,iie involved in protein 
.rih. use DNA as a template 

i i .. | n i и css will be covered in 
и t

....... Imtirlc is made up of a
pump mill a base, (b)
■ и i Mini, il are pyrimidines.
- и. piinnes (credit: Fowler 
и i lngy ( IpcnStax)
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The S tru c tu re  of DNA

All nucleic acids are made up o f monomers called nucleotides. A nucleotide has three |uhi# ■ 
carbon sugar, a phosphate group, and a nitrogenous base (Figure 10.5). DNA nuclcoluli . 
contain the 5-carbon sugar deoxyribose and four types o f nitrogenous bases: adenine (A), 
guanine (G), cytosine (C), and thymine (T).

Hydrogen bonds

N'iTroQeious bases: 
5* шишАРепте 

Thymine

Long polymers o f DNA are formed when the phosphate group o f one nucleotide bonds 
covalently with the sugar molecule o f  the next nucleotide (Figure 10.6). The sugar-pho ,|>lwn.
groups line up and form a “backbone” for each strand of DNA. The nitrogenous bases sin l ....

from each backbone and the I я • 
on opposite DNA strands cun I . . 
pair through hydrogen bondmy 
(Figure 10.6).

Figure 10.6 DNA (a) forms u •> ..
stranded helix, and (b) ..............
with thymine and cytosine pans 
guanine, (credit a: modification о 
work by Jerome Walker, 1 x niu 
Myts/ Concents o f  Bioloes 
OoenStaxJ

Л Г  Guanine
II

Sugar-phosphate
backbone

I
Bases Sugar-pftosphate

backbone

The carbon atoms of the five-carbon sugar arc numbered clockwise from the oxygen as 1 1 i
4', and 5’ ( l 1 is read as “one prime”) (Figure 10.7a). The phosphate group is attached to lh< 
carbon o f one nucleotide and the 3' carbon o f the next nucleotide (Figure 10.7b). Each l)N '  
strand has a 5’ carbon at one end and a 3 ’ carbon at the other end. In its natural state, cadi I >i< s 
molecule is composed o f two single DNA strands held together by hydrogen bonds betv 
nitrogenous bases.

Figure 10.7 a. The carbon atoms o f the five-carbon sugar are numbered clockwise from lln 
oxygen as Г, 2’, 3', 4', and 5' (1' is read as “one prime”), (credit: Fowler et al. / Concent >1 
Biolouv OpenSlaxl b. The direction o f each strand is identified by numbering the carbons ( I 
through 5) in each sugar molecule, (credit: Parker et al. Microbiology OncnStaxl
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• < ■ I lung since been confirmed that base-pairing lakes place between specific purines and 
ItMuilincs. Adenine always base pairs with thymine and cytosine always base pairs with

t  ......г Adenine and thymine are connected by two hydrogen bonds, and cytosine and guanine
......... mcctcd by three hydrogen bonds (Figure 10.6b). The two strands o f DNA arc anti-parallel
«• (tine, that is, one strand will have the 3' carbon o f the sugar in the “upward” position,

• .. the other strand will have the 3' carbon in the “downward” position (Figure 10.7b).

Ibi SH ucture of RNA

i i» UNA, RNA is also a polymer composed of nucleotides. RNA nucleotides also contain a 5- 
■ugar, a phosphate group, and a nitrogenous base. RNA nucleotides are made of the five- 

ii «agar ribose, unlike the dcoxyribosc found in DNA. Ribose has a hydroxyl group at the 
* mhI к in, unlike deoxyribose, which has only a hydrogen atom (Figure 10.8).

R ib o se

mi 10.8 The difference between the ribose found in RNA and the deoxyribose found in DNA
........... those has a hydroxyl group at the 2' carbon, (credit: Fowler ct al. / Concept o f  Biology
p a stil 's )

•  \ nucleotides also have a nitrogenous base; however, the four types o f  RNA nitrogenous
m i  нс adenine (A), uracil (U), cytosine (C), and guanine (G). Note, RNA does not use the
.......nous base thymine, which is found in DNA. RNA is also different than DNA in that it is a
"gle-i landed molecule rather than a double-stranded helix (Figure 10.9). Molecular biologists 

1 ■ iiiimcd several different kinds o f RNA based on their function. These include messenger 
В * i \ iniRNA), transfer RNA (tRNA), and ribosomal RNA (rRNA). All three types o f RNA 
■ i i ales are involved in protein synthesis and will be discussed in sections 10.3 and 10.4.

Figure 10.9 (a) DNA is typically 
double stranded, whereas (b) RNA is 
typically single stranded. Although it 
is single stranded, RNA can fold upon 
itself, with the folds stabilized by 
short areas o f complementary base 
pairing within the molecule, forming 
a three-dimensional structure, (credit: 
Parker et al. / Microbiology 
OnenStaxi
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Check vour knowledge

E x p la in  a t  l e a s t  3  hytvj th a tD N A  d if f e r s  f r o m  R N A .

Answer- DNA IcofUic^ coii*run the ^-carbon su«r1; iu ,,4 
foul t\|4 >  ОI nKK»j»UlUli> bitoOs t A t «{!(.;
es io.'.me i'C) *ind ihyrnuit: ( П. 1 he uudeoin.it:> iK «| )u, 

contain Й=с 5-carbon sugar cibose, RVA nuclcoinl 
Riiroffenotla itfiSCb, i'OW£ACI- UiC ib«f U'pCS Oi К Ч А л)1гу 

are: даспше { A )  asici uide-I ftJ ). and cytosine iCi . 
R \A  exists a* shorter siiijils'-r-irtiiiUeU molecule-, ул ц  

double-stranded helices like ON A. I Hire arc >еч Ci lj  ̂p 
in dud ins; m ^ i ‘"ger RMA tmRNAj, ir^nstor stt  ̂

nbosoiTi'al RКЛ (rRNAV Ail three RNA molecules arv in, 
iMotiiit: Tion o f  proteins from the > > S  A DN .\  s;,

t n forma l i< tfi n  ceded I *» bu if -I -uvi c< j •, ■,

CO N C EPTS IN A( flO M - See more about comparing DNA and RNA in this video

| |
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*• Инн S un in ia rv

m, i, I l o f the double-helix structure o f  DNA was proposed by Watson and Crick with the
■ ........ ... of information from Franklin, Wilkins, and Chargaff. The DNA molecule is a polymer

h i , Irotidcs. Each nucleotide is composed of a nitrogenous base, a five-carbon sugar 
* ibosc), and a phosphate group. There are four nitrogenous bases in DNA, two purines 

I, nine and guanine) and two pyrimidines (cytosine and thymine). A DNA molecule is 
—'I„ i»c,l o f two strands. Each strand is composed o f nucleotides bonded together covalently 
m rm  Ihc phosphate group o f one and the deoxyribose sugar o f  the next. Nitrogenous bases 

■ "I liom the sugar-phosphate backbone. The bases o f one strand bond to the bases o f  the
......... I strand with hydrogen bonds. Adenine always bonds with thymine, and cytosine always
Ьп«Ы with guanine. The bonding causes the two strands to spiral around each other in a shape 

i I i double helix. Ribonucleic acid (RNA) is a second nucleic acid found in cells. RNA is a 
*1,1011 «handed polymer of nucleotides. It also differs from DNA in that it contains the sugar 
nil.,*,- lather than deoxyribose, and the nucleotide uracil rather than thymine. Various RNA 
..... -, tiles function in the process o f forming proteins from the genetic code in DNA.

I ••и  Ives

I Which of the following does cytosine pair with?
a. guanine
b. thymine
c. adenine
d. a pyrimidine

' Whose x-ray crystallography data was used to determine the structure o f DNA?
a. James Watson
b. Francis Crick
c. Erwin Chargaff
d. Rosalind Franklin

I Describe the structure and complementary base pairing o f DNA.

■:,i|
t<it
A single strand of DNA is- a polymer o f  nucleic acids joined vovalenlly between She phosphate 
group of one and the deoxyribose sugar of the next to tor a “backbone" from which die 
nitrogenous bases stick out. in  its natural state. DNA has two strands wound around each other in 
a double helix. The bases on each strand m  bonded to each other with hydrogen bonds. Only 
••pecific base;, bond with each other: adaiine bonds with thymine, and cytosine bonds with
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G lossary

deoxyribonucleic acid (DNA): stores the genetic information needed to build and control tin 
cell.

deoxyribose: a five-carbon sugar molecule with a hydrogen atom rather than a hydroxyl gimi| 
in the 2' position; the sugar component o f DNA nucleotides

double helix: the molecular shape o f DNA in which two strands o f  nucleotides wind around 
each other in a spiral shape

nitrogenous base: a nitrogen-containing molecule that acts as a base; often referring to one ol 
the purine or pyrimidine components o f nucleic acids

nucleotide: monomers o f nucleic acids. Consist o f  a five-carbon sugar, phosphate group, and 
nitrogenous base

ribonucleic acid (RNA): RNA molecules are involved in the production o f proteins from tin 
DNA.

ribose: a five-carbon sugar molecule with hydroxyl group in the 2 ' position; the sugar 
component o f RNA nucleotides
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Ml.2 1)NA Replication

I «.u n ln g  o b je c tiv e s
lly the end o f this section, you will be able to:

• E x p lo it)  th e  p r o c e s s  o f  D N A  r e p l ic a t io n  in c lu d in g  th e  r o le  o f  h e lic a s e , R N A  p r im o s e ,  

D N A  p o ly m e r a s e ,  a n d l i g a s e

• G iv e n  a  D N A  te m p la te  s e q u e n c e , b e  a b le  t o  g i v e  th e  c o m p le m e n ta r y  b a s e  p a i r s

• U n d e r s ta n d  t h a t  D N A  i s  r e p l i c a t e d  in  a  5  ' to  j ' d ir e c t io n  a n d  d is c u s s  th e  d if f e r e n c e s  

b e tw e e n  th e  le a d in g  a n d  la g g in g  s tr a n d s

• D e s c r ib e  m e c h a n is m s  o f  D N A  r e p a ir

• E x p la in  w h a t  D N A  m u ta tio n s  a r e  a n d  h o w  th e y  c a n  b e  h a rm fu l o r  b e n e f ic ia l

• U n d e r s ta n d  w h a t  th e  c o n s e q u e n c e s  a r e  i f  th e  D N A  m u ta tio n  o c c u r s  in  a  s o m a t ic  c e ll  

vs. a  g e r m l in e  ce ll

• B e  p r e p a r e d  to  d e f in e  a n d  e x p la in  a l l  b o ld e d  te r m s

When a cell divides, it is important that each daughter cell receives an identical copy o f the 
DNA. This is accomplished by the process o f DNA replication. The replication o f DNA occurs 
during the synthesis phase, or S phase, o f interphase in the cell cycle, before the cell enters 
mitosis or mciosis.

The structure o f the double helix provided a hint as 
to how DNA is copied. Recall that adenine 
nucleotides pair with thymine nucleotides, and 
cytosine with guanine. This means that the two 
strands are complementary to each other. For 
example, a strand o f DNA with a nucleotide 
sequence of AGTCATGA will have a 
complementary strand with the sequence 
TCAGTACT (Figure 10.10).

Figure 10.10 The two strands o f DNA are 
complementary, meaning the sequence of bases in 
one strand can be used to create the correct sequence 
of bases in the other strand, (credit: Fowler et al. / 
Concepts o f Biology QpcnStax)

Because o f the complementarity o f the two strands, having one strand means that it is possible to 
recreate the other strand. The double-helix model suggests that the two strands o f  the double 
helix separate during replication, and each strand serves as a template from which the new 
complementary strand is copied. What was not clear was how the replication took place. There 
were three models suggested (Figure 10.11): c o n s e r v a tiv e ,  s e m i-c o n s e r v a t iv e ,  a n d  d is p e r s iv e .
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In conservative replication, the “old” parental DNA strands remain'...........
formed DNA sli.m.u ■ 
the second h e ir  1 1 .,■■■* 
conservative nnilm il •••
the two “old" ......... 11
templates I lie tu n  • . 
strands o f DNA mu >Ml 
“old” tcmplali It.m.' 
each DNA lielis
“old” strand and imu . ■ 
strand (Figuic III 111 b 
model, both I )NA I" h » 
stranded segment': .a m i 
newly synthesi/eil I n • t 
10.11).

Figure 10 11 I lie tlm r  
DNA replication In - > 
DNA strands, him! him = 
synthesized DNA |m  -it 
Jason Caslniioie uni i 1

Biology 2E OnenStax)

Figure 10.12 Meselson and Stahl 
experimented with E. c o l i  grown first in 
heavy' nitrogen ( 15N) then in 14N. DNA 
grown in 15N (red band) is heavier than 
DNA grown in l4N (orange band), and 
sediments to a lower level in cesium 
chloride solution in an ultracentrifuge, 
(credit: modification o f work by Mariana 
Ruiz Villareal/ Biology 2E OnenStax)

To address these different models, scientists Matthew Meselson and I 
experiments using E . c o l i  grown in different environments containiin 
nitrogen. Recall that each nucleotide has a nitrogenous base, theiiTon 
DNA replication. Their work provided the 
necessary data that supported the semi­
conservative replication model (Figure 
10. 12) .

I it i 1 I 
.1.11
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Based on the research of Meselson and Stahl and several 
others, it is understood that during DNA replication, each 
o f the two “old” parental DNA strands serve as templates 
from which two “new” complement DNA strands are 
made. The two “new” strands will be complementary to 
the parental or “old” strands. Once DNA replication is 
complete, each new helix will consist o f  one “old” 
template strand and one “new” complement strand (Figure 
10.13).

Figure 10.13 The semiconservative model o f DNA 
replication is shown. Gray indicates the original DNA 
strands, and blue indicates newly synthesized DNA. 
(credit: Fowler ct al. Concents of Biology QpcnStaxl

I'aul Anderson explains DNA replication in this video.

к  »■ 1н I nil .и  v o le s

.•а., г..... n o  are very complex, DNA replication is a very complicated process
.. i . 1 1 м/vim-» and additional proteins. It occurs in three main stages: initiation,

i»Hiilhi'tHlll

ONA RNA Окжай Sgase
polymerase pranet tragmem

• i i  • и i ipi iii the DNA double helix and exposes replication forks. RNA primers 
и • i jiiT, nicmsc. DNA polymerase then starts attaching DNA nucleotides to the 3’ 

• i Г ■ ii llic  leading strand, DNA polymerase will continue adding nucleotides to
н ........... pled strand. The lagging strand is constructed in short segments called

ii In- In asc exposes more of the template strand. DNA ligase then connects 
ii Muddied by Jason Cashmore original work by Fowler et al. / Concepts o f
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Recall that eukaryotic DNA is wound around histone proteins that then coil and lonn »i •  
called nucleosomes. During initiation, DNA must be unwound in order to make it ai i н г  
binding proteins and enzymes necessary for DNA replication. How does the rcplicatii • 
machinery know where on the DNA double helix to begin? It turns out that there an .p 
nucleotide sequences called origins o f  replication where replication begins. Replicniiim la i  
proteins attach to the origin o f  replication and an enzyme called helicase unwinds am I c | , i  щ 
DNA helix (Figure 10.14). As the DNA double-helix opens, Y-shaped structures call' a 
replication forks are formed (Figure 10.14). Two replication forks are formed at tin
replication, and these extend in both directions. There are multiple origins o f replicai........
eukaryotic chromosomes. This allows replication to occur simultaneously from sevcml pi.;- г 
within the genome.

Once initiation has occurred with the help o f  helicase, the DNA is now accessible. 11 
o f DNA replication, elongation, can now occur.

I Chromosome

DNA polymerasu

Original
(template)
DNA

Replication
fork

■ Adenine 
Thymine 
Cytosine 
Guanine DNA polymerase Original (template) DNA -.n i .

Figure 10.15 In DNA replication, DNA polymerase adds complementary base pairs, (creilii 
Betts ct al. Anatomy and Phvsiolotrv OnenStaxf

During elongation, an enzyme called DNA polymerase adds nucleotides one-by-onc to (In 
growing DNA strand which is complementary to the “old” parent template strand (Figure Id l ' i  
DNA polymerase has two important restrictions. First, DNA polymerase can only add 
nucleotides in the 5' to 3' direction. This means, new DNA strands can only be extended oi 
in the 5' to 3' direction (Figure 10.14). Second, DNA polymerase requires a free З'-OH group i" 
which it can add nucleotides. Where does the free З’-OH group come from? An enzyme call' 4 
RNA primase adds a small five to ten nucleotide RNA segments, which provides the ..............
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I Mil end. Because this RNA sequence primes the DNA synthesis, it is appropriately called 
•> M • Л pi Пикт. DNA polymerase can now extend the RNA primer, adding nucleotides one­
* -.«■ iliiil urc complementary to the template strand. This primer is later removed, and the
•  4 4  mu leotides arc replaced with DNA nucleotides.

и ii te m p la te  D N A  s tr a n d s  h a v e  o p p o s in g  o r ie n ta t io n s :  one strand is in the 5* 1 to 3' direction
*■ ...... . lie г is oriented in the 3' to 5' direction (Figure 10.10 and 10.14). Only one new DNA

•««I Hie one that is complementary to the 3' to 5' parental DNA strand, can be synthesized 
m  iiiiiiiuuly towards the replication fork. This continuously synthesized strand is known as 
*• li iilliig strand (Figure 10.15). The other strand, complementary to the 5' to 3' parental DNA, 
» и inti d away from the replication fork, in small fragments known as Okazaki fragm ents. 
i . i, Ml .i/riki fragment requires an RNA primer to start the DNA synthesis (Figure 10.14). 
ч  .. ill i fragments are named after the Japanese scientists, Tsuneko and Reiji Okazaki, who first
•  i . "ird them. The strand with the Okazaki fragments is known as the lagging strand. As

........proceeds, each RNA primer is removed and replaced with DNA nucleotides. Gaps
i и the Okazaki fragments are filled in and sealed by an enzyme called DNA ligase.

• • iiiniiilion is said to have occurred when each of the two original strands are bound to their 
• ii liinshed, complementary strands.

| <■ ......css o f DNA replication can be summarized as follows:

i DNA unwinds at the origin o f replication with the help o f specialized binding proteins.
I Ichcase opens up the DNA, forming replication forks. Each replication fork is extended 
in one direction.

« RNA Primase synthesizes RNA primers complementary to the DNA strand, 
i I )NA polymerase adds new nucleotides complementary to the DNA strand. The leading 

.irand is made continuously, while the lagging strand is made in segments called Okazaki 
fragments.

I RNA primers arc removed, new DNA nucleotides arc put in place of the RNA primers 
and the backbone is sealed by DNA ligase.

' linrk your knowledge
' u nolate a cell strain in which the joining together of Okazaki fragments is impaired 
• mi suspect that a mutation has occurred in an enzyme found at the replication fork. 
Viuch enzyme is most likely to be mutated?

t im v e r  l ig a s e

I P 1S IN ACTION -  Observe DNA replication in this video.
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Telom ere Replication

As you have learned, the DNA polymerase can add nucleotides in only one direction 11 ■ t..
leading strand, synthesis continues until the end of the chromosome is reached. 1 Iowev . ■ ■ h' i the 
lagging strand, once the end ofthe  chromosome is reached there is no p lace  for a KNA | .... i i,<
be added. This presents a problem for the cell because the ends remain unpaired, and i . , . .
these ends get progressively shorter as cells continue to divide. The ends o f  the lineai 
chromosomes are known as telomeres. Telomeres have repetitive sequences that do n, i ,,|, i,M 
a gene. They are important because they prevent chromosomes from arbitrarily fusinp . o* , 
another and protect the DNA from becoming damaged.

It is the telomeres that are shortened with each round o f DNA replication instead of g. u i щ 
example, in humans, a six base-pair sequence, TTAGGG, is repeated 100 to  1000 tin it i
discovery o f the enzyme telomerase (Figure 10.16) helped explain how chromosome . , . .  i „ 
maintained. The telom erase carries its own RNA primer which can base pa ir to the e n d  , in „  
DNA strand. The telomerase can then add DNA nucleotides to the end of th e  chronut 
elongating it. Once the template strand is sufficiently elongated, DNA polymerase can  и  ,, H 
nucleotides that arc complementary to the ends o f the chromosomes. Thus, the ends n i i ■ . 
chromosomes arc maintained in gcrmlinc cells, adult stem cells, and some cancer cell;,

SHE
■ ■ T A C 3' .1.. J -l.- t- L, 5-

- T r 73'
C A A u ccc;« A u c  

telomerase

Telom erase has an associa ted RNA that com plem ents 
the  3 ' overhang at the  end of the  chromosome.

J
5'

C A T C C

3'

r i  | I I I \ I » 3‘
U ,i iT T «  TT • .

САЛ УС С С * AUC 
telom erase

The RNA tem plate  is used to synthesize the com plem entary 
strand.

5 >C

3'

T T T T
■ T c

5

Г Г Г Т
T T

f Г r r  r r r T  I 3'
IT ;-  ;; 3  T T

C A A U C C C  A A U C  
telom erase

Telom erase shifts, and the process is repeated.

I
V

3'

c
r

T ■ T TTTr
i X L :

C A T

г т т *  T
T T A

Prim ase and D N A  polym erase synthesize the com plem entary 
strand

Figure I0.16 The ends of linear chromosomes are maintained by the action o fthe  tclo 
enzyme, (credit: Fowler et al. / Concepts o f  Biology QpcnStax)

iii-
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| ■ Inincrasc is not active in adult somatic cells. AdulMatic cells th a t  undergo  cell division 
"iilmuc to have their telomeres shortened. This esssiilly means th a t te lo m ere  shortening is 

• .vitiated with aging. For her discovery of telomera;nd its action, E l iz a b e th  Blackburn
(Figure 10.17)retried the Nobel P r i z e  lor Medicine and 
Physiology in 200).

Figure 10.17 Elizabeth Blackburn, 2 0 0 9  Nobel Laureate, was 
the scientist whotovered how t e  1 om erasc works, (credit: 
U.S. Embassy, Stockholm, Sw eden /  Concents o f Biology 
OnenStax)

DNA Replication in Prokaryotes

While both eukaryotes and prokaryotes share mqm1 similarities w hen i t  com es to the process of 
I >NA replication, the structural differences in theclwnosomes nece s s i t a te  some modifications. 
Kccall that prokaryotes typically have one circularammosome c o m p a r e d  to the multiple linear
■ linimosomes found in eukaryotic cells. We will onlitriefly d iscuss p ro k a ry o tic  replication in 
i Ii i i i chapter, but students that take microbiology willluve the o p p o r tu n ity  to look more closely at 
lliis process.

I )NA replication has been extremely well-studied inprokaryotes, p r im a r i ly  because of the small 
Ч/,c of the genome and large number o f strains that exist and are r e a d i ly  available. E s c h e r ic h ia
■ ah  has 4.6 million base pairs in a single circularctonosome. The e n t i r e  chromosome gets 
replicated in approximately 42 minutes. The procesbegins from a s i n g l e  origin o f replication 
mid proceeds around the chromosome in both directions. Many of t h e  sam e enzymes used in 
mkaryotic DNA replication are also used by prokanoles, including h e lic a se . DNA polymerase, 
mid ligase. As DNA replication proceeds, approximately 1000 n u c le o tid e s  are added per second.
I lie process o f DNA replication is m uch more rapid® prokaryotes t h a n  in eukaryotes. This
it suits in a higher mutation rate in prokaryotes.

I able 10.1 Differences between Prokaryotic and Eukaryotic R e p lic a t io n s  (credit: 
Fowler et al. / Concepts o f Biolouv OnenStax-)

Property
( >i igin of replication 
Kate of replication 
( liromosome structure 
I clomcrase

Prokaryotes
Single
1 000  nucleotidcs/scc
Circular
Not needed

E u k a r y o t e s
M u l t ip le
50 to 1 OO nucleotidcs/sec
L inear
P re se n t
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Mutations can be caused by several different factors. As discussed, errors by DNA polyim i.m 
during replication can cause mutations. Mutations can also occur because the DNA is dam n™| 
in some way. Such mutations are classified as being induced or spontaneous. Induced 
mutations arc those that result from exposure to chemicals, UV rays, x-rays, or some other 
environmental agent. Spontaneous mutations occur without any exposure to any environnn iiIkI 
agent; they are a result o f natural reactions taking place within the body.

Mutations in repair genes have been known to cause cancer. Many mutated repair genes have 
been implicated in certain forms o f pancreatic cancer, colon cancer, and colorectal cancer. 
Mutations can affect either somatic cells or germline cells.

Mutations can affect either somatic cells or gcrmlinc cells. Recall that human somatic cells 
contain 46 chromosomes and these cells do not lead to the formation o f gametes. Most cells IIIn 
make up the human body are somatic cells. If mutations accumulate in a somatic cell, they in i', 
lead to problems such as the uncontrolled cell division observed in cancer. Somatic cell 
mutations can be extremely dangerous to the individual organism, but are not passed on to then 
offspring, therefore they are not heritable.

Germline cells, also called gametes, have half the number o f chromosomes compared to a 
somatic cell. If  a mutation takes place in germline cells, the mutation will be passed on to the 
next generation, and therefore is considered a heritable mutation. Hemophilia, a condition thill 
effects an individual's ability to form blood clotting proteins, is an example o f  a germline 
mutation.

Check your knowledge
A mutation occurs in the leaf of a plant. Will the offspring of the plant be affected?

A mutation occurs in the ovary and eggs of a plant. Will the offspring of the plant be 
affected?

i t -  ' .  ■' a  v fs b m u iU .  cc/7> t ih i i  v.H i r

,:r’! hi'rituhhimThs -
tk < : - j ;.к г:г  h j n u .  a u e i g : r n ', ! i n < . j  <:- / H i  Т - Ш 'л  r i
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1м il i 'i i  Sum m ary

■ t i l  implicates by a semi-conservative method in which each of the two “old” parental DNA 
 I . net as templates for the two “new” complement DNA strands. After replication, each

\ helix has one parental or “old” strand, and one “new” complement strand.

Г, pin «lion in eukaryotes starts at multiple origins o f replication, while replication in 
i • t mi voles starts from a single origin o f replication. The DNA is opened with enzymes 
«■ lulling an enzyme called hclicase. This forms replication forks. RNA primasc synthesizes an
■ IH  p, imcr to initiate DNA synthesis by DNA polymerase. DNA polymerase can add

Imiides in only one direction, the 5’ to 3’ direction. One strand is synthesized continuously in 
sin ilncclion of the replication fork: this is called the leading strand. The other strand is
• »Hilii.'i(i/.ed in a direction away from the replication fork, in short stretches o f DNA known as 
n . :.iki fragments. This strand is known as the lagging strand. Once replication is completed,

и» It N A primers are replaced by DNA nucleotides and the DNA fragments are joined together 
- Mi DNA ligase.

li m ds of eukaryotic chromosomes pose a problem, as DNA polymerase is unable to extend 
ilwui without a primer. Telomerase, an enzyme with an inbuilt RNA primer, extends the ends by 

TV mg the RNA primer and extending the “ lagging” end o f the chromosome. DNA polymerase 
■ и ihcn extend the DNA using the RNA primer. In this way, the ends of the chromosomes arc 

i - i led. Cells have mechanisms for repairing DNA when it becomes damaged or errors are 
" iilr in replication. These mechanisms include mismatch repair to replace nucleotides that are 
им d with a non-complemcntary base and nucleotide excision repair, which removes bases that

• " damaged such as thymine dimers. Most mistakes are caught and corrected; however, if  they
not, they may result in a mutation. A mutation is defined as a permanent change in the DNA 
icncc. Changes in the DNA sequence can have effects on the protein products, which can be

• iilici beneficial or detrimental.

vi-rclscs

I DNA replicates by which o f the following models?
a. conservative
b. semiconservative
c. dispersive
d. none o f the above

2. The initial mechanism for repairing nucleotide errors in DNA i s ________ .
a. mismatch repair
b. DNA polymerase proofreading
c. nucleotide excision repair
d. thymine dimers

I How do the linear chromosomes in eukaryotes ensure that its ends arc replicated 
completely?

I Mutations can be either beneficial or detrimental.
a. TRUE
b. FALSE
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ib;
fb)
I H vnerase Ka;- nn mriiiiU RR A template that extends die V end, so а primer is чуг.'.И. 
extended. Thus, the ends arc prolccied.

Glossary

DNA ligase: the enzyme that catalyzes the joining o f DNA fragments together

DNA polymerase: an enzyme that synthesizes a new strand of DNA complementary to a 
template strand

helicase: an enzyme that helps to open up the DNA helix during DNA replication by brcakinn 
the hydrogen bonds

lagging strand: during replication o f the 3' to 5' strand, the strand that is replicated in short 
fragments and away from the replication fork

leading strand: the strand that is synthesized continuously in the 5' to 3' direction that is 
synthesized in the direction of the replication fork

mutation: a permanent variation in the nucleotide sequence of a genome

Okazaki fragments: the DNA fragments that are synthesized in short stretches on the laggini 
strand

point mutation: occur when a single nucleotide is permanently changed in the DNA sequence

RNA primase: an enzyme that can base pair with the DNA and add a short stretch of RNA 
nucleotides called a primer. The primer is required to initiate DNA replication

RNA primer: short sequence o f RNA nucleotides which DNA polymerase can add DNA 
nucleotides to

replication fork: the Y-shaped structure formed during the initiation o f replication

semiconservative replication: the method used to replicate DNA in which the double-stramli ■! 
molecule is separated and each strand acts as a template for a new strand to be synthesized, su 
the resulting DNA molecules arc composed o f one new strand o f  nucleotides and one old strand 
o f  nucleotides

telomerase: an enzyme that contains a catalytic part and an inbuilt RNA template; it functions 1 
maintain telomeres at chromosome ends

telomere: the DNA at the end of linear chromosomes 

Footnotes

1 Mariella Jaskelioff, et al., “Telomerase reactivation reverses tissue degeneration in aged 
telomerase-deficient mice,” N a tu r e , 469 (2011): 102-7.
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I nuisci'iption

| i ,n m n g  o b je c tiv e s  
и . ili- end of this section, you will be able to:

• E x p la in  th e  c e n tr a I  d o g m a

• E x p la in  th e  m a in  s t e p s  o f  tr a n s c r ip t io n

• D e s c r ib e  liens e u k a iy o r ic  m R N A  i s  p r o c e s s e d

• B e p r e p a r e d  to  d e f in e  a n d  e x p la in  a l l  b o ld e d  te rm s  I 11

I In iih prokaryotes and eukaryotes, DNA contains the information necessary for the cell to build 
, m inus. Most structural components o f the cell are made up, at least in part, by proteins.

illy all the functions that a cell carries out are completed with the help o f proteins. In order 
make proteins, the DNA is “read” or transcribed into an mRNA molecule. The mRNA then

......... the nucleus and provides the information necessary to synthesize the protein through a
l и» 1. S14 called translation. This section will focus on the details o f transcription.

i In ( t-ntral Dogma: DNA Encodes RNA; RNA Encodes Protein

11 llow of genetic information in cells from DNA to RNA to protein is described by the 
. nli и| dogma (Figure 10.201. The central dogma states that genes specify the sequences of

RNAs, which in turn specify the sequences o f proteins. Recall, that 
a gene is a functional segment o f DNA that provides the genetic 
information necessary to build a protein.

Figure 10.20 The central dogma states that DNA encodes RNA, 
which in turn encodes protein, (credit: Fowler et al. / Concepts of 
Biology |  fnenStaxl

I In copying o f DNA to mRNA is relatively straightforward. During transcription, mRNA is 
. i nihesized with the help o f many enzymes. RNA nucleotides complementary base pair with 
i iNA nucleotides forming the RNA transcript. The translation to protein is more complex and 

ill be discussed in the next section. Before taking a closer look at the process o f transcription, 
n l 'к first review the three types o f RNA introduced in section 10.1: mRNA, tRNA, and rRNA.

I v pi-s of RNA

\ . mentioned, ribonucleic acid, or RNA, is mainly involved in the process o f protein synthesis.
IINA is usually single-stranded and is comprised o f nucleotides that are linked by phosphodiester 
i . mils. A nucleotide in the RNA chain contains the sugar ribose, one o f  the four nitrogenous 
i , i i « (adenine, uracil, guanine, and cytosine), and a phosphate group. There are three major 
i | » К of RNA: messenger RNA (mRNA), ribosomal RNA (rRNA), and transfer RNA (tRNA).
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Messenger RNA

The first type, messenger RNA (mRNA), carries the message encoded in the DNA on lm i 
build proteins (Figure 10.21). If  a cell needs to synthesize a certain protein, the gene loi il, , 
protein “turns on"’ and the messenger RNA is transcribed.

R ih o s o m a l R N A

Ribosomal RNA (rRNA) is a major constituent o f ribosomes (Figure 10.21). The rRNA m< 
the proper alignment o f the mRNA and the ribosomes. The ribosome's rRNA also has an 
enzymatic activity and catalyzes peptide bond formation between two aligned amino acid

T r a n s fe r  R N A

T ran sfe r RNA (tRNA) is one o f the smallest 
o f the four types o f  RNA, usually 70-90 
nucleotides long. It carries the correct amino 
acid to the site o f protein synthesis within the 
ribosomc(Figure 10.21). It base-pairs with 
the mRNA and allows for the correct amino 
acid to insert itself in the polypeptide chain.

Figure 10.21 A eukaryotic cell showing 
mRNA, rRNA, and tRNA. (credit: Modified 
by Elizabeth O'Grady original work o f Betts 
et al7 Anatomy and Physiology OoenStaxl

Check your knowledge
In the following list, determine if  each is a characteristic o f rRNA, mRNA. tRNA.
• Can ies code from DNA
• Carries the amino acid
• Made in the nucleolus
• Joins enzymes to form the ribosome
• Found in cytoplasm

Distinguish the difference between transcription and translation.

in c u  rs: иiUXA. IA.Y'i. rRNA. ‘ H-NA. .';// J .v  fauna in :he n to p ia sn

Tninx-rip lic rs  htUTie п к п Щ ’/чп. in Iranserip iion, DNA is ..
niflNA. T'itc n ;R \ i  inn: u r  jn t iu n  jc ic i sequence in i r j i
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11 i l|>lIon: from DNA to mRNA

i ii iiiyotcs and eukaryotes perform fundamentally the same process of transcription, with
■  - "> important difference. In eukaryotes, transcription occurs in the membrane-bound
fe Ь м  In prokaryotes, transcription occurs in the nucleoid region; recall that prokaryotes lack 
ш  •••In ine bound organelles. Once the mRNA is formed in eukaryotic cells it must be 
► •> in .in I to the cytoplasm. Because the mRNA o f prokaryotes does not need to be transported 

' .« in n .  Iranslation can immediately follow.

■ I» it piokaryotes and eukaryotes, transcription occurs in three main stages: initiation,
■'•ni iliun. and termination. 1 II

Transcription Bubble

1 inure 10.22 Transcription: from DNA to mRNA. (credit: Betts ct al. / Anatomv and Physiology
I iim iS ta x I

h i l i m l i o n

II .inscription requires a small part o f the DNA double helix to partially unwind. The DNA must 
unwind to allow enzymes and additional proteins to access specific genes which will then be

« d to make mRNA. The region of the DNA that is unwound is called the transcrip tion  bubble 
11 inure 10.22). Several proteins and enzymes bind to a region at the beginning o f the gene called 

liroiiiuter, a particular sequence of nucleotides that triggers the start o f  transcription (Figure 
Ml 23). In most cases, promoters exist upstream, or in front of, the genes they regulate. The 
i» cilic sequence of a promoter is very important because it determines whether the 
■ hi esponding gene is transcribed all o f the time, some o f the time, or hardly at all.
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DNA RNA

Figure 10.23 The initiation o f transcription begins when DNA is unwound, forming a 
transcription bubble. Enzymes and other proteins involved in transcription bind at the promotci 
(credit: Fowler et al. / Concents o f  Bioloirv OnenStax)

E lo n g a tio n

Transcription always proceeds from one of the two DNA strands, which is called the template 
strand. The rnRNA is complementary to the template strand and is almost identical to the other 
DNA strand, called the non-template strand. The two big exceptions are that RNA nucleotides 
contain the sugar ribose while DNA nucleotides contain the sugar dcoxyribose, and that RNA 
contains the nitrogenous base uracil (U) instead of the thymine (T) found in DNA. During 
elongation, an enzyme called RNA polymerase proceeds along the DNA template adding RNA 
nucleotides by base pairing with the DNA template in a manner similar to DNA replication. As 
elongation proceeds, the DNA is continuously unwound ahead o f the enzyme and then rewound 
behind it (Figure 10.24).

Figure 10.24 During elongation, RNA polymerase tracks along the DNA template, synthesize:. 
mRNA in the 5' to 3' direction, and unwinds then rewinds the DNA as it is read, (credit: Fowlei 
et al. / Concents o f Biology OncnStax)

T e rm in a tio n

When the polymerase has reached the end o f the gene, the RNA polymerase needs to be 
instructed to dissociate, or separate, from the DNA template strand. Once the RN A polymerase

(
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ill ih uiics, the newly made mRNA transcript is released. Depending on the gene being 
hi и i died, there are two kinds o f termination signals, but both involve repeated nucleotide 

I» |iii'ticcs in the DNA template. These repeated sequences cause the RNA polymerase to stall, 
i mile from the DNA template, and free the newly synthesized mRNA.

'I i In end of termination, the process o f transcription is complete. In a prokaryotic cell, by the 
mi termination occurs, the mRNA is already being used to synthesize numerous copies o f  the 

• -  ulcd protein. This is possible because prokaryotic cells do not have their DNA enclosed in 
ii-inhiane bound nuclei. As soon as the mRNA is partially synthesized, ribosomes attach and 

' irui generating the protein (Figure 10.25). Because of their nucleus, this is not possible for 
i! uyotic cells. Once the mRNA has been synthesized and undergoes modifications it must first 

1 1 moved out o f the nucleus and into the cytoplasm before translation can begin. This prevents 
•iniiiltaneous transcription and translation in eukaryotic cells.

mRNA

J \ —  PolyribosomeDNA

i 111 ire 10.25 Multiple polymerases can transcribe a single bacterial gene while numerous 
iiliiisomes concurrently translate the mRNA transcripts into polypeptides, (credit: Fowler et al. / 

•nts of Biology OnenStax)

■' st FID S IN ACTION -  Observe transcription at this site.

I uluirvotic RNA Processing

i In- newly transcribed eukaryotic mRNAs are referred to as primary transcripts. These primary 
1 iiiscripts must undergo several processing steps before they can be transferred from the nucleus 
i" the cytoplasm and then translated into a protein. The additional steps involved in eukaryotic 
■ iiltNA maturation create a molecule that is much more stable than a prokaryotic mRNA. For 

• ample, eukaryotic mRNAs last for several hours, whereas the typical prokaryotic mRNA lasts 
ни more than five seconds. I

I in- mRNA transcript is first coated in RNA-stabilizing proteins to prevent it from degrading 
» In lc It is processed and exported out o f the nucleus. This occurs while the mRNA transcript is 
nil being synthesized and involves adding a special nucleotide “cap” to the 5' end of the 

,vmg transcript (Figure 10.26). In addition to preventing degradation, factors involved in 
,.i ..... . synthesis recognize the cap to help initiate translation by ribosomes.
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Once elongation is complete, an enzyme then adds a string o f approximately 200 adenine 
nucleotides to the 3' end, called the poly-A tail (Figure 10,26). This modification further pmii 
the mRNA transcript from degradation and signals that the mRNA transcript is ready to be 
exported to the cytoplasm.

Prim ary RN  A transcript

Exon 1  Intron Exon 2  Intron Exon 3 

I  R N A  processing

Spliced RNA

4 # #
5 cap

Exon 1 Exon 2 Exon 3 

\  /

AAAAAAA

Poly-A tail

5 ' untranslated 3' untranslated
region region

Figure 10.26 Eukaryotic mRNA contains introns that must be spliced out. A 5' cap and 3' tail 
also added, (credit: Fowler ct al. / Concepts of Biology OncnStax)

mRNA transcript 

Exon 1 Intron Exon 2  Intron

Eukaryotic DNA, and thus complementary mRNA, contains long non-coding regions that do 
code for amino acids. Their function is still not well understood, but the process 
called splicing removes these non-coding regions, called introns, from the mRNA transcript 
(Figure 10.27). The non-coding 
regions are called introns because 
they are m/ervening sequences. The 
coding regions are called exons; ex­
on signifies that they are expressed.

A spliceosome, a structure 
composed o f various proteins and 
other molecules, attaches to the 
mRNA transcript and “splices” or 
cuts out the non-coding, introns.
The remaining exons are pasted 
together to form the mature mRNA 
which will then be transported to the 
cytoplasm.

Figure 10.27 Splicing DNA in the 
nucleus, a structure called a 
spliceosome cuts out introns 
(noncoding regions) within a pre- 
mRNA transcript and reconnects the 
exons, (credit: Betts et al. /  Anatomy 
and Physiology Open Stax)
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,  ,1 Mil- segments that are removed from mRNA during splicing arc not always non-coding.
• i • ill I incnt coding regions of mRNA are alternatively spliced out, different variations o f the 
■ • « t il l и ill result, with differences in structure and function (Figure 10.28). This process results 
» Him It larger variety o f possible proteins and protein functions from a given genome.
11 in. и lor example, have just over 20,000 genes, yet the human body produces over 80,000 
*>' и nt proteins.

P r im a ry  T ran scrip t

Екоп 1 In lion  E»on 2 IntnMi £«on3 lot rim E « x i4  lotion ExonS

Alternative
Splic ing

m R N A  1 m R N A  2

| Exon 1 Exon 2 Exon 5 Exon 1 Exon S Exon 4

\
Protein 1

*
Protein 2

t *«111« 10.28 Alternative splicing o f an mRNA primary transcript produces two different mRNA 
• , и lues, each of which results in a different protein, (credit: Jason Cashmore) I

I I* IS  IN ACTION -  Observe alternate splicing in this video.
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Section  S u m m ary

Cells use the genetic code stored within DNA to build proteins, which ultimately i 
structure and function of the cell. This genetic code lies in the particular sequent ! 
that make up each gene. To “read” this code, the cell must perform two sequentiiii 
first step, transcription, the DNA code is converted into an RNA code. mRNA sy i 
initiated at a promoter sequence on the DNA template. Elongation synthesizes a . 
transcript, and termination frees the mRNA. Newly transcribed eukaryotic mRN 
with a cap and a poly-A tail. These structures protect the mature mRNA from dc 
help export it from the nucleus. Eukaryotic mRNAs also undergo splicing, in wh 
removed and exons are reconnected. Only finished mRNAs are exported from th. 
cytoplasm.

Exercises

1. A promoter i s ________ .
a. a specific sequence o f DNA nucleotides
b. a specific sequence o f RNA nucleotides
c. a protein that binds to DNA
d. an enzyme that synthesizes RNA

2. Portions o f eukaryotic mRNA sequence that arc removed during RNA pi

a. exons
b. caps
c. poly-A tails
d. introns

3. Which enzyme is used to synthesize RNA?
4. Compare and contrast the three types o f RNA.

. \ tts« ers

!. (a)
2. fdl
V RNA polymeias!^

All RNA is 11*00 up o f nucleotides that consist of the sugar ribose, a phosphatt 
_, T n iTogonons base. Л1! RN.-Vs use the bases adenine, uracil. guanine, and cyu 

synthesized >!i the nucleus. mRNA is used to cany the instruction:, on how to n 
the nucleus to the cytoplasm. rRNA helps form ribosomes where proteins will I 
cytoplasm. tRKA carry amino acids, the monomers of proteins, to uie ribosonn 
will be m ade.—
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к ipHilng: a post-transcriptional gene regulation mechanism in eukaryotes in 
ih<hi in products are produced by a single gene through alternative splicing 
l Hu UNA transcript

I hr Mow of genetic information in cells from DNA to mRNA to protein

.. ...... .......... in protein-coding mRNA after completion of pre-mRNA splicing

-■•пи coding intervening sequences that are spliced from mRNA during

t i mUN A): a form ofR N A  that carries the nucleotide sequence code for a 
• ' . iIihi и  translated into a polypeptide sequence

I...... ..  on DNA to which RNA polymerase and associated factors bind and
I« i i « i

•in enzyme that synthesizes an RNA strand from a DNA template strand 

t  (i UNA): molecules ofR N A  that combine to form part o f the ribosome

|  mi и m u lure composed of various proteins and other molecules, which attaches to 
ii*n • .......... (I "splices” or cuts out the non-coding, introns

ц  Hi | . ol removing introns and reconnecting exons in a pre-mRNA 

• < . и Mu lyntlicsis o f a strand of mRNA that is complementary to the gene o f interest.

*1 iiiihlih the region o f locally unwound DNA that allows for transcription of

И *l * 11 IIN A): an RNA molecule that contains a specific three-nucleotide anticodon 
i« ' i llli the mRNA codon and also binds to a specific amino acid

Mu pH к cun of synthesizing a chain o f amino acids called a polypeptide chains or
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Section Summary

Cells use the genetic code stored within DNA to build proteins, which ultimately dctemunr Hi. 
structure and function o f the cell. This genetic code lies in the particular sequence of nuclciitnh 
that make up each gene. To “read” this code, the cell must perform two sequential steps In lln 
first step, transcription, the DNA code is converted into an RNA code. mRNA synthesis is 
initiated at a promoter sequence on the DNA template. Elongation synthesizes a new mRNA 
transcript, and termination frees the mRNA. Newly transcribed eukaryotic mRNAs are modil'ii 1 
with a cap and a poly-A tail. These structures protect the mature mRNA from degradation nml 
help export it from the nucleus. Eukaryotic mRNAs also undergo splicing, in which introns ш я 
removed and exons are reconnected. Only finished mRNAs are exported from the nucleus to ■■>• 
cytoplasm.

Exercises

1. A promoter i s ________ .
a. a specific sequence o f DNA nucleotides
b. a specific sequence o f RNA nucleotides
c. a protein that binds to DNA
d. an enzyme that synthesizes RNA

2. Portions o f eukaryotic mRNA sequence that arc removed during RNA processing arc

a. exons
b. caps
c. poly-A tails
d. introns

3. Which enzyme is used to synthesize RNA?
4. Compare and contrast the three types o f RNA.

Answers

1. (ai
2. fcl
3. . RNA polymerase
4. J jjrR N A  is mode up ut'oucicinidcs in.it consist of the sugar ribose, a phosphate gisiitp are

nitrogenous base. All RN.-Vs use the bases adenine, uracil, guanine, and сун ьте . Ai! RNЛ ' 
' synthesized m the nueiers. mRNA is used to cany the instructions on how- to make protein i 

the nucleus to the tp.topiasm. rRNA helps lone, ribosomes where proteins wih be btiiit in . 
cytoplasm. rRNA carry amino acids, the lnonoiiiefs of protehnx to die ribosome where the 
v. i ! be made.
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I .lussiirv

alternative RNA splicing: a post-transcriptional gene regulation mechanism in eukaryotes in 
tv inch multiple protein products are produced by a single gene through alternative splicing 
. nmbi nations o f  the RNA transcript

■ rn lra l dogm a: The flow of genetic information in cells from DNA to mRNA to protein 

i win: a sequence present in protein-coding mRNA after completion of pre-mRNA splicing

Intron: non-protein-coding intervening sequences that are spliced from mRNA during 
pioccssing

messenger R N A  (mRNA): a form of RNA that carries the nucleotide sequence code for a 
piolein sequence that is translated into a polypeptide sequence

pi nm oter: a sequence on DNA to which RNA polymerase and associated factors bind and 
in,Irate transcription

HNA polym erase: an enzyme that synthesizes an RNA strand from a DNA template strand 

nliusomal RN A  (rRNA): molecules o f RNA that combine to form part of the ribosome

-.pliceosome: a  structure composed of various proteins and other molecules, which attaches to 
(lie mRNA transcript and “splices” or cuts out the non-coding, introns

iplicing: the process o f removing introns and reconnecting exons in a pre-mRNA 

liin sc r ip tio n : the synthesis o f a strand of mRNA that is complementary to the gene o f interest.

Ininscrip tion  bubble: the region of locally unwound DNA that allows for transcription of 
mRNA

transfer R N A  (tRNA): an RNA molecule that contains a specific three-nuclcotide anticodon 
.rquence to pair with the mRNA codon and also binds to a specific amino acid

li'Hiislation: the process o f synthesizing a chain o f  amino acids called a polypeptide chains or 
pioteins

. ess for free  at https://onenstax.org/ 363

https://openstax.org/


10.4 Translation

Learning objectives
Bv the end of this section, you will be able to:

• D e s c r ib e  th e  d if f e r e n t  s t e p s  in v o lv e d  in  tr a n s la t io n

• D is c u s s  th e  r o le  o fr R N A . m R N A . a n d tR N A  in  p r o t e i n  s y n th e s is

• D e s c r ib e  th e  g e n e t ic  c o d e  a n d  h o w  th e  n u c le o t id e  s e q u e n c e  d e te r m in e s  th e  a m in o  a c i d  

s e q u e n c e  o f  a  p r o te in

• B e  a b le  t o  ra k e  a n  m R N A  s e q u e n c e  a n d  tr a n s c r ib e  a n d  t r a n s la te  th e  c o r r e s p o n d in g  

p r o te i n

• B e  p r e p a r e d  to  d e f in e  a n d  e x p la in  a l l  b o ld e d  te rm s

Proteins perform a wide variety o f functions in a cell and are necessary to maintain homeostasis 
Protein synthesis is one of a cell’s most energy-consuming metabolic processes. The process of 
translation, or protein synthesis, involves “decoding” a mRNA molecule with the purpose of 
forming a polypeptide chain. Amino acids are linked together through covalent bonds to form 
polypeptide chains that range in lengths from approximately 50 amino acids to more than 1,000

The Protein Synthesis Machinery

Amino acids

Growing 
protein спаи

In addition to the mature mRNA, many other molecules contribute to the process o f translation. 
Translation requires not only mRNA, but also ribosomes, tRNAs, and various other enzymes 
(Figure 10.29). Although each o f these components is necessary, their composition may vary 
across species. For instance, ribosomes may consist o f different ribosomal RNAs (rRNA) and 
enzymes depending on the organism.
Prokaryotic and eukaryotic cells have 
distinctly different ribosomes that vary in 
size. Although living cells may have slight 
differences, the general structures and 
functions o f the protein synthesis 
machinery are comparable (Figure 10.29).

Figure 10.29 The protein synthesis 
machinery includes the large and small 
subunits o f the ribosome, mRNA, and 
tRNA. (credit: modification of work by 
NIGMS, NIH / Concents o f  Biology 
OnenStax)

364 Return to  Table of г „ „ i ,



K II iiis iiiiics

\ nbosome is a complex macromolecule composed of structural and catalytic rRNAs.
Ilihosomes also consist o f  many distinct proteins, some o f which have enzymatic properties. In 
. nkuryotes, the nucleolus, a region found in the nucleus, is completely specialized for the
• xnlhcsis and assembly of rRNAs.

II ihosomcs arc located in the cytoplasm in both prokaryotic and eukaryotic cells. In eukaryotes, 
i iluisomcs are also found attached to the rough endoplasmic reticulum. Ribosomes arc made up 
i' l a large and small subunit that come together for translation. The small subunit is responsible 
i<ii binding directly to the mRNA, whereas the large subunit sequentially binds transfer RNAs 
ll igurc 10.30). T ransfer RNA (tRNA) is a type o f RNA molecule that brings amino acids to the 
mowing polypeptide chain. Each mRNA is simultaneously translated by many ribosomes, all
• vnlhesizing the polypeptide chain in the same direction. Once the polypeptide chain is 
synthesized it must fold into its three-dimensional shape before it is functional. Once folded, the 
polypeptide chain is considered a protein.

figure 10.30 (a) After folding caused by intramolecular base pairing, a tRNA molecule has one 
rnd that contains the anticodon, which interacts with the mRNA codon, and the CCA amino acid 
binding end. (b) A space-filling model is helpful for visualizing the three-dimensional shape of 
lltNA. (c) Simplified models are useful when drawing complex processes such as protein 
synthesis, (credit: Parker et al. / Microbiology OnenStax)

I tepending on the species, 40 to 60 types o f tRNA exist in the cytoplasm. tRNA carrying a 
specific amino acid binds to sequences on the mRNA template and adds the corresponding 
.nnino acid to the polypeptide chain. Therefore, tRNAs are the molecules that actually “translate” 
'In- language of RNA into the language of proteins. I

I low is it that tRNA translates the mRNA nucleotide sequence into protein? To answer this 
ipirslion, we must first understand the genetic code, the relationship between the nucleotide 
• qucnce and the different amino acids that make up a protein.
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The Genetic Code

To summarize what we know to this point, transcription generates messenger RNA from the 
DNA housed in the nucleus o f eukaryotic cells. The mRNA is a mobile complement o f  one or 
more genes. mRNA is generated using the nitrogenous bases adenine, cytosine, guanine, and 
uracil.

During translation the mRNA nucleotide sequence is used to generate a protein. Proteins can be 
made up o f as many as 20 different amino acids. Each amino acid is defined by a thrcc- 
nucleotide sequence called the triplet codon. The relationship between a nucleotide codon and its 
corresponding amino acid is called the genetic code. The three-nucleotide codon means that there 
is a total o f  64 possible combinations (43), with four different nucleotides possible at each o f  the 
three different positions within the codon. This number is greater than the number o f amino acids 
used to generate proteins. This means that some amino acids are encoded by more than one 
codon (Figure 10.31). This redundancy in the genetic code is called degeneracy. Typically, 
whereas the first two positions in a codon are second letter
important for determining which amino acid 
will be incorporated into a growing 
polypeptide, the third position, called 
the wobble position, is less critical. In many 
cases, if the nucleotide in the third position is 
changed, the same amino acid is still 
incorporated.

Figure 10.31 This figure shows the genetic 
code for translating each nucleotide triplet, or 
codon, in mRNA into an amino acid or a 
termination signal in a nascent protein.
(credit: modification of work by NIH / 
Concents o f Biology OnenStaxl

The codon AUG specifies the amino acid methionine and has a special function. AUG serves as 
the only start codon. The start codon is where a ribosome begins translation on that mRNA. 
Three o f the 64 codons terminate protein synthesis and release the polypeptide chain from the 
ribosome. These triplets arc called stop codons; they do not code for an amino acid. Once the 
stop codon is reached, no additional amino acids will be added to the polypeptide chain.

The genetic code is nearly universal. With a few exceptions, virtually all species use the same 
genetic code for protein synthesis. This is powerful evidence that all existing life on earth shari • 
a common origin. However, there arc some unusual amino acids such as pyrrolysinc that have 
currently only been observed in archaea and bacteria. Research is being done to understand the 
relevance o f  this discovery.
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C h e c k  y o u r  k n o w le d g e  

How m any bases are iu each codon?

What is the anticodon for AAU? W hat an» acid is coded for by the codon? 

What happens when a stop codon is readied

I lie Mechanism of Protein Synthesis

lust as with mRNA synthesis, protein synthesisм be divided into three phases: initiation, 
elongation, and termination. The process o f  transition is similar in prokaryotes and eukaryotes. 
Here we will explore how translation occurs inf to/i, a representative prokaryote

I'mtein synthesis begins with the formation of initiation complex. In E. c o l i , this complex 
involves the small ribosome subunit, the mRNA tree initiation proteins, and a tRNA carrying 
the amino acid methionine (Figure 10.32). ThclNA has a region called the anticodon. The 
.iiilicodon complements and interacts with the AtG start codon on the mRNA and delivers the 
Mist amino acid, methionine. Once the anticodoiof tRNA base pairs with the AUG codon o f the 
mRNA, the large ribosomal subunit binds to theamplex. This step completes the initiation of 
Intnslation.

I he next step, elongation, takes place as the ribwmc moves along the mRNA. Again, the basics 
ill elongation are the same in both prokaryotes id eukaryotes, so we will review elongation 
hum the perspective o f E. c o l i .  The large ribosonal subunit consists o f three compartments: the 
Л site, the P site, and the E site. The A site is responsible for binding incoming charged tRNAs.
Л charged tRNA is one that is attached to its specific amino acids. The P site binds charged 
iltNAs carrying the amino acids that are connect) by peptide bonds. These amino acids are part 
ii| the growing polypeptide chain but have notye.dissociatcd from their corresponding tRNA 
i figure 10.32).

!■
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Large ribosomal 
subunit
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mRNA

Small ribosomal 
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F i^ iire  10.32 Translation begins when a tRNA anticodon recognizes a codon on the mRNA I lit 
lar^ e  ribosomal subunit joins the small subunit, and a second tRNA is recruited. As the mKN '  
mc^vcs relative to the ribosome, the polypeptide chain is formed, (credit: Modified by Flintl» lli 
Q .^Jrady original work o f Betts ct al. / Anatomy and Physiology O ncnStaxI
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Peptide bonds arc special covalent bonds that exist between the amino group  of one amino acid 
«ml the carboxyl group o f a second amino acid 
(figure 10.33). The E site releases uncharged 
lltNAs so they can be recharged with free amino 
ntids (Figure 10.32).

figure 10.33 A peptide bond links the carboxyl end 
of one amino acid with the amino end of another, 
producing one water molecule during the process.
This is a dehydration synthesis reaction, (credit: 
t lark ct al. / Biolouv 2E OnenStax)

flic ribosome shifts one codon at a time, catalyzing each process that occurs in the three sites 
(figure 10.32). With each step, a charged tRNA enters the complex, the polypeptide chain 
becomes one amino acid longer, and an uncharged tRNA departs. The energy for each bond 
between amino acids is derived from GTP, a molecule similar to ATP.

I ermination of translation occurs when a stop codon (UAA, UAG, or U G A ) is encountered. 
When a stop codon enters the ribosome’s A site the growing polypeptide is released, and the 
nbosome subunits dissociate and leave the mRNA. After many ribosomes have completed 
translation, the mRNA is degraded so the nucleotides can be reused in another transcription 
tcaction.

■ 1 1 NC'EPTS IN ACTION- Learn more by watching the video on translation

Practice transcribing and translating genes by clicking on this link

Check your knowledge

The nucleotide code on a gene on DNA is GCT. 
What is the mRNA codon?
What is the tRNA anticodon?
What amino acid is coded?

J u .u w s  ■ C(7.i G C V  .V<*
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Section  S u m m ary

The central dogma describes the flow o f genetic information in the cell from DNA to RNA In 
proteins. Genes are used to make mRNA by the process o f  transcription; mRNA is used to 
synthesize proteins by the process o f translation. The genetic code is the correspondence hclwi ■ и 
the three-nucleotide mRNA codon and an amino acid. The genetic code is “translated” by tin 
tRNA, which associates a specific codon with a specific amino acid. The genetic code is 
degenerate because 64 triplet codons in mRNA specify only 20 amino acids and three stop 
codons. This means that more than one codon corresponds to an amino acid. Almost every 
species on the planet uses the same genetic code.

Translation includes the mRNA template, ribosomes, tRNAs, and various enzymatic proteins 
The small ribosomal subunit binds to the mRNA template. Translation begins at the initiating 
AUG on the mRNA. The formation o f peptide bonds occurs between sequential amino acids 
specified by the mRNA template according to the genetic code. The ribosome accepts charged 
tRNAs, and as it moves along the mRNA, it catalyzes bonding between the new amino acid 11 ml 
the end o f the growing polypeptide chain. The entire mRNA is translated in three-nucleotide 
“steps” o f the ribosome. When a stop codon is encountered, a protein binds allowing the 
translation components to separate and frees the new protein.

Exercises

1. The RNA components o f ribosomes are synthesized in th e ________ .
a. cytoplasm
b. mitochondria
c. nucleolus
d. endoplasmic reticulum

2. How long would the peptide be that is translated from this mRNA sequence: 5 - 
AUGGGCUACCGAUAG-3'?

a. 0
b. 2
c. 3
d. 4

3. Transcribe and translate the following DNA sequence:
5-TACGCCGGTTATATTGCA-3'

Answers

!. (Ci 
2. (d.l

The mRNA cxoukl be: 5: - Л1 h i~(, i i ( . j Ч.Ч' Л -Ati Л Л Л-C. (hi. . 1 he protein would he: AT. i 
Arg-Prc-lic. liven though there are six ■ odons, the tilth codon corresponds to a stop, ;e d ■ 
codon would iin: be translated.
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I illltoury

JMIrodon: three consecutive nucleotides on tRNA flat complement the codon on a mRNA

. "dun: three consecutive nucleotides in mRNA that specify the addition o f a specific amino acid 
■i llic release o f a polypeptide chain during translation

I I  oclic code: the amino acids that correspond to Ihrst-nuclcotide codons of mRNA

in ptldc bond: a covalent bond that exists between Ife amino group of one amino acid and the 
• iiiboxyl group of a second amino acid

i llmsomal RNA (rRNA): ribosomal RNA; molecule o f RNA that combine to form part o f the 
nluisome

■ i op codon: one of the three mRNA codons that specifies termination of translation

■■■it codon: the AUG (or, rarely GUG) on an mRN't from which translation begins; always 
pccifics methionine

n Hiislation: process o f producing a protein from thenucleotide sequence code o f an mRNA 
it adscript

li nosier RNA (tRNA): transfer RNA; an RNA molecule that contains a specific three- 
miclcotide anticodon sequence to pair with the mR'\\ codon and also binds to a specific amino
Mi 111

I-
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10.5 H ow  G en es A re  R eg u la ted

Learning objectives
By the eud o f this section, you will be able to:

• D is c u s s  w h y  c e l ls  d o  n o t  e x p r e s s  n il o f  i t s  g e n e s  a l l  o f  th e  t im e

• D e s c r i b e  h o w  p r o k a r y o t ic  g e n e  e x p r e s s io n  o c c u r s  a t  th e  t r a n s c r ip t io n a l  le v e l

• U n d e r s ta n d  th a t  e u k a r y o tic  g e n e  e x p r e s s io n  o c c u r s  a t  th e  e p ig e n e t ic ,  t r a n s c r ip t io n a l  

p o s t - tr a n s c r ip t io n a l .  tr a n s la t io n a l ,  a n d  p o s t - t r a n s la t io n a l  le v e ls

• B e  a b le  t o  d e f in e  a n d  e x p la in  a l l  b o ld e d  te r m s

All organisms and cells control and regulate the transcription and translation o f their DNA into 
protein. The process o f  turning on a gene to produce mRNA and then protein is called gene 
expression. All living cells control when and how its genes are expressed. For gene expression 
to occur, there must be mechanisms that control the following processes (1) when to tum on a 
gene to make mRNA and then protein (2) how much or what quantity o f  protein needs to be 
made, and (3) the ability to stop making that protein once it is no longer needed by the cell.

By regulating gene expression, cells can conserve energy and space. If an organism was to 
express every single gene at all times, it would require a significant amount o f  energy. It is much 
more energy efficient to only tum on the genes when they are required. In addition, only 
expressing a subset o f genes in each cell saves space because DNA must be unwound from its 
tightly coiled structure to be transcribe and translated. Cells would have to be enormous if  every 
gene were expressed in every cell all the time.

The control o f gene expression is extremely complex and will only be covered briefly. To 
understand how gene expression is regulated, we must first understand how a gene codes for a 
functional protein in a cell. The process occurs in both prokaryotic and eukaryotic cells, just in 
slightly different manners.

Prokaryotic Gene Expression

Because prokaryotic organisms lack a cell nucleus, the processes o f  transcription and translation 
occur almost simultaneously. When the protein is no longer needed, transcription stops. This is 
primarily controlled by regulating transcription. Prokaryotic cells use a few methods to control 
gene expression at the transcriptional level.

One gene control example, the la c  operon, was discovered using E . c o l i  in the 1950s and 1960s 
by French researchers. The la c  operon is a stretch of DNA that codes for proteins involved in 
absorption and metabolism o f lactose, including the enzyme lactase. One promotor controls 
transcription o f operon sequences. The la c  operon is controlled using levels o f lactose, a 
disaccharide, in E. c o l i ' s  environment. When lactose is not present, transcription of the la c  

operon genes decreases, and the lactase translation slows. A repressor protein binds to the DNA 
preventing RNA polymerase from binding to the promoter. Thus, mRNA is not made and laclan 
translation is low. W hen lactose is present, the genes are transcribed at a higher rate and more
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luctasc is translated. The repressor protein isremoved, and RNA polymerase can bind to the
promotor, allowing the 
organism to make more lactase 
to metabolize the lactose 
(Figure 10.34).

in the absence ot lactose, the lac repressor - the 
operator, and transcription is blocked.

promoter operator lacZ ICY lacA

RN A  p o l y m e r a s e r e p r e s s o r

In the presence of lactose, the lac represso' released from 
the operator, and transcription proceeds at asbw rate.

promoter operator lacZ ar У lacA

RNA polymerase
repress»

Figure 10.34 The three 
structural genes that are needed 
to degrade lactose in E. c o l i  are 
located next to each other in the 
la c  operon. RNA polymerase 
can bind to the promoter if a 
repressor is not present, (credit: 
Modified by Elizabeth O'Grady 
original work of Parker et al. / 
Microbiology OnenStaxl

- - allolactose

i O M ’FPTS IN ACTION -  Learn more about operons in this video.

Eukaryotic Gene Expression

eukaryotic cells, in contrast, have organelksand are therefore more complex. Recall that in 
eukaryotic cells, the DNA is contained inside the cell’s nucleus where it is transcribed into 
inRNA. The newly synthesized mRNA is then transported out of the nucleus into the cytoplasm, 
where ribosomes translate the mRNA intoputein. The processes of transcription and translation 
arc physically separated by the nuclear membrane; transcription occurs only within the nucleus, 
and translation occurs only outside the nuclms in the cytoplasm. The regulation of gene 
expression can occur before or during botlranscription and translation.

Recall, that DNA in the nucleus is condense! by wrapping around histone proteins. When 
several histone proteins are wrapped together it forms bead like structures called a nucleosome. 
Nuclcosomcs can control how accessible fcDNA is to transcription proteins, a type of 
regulation referred to as epigenetic control for example, if  a gene is to be transcribed, the 
histone proteins and DNA in the chromosomal region encoding that gene are modified in a way 
that opens the promoter region to allow Rid polymerase and other transcription proteins to bind 
and initiate transcription. If a gene is to reman turned off, or silenced, the histone proteins and 
DNA have different modifications that sigri a closed chromosomal configuration. In this closed 
configuration, the RNA polymerase and t*cription factors do not have access to the DNA and 
transcription cannot occur (Figure 10.35)

|.
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HISTONE TAIL

WKMJcatfgn o; histone tails а.Пе» theHistones are proteins around 
whtr.h DMA winds for cornpacrion

HISTONE'

CHROMATIN Acetyl group

£  METHYL GROUP

UNA accessible, gene active

DMA methylation and chemical

spacing ol mjcteosomes and change
DNA in access tote. a c re  inactiveand gene regulation

Figure 10.35 Histone proteins and DNA nucleotides can be modified chemically. Modifications 
affect nucleosome spacing and gene expression, (credit: Modified by Elizabeth O'Grady original 
work of N1H /  Biology 2E OocnStax)

Gene expression can also be controlled when the mRNA is transcribed (transcriptional 
regulation) or when the mRNA is processed and exported to the cytoplasm after it is transcribed 
(post-transcriptional regulation). Recall from section 10.3 that mRNA transcripts undergo 
alternative RNA splicing. Alternative RNA splicing is a mechanism that allows different protein 
products to be produced from one gene when different combinations o f introns, and sometimes 
exons, are removed from the transcript (Figure 10.28). Alternative splicing can be haphazard, but 
more often it is controlled and acts as a mechanism of post-transcriptional gene regulation. The 
frequency of different splicing alternatives is controlled by the cell as a way to control the 
production o f different proteins.

C O N CEPTS IN ACTION -  Leam more about alternate splicing at this site.

Gene expression can also be controlled as the mRNA is translated into protein (translational 
regulation) or after the protein has been made (post-translational regulation). Like transcription, 
translation is controlled by proteins that bind and initiate the process (Figure 10.36). For 
example, an initiation protein must bind to the small sub-unit o f the ribosome to allow translation 
(Figure 10.36). If  that protein is phosphorylated, translation will be blocked, and the protein 
cannot be made. This is an example o f translational gene regulation. Chemical modifications 
such as phosphorylation can occur in response to external stimuli such as stress, the lack o f 
nutrients, heat, or ultraviolet light exposure.
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Ribosome 
small subunit

When
phosphorylated, 
translation is 
blocked.
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Translation

Ribosome 
small subunit

When not
phosphorylated,
translation
occurs. . .

w Translation
occurs

figure 10.36 Gene expression can be controlled by chemical modifications o f proteins needed to 
initiate translation, (credit: Modified by Elizabeth O'Grady original work o f Clark et al. / Biology 
2F. QpenStaxf
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Section Summary

All organisms and cells control and regulate the transcription and translation o f their DMA in 
protein. The process o f turning on a gene to produce mRNA and then protein is called gene 
expression. Gene expression in prokaryotes is regulated only at the transcriptional level, when 
in eukaryotic cells, gene expression is regulated at the epigenetic, transcriptional, post­
transcriptional, translational, and post-translational levels.

Exercises

1. Control o f  gene expression in eukaryotic cells occurs at which level(s)?
a. only the transcriptional level
b. epigenetic and transcriptional levels
c. epigenetic, transcriptional, and translational levels
d. epigenetic, transcriptional, post-transcriptional, translational, and post­

translational levels
2. Prokaryotic cells lack a nucleus. Therefore, the genes in prokaryotic cells are:

a. all expressed, all o f the time
b. transcribed and translated almost simultaneously
c. translated and then transcribed into proteins
d. Transcribed and translated in the cytoplasm on the rough endoplasmic reticulum

3. Explain why it is important that cells are able to regulate gene expression.

i. id j
• П.)

H' regui.riiriu gene explosion. cobs can conserve- energy and sp-ucc. It ail organism iva.- :■ = 
express о tiry single gerk at ail tliric.-c it would require a siyriifk'nru amount o f cnergvr In  ■ 
more energy efficient to on К mm cm the genes when they arc required. If: addition, only 
Expressing a subset o' genes in each ceil save» space because DN A most be unwound Worn •* 
tightly coiled structure to hr e -ire  :ih, and translated. Cells would have to be enormous ;! - - 
protein weic expressed m every ceil all she time.

Glossary

alternative RNA splicing: a post-transcriptional gene regulation mechanism in eukaryotes in 
which multiple protein products arc produced by a single gene through alternative splicing 
combinations o f  the ENA transcript

gene expression: processes that control whether a gene is expressed
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< liaptcr 11: Introduction Evolution

I igure 111 The diversity o f life on Earth is the result o f evolution, a continuous process that is 
Mill occurring, (credit “w o lf’: modification of work by Gary Kramer, USFVVS; credit “coral” : 
modification o f work by William Harrigan, NOAA; credit “river”: modification o f work by 
Vojtech Dostal; credit “protozoa” : modification of work by Sharon Franklin, Stephen Ausmus, 
IJSDA ARS; credit “fish” modification o f work by Christian Mehlffihrer; credit “mushroom”, 
"bee”: modification o f work by Cory Zanker; credit “tree” : modification o f work by Joseph 
Kranak / Concents o f Biology' OnenStaxl

All living organisms, from the bacteria on our skin to the trees in our yards, have evolved at 
some point. Although it may seem that living organisms stay the same from generation to 
generation, that is not the case: evolution is ongoing. Evolution can be defined as a process 
through which allele and genotype frequencies change over time in a population, leading to 
changes in phenotype frequencies. Sometimes the changes are so dramatic that organisms within 
the population can no longer mate with one another. If this happens, a speciation event has 
occurred leading to the formation of a new species.

The theory of evolution is the unifying theme of biology, meaning it is the framework within 
which biologists ask questions about the living world. The Ukrainian-born American geneticist 
Theodosius Dobzhansky famously wrote that “nothing makes sense in biology except in the light 
o f evolution.”* All life is thought to have evolved and diversified from a common ancestor. This 
principle is the foundation from which we understand all other questions in biology. This chapter 
will explain some o f the mechanisms for evolutionary change and the kinds o f questions that 
biologists can and have answered using evolutionary theory.

Footnotes

1 Theodosius Dobzhansky. “Biology, Molecular and Organismic.” A m e r ic a n  Z o o lo g is t  4,
no. 4(1964): 449.
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11.1 D iscovering  H ow  P o p u la tio n s C h an g e

Learning objectives
By the etui o f this section, you will be able to:

• E x p la in  h o w  D a r w in  i  th e o r y  o f  e v o lu t io n  d i f f e r e d  f r o m  th e  c u r r e n t  v ie w  o f  h is  t im e

• D e s c r ib e  h o w  th e  p r e s e n t - d a y  th e o r y  o f  e v o lu t io n  w a s  d e v e lo p e d

• D e s c r ib e  h o w  p o p u la t io n  g e n e t i c s  is  u s e d  to  s tu d y  th e  e v o lu t io n  o fp o p u la t io n s

• D e s c r ib e  th e  f o u r  b a s ic  c a u s e s  o f e v o lu t io n :  n a tu r a l  s e le c t io n ,  m u ta tio n , g e n e r ic  d r l / i

I a n d  g e n e  f lo w

• E x p la in  h o w  e a c h  e v o lu t io n a r y  f o r c e  c a n  in f lu e n c e  the. allele, f r e q u e n c ie s  o f  a  

p o p u la t io n

• B e  p r e p a r e d  to  d e f in e  a n d  e x p la in  a l l  b o ld e d  te rm s

The theory o f evolution by natural selection describes a mechanism for genetic changes in 
populations over time. Charles Darwin is given credit as the first to explain the mechanism ot 
natural selection, however, many other individuals before Darwin had observed that species 
change overtime. Darwin not only explained the mechanism o f how genetic change occurred 
(natural selection), but also provided data that supported that change.

The view that species were static and unchanging was based on the writings o f Plato. Other 
ancient Greeks at the time o f Plato did not agree and expressed ideas that organisms changed 01 
were altered with time. In the eighteenth century, ideas about the evolution of animals were 
reintroduced by the naturalist Georges-Louis Leclerc and even by Charles Darwin’s grandfathn 
Erasmus Darwin. During this time, it was accepted that there were species that had gone extinct 
In spite o f this, many still felt that living organisms did not change from one generation to the 
next.

In the early nineteenth century, Jean-Baptiste Lamarck published a book that detailed a 
mechanism for evolutionary change that is now referred to as inheritance of acquired 
characteristics. Lamarck hypothesized that an individual could change or be modified based on 
the environment in which it lives. These changes or modifications could then be inherited by its 
offspring, which would then bring about changes in a population over time. While this 
mechanism for evolutionary change as described by Lamarck was not accurate, Lamarck’s idc.ii 
were an important influence on evolutionary thought.
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!Nиtu ra l Selection is D iscovered

I lie actual mechanism for evolution was independently conceived and described by two 
naturalists, Charles Darwin and Alfred Russell Wallace, in the mid-nineteenth century. Both 
individuals spent time, separately, exploring the natural world on expeditions to the tropics.
I rom 1831 to 1836, Darwin traveled around the world on H .M .S . B e a g le , visiting South 
America, Australia, and the southern tip o f Africa (Figure 11.2). Wallace traveled to Brazil to 
collect insects in the Amazon rainforest from 1848 to 1852 and to the Malay Archipelago from 
IK54 to 1862. Both Darwin’s and Wallace’s journeys included stops at several island chains.
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Figure 11.2 Darwin’s voyage on the Beagle (credit: Scmhur / Wikimcdia commons SA)

Darwin’s exploration of the Galapagos Islands, located west o f Ecuador, led to many 
observations which helped provide data that supports the theory of evolution. On these islands, 
Darwin observed organisms that were clearly similar yet had distinct differences. For example, 
Darwin observed many different species o f ground finches inhabiting the Galapagos Islands. 
Although they shared similarities, Darwin noted that each species had a different beak size and 
shape. (Figure 11.3). Darwin also realized that the finches on the Galapagos Islands closely 
resembled another finch species located on the mainland of South America. Darwin 
hypothesized that the island species might all be descendants from one original mainland species. 
I le hypothesized that the beak of the ancestral species would have changed over time due to 
different environmental conditions. These adaptations allowed the finches to acquire different 
food sources on the islands and explained the differences he was seeing in beak size and shape.
In 1860, he wrote, “Seeing this gradation and diversity o f structure in one small, intimately 
[elated group o f birds, one might really fancy that from an original paucity o f birds in this 
archipelago, one species had been taken and modified for different ends.”*

I
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Figure 11.3 Darwin observed that beak shape 
varies among finch species. This illustration 
shows the beak shapes for four species o f ground 
finch: 1. G e o s p iz a  m a g n ir o s tr is  (the large ground 
finch), 2. G . f o i t i s  (the medium ground finch),
3. G . p a r v u la  (the small tree finch), and
4. C e r th id e a  o l iv a c e a  (the green-warbler finch).
(credit: Fowler et al. / Concepts o f Biology 
OpenStax)

Both Alfred Wallace and Charles Darwin 
independently observed similar patterns of 
change in different organisms. Based on their 
observations, each independently conceived a 
mechanism to explain how and why such changes could occur. Darwin called this mechanism 
natural selection. N atural selection, Darwin argued, was an inevitable outcome based on (lit' > 
principles that he felt were occurring in nature. First, the characteristics o f  organisms arc 
inherited, or passed from parent to offspring. Second, more offspring are produced than air .4 i 
to survive. In other words, resources for survival and reproduction are limited. The capacity h ■ 
reproduction in all organisms exceeds Ihe availability o f resources to support their number 
Thus, there is a competition for those resources in each generation. Third, offspring vary anm. 
each other in regard to their characteristics and those variations are inherited. Out o f these Ihm 
principles, Darwin and Wallace reasoned that offspring with inherited characteristics that alln« 
them to best compete for limited resources would be able to survive and have more offspring 
than those individuals with variations that are less able to compete. Because characterislii . .m 
inherited, the traits o f the successful individuals will be represented in a higher proportion m il> 
next generation. This will lead to changes in populations over generations in a process that 
Darwin called “descent with modification.”

1. Geospiza mag nil osuis 2. Geospiza ini'*
3. Geospiza pao/ula 4. Ceithidca nl >■

Finches from Galapagos Archipelago

Darwin and W allace (Figure 11.4) both wrote papers presenting their ideas on natural sclciln ' 
Their papers were read together in 1858 before the Linnaean Society in London. The follow nu 
year Darwin’s book, O n  ilie  O r ig in  o f  S p e c ie s , was published, which outlined in considcrahl. 
detail his arguments for evolution by natural selection.

Figure 11.4 (a) Charles Darw in nn.1 
(b) Alfred Wallace wrote scicntiin 
papers on natural selection th.il u • 
presented together before the I i > • • • 
Society in 1858. (credit: Fowlei ■ 1 il 
Concepts o f  Biology QpcnSl.n |
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I >ш win’s finishes arc one of the best documented examples o f evolution. The work done by 
i iniwin in the 1830’s was continued by two scientists by the names o f Peter and Rosemary 
i ■null. The Grants and their colleagues have studied Galapagos finch populations every year
■ mi e 1976 and have provided important examples o f the process o f natural selection. The Grants
■ il nerved evolutionary events in which the beak shape o f the medium ground finch changed from 
inic generation to the next. The medium ground finch feeds on seeds. The birds have inherited

million in the bill shape with some individuals having wide, deep bills and others having 
ilimncr bills. Large-billed birds feed more efficiently on large, hard seeds, whereas smaller billed 
liuds feed more efficiently on small, soft seeds. During 1977, a drought period altered vegetation 

n the (ialapagos Island of Daphne Major. After this period, the number o f seeds declined 
ilnmiatically. The decline in small, soft seeds was greater than the decline in large, hard seeds.
I lie large-billed birds were able to survive better than the small-billed birds the following year. 
Wlu n the Grants measured beak sizes in the year following the drought, they found that the 
uriuge bill size was larger (Figure 11.5). This was clear evidence that supported evolution by 
iiiilural selection. Based on the availability o f  seed sizes, finches with larger beak sizes were 
liring naturally selected for. Continued research done by the Grants over several decades 
Hi'inonstrated additional natural selection events. These events led to the subsequent evolution of 
lull ii/.e in response to changing conditions on the island.

' i|' иге 11.5 A drought on the Galapagos island of Daphne Major in 1977 reduced the number of 
•iiiiiII seeds available to finches, causing many o f the small-beaked finches to die. This caused an 
mi icusc in the finches’ average beak size between 1976 and 1978. (credit: Fowler et al. /
1 "in ents o f Biology OpenStax)
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Natural selection can only take place if  there is variation, or differences, among indivnlu.il i<i  >
population. Importantly, these differences must have some genetic basis; otherwise, se ll. ......
will not lead to change in the next generation. This is critical because variation among 
individuals can be caused by non-gcnctic reasons. For example, when it comes to variation щ 
height, environmental factors such as better nutrition can also have an impact on this 
characteristic.

Genetic diversity in a population ultimately comes from mutation. M utation, a change ш I)' N 
is the ultimate source o f new alleles or new genetic variation in any population. An individunl 
that has a mutated gene might have a different trait than other individuals in the population 
However, this is not always the case. A mutation can have one of three outcomes on the 
organisms’ phenotype:

• A mutation may affect the phenotype of the organism in such a way that it reduce» 
fitness. In an evolutionary context, fitness is a relative measure o f how well indivulu • t > 
with a certain trait will survive and produce viable offspring relative to other trail»

• A mutation may produce a phenotype with a beneficial effect on fitness.
• Many mutations, called neutral mutations, will have no effect on fitness.

When a heritable trait that aids the survival and reproduction of an organism in its present 
environment becomes more frequent in a population, that is called an adaptation. For cxiini|ili 
camouflage coloration patterns are adaptations. Frogs that can blend into their environment li i 
a better chance of avoiding predation. Survival means a greater chance to reproduce and pas ■ 
those heritable traits onto the next generation. Slight variations still often exist amongst the 
patterns, however. This means that depending on the environmental conditions, different 
phenotypes can be favored at any given time.

W hether or not a trait is favorable depends on the environment at the time. The same traits tin n» 
always have the same relative benefit or disadvantage because environmental conditions can »i i 
often do change. For example, finches with large bills were benefited in one climate, while 
finches with small bills were at a disadvantage. In a different climate, the relationship may Is 
reversed.

Patterns o f Evolution

The evolution o f species has resulted in enormous variation in form and function. When two 
species evolve in different directions from a common point, it is called divergent evolution 
This process can be seen in the shape o f a flowering plant’s reproductive organs. Although tin •, 
share the same basic anatomical organs, these organs can look very different because of 
divergent evolution (Figure 11.6). One cause of divergent evolution is when populations or 
species are found in different environments. Because the conditions are different in each 
environment, natural selection will favor different traits in each.

V aria tio n  an d  A d ap ta tio n
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figure 11.6 Flowering plants evolved from a common ancestor. Notice that the (a) dense blazing 
tiar and (b) purple coneflower vary in appearance, yet both share a similar basic morphology, 
(credit: modification of work by Cory Zanker / Concepts o f Biology OncnStax)

In other cases, similar phenotypes evolve independently in distantly related species. For 
rxumple, flight has evolved independently in both bats and insects. Both have structures that we 
irfer to as wings, which are adaptations to flight. The wings o f bats and insects, however, 
evolved from very different structures and as a result are quite different. For example, the wings 
id insects do not have bones, but the wings o f bats do. When similar structures arise through 
evolution independently in different species it is called convergent evolution. The wings of bats 
nnd insects arc called analogous structures; they are similar in function and appearance, but 
llicy were not inherited from a recent common ancestor. Instead, they evolved independently in 
two separate lineages. The wings of a hummingbird and an ostrich are homologous structures. 
Homologous structures are inherited from a common ancestor. As a result, they share 
similarities even though they look and function very different. Their differences result from 
divergent evolution.

I lie Modern Synthesis

I lie mechanisms o f  inheritance and genetics were not understood at the time when Darwin and 
Wallace were developing their idea of natural selection. This lack of understanding was a 
tumbling block to comprehending many aspects o f evolution. In fact, blending inheritance was 

the predominant (and incorrect) genetic hypothesis at that time. This made it difficult to 
understand how natural selection might operate. Darwin and Wallace were unaware of the work 
done by Gregor Mendel on inheritance, which was published in 1866, not long after publication 
of O n th e  O r ig in  o f  S p e c ie s . Mendel’s work was rediscovered in the early twentieth century, and 
it was at this time geneticists began to understand the basics o f inheritance. Initially, the newly 
discovered nature o f genes made it difficult for biologists to understand how gradual evolution 
could occur. However, over the next few decades genetics and evolution were integrated in what 
became known as the modern synthesis. The modern synthesis describes how evolutionary 
pressures, such as natural selection, can affect a population’s genetic makeup, and, in turn, how 
(Ins can result in the gradual evolution o f populations. The theory also connects the gradual 
change o f a population over time, called microevolution.
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Sometimes major evolutionary events happen at the level o f the individual species, a coneepl 
called macroevolution. Major evolutionary events can lead to speciation events, the formation 
o f two species from one original species. For speciation to occur, two new populations must hr 
formed from one original population, and they must evolve in such a way that it becomes 
impossible for individuals from the two new populations to interbreed. Biologists have proposed 
mechanisms by which this could occur that fall into two broad categories. Allopatric spcciulinn 
meaning speciation in “other homelands,” involves a geographic separation o f populations from 
a parent species and subsequent evolution. Sympatric speciation, meaning speciation in the 
“same homeland.” involves speciation occurring within a parent species while remaining in one 
location.

Population Genetics

Recall that a gene may have several different versions, or alleles, that code for different traits 
associated with that characteristic. For example, blood type in humans is determined by three 
different alleles: / А, Iе . and f .  For diploid organisms, each individual in a population can only 
carry tw'o alleles for a particular gene, even though there may be more than two alleles present in 
the population. Mendel followed alleles as they were inherited from parent to offspring. In the 
early twentieth century, biologists began to study what happens to all the alleles in a population 
over time. This field o f study is known as population genetics. Using human blood-type as an 
example, the frequency of one o f the alleles, /A, is the number o f copies o f that allele divided In 
all the copies o f the gene in the population. For example, a study in Jordan found the frequem v 
o f /A to be 26.1 percent.^ The frequency o f /8 and / ’ alleles made up 13.4 percent and 60.5 
percent o f the alleles respectively. All three frequencies together add up to 100 percent. A 
change in these frequencies over time would constitute an evolutionary change in the populal и

There are several ways the allele frequencies o f a population can change. One o f those ways is 
natural selection. If a given allele results in a phenotype that allows an individual to have mote 
offspring that survive and reproduce, that allele, by virtue o f being inherited by those offspriiir 
will be in greater frequency in the next generation. Since allele frequencies always add up to I mi
percent, an increase in the frequency o f one allele always means a corresponding decrease in .....
or more o f the other alleles. Highly beneficial alleles may, over a very few generations, bcconii 
“fixed.” If an allele becomes “fixed,” it means that every individual o f  the population will can 
that allele. Similarly, detrimental alleles may be swiftly eliminated from the gene pool. The grin 
pool represents the sum o f  all the alleles in a population.

Part o f  the study o f population genetics is tracking how selective forces change the allele 
frequencies in a population over time. This can give scientists clues regarding the selective 
forces that may be operating on a given population. For example, as the Industrial Revolution 
caused trees to darken from soot, darker colored peppered moths were better camouflaged lli.in 
the lighter colored moths. The dark colored peppered moths were predated less, had more 
reproductive success, and passed on their dark color traits to their offspring more often than lIn и 
lighter colored counterparts. This event led to a shift in color within this population. The i li, ш . 
in wing coloration in the peppered moths is a classic example o f  studying evolution in nalin ill 
populations (Figure 11.7).
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Light colored peppered moths are 
better camouflaged against a 
pristine environment; likewise, 
dark colored peppered moths are 
better camouflaged against a sooty 
environment. Thus, as the Industrial 
Revolution progressed in 
nineteenth-century England, the 
color of the moth population shifted 
from light to dark.

figure 11.7 As the Industrial Revolution caused trees to darken from soot, darker colored 
peppered moths were better camouflaged than the lighter colored ones, which caused there to be 
more of the darker colored moths in the population, (credit: Fowler et al. / Concepts o f Biology 
( ipcnStax)

In the early twentieth century, many questioned why a “dominant” allele, one that masks a 
icccssivc allele, would not increase in frequency in a population until it eliminated all the other 
nllelcs. English mathematician Godfrey Hardy and German physician Wilhelm Weinberg 
independently provided explanations for this somewhat counterintuitive concept. Hardy, who 
was not even a biologist, pointed out that if  there are no factors that affect an allele frequency, 
those frequencies will remain constant from one generation to the next. This principle is now 
known as the Hardy-Weinberg equilibrium. The H ardy-W einberg equilibrium  states that a 
population’s allele and genotype frequencies are inherently stable unless some kind of 
evolutionary force is acting on the population. In other words, the population would carry the 

line alleles in the same proportions generation after generation if evolution was not occurring. 
Individuals would look essentially the same and this would be unrelated to whether the alleles 
were dominant or recessive.

Populations are always evolving, and the Hardy-Weinberg equilibrium will never be exactly 
observed. However, the Hardy-Weinberg principle gives scientists a baseline expectation for 
iillclc frequencies in a non-evolving population. They can then compare evolving populations 
mid infer what evolutionary forces might be at play. The population is evolving if  the frequencies 
of alleles or genotypes deviate from the expected values calculated using the Hardy-Weinberg 
principle.

I ootnotes

• 2 Charles Darwin, J o u r n a l  o f  R e s e a r c h e s  in to  th e  N a tu r a l  H is to r y  a n d  G e o lo g y  o f  th e  
C o u n tr ie s  V is i te d  d u r in g  th e  V o y a g e  o fH .M .S . B e a g le  R o u n d  th e  W o rld , u n d e r  th e  
C o m m a n d  o f  C a p t. F ilz  R o y , R .N , 2nd. ed. (London: John Murray, 1860), 
http://www.archive.org/details/joumalofreseaOOdarw.

• 3 Sahar S. Hanania, Dhia S. Hassawi, and Nidal M. lrshaid, “Allele Frequency and 
Molecular Genotypes o f ABO Blood Group System in a Jordanian Population,” J o u r n a l  
o f  M e d ic a l  S c ie n c e s  7 (2007): 51-58, doi:10.3923/jms.2007.51.58
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Section S u m m ary

Evolution by natural selection arises from three conditions: individuals within a species vary, 
some o f those variations are heritable, and organisms have more offspring than resources can 
support. The consequence is that individuals with relatively advantageous variations will he 
more likely to survive and have higher reproductive rates than those individuals with diffctrni 
traits. The advantageous traits will be passed on to offspring in greater proportion. Thus, the Nun 
will have higher representation in the next and subsequent generations leading to genetic eli.im < 
in the population.

The modem synthesis o f  evolutionary theory grew out o f the understanding of Darwin's, 
Wallace’s, and Mendel’s thoughts on evolution and heredity. Population genetics is a thcuieln il 
framework for describing evolutionary change in populations through the change in allele 
frequencies. Population genetics defines evolution as a change in allele frequency over 
generations. In the absence o f evolutionary forces allele frequencies will not change in a 
population; this is known as Hardy-Weinberg equilibrium principle.

Exercises

1. Which scientific concept did Charles Darwin and Alfred Wallace independently 
discover?

a. mutation
b. overbreeding
c. natural selection
d. sexual reproduction

2. Which of the following situation is not an example o f natural selection?
a. One plant grows larger than another plant because its leaves contain more 

chlorophyll.
b. Two types o f fish eat the same kind of food, and one is better able to gather food 

than the other.
c. One male lion earns the right to mate with the females because he is larger Ilian 

all the other males.
d. A hurricane wiping out half o f  a population.

3. Explain the Hardy-Weinberg principle o f equilibrium.

Answers

*■(— W
2 id;
■. The I lardy- Weinberg equilibrium stilts  that a population's allele and gein|(|([sv unpicr,-. 

inherently srablo unless sonic kind oj>v olutionarv force is acting on the population )■< 
words, the population would cany .he >to:e allele? it; the <om"n)puiLions' con , ■ -
geiiciation. Individuals would look essentially the same and this would In- ц п к к  s i n  
the alleles w e t  dominant or ..  ess h e.
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( .lossary

adaptation: a heritable trait or behavior in an organism that aids in its survival in its present 
environment

■ llnpatric speciation: a speciation that occurs via a geographic separation

analogous structure: a structure that is similar because o f  evolution in response to similar 
■.election pressures resulting in convergent evolution, not similar because of descent from a 
i ommon ancestor

convergent evolution: an evolution that results in similar forms on different species

divergent evolution: an evolution that results in different forms in two species with a common 
ancestor

gene pool: all o f the alleles carried by all o f the individuals in the population

Mardy-Weinberg equilibrium: a principle that states a population’s allele and genotype 
Ircqucncics arc inherently stable unless some kind o f evolutionary force is acting on the 
population

homologous structure: a structure that is similar because of descent from a common ancestor

inheritance of acquired characteristics: a phrase that describes the mechanism of evolution 
proposed by Lamarck in which traits acquired by individuals through use or disuse could be 
passed on to their offspring thus leading to evolutionary change in the population

niacroevolution: a broader scale o f evolutionary changes seen over paleontological time 

niicroevolution: the changes in a population’s genetic structure (i.e., allele frequency)

modern synthesis: the overarching evolutionary paradigm that took shape by the 1940s and is 
generally accepted today

mutation: a permanent variation in the nucleotide sequence of a genome

natural selection: the greater relative survival and reproduction o f individuals in a population 
that have favorable heritable traits, leading to evolutionary change

population genetics: the study o f how selective forces change the allele frequencies in a 
population over time

speciation: a formation o f a new species

sympatric speciation: a speciation that occurs in the same geographic space 

variation: the variety o f alleles in a population
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11.2 M ech an ism s o f E volution

Learning objectives
By the end o f  this section, you will be able to:

• E x p la in  th e  f o u r  m o s t  im p o r ta n t  e v o lu t io n a r y  fo r c e s :  n a tu r a l  s e le c t io n ,  m u ta tio n ,  

g e n e t i c  d r if t ,  a n d  m ig r a t io n

• D is c u s s  n o n r a n d o m  m a tin g  a n d  e x p la in  h o w  i f  c o n tr ib u te s  t o  e v o lu t io n a r y  c h a n g e

• B e  p r e p a r e d  to  d e f in e  a n d  e x p la in  a l l  b o ld e d  te r m s

The four most important evolutionary forces that will disrupt equilibrium are: natural selection, 
mutation, genetic drift, and migration into or out o f a population. A fifth factor, nonrandom 
mating, will also disrupt the Hardy-Weinberg equilibrium but only by shifting genotype 
frequencies, not allele frequencies. In nonrandom mating, individuals arc more likely to mate 
based on preference rather than at random.

Natural Selection

Natural selection acts on the population's heritable traits. N atural selection selects for benefu i.il 
alleles that allow for environmental adaptation, which leads to the frequency o f the beneficial 
alleles increasing in the population. Deleterious alleles are selected against and thereby decrease 
in frequency in the population. Natural selection selects for organisms as a whole, not on an 
individual allele within the organism. An individual may carry a very beneficial genotype with a 
resulting phenotype that, for example, increases the ability to reproduce (fecundity). However, il 
that same individual also carries an allele that results in a fatal childhood disease, that fecundity 
phenotype will not pass to the next generation because the individual wall not live long enough In 
reproduce. Natural selection selects for individuals with alleles that allow them to survive bettei 
and reproduce more. Scientists call this an organism’s evolutionary (Darwinian) fitness.

Sexual Selection

Darwin identified a special case o f natural selection that he called sexual selection. In sexual 
selection the fitness o f certain traits is determined by different levels o f reproductive success 
Sexual selection leads to the evolution o f dramatic traits that often appear maladaptive in terms 
o f survival but persist because they allow greater reproductive success. Sexual selection occurs 
in two ways: through male-male competition for mates and through female selection o f mates 
M ale-m ale competition occurs when males fight or compete for the opportunity to mate with a 
female(s). These competitions are often ritualized but may also pose significant threats to a 
male’s survival. Sometimes the competition is for territory, with females more likely to mate 
with males with higher quality territories. Female choice occurs when females choose a male 
based on a particular trait, such as feather colors, the performance o f a mating dance, or the 
building o f an elaborate structure. In some cases, male-male competition and female choice 
combine in the mating process. In each o f these cases, the traits selected for, such as fighting 
ability or feather color and length, become enhanced over generations in the males.
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II is thought that sexual selection can only proceed to a certain point. This is because natural 
lection eventually prevents further enhancement of a characteristic due to negative impacts on 

the male’s ability to survive. For example, colorful feathers or an elaborate display make the 
male more obvious to predators. If a male peacock’s tail feathers, for example, become too long 
und he cannot escape predation, then it doesn’t matter that he is more attractive to a female, 
because o f his long feathers, he is more likely to be predated and therefore not able to reproduce 
and pass on his traits. There is a delicate balance between having enough enhancements to attract 
a mate but not so much that it results in being predated.

Mutation

M utation creates a new allele from an existing allele by changing the DNA sequence. A 
mutation may produce an allele that is beneficial, harmful, or neutral in the current environment. 
Harmful mutations may be removed from the population by natural selection and will generally 
only be found in very low frequencies equal to the mutation rate. Beneficial mutations will 
spread through the population due to natural selection. W hether or not a mutation is beneficial or 
harmful is determined by whether it helps an organism survive to sexual maturity and reproduce. 
It should be noted that mutation is the ultimate source of genetic variation. New alleles, and 
therefore new genetic variations, arise through mutation.

i ONCEPTS IN ACTION -  Learn more about mutations in this video.

Check your knowledge
True or false: All mutations result in evolution.

Dandelions produce over a hundred seeds from one flower. Those seeds than blow 
through the environment and out compete the grass found in our yards. Is this an 
example o f natural selection, sexual selection or mutation?

.Lnsiicrs. r a is e  ffijk 'rniutuiiaiis can cause evolution, 
same m utations uiii result ;<> no ettee! an и papulation  

at a!!. M any  atfect an individual in soniuue ее!!
пниайою  and not whole riopulatinnx. 

This a  im tjra /se lec tio n . .O jndeikm s urn  iw r  adapted  
to survive in >»rпа environments u n d th e ir  tiny semis 

ear utmost there is n h it o f  soil
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G enetic  D rift

Another way a population’s allele frequencies can change is genetic drift, which is ■ uni 
to random chance. Genetic drift is most important in small populations. Drift would h. 
completely absent in a population with an infinite number o f  individuals; howcvci, u . . . , 
is that large. Genetic drift occurs because the alleles in the Fi generation are a random ,,, 
the alleles in the parental generation. Alleles may or may not make it into the next grin-i 
to chance events including mortality o f an individual, events affecting finding a male n 
the events affecting which gametes end up participating in fertilizations (Figure 11 H)

5 rabb its  
reproduce

2 rabb its  
rep roduce

Figure 11.8 Genetic drift in a population can lead to the elimination of an allele from a
population by chance. In each generation, a random set o f individuals reproduces to ...... In
next generation. The frequency o f alleles in the next generation is equal to the frequent ■ 1
alleles among the individuals reproducing, (credit: Fowler et al. / Concepts ol'H iolom 
OncnStax)

I f  one individual in a population o f ten individuals happens to die before it leaves am и и . 
all o f  its genes, a tenth o f the population’s gene pool, will be suddenly lost (Figure I I u I In 
population o f 100, that 1 individual represents only 1 percent o f  the overall gene pool, tin ■
it has much smaller impact on the population’s genetic makeup and is unlikely to ...........  - 1
copies o f  an allele (Figure 11.9).
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before reproducing

genetic variation

■ |М I I 4 < ienetic drift has less o f an impact on a large population vs. a small population.
'In I h/ubclli O ’Grady)

1 —  in 'lull util also be magnified by natural or human-caused events, such as a disaster that 
NMi inlt lulls n large portion o f the population. The result o f this type of event is known as
• l n l i  in i к effect (Figure 11.10). After the event, the survivors now represent the whole

i ...... . nnd their genetic makeup is the population’s gene pool. This genetic makeup may be
u' и '■■•■■■I horn the pre-disaster population. In order for a disaster to be categorized as a 

•" i Mi 1 1 and genetic drift, it must be one that 
a n a . " unrelated to the organism’s traits, such

■ .........не or lava How. A mass killing caused by
-  ■ .Hi i old temperatures at night is likely to affect
' ' I' In lb. differently depending on the alleles they 

ill a i inilcr cold tolerance. The result o f such
• ...........и mild lie natural selection, not a bottleneck

1 . И IО Л chance event or catastrophe can reduce
. in . inability within a population, (credit:

■ I 1 nneepts o f  Biology QpcnStax)

l>

O riginal
population

Bottlenecking
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S urviv ing — 
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Populations might also experience genetic drift if  a portion o f a population leaves to start a in v 
population in a new location, or if  a population gets divided by a physical barrier o f some kind 
In these situations, the genetic makeup of those individuals is unlikely to be representative ol tin 
original population’s gene pool. This results in a founder effect. A founder effect occurs when 
there is a change or reduction in genetic variation in the new smaller population as compared In 
that o f the original larger population (Figure 11.11). The founder effect is believed to have bci n 
a key factor in the genetic history o f the Afrikaner community. The Afrikaner community is a 
South African ethnic group that descend from Dutch settlers. A small group of primarily Dull h 
settlers was first thought to have arrived in the Cape of Good Hope in the 17lh century. The 
descendants o f this small Dutch group, called the Afrikaner population, have unique mutations 
that are rare in most other African populations. The original Dutch colonists that settled in South 
Africa were only a small sample o f  the total Dutch population; however, just by chance, those 
that arrived had a highcr-than-nonnal proportion o f these rare faulty alleles. As a result, the 
population expresses unusually high incidences o f Huntington disease (HD) and Fanconi alien u i 
(FA), a genetic disorder known to cause bone marrow and congenital abnormalities, and even 
cancer.-1

X X

J s L

Figure 11.11 Due to the 
founder effect, the genet u 
makeup of new population 
may be different than the 
original population, (a) A 
population o f geckos with 
both green and orange 
variants is found on an 
island, (b) A branch with 
several orange geckos on it 11 
knocked down in a storm innl 
floats to a neighboring 
island, (c) Those geckos 
reproduce, founding a new 
population on the second 
island. Because all the 
founder geckos were oranp 
this population only consist-, 
o f orange geckos, (credit 
Jason Cashmore)

CO N C EPTS IN ACT ION Visit this site to leam more about genetic drift and run simulation' 
o f allele changes caused by drift.

392 Return to Table of О



| .cue Flow

Soother important evolutionary fo rce  is gene flow, or the flow of alleles into and out of a 
loipulation resulting from the m ig ra tio n  of individuals or their gametes (Figure 11.12). While 

me populations are fairly stable, others experience more flux. Many plants, for example, send 
i heir seeds far and wide, by u sing  the wand or in the digestive tracts o f animals. These seeds may 
introduce new alleles common in  the source population to a new population in which they are
tare.

I igure 11.12 Gene flow can occur 
w hen an individual travels from 
one geographic location to 
another and joins a different 
population o f the species, (a) In 
the example shown here, there a re  
two populations o f a beetle. O ne 
population has 100% green 
nllclcs and the other has 100% 
brown alleles, (b) Some beetles 
migrate from the brown 
population to the green 
population, (c) The genetic 
makeup of the brown population 
is unchanged, but the other 
population now has mostly g reen  
alleles with some brown alleles, 
(credit: Modified by Jason 
( ashmorc original work by
I owler et al. / Concents of
II lojog l  OoenStax)

Flint notes

• 4 A. J. Tipping et al., “ M olecular and Genealogical Evidence for a Founder Effect in
Fanconi Anemia Fam ilies o f  the Afrikaner Population o f South Africa,” P N A S  98, no. 10 
(2001): 5734-5739, doi: 10.1073/pnas.091402398.

|.
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Section Sum m ary

There are four factors that can change the allele frequencies o f  a population. Natural selection 
works by selecting for alleles that confer beneficial traits or behaviors, while selecting against 
those for deleterious qualities. Mutations introduce new alleles into a population. Genetic drill 
stems from the chance occurrence that some individuals have more offspring than others and 
results in changes in allele frequencies that are random in direction. When individuals leave 01 
join the population, allele frequencies can change as a result o f  gene flow.

Exercises

1. One o f the original Amish colonies originated from a single ship o f colonists that came 
from Europe. The ship’s captain, who had polydactyly, a rare dominant trait, was one ol 
the original colonists. Today, wc sec a much higher frequency of polydactyly in the 
Amish population. This is an example of:

a. Natural selection
b. Founder effect
c. Bottleneck effect
d. Mutation

2. W hen male lions reach sexual maturity, they leave their group in search o f a new pride 
This can alter the allele frequencies o f the population through which o f the following 
mechanisms?

a. Natural selection
b. Gene flow
c. Population bottleneck
d. Random mating

Answers

1 th>
? tb}
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I ,limuir\

inilllciicck effect: the magnification of genetic drift as a result o f natural events or catastrophes

i..iiiulrr effect: a magnification o f genetic drift in a small population that migrates away from a 
i n i r  parent population carrying with it an unrepresentative set o f alleles

i-. не flow: the flow o f alleles in and out o f a population due to the migration o f individuals or 
yitiucles

Uriictic drift: the effect o f  chance on a population’s gene pool

nilltration: the movement o f individuals o f a population to a new location; in population 
I'piictics it refers to the movement o f individuals and their alleles from one population to another, 
|inU-iitially changing allele frequencies in both the old and the new population

iiiiilatiun: a change in the DNA sequence

miliirul selection: the greater relative survival and reproduction o f individuals in a population 
Hint have favorable heritable traits, leading to evolutionary change

ipt'clution: a formation o f a new species

!•
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11.3 Evidence of Evolution

I.earn ing  objectives
By the end of this section, you will be able to:

• Explain evidence that supports the theory o f  evolution
• Define homologous and vestigial structures
• Be prepared to define and explain all bolded terms

The evidence for evolution is compelling and extensive. Looking at every level of orgiini. n ■ . 
in living systems, biologists see the signature of past and present evolution. In this section 
students will learn about data that supports the theory of evolution.

Fossils

Fossils provide solid evidence that organisms from the past are not the same as those fouiiil 

today; they show a progression of evolution. Fossils are mineralized, or preserved remains ш 
organisms from the past. Scientists can determine the age of fossils and then categorize ||»ш  i 
determine when organisms lived relative to each other. The resulting fossil record tells tin i ly 
of the past and shows the evolution of fomi over millions of years. For example, both w lm l.-. ««mi 
modem horses have highly detailed fossil records (Figure 11.13).

The fossil record of horses in North America is especially rich and contains many transilnxi 
fossils. Transitional fossils are those showing intermediate anatomy between earlier and I n 
forms. The fossil record extends back to a dog-like ancestor some 55 million years ago I In • 
dog-like ancestor gave rise to the first horse-like species 42 to 55 million years ago in the 
genus Eohippus. The series of fossils tracks the change in anatomy, which was most likrl • » 
result of changing environmental conditions. A gradual drying trend is thought to have сЬ.шум! 
the landscape from forests to prairies. Successive fossils show the evolution of teeth size, i 1 
shapes, and leg anatomy. For example, Mesohippus found from 30 to 40 million years ugn h i.I 
adaptations, such as longer limbs compared to earlier ancestors. This would have been useful 
when evading predators in open environments, such as prairies. Later species showed gums . 
size, such as those of Hipparion, which existed from about 2 to 23 million years ago. The I . 
record shows several adaptive radiations in the horse lineage, which is now reduced to mils ■■ 
genus, Equus, with several different species.
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*«i tikiШМ
s м • ЪЫЙЖ

. -.ira • i yiiM'i ago
Mesotvppus 

40-30  million years ago
Hippatton

23-2 million years ago
Przew alski horse 

"% recent

Today

! ,, | |  | t  This illustration shows an artist’s renderings of these species derived from fossils of
,,luminary history of the horse and its ancestors. The species depicted are only four from a 

, i. i isc lineage that contains many branches, dead ends, and adaptive radiations, (credit:
, „ .......... nl. < Concents of Biology OnenStaxl

........... и and Kmbryology

v ti.M piece of evidence that supports evolution is the presence of structures in organisms that 
, . i|n snme basic anatomy. For example, the bones found in the appendages of a human, dog,
,,i .uni whale all share the same overall construction (Figure 11.14). That similarity results 

и . i sinned common ancestor. Over time, evolution led to changes in the shapes and sizes of 
i . ■ i и и iris in different species. However, they have maintained the same overall layout.

. i. и. r of descent from a common ancestor. Scientists call these synonymous parts 
>.,.iiiiilii|piii4 structures. Some structures exist in organisms that have no apparent function at all 

i .| | ..'in to be residual “leftovers” from a past ancestor. For example, some snakes have pelvic 
. mi ,li spile having no legs. This can be explained by understanding that snakes descended

....... pules that did have legs. These unused structures without function are called vestigial
■ iiuilinrt ( filler examples of 

llylal structures are wings 
... Iliglill*»5 birds, leaves on 
• ... i hi it, traces of pelvic
......a hi whales, and the
1. liili'Ei ryes of cave animals.

•hi. 1114 The similar 
■ inn lion of these 
...l.igt-s indicates that

......nanisms share a
..... и ancestor, (credit:
»!• i i*l ill. Concents of

, . 1 tpciiStax'l Human Dog
\
Bird Whale
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( О М  I.S’ I S IN ACTION Click through the activities at this interactive site to guess which 
bone structures are homologous and which are analogous, and to see examples of all kinds ol 
evolutionary adaptations that illustrate these concepts.

Similar environments

Another piece of evidence that supports the theory of evolution is the convergence of anatonm 
forms found in organisms that share similar environments. For example, unrelated animals, mu I. 
as the arctic fox and ptarmigan, a type of bird, both live in arctic regions. Both have temporal. 
white coverings during the winter to help them blend in with the snow and ice (Figure 11.15) 
The similarity occurs not because of common ancestry; keep in mind one has fur while the otlu i 
has feathers. Rather, it is a result of similar selection pressures. They both benefit if they can 
blend into their environments to avoid 
being seen by predators.

Figure 11.15 The white winter coat of (a) 
the arctic fox and (b) the ptarmigan’s 
plumage are adaptations to their 
environments, (credit a: modification of 
work by Keith Morehouse / Concepts of 
Biology QpcnStaxl

I

Embryology (« №

Embryology, the study an organism’s development from a zygote to its adult form, also pi ■>'; 
evidence of relatedness between divergent groups of organisms. Structures that arc absrni in 
some groups often appear in their embryonic forms and then disappear by the time the minil ' 
juvenile form is reached. For example, all vertebrate embryos, including humans, exhibit pill 
slits at some point in their early development (Figure 11.16). These disappear in the ailull 
terrestrial groups, but are maintained in adult forms of aquatic groups, such as fish and sum

amphibians. Great ape embryos, including 
humans, have a tail structure during then 
development that is lost by the time of bn ill i 
reason embryos of unrelated species arr nil ■ 
similar is that mutational changes that nll< • i ■! 
organism during embryonic developim-ni i in 
cause amplified differences in the uduli *>.» 
while the embryonic similarities arc p ic  i ■ I

Figure 11.16 Embryo comparison, (unlit 
Romanes copy of Ernst Heaeckel. I’uhlii 
Domain)
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I w. ». ') nipliic distribution of organisms follows patterns that are best explained by examining
' i . it relates to the movement of tectonic plates over geological time. Broad groups that 

i i — • i I и 11 и e the breakup of the supercontinent Pangaea (about 200 million years ago) are 
-и ' .и. .1 woildwide. Groups that evolved later, after the breakup, appear only in certain

... nI llu- planet. For example, the unique flora and fauna of northern continents that formed 
m .. .up iL'onlinent Laurasia and of the southern continents that formed from the

.............. C iondwana. The presence of plants such as macadamia. a member of the family
...... . hi Australia, southern Africa, and South America is best explained by the plant

mj-f i pi rscncc there prior to the southern supercontinent Gondwana breaking up (Figure
II >n

I *11 Mr l i c e *  Hi iw e t
гнма.чм 'iptnutosa

Gondwann 220 minion years ago

• u 1117 The Proteacea family of plants evolved before the supercontinent Gondwana broke 
. 1 "ln\ members of this plant family arc found throughout the southern hemisphere (shown 

hi .И 11 и dil: "Proteacea flower”: modification of work by “dorofofoto’VFlickr / Concepts of 
и i i 1 ipcnStax)

и. i и *i diversification of the marsupials in Australia and the absence of other mammals can 
i pin i ned by the fact that Australia has been isolated from other continents for many 

• Nmtiiilia lias-an abundance of endemic species, species found nowhere else, which is 
ii .1 nI i .hind populations. Islands such as Australia or Flawaii are isolated by large expanses 

■ i It и h prevents migration of species to other regions. Over time, these species diverge 
.ii ilv into new species that look very different from their ancestors. The marsupials of 

' ' lli. finches on the Galapagos, and many species on the Hawaiian Islands are all found
■ I* yet display distant relationships to ancestral species on continental main lands.
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Like anatomical structures, an organism’s genetic material also reflects descent with 
modification. Evidence of a common ancestor for all of life is reflected in the universal ilv "i 
DNA as the genetic material, the near universal genetic code, similar enzymes used in all 1 1 
replication, and the expression of genes. Fundamental divisions in life between the ihrcc iImim m 
are reflected in major structural differences. However, some structures such as ribosome . u 
structures of membranes have been conserved in all cells. In general, the relatedness of giuup 
organisms is reflected in the similarity of their DNA sequences.

DNA sequences shed light on some of the mechanisms of evolution. For example, it is cle»i 1 '<• 
the evolution of new functions for proteins commonly occurs after gene duplication event1 
These duplications are a kind of mutation in which an entire gene is added as an extra cop\ in '4 
genome. These duplications allow one copy to be modified by mutation, selection, and dt 111 
while the second copy continues to produce a functional protein. Due to evolutionary Ion ■ 1
duplicated copy may at some point result in a new or unique function.

M o le cu la r  Biology

Check your knowledge

In anatomy and physiology, you will learn that humans have 7 neck bones called 
ceix ical vertebrae Based on the concept of homologous stntcmres. how many do 
you think mice and giraffes have?

Explain why many mammals and birds in Northern Illinois are brown?

Н%Ш am i ■an;!'.; ru~-- ■ . 
O-'vioiK.ii Ш.-СН ilijkri'jic it; a>'-d r\ on tut--, ■ 
giraffe* лч H mice are ait in а т т и к  vri;i; iicm.Jn: 

Many in arc г  hr; aur. .
pu l s im ita ra u w b ir s  ;-r them. M ark the m i .  -  

Aitim ab cam otiU jvr '
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I . Нин S u m m ary

I li. nli iicc for evolution is supported by fossils. Fossils provide evidence for the evolutionary 
. i . Ihiough now extinct forms that led to modem species. The anatomy of species and the
........... Ingiciil development of that anatomy reveal common structures in divergent lineages that
ha i .. и modified over time by evolution. The geographical distribution of living species 
i f  111 ilit.- origins of species in particular geographic locations and the history of continental 
m 1'innils I'lie structures of molecules, like anatomical structures, reflect the relationships of 
to hii «pccics and match patterns of similarity expected from descent with modification.

I •• 11 Uis

I I lie wing of a bird and the arm of a human are examples o f________ .?
u. Vestigial structure
b. Molecular structure
c. Homologous structure
d. Analogous structure

I lie fact that DNA sequences are more similar in more closely related organisms is 
г valence of what?

11. Fossils
b. Optimal design of organisms 
c Decent from a common ancestor with modification 
d. Mutation

I apluin how homologous structures support the theory of evolution.

i , ■; o f  homologous structures results; from a shared common ancestor. Over time.
change* in die drapes and si/es o f -miamie* m different specie* However, dies 

|i:imed ‘he same overall ауру!, evidence o re sc e n t from a common anccsl"i.

' '•ниш у

«•'и 1 uliigy; the study an organism’s development from a zygote to its adult form 

•,M ■ mineralized or preserved remains of organisms found in the past 
"•niiiuniiv structure: a structure that is similar because of descent from a common ancestor

ini structure: a physical structure present in an organism but that has no apparent function 
ЧЧ» .и к to be from a functional structure in a distant ancestor

I-
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11.4 Misconceptions about Evolution

L e a rn in g  ob jectives
By the end of this section, you will be able to:

• Identify common misconceptions about evo< l i t  ion
• Identify■ common criticisms o f  evolution
• Be prepared to define and explain all bolded tei ms

■V However, Within 20 you»-"I
The theory of evolution initially generated some controversy. of evolution il" 11 -
publication of On the Origin o f Species by Charles Darwin, the t ,сог^  ^с(,п rcporitci1l V 
universally accepted by biologists. Although the theory of ev o lu b o n ^ ^  arc II»• • lb" 1
supported by vast amounts of data, misconceptions still exist 
reject it as an explanation for the diversity of life.

Misconception 1 - Evolution Is Just a Theory

Critics of the theory of evolution dismiss its importance by purposefully trying t 
people. Critics have stated that evolution is “just a theory.’ The everyday commi n i 
word “theory” by individuals not in science means a guess or suggested explanation 
something. This meaning is more akin to the concept of a “hypothesis used b\ scic nil 
a hypothesis is a tentative testable explanation to a scientific question. When critics ol ■ и 
say evolution is “just a theory,” they arc implying that there is little evidence supportnu '• " 
that it is still in the process of being rigorously tested. This is a mischaractcrization

In science, a “theory” is understood to be a concept that has been extensively tested uml 
supported with a lot of data over time. Several theories exist including the evolution llinn i •«1 
theory, the theory of gravity, and the theory of relativity. Each of these theories have hem 
rigorously tested and describe what scientists understand at this time to be true about cm h ol 
these concepts. A theory in science has survived significant efforts to discredit it. It is u 
culmination ofthe work done by many different scientists and the conclusions drawn have ln-< i 
verified and repeated numerous times. While theories can sometimes be overturned or lev к i 
this docs not lessen their weight but simply reflects the constantly evolving state of scicnti li< 
knowledge.

Misconception 2 - Individuals Evolve

An individual is bom with a specific set of genes; these genes do not change as the individual 
ages. Therefore, an individual cannot evolve. Evolution is the change in genetic makeup ol n 
population over time, specifically over generations. Evolution results from differential 
reproduction of individuals with certain alleles. Individuals do change over their lifetime hut iu. 
is called development. Development involves changes programmed by the set of genes the 
individual acquired at birth in coordination with the individual’s environment When think и
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*• «I ii*. ■ »i>l nl ton of a characteristic, it is best to think about the change of the characteristic in
■ i i-'liiimn over lime. For example, natural selection does not cause individual bill-size of 

•> In я to change within their lifetime. If one measures the average bill size among all
I'lmib in the population at one time, and then measures the average bill size in the 

r^'iil limn several years later after there has been a strong selection pressure, this average value 
i ilillncnt as a result of evolution. Note the changes are observed in the population, not 

».»• "Mi individual.

M......... ... 3 - Evolution Explains the Origin of Life

0 •• ii ■ •■ 11111011 misunderstanding that evolution explains the origin of life. The theory of
. •••■и иih explains how populations change over time and how life diversifies, not how life came
■ • < i ■ i II docs not explain how life began or how the first cells originated. How life first 
 и d on Earth is very difficult to address because it occurred a very long time ago, and the

• n iiini.i likely only occurred once. The early stages of life most likely included the formation
.......... molecules such as carbohydrates, amino acids, or nucleotides. The early stages of life

.....  wld have included complex accumulations of molecules into enclosed structures. A
» iii'liu v, like the cell membrane, would have formed at some point allowing for an internal 

■ и и...... I to be separated from the external conditions.

■ ■ I >NA or RNA, a mechanism of inheritance, formed within a cell or within a pre-cell, these
• mild have been subject to natural selection. More effective reproducers would increase in 

i, п т  , While evolution does not explain the origin of life, it may have contributed to why
• .......lnbolic processes exist in living cells.

............ rptiun 4 - Organisms Evolve on Purpose

■ i i. mi nix .uch as “populations will evolve in response to a change in an environment,” are
............ union. This statement is misleading for two different reasons. First, some interpret the
• ati i id to mean that evolution is somehow intentional. When environmental changes occur, 
MW individuals in the population may be more successful than others based on their phenotype.
1 miiiiiiiiii docs not intentionally favor one phenotype or another; rather individuals with

....... i ■ that provide the most beneficial properties will survive better and produce
• i ,« hi innately more offspring. Assuming the phenotype is a result of heritable genes, overtime

In i|iicncy of those genes will change in the population.

' i niid misunderstanding is the idea that evolution will automatically occur, if needed. It is 
>> '••ищи to understand that natural selection works on variation that already exists in a 
. , it n hi Variation does not arise in response to an environmental change. For example,

• „ population of bacteria to antibiotics will, over time, select for bacteria that arc
...... in- icsistant. The resistance, which is caused by a gene, did not arise by mutation because

■ lw application of the antibiotic. The gene for resistance was already present in the gene pool 
• 1 и leria, likely at a low frequency. The antibiotic, which kills the bacterial cells without
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the resistance gene, strongly selects for individuals that have the gene and are therefore resistant. 
Experiments have demonstrated that mutations for antibiotic resistance do not arise as a result of 
antibiotic application.

In a larger sense, evolution is also not goal directed. Species do not become “better” over time. 
Organisms best suited for an environment have adaptations that maximize their reproduction in 
that particular environment at that particular time. Evolution has no goal of making faster, 
bigger, more complex, or even smarter species. What characteristics are selected for is a function 
of the genetic variation present in the population and the environment that they live in. Both 
genetics and the environment are constantly changing in a non-directional way. What trait is 
beneficial in one environment at one time may later be fatal.

Misconception 5 - Evolution Is Thought to Be Controversial among Scientists

The theory of evolution was controversial when it was first proposed in 1859, yet within 20 years 
virtually every biologist had accepted evolution as the explanation for the diversity of life. The 
rate of acceptance was extraordinarily fast, partly because Darwin had amassed an impressive 
body of evidence. The early controversies involved both scientific arguments against the theory 
and arguments from the general public. The number of scientists who reject the theory of 
evolution, or question its validity, is small. A Pew Research poll in 2009 found that 97 percent of 
the 2500 scientists polled believe species evolve.^ The support for the theory is reflected by the 
fact that there are no experimental results that have been found to contradict the theory of 
evolution. There are also no peer-reviewed articles published in scientific journals that refute the 
theory of evolution. Evolution has been supported with both evidence and data and as a result it 
is accepted by the scientific community. The arguments of scientists were resolved relatively 
quickly. Through education and communication, the arguments from the general public are 
decreasing.

CONCEPTS IN ACTION This website addresses some of the main misconceptions 
associated with the theory of evolution.

Footnotes

• 5 Pew Research Center for the People & the Press, Public Praises Science; Scientists
Fault Public, Media (Washington, DC, 2009), 37.
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I he theory of evolution by natural selection describes the mechanism for genetic changes in a 
population over time. There are critics of the theory of evolution and several misconceptions 
about evolution exist. The factual nature of evolution is often challenged by wrongly associating 
the scientific meaning of a theory with the vernacular meaning. Evolution is sometimes 
mistakenly interpreted to mean that individuals evolve, when in fact only populations can evolve 
as their gene frequencies change over time. Evolution is often assumed to explain the origin of 
life, which it does not speak to. It is often spoken in goal-directed terms by which organisms 
change intentionally. Evolution is often characterized as being controversial among scientists; 
however, it is accepted by the vast majority of scientists.

Exercises

1. Which of the following is true?
a. Evolution is intentional.
b. Evolution is not well supported by the scientific community.
c. There are no experimental results that have been found to contradict the theory of 

evolution.
d. Evolution is just a theory therefore not well supported.

2. Evolution explains the origin of life.
a. True
b. False

Section S u m m a ry

\  nswrrs

:  t|-.j

Glossary

hypothesis: a testable explanation to a scientific question

theory: a thoroughly tested and confirmed explanation for observations or phenomena l-

l-
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Glossary

A

acetyl CoA: the combination of an acetyl group derived from pyruvic acid and coenzyme A 
which is made from pantothenic acid (a В-group vitamin)

acid: a substance that donates hydrogen ions and therefore lowers pH 

activation energy: the amount of initial energy necessary for reactions to occur 

active site: a specific region on the enzyme where the substrate binds

active transport: the method of transporting materials into or out of a cell that requires energy

adaptation: a heritable trait or behavior in an organism that aids in its survival in its present 
environment

adenosine triphosphate (ATP): is the primary energy currency of all living cells 

adhesion: the attraction between water molecules and molecules of a different substance 

aerobic cellular respiration: the use of oxygen as an electron acceptor to complete metabolism

alcohol fermentation: the steps that follow the partial oxidation of glucose via glycolysis to 
regenerate NAD+ and produces the products ethanol and carbon dioxide
allele: one of two or more variants of a gene that determines a particular trait for a characteristic 

allopatric speciation: a speciation that occurs via a geographic separation 

allosomes: chromosome pair twenty-three and determines a person’s sex

allosteric activation: the mechanism for activating enzyme action in which a regulatory 
molecule binds to a second site (not the active site) and initiates a conformation change in the 
active site, allowing binding with the substrate

allosteric inhibition: the mechanism for inhibiting enzyme action in which a regulatory 
molecule binds to a second site (not the active site) and initiates a conformation change in the 
active site, preventing binding with the substrate

alternative RNA splicing: a post-transcriptional gene regulation mechanism in eukaryotes in 
which multiple protein products are produced by a single gene through alternative splicing 
combinations of the RNA transcript

amino acid: a monomer of a protein

anabolic: describes the pathway that requires a net energy input to synthesize complex 
molecules from simpler ones

anaerobic cellular respiration: the use of an electron acceptor other than oxygen to complete 
metabolism

anaerobic: process in which organisms do not require oxygen
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analogous structure: a structure that is similar because of evolution in response to similar 
selection pressures resulting in convergent evolution, not similar because of descent from a 
common ancestor

anaphase: the stage of mitosis during which sister chromatids are separated from each other 

aneuploid: an individual with an error in chromosome number; includes deletions and 

duplications of chromosome segments 

anion: a negative ion formed by gaining electrons

anticodon: three consecutive nucleotides on tRNA that complement the codon on a mRNA 

aquaporin: channel protein that allows water through the membrane at a very high rate 

asexual reproduction: produces genetically identical clones to the parent organism 

atom: a basic unit of matter that cannot be broken down by normal chemical reactions 

atomic number: the number of protons in an atom
ATP synthase: a membrane-embedded protein complex that regenerates ATP from ADP with 
energy from protons diffusing through it

ATP: adenosine triphosphate; the cell's energy currency
autosomal dominant inheritance: pattern of dominant inheritance that corresponds to a gene on 
one of the 22 autosomal chromosomes
autosomal recessive inheritance: pattern of recessive inheritance that corresponds to a gene on 
one of the 22 autosomal chromosomes
autosome: chromosome pairs one through twenty-two and does not determine a person’s sex 

autotroph: an organism that can make its own food from materials in its environment

В

base: a substance that absorbs hydrogen ions and therefore raises pH 

binary fission: the process of prokaryotic cell division 

biology: the study of life

biosphere: a collection of all ecosystems on Earth
blending hypothesis of inheritance: states that when two individuals made an offspring, their 
original parental traits were lost because their traits blended together when the offspring was 
formed
bottleneck effect: the magnification of genetic drift as a result o f natural events or catastrophes

buffer: a solution that resists a change in pH by absorbing or releasing hydrogen or hydroxide 
ions
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с

Calvin cycle: the reactions of photosynthesis that use the energy stored by the light-dependent 
reactions to form glucose and other carbohydrate molecules

carbohydrate: a biological macromolecule in which the ratio of carbon to hydrogen to oxygen is 
1 :2 :1 ; carbohydrates serve as energy sources and structural support in cells
carriers: a heterozygous individual who does not display symptoms of a recessive genetic 
disorder but can transmit the disorder to his or her offspring

catabolic: describes the pathway in which complex molecules are broken down into simpler 
ones, yielding energy as an additional product of the reaction

catalyst: substances that speed up the rate of chemical reactions 

cation: a positive ion formed by losing electrons

cell cycle checkpoints: mechanisms that monitor the preparedness of a eukaryotic cell to 
advance through the various cell cycle stages

cell cycle: the ordered sequence of events that a cell passes through between one cell division 
and the next

cell plate: a structure formed during plant-cell cytokinesis by Golgi vesicles fusing at the

cell theory: the biological concept that states that all organisms are composed of one or more 
cells, the cell is the basic unit of life, and new cells arise from existing cells

cell wall: a rigid cell covering made of cellulose in plants, peptidoglycan in bacteria, non- 
peptidoglycan compounds in Archaea, and chitin in fungi that protects the cell, provides 
structural support and gives shape to the cell

cell: the smallest fundamental unit of structure and function in living things

cellulose: a polysaccharide that makes up the cell walls of plants and provides structural support 
to the cell
Central dogma: The flow of genetic information in cells from DNA to mRNA to protein

central vacuole: a large plant cell organelle that acts as a storage compartment, water reservoir, 
and site of macromolecule degradation

centrosomes: specialized microtubules that pull chromosomes to their poles during cell division 
and also give rise to the mitotic spindle

characteristic: different heritable, physical features
chemical bond: an interaction between two or more of the same or different elements that result 
in the formation of molecules

chemical energy: type of potential energy that exists within chemical bonds
chemical reactions: occur when two or more atoms bond together to form molecules or when 
bonded atoms break apart
elicmiosmosis: the movement of hydrogen ions down their electrochemical gradient across a 
membrane through ATP synthase to generate ATP
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chemoautotrophs: an organism capable of producing its own food by extracting energy from 
inorganic chemical compounds
chiasmata: (singular = chiasma) the structure that forms at the crossover points after genetic 
material is exchanged
chitin: a type of carbohydrate that forms the outer skeleton of arthropods, such as insects and 
crustaceans, and the cell walls of fungi

chlorophyll a: the form of chlorophyll that absorbs violet-blue and red light 

chlorophyll b: the form of chlorophyll that absorbs blue and red-orange light

chlorophyll: the green pigment that captures the light energy that drives the reactions of 
photosynthesis

chloroplast: a plant cell organelle that carries out photosynthesis 

cholesterol: a lipid that plays an important role in membrane fluidity 

chromatin: DNA wound around proteins forming long fiber-like strands

Chromosomal Theory of Inheritance: a theory proposing that chromosomes are the genes' 
vehicles and that their behavior during meiosis is the physical basis of the inheritance patterns 
that Mendel observed
chromosome: structures made of chromatin that are visible when the cell is dividing

cilium: (plural: cilia) a short, hair-like structure that extends from the plasma membrane in 
large numbers and is used to move an entire cell or move substances along the outer surface of 
the cell
citric acid cycle: a series of enzyme-catalyzed chemical reactions of central importance in all 
living cells that harvest the energy in carbon-carbon bonds of sugar molecules to generate ATP; 
the citric acid cycle is an aerobic metabolic pathway because it requires oxygen in later reactions 
to proceed
cleavage furrow: a constriction formed by the actin ring during animal-cell cytokinesis that 
leads to cytoplasmic division
codominance: in a heterozygote, complete and simultaneous expression of both alleles for the 
same characteristic
codon: three consecutive nucleotides in mRNA that specify the addition of a specific amino acid 
or the release of a polypeptide chain during translation
coenzyme: small organic molecules, such as a vitamin or its derivative, which is required to 
enhance an enzyme's activity
cofactor: inorganic ion, such as iron and magnesium ions, required for optimal enzyme activity 
regulation
cohesion: the intermolecular forces between water molecules caused by the polar nature of 
water; creates surface tension
community: a set of populations inhabiting a particular area
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competitive inhibition: a general mechanism of enzyme activity regulation in which a molecule 
other than the enzyme’s substrate can bind the active site and prevent the substrate itself from 
binding, thus inhibiting the overall rate of reaction for the enzyme

complete dominance: in a heterozygote the dominant allele masks the effect of the recessive 
allele

compound: are made up of different types of atoms held together by chemical bonds 

concentration gradient: an area of high concentration across from an area of low concentration

continuous variation: a variation in a characteristic in which individuals show a range of traits 
with small differences between them

control: a part of an experiment that docs not change during the experiment

convergent evolution: an evolution that results in similar forms on different species

covalent bond: a type of strong bond between two or more of the same or different elements; 
forms when electrons arc shared between elements

crossing over: (also, recombination) the exchange of genetic material between homologous 
chromosomes resulting in chromosomes that incorporate genes from both parents of the 
organism forming reproductive cells

cytokinesis: the division of the cytoplasm following mitosis to form two daughter cells

cytoplasm: the entire region between the plasma membrane and the nuclear envelope, consisting 
of organelles suspended in the gel-like cytosol, the cytoskeleton, and various chemicals

cytoskeleton: the network of protein Fibers that collectively maintain the shape of the cell, 
secures some organelles in specific positions, allows cytoplasm and vesicles to move within the 
cell, and enables unicellular organisms to move

cytosol: the gel-like material of the cytoplasm in which cell structures are suspended

deductive reasoning: a form of logical thinking that uses a general statement to forecast specific 
results

D

dehydration synthesis: a reaction xvhere monomers combine with the help of water (and often 
an enzyme) to form polymers

deletion: a part of a chromosome is lost or removed

denaturation: Ipss of shape in a protein that may be a result of changes in temperature, pH, or 
chemical exposure

denature: loss of shape in a protein that may be a result of changes in temperature, pH, or 
chemical exposure

deoxyribonucleic acid (DNA): a double-stranded polymer of nucleotides that carries the 
hereditary information of the cell
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deoxyribosc: a fivc-carbon sugar molecule with a hydrogen atom rather than a hydroxyl group 
in the 2' position; the sugar component of DNA nucleotides
dependent variable: the variable that will change when the independent variable is altered; this 
is what the researcher will measure or observe during the experiment
desmosome: a linkage between adjacent epithelial cells that forms when cadherins in the plasma 
membrane attach to intermediate filaments

diffusion: a passive process of transport where solutes move from an area of high concentration 
to an area of low concentration until equilibrium is met

dihybrid: the result of a cross between two true-breeding parents that express different traits for 
two characteristics
diploid: describes a cell, nucleus, or organism containing two sets o f chromosomes (2n) 

disaccharide: two sugar monomers that are linked together by a peptide bond

discontinuous variation: a variation in a characteristic in which individuals show two, or a few, 
traits with significant differences between them

divergent evolution: an evolution that results in different forms in two species with a common 
ancestor
DNA ligase: the enzyme that catalyzes the joining of DNA fragments together

DNA polymerase: an enzyme that synthesizes a new strand of DNA complementary to a 
template strand

domain: the highest level of the taxonomic hierarchy; includes the Eukarya, Archaea, and 
Bacteria
dominant: describes a trait that masks the expression of another trait when both versions of the 
gene are present in an individual
double helix: the molecular shape of DNA in which two strands of nucleotides wind around 
each other in a spiral shape

duplication: a part of a chromosome is duplicated and either inserted into a different position on 
the same chromosome or a completely different chromosome

E

ecosystem: all living things in a particular area together with the abiotic, nonliving parts o f that 
enviromnent

egg (ovum): the female gamete; a haploid cell

electron transfer: the movement of electrons from one element to another

electron transport chain: a series of four large, multi-protein complexes embedded in the inner 
mitochondrial membrane that accepts electrons from donor compounds and harvests energy from 
a series o f chemical reactions to generate a hydrogen ion gradient across the membrane
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electron: a negatively charged particle that resides outside of the nucleus in the electron orbital; 
lacks functional mass and has a charge o f- 1

electronegativity: an atom's ability to attract a shared pair of electrons more closely to its own 
nucleus
element: one of 118 unique substances that cannot be broken down into smaller substances and 
retain the characteristic of that substance; each element has a specified number of protons and 
unique properties

embryology: the study an organism’s development from a zygote to its adult form

cndergonic: describes a chemical reaction that results in products that store more chemical 
potential energy than the reactants

endocytosis: a type of active transport that moves substances, including fluids and particles, into 
a cell

endomembrane system: the group of organelles and membranes in eukaryotic cells that work 
together to modify, package, and transport lipids and proteins

endoplasmic reticulum (ER): a series of interconnected membranous structures within 
eukaryotic cells that collectively modify proteins and synthesize lipids

endosymbiosis: a relationship in which one organism lives inside the other

endosymbiotic theory: a theory that explains how mitochondria and chloroplasts originated

energy coupling: energy released from exergonic processes is used to support or transferred to 
endergonic processes

energy: the ability to do work or to create change

entropy: the measure of randomness or disorder within a system

enzyme: a molecule that catalyzes a biochemical reaction; speeds up a chemical reaction by 
lowering the amount of activation energy need to initiate a chemical reaction

eukaryote: an organism with cells that have nuclei and membrane-bound organelles

eukaryotic cell: a cell that has a membrane-bound nucleus and several other membrane-bound 
compartments or sacs

euploid: an individual with the appropriate number of chromosomes for their species 

evaporation: the release of water molecules from liquid water to form water vapor

evolution: the process of gradual change in a population that can also lead to new species arisin 
from older species

exergonic: describes a chemical reaction that results in products with less chemical potential 
energy than the-reactants, plus the release of free energy

exocytosis: a process of passing material out of a cell

exon: a sequence present in protein-coding mRNA after completion of pre-mRNA splicing 

experimental group: the group where the independent variable is applied
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extracellular matrix: the material, primarily collagen, glycoproteins, and proteoglycans, 
secreted from animal cells that hold cells together as a tissue, allows cells to communicate with 
each other, and provides mechanical protection and anchoring for cells in the tissue

F

F I: the first filial generation in a cross; the offspring of the parental generation

F2: the second filial generation produced when FI individuals are self-crossed or fertilized with 
each other

facilitated transport: a process by which solutes moves down a concentration gradient (from 
high to low concentration) using integral membrane proteins

falsiflablc: it can be shown to be false by experimental results

fat: a lipid molecule composed of three fatty acids and glycerol (triglyceride) that typically exists 
in a solid form at room temperature

feedback inhibition: a mechanism of enzyme activity regulation in which the product of a 
reaction or the final product of a series of sequential reactions inhibits an enzyme for an earlier 
step in the reaction series
fermentation: the steps that follow the partial oxidation of glucose via glycolysis to regenerate 
NAD+; occurs in the absence of oxygen and uses an organic compound as the final electron 
acceptor

fertilization: the union of two haploid cells typically from two individual organisms

first law of thermodynamics: states that the total amount of energy in the universe is constant and 
conserved

flagellum: (plural: flagella) the long, hair-like structure that extends from the plasma membrane 
and is used to move the cell
fluid mosaic model: a model of the structure of the plasma membrane as a mosaic of 
components, including phospholipids, cholesterol, proteins, and glycolipids, resulting in a fluid 
rather than static character

fossils: mineralized or preserved remains of organisms found in the past

founder effect: a magnification of genetic drift in a small population that migrates away from a 
large parent population carrying with it an unrepresentative set of alleles

free energy: usable energy or energy that is available to do work

functional group: groups of atoms that occur within molecules and confer specific chemical 
properties to those molecules
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GO phase: a cell-cycle phase distinct from the G 1 phase of interphase; a cell in GO is not 
preparing to divide

G1 phase: (also, first gap) a cell-cycle phase; the first phase of interphase centered on cell 
growth during mitosis

G2 phase: (also, second gap) a cell-cycle phase; third phase of interphase where the cell 
undergoes the final preparations for mitosis

gamete: a haploid reproductive cell or sex cell (sperm or egg)

gap junction: a channel between two adjacent animal cells that allows ions, nutrients, and other 
low-molecular-weight substances to pass between the cells, enabling the cells to communicate

gene expression: processes that control whether a gene is expressed

gene flow: the flow of alleles in and out of a population due to the migration of individuals or 
gametes

gene pool: all of the alleles carried by all of the individuals in the population

gene: the basic unit of heredity; a sequence of DNA that codes for a specific peptide or RNA 
molecule
genetic code: the amino acids that correspond to three-nucleotide codons of mRNA 

genetic drift: the effect of chance on a population’s gene pool 

genome: the entire genetic complement (DNA) of an organism
genotype: the underlying genetic makeup, consisting of both physically visible and non- 
expressed alleles, of an organism
germline cell: specialized cell line that produces gametes, such as eggs or sperm

glycocalyx: a fuzzy-appearing coating around the cell formed from glycoproteins and other 
carbohydrates attached to the cell membrane.

glycogen: a storage carbohydrate in animals 

glvcolipid: a combination of carbohydrates and lipids
glycolysis: the process of breaking glucose into two three-carbon molecules with the production 
ofATPandNADH

glycoprotein: a combination of carbohydrates and proteins
golgi apparatus: a eukaryotic organelle made up of a series of stacked membranes that sorts, 
tags, and packages lipids and proteins for distribution

granum: a stack of thylakoids located inside a chloroplast

guard cells: specialized plant cells that control the opening and closing of the stomata
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haploid: describes a cell, nucleus, or organism containing one set of chromosomes (n)

Hardy-Wcinbcrg equilibrium: a principle that states a population's allele and genotype 
frequencies are inherently stable unless evolutionary force(s) is acting on the population
heat energy: the energy transferred from one system to another that is not work

helicase: an enzyme that helps to open up the DNA helix during DNA replication by Ьгсакшц 
the hydrogen bonds

hctcrotroph: an organism that cannot make its own food and must consume other organism, 
obtain its energy

hctcrotroph: an organism that cannot make its own food and must consume other organi .in • i 
obtain its energy

hctcrotroph: an organism that consumes other organisms for food

heterozygous: having two different alleles for a given gene on the homologous сЬгопюммп. 

homeostasis: the ability of an organism to maintain constant internal conditions

homologous chromosomes: the randomness of how the homologous chromosome paiis all,... .. 
the metaphase plate during metaphase I of meiosis I

homologous structure: a structure that is similar because of descent from a common ami i-.. 

homozygous: having two identical alleles for a given gene on the homologous chromosoim •

hormone: a chemical signaling molecule, usually a protein or steroid, secreted by an ciulm i m. 
gland or group of endocrine cells; acts to control or regulate specific physiological pmces .1 ■

hvbridization/cross-fertilization: the process of mating two individuals that differ, to .11 In. . . 
certain characteristic in their offspring

hydrocarbon: organic molecules consisting entirely of carbon and hydrogen

hydrogen bond: a weak bond between partially positively charged hydrogen atoms and pan. , 
negatively charged elements or molecules

hydrolysis reactions: a reaction where a water molecule (and usually an enzyme) is used li 
break a chemical bond within a polymer

hydrophilic: describes a substance that dissolves in water; water-loving

hydrophobic: describes a substance that does not dissolve in water; water-fearing

hypertonic: describes a solution in which extracellular fluid has a higher osmolarity than tin 
fluid inside the cell

hypothesis: a testable explanation to a scientific question

hypotonic: describes a solution in which extracellular fluid has a lower osmolarity than tin- 11. 1 

inside the cell
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i «  <niipU 'tc dominance: in a heterozygote, expression of two contrasting alleles such that the 
individual displays an intermediate phenotype

null prudent assortment: describing something composed of genetic material from two sources, 
и li im n chromosome with both maternal and paternal segments of DNA

hull p ru d e n t  v a r ia b le :  is the variable that is being altered or changed by the researcher; it is the 
- k iu ld c  being tested

im i I i i i  live  re a so n in g : a form of logical thinking that uses related observations to arrive at a 
. ■ mi ml conclusion
inlin lln n cc  o f  a c q u ire d  ch a ra c te r is t ic s:  a phrase that describes the mechanism of evolution 
i»mpn-.cd by Lamarck in which traits acquired by individuals through use or disuse could be 

* I on to their offspring thus leading to evolutionary change in the population

liili|>i al protein: protein integrated into the membrane structure that interacts extensively with 
Hu- membrane lipids' hydrocarbon chains and often spans the membrane

I i i I i i  k ine sis: a period of rest that may occur between meiosis 1 and meiosis 11; there is no 
к plication of DNA during interkinesis
I i i I i i  mediate filaments: fibers of the cytoskeleton that are of intermediate diameter and have 

iiii lural functions, such as maintaining the shape of the cell and anchoring organelles

In lei phase: the period of the cell cycle leading up to mitosis; includes G l, S, and G2 phases; the 
inli nm between two consecutive cell divisions

lu ll on: non-protein-coding intervening sequences that are spliced from mRNA during 
pi licensing
In te l  t i i in :  the detachment, 180° rotation, and reinsertion of a chromosome arm
lint: mi atom or compound that does not contain equal numbers of protons and electrons, and 
11 n i c lore has a net charge
I i i i i Ic b und : a chemical bond that forms between ions of opposite charges
liiiiiH-rs: molecules that share the same chemical formula but differ in the placement (structure)

I llicir atoms and or chemical bonds
11111111110: describes a solution in which the extracellular fluid has the same osmolarity as the fluid 
и i • ulc the cell
U iiliipe: one or more forms of an element that have different numbers of neutrons
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karvogram: the photographic image of a karyotype

karyotype: the number and appearance of an individual’s chromosomes, including the size, 
banding patterns, and centromere position

kinetic energy: the type of energy associated with objects in motion

kinetochore: a protein structure in the centromere of each sister chromatid that attracts and hind • 
spindle microtubules during prometaphase

L

lactic acid fermentation: the steps that follow the partial oxidation of glucose via glycolysis In 
regenerate NAD+ and produces the products lactic acid

lagging strand: during replication of the 3' to 5' strand, the strand that is replicated in short 
fragments and away from the replication fork

law of dominance: in a hetcrozygotc, one trait will conceal the presence of another trait for tin 
same characteristic

law of independent assortment: genes do not influence each other concerning sorting of allcli < 
into gametes; every possible combination of alleles is equally likely to occur

law of segregation: paired unit factors (i.e., genes) segregate equally into gametes such that 
offspring have an equal likelihood of inheriting any combination of factors

leading strand: the strand that is synthesized continuously in the 5' to 3' direction that is 
synthesized in the direction of the replication fork

light-dependent reaction: the first stage of photosynthesis where visible light is absorbed to 
form two energy-carrying molecules (ATP and NADPH)

linkage: a phenomenon in which alleles that are located in close proximity to each other on thr 
same chromosome arc more likely to be inherited together

lipids: a class of macromolecules that are nonpolar and insoluble in water

litmus paper: filter paper that has been treated with a natural water-soluble dye so it can be u 
as a pH indicator

locus: the position of a gene on a chromosome

lysosome: an organelle in an animal cell that functions as the cell’s digestive component; it 
breaks down proteins, polysaccharides, lipids, nucleic acids, and even worn-out organelles
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inn« rncvolution: a broader scale of evolutionary changes seen over paleontological time 

muiromolecule: a large molecule typically formed by the joining of smaller molecules 

muxs number: the number of protons plus neutrons in an atom 

niHtter: anything that has mass and occupies space
inciosis I: the first round of meiotic cell division; referred to as reduction division because the 

Milting cells are haploid
nirlosis II: the second round of meiotic cell division following mciosis I; sister chromatids arc 
■ parated from each other, and the result is four unique haploid cells

im sophyll: the middle layer of cells in a leaf
messenger RNA: messenger RNA; a form of RNA that carries the nucleotide sequence code for 
u piotcin sequence that is translated into a polypeptide sequence

metabolic pathway: a series of related chemical reactions is referred to as a

iMi'luholism: all the chemical reactions that take place inside cells, including those that use 
mergy and those that release energy

nictapliasc plate: the equatorial plane midway between two poles of a cell where the 
i hmmosomes align during metaphase
nirlaphase: the stage of mitosis during which chromosomes are lined up at the metaphase plate 

mlerocvolution: the changes in a population’s genetic structure (i.e., allele frequency)

inlerofilaments: the thinnest of the cytoskeletal fibers and function in moving cellular 
»umponents and maintaining cell structure

microscope: the instrument that magnifies an object

microtubules: the thickest fibers that make up the cytoskeleton and can dissolve and reform 
quickly.
migration: the movement of individuals of a population to a new location; in population 
genetics it refers to the movement of individuals and their alleles from one population to another, 
potentially changing allele frequencies in both the old and the new population

mitochondria: (singular: mitochondrion) the cellular organelles responsible for carrying out 
dlular respiration, resulting in the production of ATP, the cell’s primary energy-carrying 

molecule
mitosis: the period of the cell cycle at which the duplicated chromosomes are separated into 
ulrntical nuclei; includes prophase, prometaphase, metaphase, anaphase, and telophase

mitotic phase: the period of the cell cycle when duplicated chromosomes are distributed into 
Iwo nuclei, and the cytoplasmic contents are divided; includes mitosis and cytokinesis

mitotic spindle: the microtubule apparatus that orchestrates the movement of chromosomes 
during mitosis
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modern synthesis: the overarching evolutionary paradigm that took shape by the 1940s and is 
generally accepted today
molecule: a chemical structure consisting of at least two atoms held together by a chemical bond

monohybrid: the result of a cross between two true-breeding parents that express different traits 
for only one characteristic
monomers: the single subunits, or building blocks that make up polymers 

monosaccharide: a single unit or monomer of carbohydrates 

monosomy: an otherwise diploid genotype in which one chromosome is missing 

mutation: a permanent variation in the nucleotide sequence of a genome

N

natural selection: the greater relative survival and reproduction of individuals in a population 
that have favorable heritable traits, leading to evolutionary change

neutron: a particle with no charge that resides in the nucleus of an atom; has a mass of 1
nitrogenous base: a nitrogen-containing molecule that acts as a base; often referring to one of 
the purine or pyrimidine components of nucleic acids

noncompetitive inhibition: a general mechanism of enzyme activity regulation in which a 
regulatory molecule binds to a site other than the active site and prevents the active site from 
binding the substrate; thus, the inhibitor molecule does not compete with the substrate for the 
active site; allosteric inhibition is a form of noncompetitive inhibition

nondisjunction: the failure of synapsed homologs to completely separate and migrate to 
separate poles during the first cell division of meiosis

nonpolar covalent bond: a type of covalent bond that forms between atoms when electrons arc- 
shared equally between atoms, resulting in no regions with partial charges as in polar covalent 
bonds

nuclear envelope: the double-membrane structure that constitutes the outermost portion of the 
nucleus

nuclear pores: control the passage of ions, molecules, and RNA between the nucleus and the 
cytoplasm

nucleic acid: a biological macromolcculc that carries the genetic information of a cell and 
carries instructions for the functioning of the cell

nucleoid: a central region in a prokaryotic cell where DNA is found

nucleolus: the darkly staining body within the nucleus that is responsible for assembling 
ribosomal subunits

nucleotide: monomers of nucleic acids. Consist of a five-carbon sugar, phosphate group, and 
nitrogenous base
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nucleus: (chemistry) the dense center of an atom made up of protons and (except in the ease of a 
hydrogen atom) neutrons
nucleus: the cell organelle that houses the cell’s DNA and directs tlhe synthesis of ribosomes and 
pmleins

0

nil: an unsaturated fat that is a liquid at room temperature
( Ika/aki fragments: the DNA fragments that are synthesized in shiort stretches on the lagging 
ttiiind

in liitul: an area where an electron is most likely to be found its
hi gun system: the higher level of organization that consists of functionally related organs 

in gun: a structure formed of tissues operating together to perform a  common function 

organelle: a membrane-bound compartment or sac within a cell 

in gnnic molecule: any carbon-containing liquid, solid, or gas 

in guuism: an individual living entity
ntiiiiilarity: the total amount of substances dissolved in a specific am ount of solution

osmosis: the transport of water through a semipermeable membrane from an area of high-water
1 iniccntration to an area of low-water concentration across a membrane. Water also moves from 
•hi area of low solutes to an area of high solutes until equilibrium is met.
initiation reaction: a chemical reaction that consists of an clcctrom being donated by an atom

> < x illative phosphorylation: production of ATP using the process off chemiosmosis in the presence 
id oxygen
initiative phosphorylation: the production of ATP by the transfer o f  electrons down the 
electron transport chain to create a proton gradient that is used by A T P  synthase to add 
phosphate groups to ADP molecules

I*

I* the parental generation in a cross
passive transport: a method of transporting material that does nott require energy 

pedigree: to chart used to study inheritance patterns of genetic characteristics

prer-reviewed article: a scientific report that is reviewed by a scientist’s colleagues before 
publication
peptide bond: a covalent bond that exists between the amino gro up of one amino acid and the 

iilioxyl group of a second amino acid
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periodic table of elements: an organizational chart of elements, indicating the atomic numlici 
and mass number of each element; also provides key information about the properties of 
elements

peripheral protein: protein at the plasma membrane's surface cither on its exterior or interioi
side

peroxisome: a small, round organelle that contains hydrogen peroxide, oxidizes fatty acids and 
amino acids and detoxifies many poisons

pH scale: a scale ranging from 0 to 14 that measures the approximate concentration of hydiup 
ions of a substance

phagocytosis: a process that takes macromolecules that the cell needs from the extracellular 
fluid; a variation of endocytosis

phenotype: the observable traits expressed by an organism

phospholipid: a major constituent of the membranes of cells; composed of two fatty aud and 
phosphate group attached to the glycerol backbone

phosphorylation: addition of a high-energy phosphate to a molecule, usually a metabolic 
intermediate, a protein, or ADP

photoautotroph: an organism capable of synthesizing its own food molecules (storing cm niv i 
using the energy of light

photon: a distinct quantity or “packet” of light energy

photorespiration: when oxygen is in a higher concentration than carbon dioxide, rubisi n wi i 
fix oxygen to RuBP

photosynthesis: a multi-step chemical reaction that requires light energy, carbon dioxidi mi 
water and produces sugar and oxygen

photosystem: a group of proteins, chlorophyll, and other pigments that are used in the liglu 
dependent reactions of photosynthesis to absorb light energy and convert it into chcniit i| • .

phylogenetic tree: a diagram showing the evolutionary relationships among biologic .il q> . 
based on similarities and differences in genetic or physical traits or both

pigment: a molecule that is capable of absorbing light energy

pinocytosis: a process that takes solutes that the cell needs from the extracellular fluid! > 
variation of endocytosis

plasma membrane: a phospholipid bilayer with embedded (integral) or attached (penpln i i 
proteins that separates the internal contents o f the cell from its surrounding environment

plasmodcsma: (plural: plasmodesmata) a channel that passes between the cell walls ul nl......
plant cells, connects their cytoplasm and allows materials to be transported from t ell in n  il

pleiotropy: describes when one gene controls two or more different characteristics

point mutation: occur when a single nucleotide is permanently changed in the l)NA n ■)..... >
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pillar covalent bond: a type of covalent bond in which electrons arc pulled toward one atom and 
•iway from another, resulting in slightly positive and slightly negative charged regions of the 
molecule

polygenic inheritance: describes when each gene that an individual inherits has a small additive 
i licet on the overall phenotype

polymers: larger molecules that are formed by combining monomers using covalent bonds 

polypeptide chain: a long chain of amino acids linked by peptide bonds 

polyploid: an individual with an incorrect number of chromosome sets 

polysaccharide: a long chain of monosaccharides; may be branched or unbranched

population genetics: the study of how selective forces change the allele frequencies in a 
population over time

population: all individuals within a species living within a specific area 

polenlial energy: the type of energy that refers to the potential to do work 

pi rdictions: statements that describe what should happen if the hypothesis is supported 

pi linary structure: a linear sequence of amino acids in a protein
pi oducts: the substances that are formed at the end of a chemical reaction (usually on the right
• olr of a chemical equation
pi ukuryotc: a unicellular organism that lacks a nucleus or any other membrane-bound organelle 

.......icfaphase: the stage of mitosis during which mitotic spindle fibers attach to kinetochores

pi uiiiiilcr: a sequence on DNA to which RNA polymerase and associated factors bind and 
initiiitc transcription
pi upliasc: the stage of mitosis during which chromosomes condense and the mitotic spindle 
Ih gins to form
pi ntrln: a biological macromolecule composed of one or more chains of amino acids

pi iilon: a positively charged particle that resides in the nucleus of an atom; has a mass of 1 and a 
■ lunge of + 1
piftiluscience: claims or beliefs that are portrayed as scientific fact but cannot be evaluated 
наши the scientific method
1‘iiiinrtt square: a visual representation of a cross between two individuals in which the gametes 

I each individual are denoted along the top and side of a grid, respectively, and the possible
• <, kiiIic genotypes are recombined at each box in the grid
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qualitative data: data that is descriptive 

quantitative data: data that is numerical
quaternary structure: association of different polypeptide chains in a protein

R

radioactive isotope: an isotope that spontaneously emits particles or energy to form a more 
stable element

reactants: the substances used at the beginning of a chemical reaction (usually on the Icil Mil' 
of a chemical equation)

reactivity: the ability of elements to combine and chemically bond with each other

receptor-mediated endocytosis: a variant of endocytosis that involves the use of spccifu 
binding proteins in the plasma membrane for specific molecules or particles

recessive: describes a trait whose expression is masked by another trait when the alleles I..........
traits arc present in an individual

redox reaction: a chemical reaction that consists of the coupling of an oxidation reaction and 
reduction reaction

reduction reaction: a chemical reaction that consists of an electron being gained by an aioiu 

replication fork: the Y-shaped structure formed during the initiation of replication

ribonucleic acid (RNA): a single-stranded polymer of nucleotides that are involved in proli in 
synthesis

ribose: a five-carbon sugar molecule with hydroxyl group in the 2' position; the sugar 
component of RNA nucleotides

ribosomal RNA (rRNA): ribosomal RNA; molecules of RNA that combine to form part ul Мм 
ribosome

RNA polymerase: an enzyme that synthesizes an RNA strand from a DNA template strand

RNA primase: an enzyme that can base pair with the DNA and add a short stretch ofKNA 
nucleotides called a primer. The primer is required to initiate DNA replication

RNA prim er: short sequence of RNA nucleotides which DNA polymerase can add DNA 
nucleotides to

rough endoplasmic reticulum (RER): the region of the endoplasmic reticulum that is stinliU 
with ribosomes and engages in protein modification
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S phase: the second, or synthesis phase, of interphase during which DNA replication occurs

• ilimited fatty acid: a long-chain hydrocarbon with single covalent bonds in the carbon chain; the 
number of hydrogen atoms attached to the carbon skeleton is maximized

■i icncc: the knowledge that covers general truths or the operation of general laws, mainly when 
in i|tiircd and tested by the scientific method
| lentific method: a method of research with defined steps that include experiments and careful 

observation
■I entitle theory: a thoroughly tested and confirmed explanation for observations or phenomena

sreond law of thermodynamics; states that every energy transfer or transformation increases the 
universe's entropy
■eeondary structure: structure that proteins form by hydrogen bonding between the oxygen 
ntom of one amino acid, and the hydrogen attached to the nitrogen atom of another amino acid

■nJuctively permeable: the characteristic of a membrane that allows some substances through 
but not others
■riniconservative replication: the method used to replicate DNA in which the double-stranded 
molecule is separated and each strand acts as a template for a new strand to be synthesized, so 
(lie resulting DNA molecules are composed of one new strand of nucleotides and one old strand 
■ ■ I nucleotides

septum: a partition formed between two bacterial daughter cells
■rxual reproduction: requires that two different gametes (egg and sperm) come together to form 
Й /vgotc
■luiple diffusion: a process where solutes move directly through the membrane from an area of 
lugli concentration to an area of low concentration until equilibrium is met

staler chromatids: two identical chromosomes attached to one another at a location called the 
centromere region
......Kith endoplasmic reticulum (SER): the region of the endoplasmic reticulum that has few or
no ribosomes on its cytoplasmic surface and synthesizes carbohydrates, lipids, and steroid 
hormones; detoxifies chemicals like pesticides, preservatives, medications, and environmental 
pollutants, and stores calcium ions

solute: a substance being dissolved in another to form a solution 

solution: a homogeneous mixture made of two or more components 

solvent: a substance capable of dissolving another substance
■ nuiatic cell: all the cells of a multicellular organism except the gamete-forming cells 

■peclation: a formation of a new species 

sperm: the male gamete; a haploid cell
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spliceosome: a structure composed of various proteins and other molecules, which attucln , i.. 
the mRNA transcript and “splices” or cuts out the non-coding, introns
splicing: the process of removing introns and reconnecting exons in a pre-mRNA

standardized variable: variables that must be kept consistent otherwise they can affect the 
outcome or results of the experiment

starch: a storage carbohydrate in plants
start codon: the AUG (or, rarely GUG) on an mRNA from which translation begins; alway* 
specifies methionine
steroid: a type of lipid composed of four fused hydrocarbon rings

stoma: the opening that regulates gas exchange and water regulation between leaves and the 
environment; plural: stomata
stop codon: one of the three mRNA codons that specifies termination of translation

stroma: the fluid-filled space surrounding the grana inside a chloroplast where the Calvin cyi h 
reactions of photosynthesis take place
substrate-level phosphorylation: production of ATP from ADP using the excess energy from n 
chemical reaction and a phosphate group from a reactant

substrate: a reactant that binds to a specific enzyme
surface tension: the cohesive force at the surface of a body of liquid that prevents the molecule* 
from separating
sympatric speciation: a speciation that occurs in the same geographic space

T

telomerase: an enzyme that contains a catalytic part and an inbuilt RNA template; it function:. i<> 
maintain telomeres at chromosome ends
telomere: the DNA at the end of linear chromosomes
telophase: the stage of mitosis during which chromosomes arrive at opposite poles, deconden:. 
and are surrounded by new' nuclear envelopes

temperature: a measure of molecular motion
tertiary structure: a protein's three-dimensional conformation, including interactions between 
secondary structural elements
tetrad: two duplicated homologous chromosomes (four chromatids) bound together by 
chiasmata during prophase I
theory: a thoroughly tested and confirmed explanation for observations or phenomena 

thermodynamics: the science of the relationships between heat, energy, and work
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lliylakoid: a disc-shaped membranous structure inside a chloroplast where the light-dependent 
ic actions of photosynthesis take place using chlorophyll embedded in the membranes

light junction: a firm seal between two adjacent animal cells created by protein adherence 

tissue: a group of similar cells carrying out the same function 

lonicity: the amount o f solute in a solution 

Irait: a variation in an inherited characteristic

trans-fat: a form of unsaturated fat with the hydrogen atoms neighboring the double bond across 
Imm each other rather than on the same side of the double bond

transcription bubble: the region of locally unwound DNA that allows for transcription of 
mRNA

Ininscription: the process of making mRNA from DNA

transfer RNA (tRNA): transfer RNA; an RNA molecule that contains a specific three- 
nucleotide anticodon sequence to pair with the mRNA codon and also binds to a specific amino 
acid

translation: process of making a protein from the nucleotide sequence code of an mRNA 
linnscript

translocation: the process by which one segment of a chromosome dissociates and reattaches to 
n dilTcrcnt, nonhomologous chromosome

triglyceride: a fat molecule; consists of three fatty acids linked to a glycerol molecule 

trisomy: an otherwise diploid genotype in which one entire chromosome is duplicated

unsaturated fatty acid: a long-chain hydrocarbon that has one or more than one double bonds in 
I he hydrocarbon chain

V

vacuole: a membrane-bound sac, somewhat larger than a vesicle, that functions in cellular 
storage and transport

valence shell: the outermost electron shell 

»ariants: genotypes or phenotype that deviate from the wild type 

\ ariation: the variety of alleles in a population

srsicle: a small, mcmbranc-bound sac that functions in cellular storage and transport; its 
i Membrane is capable of fusing with the plasma membrane and the membranes of the 
rndoplasmic reticulum and Golgi apparatus

vestigial structure: a physical structure present in an organism but that has no apparent function 
and appears to be from a functional structure in a distant ancestor

I-
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w

wavelength: the distance between consecutive points of a wave
waxes: a type of lipid made up of a hydrocarbon chain with an alcohol (-OH) group and a tail 
acid
wild type: the most commonly occurring genotype or phenotype for a given characteristic found 
in a population

X

X (sex)-linked: pattern of inheritance in which an allele is carried on the X chromosome of tin 
23rd pair

X-linked dominant inheritance: pattern of dominant inheritance that corresponds to a gene mi 
the X chromosome of the 23rd pair

X-linked recessive inheritance: pattern of recessive inheritance that corresponds to a gene on 
the X chromosome of the 23rd pair

Z

zygote: a fertilized egg produced when a sperm and egg fuse
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