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Fii'fiii i . iiihi In Miolo™v and the Process of Science

N 11*i, »"' ,nw, iincomposite ofseveral satellite-based views of Earth, (credit:
.......... oi.il 1i mu cots of Biology OpenStax)

i o miuili.it. 1i vriy lew dues about the diversity of life forms that can be
| H* im " I on | iirlh are thought to have been microorganisms that
M1" tM- " i*<"«In Inn pi,nils and animals appeared. Mammals, birds, and flowers are
m . .. QiiiHiii in 1, iil.uiet, originating 130 to 200 million years ago. Humans
a ..i.i mnUli 2 Avi lni the last 2.5 million years, and only in the last 200,000 years
Hi,Hum «™ 1 1int uili liln- we do today.

I RO mmil .. IIK 11l HIinlogy

Iw . 1| ,"i,m iinii -miwill beable ta
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i« iL1 1 i,ii i/inciiiii atioriamong living organisms
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1 vtl 1190 i mitlr [ ilnwljim!
tt U ,HV .. ,miltt/ilnfn all holder! terms

« ika-menull, , lit, Wliat exactly is life? This may sound like a silly question
Mca miee, i i W always easy to define life. For example, a branch of
Nle 1#* miu ... Vinirsexhibit some ofthe characteristics of life but
m mlH, «in...i/li iiiuutR ian attack living organisms, cause diseases, and
llith 1 4y « Ini 111 M they do not meet all the criteria that biologists use to

btfM m.. Inn *1 ,.lled with four questions: What are the shared
e 1 'i,"i, filivi 1llow do those various living things function? Planet




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

[T 7 I hiy on both a cellular and organismal level. For a population to survive,
s v ninn dial population must reproduce. Organisms that are multicellular, such
...... alwi 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 <lwlll 1M Intheir environment. Biologists refer to this fit as
, iniwn jimm-quenee of evolution by natural selection. Evolution has had
............. . iMni< "I n pmducing organisms. Examples of adaptations are diverse

morgiinisms live in boiling hot springs, whereas some moths

- li "gili "I H* lhiwcr from which they feed.

..it. .. is iinliidii c .in individual's ability to survive and reproduce;

e in environment changes, natural selection causes the

il-ijit in Muwe changes.

mmviiUitiiiii of finches living on an island. An environmental
11*1.... e ..nil insects and hard seeds. Not all finches within

.................. /c 1 inches in the population that have long,
*u1 In. .nine lliey are easy for those birds to catch and cat.
¢ B li.inl seeds because their dense beaks allow them to



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)
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'Hi > stt*iniisms arc complex and require multiple regulatory mechanisms to
ini......1 fuclions, such as the transport of nutrients (Figure 1.7), response to stimuli,

dh i-m uonmcental stresses. Homeostasis or “steady stale” is the ability of an

K |widiti* 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)

(15 T millions such as proper temperature, pH, and concentrations of
i i i,nun 1v Although these conditions may change, organisms can maintain
li .. - Llnnamurow range. For example, many organisms regulate their body

< = ... . . known as thermoregulation. Organisms that live in cold climates, such
I»i | Ki, have body structures such as thick layers of fur or fat, which help
1 'my wninpi iiiliiics and conserve body heat. In hot climates, plants cany out

. .a i l,u.in nihcsis to reduce water loss and optimize their potential of making

eini ih* ... mils living in ice-covered regions keep their body
Ji . «l. nihough the environment can be very hot during the day and
H| i1m |Inkr) b. Polar bear maintain their body temperature by

- .11 "1 Mu.ugh thick fur and a dense layer of fat under their skin.
R lenlv Inal hardly registers; only the uninsulated eyes and
mils >.inner than the environment, (credit:



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 of 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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<e M Ili i;uni/utlon i>f Livint; Things
«in  >11-highly organized and structured. The atom is the

........... tHiinilnl by electrons. Atoms form molecules. A
“mmli ii i'Inliicul structure consisting of at least two atoms
1>1* 1l mim mihcinical bond. Many biologically important
I-mill* uv* in.nuiinolecules. A macromolcculc is a large
. nil ilull iypitally formed by combining smaller molecules.
«Hiii wuinlriiiulcs are small molecules linked together to

"N DNA (deoxyribonucleic acid) (Figure
«it ON* iunimu, the instructions necessary for cells and
essecen " iii.iliHi.n homeostasis.

11" L. liiiile, like this large DNA molecule, is composed
* im«ii  HimiMIK'VWikimedia Commons)

m[0see an animation of this DNA molecule, click here.

e o " " huhiol inacroinolecules surrounded by membranes; these are called
Mi |« miin . in. Hiiiill structures that exist within cells and perform specialized
* '«mi 'm i 411111 cells, DNA is enclosed within a membrane-bound organelle

1inal mu Ini All living things are made of cells; the cell is the smallest
mHiMiiiHms. Cells exhibit all of the properties of life discussed

M 1 »i. nim n n.ii ,nu uleicil living because they arc not made of cells, nor are they

lil«.o>n, . ihii null lowwnke new viruses, they must invade and take over a
...... i i Il while others are multicellular. In most multicellular
...... I . lmiii « which arc groups of similar cells carrying out the
e il n........ 11kinics grouped based on a common function. Organs
<l in phinls An organ system is a higher level of

i HM,, ii,.nun , HIlull'd orguns. For example, vertebrate animals have
eit.. .Ini-Hy *v»lcm that transports blood throughout the body; it
- MHI 11 "«els Organisms are individual living entities. For
I T «hi ingle-celled prokaryotes and single-celled

i ® .1,HWM, iihil mi- typically referred to as microorganisms.




Atom: Abasic uniT of marter that
consists ot a dense central nucleus
surrounded by a cloud of negatively
charged electrons

Molecule: Aphospholipid, composed
ot many atoms

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

Cells: Human blood cells

3 K

Tissue: Human skin tissue.

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

' Organisms, populations, and
communities: Ina park, each person
is an organism. Together, all the
people imKe up a population, nn the
blant and animal specres in the patfc
comprise a community.

Ecosystem: The ecosystem ol
entral Park in New York includes
ing organisms and the environment
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 ofwork 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 iilmilmliving within a specific area arc collectively called a population. For
r ileucsi may include many white pine trees. All these pine trees represent the
LI I while pine trees in this forest. Different populations may live in the same area. The
» uli iln pine trees includes populations of flowering plants, insects, and microbial
| A community is the set of populations inhabiting a particular area. For instance, all
Ibi«ci .. insects, and other populations in a forest form the forest’s community. The
'in n ii m ecosystem. An ecosystem consists of all the living things in a particular area
kM » nli llic abiotic, or non-living, parts of that environment, such as nitrogen in the soil or
1i A Ihr highest level of organization (Figure 1.12), the biosphere is the collection of all
*i i Hv planet Harth. It includes land, water, and portions of the atmosphere.

mIn ml. mum knowledge

in li n| IIn: following statements is false?
i L.sues exist within organs which exist within organ systems.
Im t ANimmunities exist within populations which exist within ecosystems.
(=gaiidles exist within cells which exist within tissues.
i ( (immunities exist within ecosystems which exist in the biosphere.i

INCA L] e lie

i il IHiliigy invety broad because there is a tremendous diversity of life on Earth. The
ii. netmis inevolution. Evolution is the process of genetic change in a population.

« I| i*'InHi how new species can arise from older species. Speciation events can
H1l.... . nMhma population are separated and begin to change or evolve
] ' iimllici Ililie individuals change to the point where they can no longer
' < i>n.1.'"m ni has occurred, and species diversity has increased. Evolution will be

........ I' (in .ih i detail in chapter 11

li NCientist named Carl Linnaeus first proposed organizing living

*H ' i id inimmimy. In this system, species that are most similar to each
mi iii.i win,,,,giinipmg known as a genus. Furthermore, similar genera (the
- n.. i wlltin a family. This grouping continues until all organisms arc
, .....|* mihr highest level. The current taxonomic system now has eight
| T I i In highest, they are species, genus, family, order, class,

It Stmeliinxilt |1 ymie | 13),



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.

@ Ny © @
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 of 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 silhivninry relationships of various life forms on Earth can be summarized in a
| TN in tree J1 phylogenetic tree is a diagram showing the evolutionary relationships

-u it| I'l1thij4i al species based on similarities and differences in genetic or physical traits or
I it

1 i inriini- icscarch of American microbiologist Carl Woese at the University of Illinois has
< i Mn Mi om Earth has evolved along three lineages, now called domains. The phylogcnic
o mlllum | 15can be used to show the separation of living organisms into those three

. r .. . Archaea, and Eukarya.

Phylogenetic Tree of Life
Hw iorin Archaea Eukarya

Mtheon&Icirm Figure 1.15' This
ITavobeINary | phylogenetic tree was
Mitfurooooani constructed by

Teew\ \ Y . . .
Tomnmtp(otén \. V/ j/ m|crob|0|99|st Car!
Y. HIHT | \X Woese using genetic

relationships, (credit:
modification of work
by Eric Gaba/
Concents of Biology
OpcnStax)

I'1'Al = I lInlh||li nl Study

S>> [ I inul therefore contains many branches and sub-disciplines. For
«in .... In 5 biological processes at the molecular level, including
.......... N -u. has DNA, RNA, and proteins. Microbiology is the study of the
e EE 'Mi.... |runthins It is quite a broad branch itself, and depending on the
i. e d .. ww Miliiil physiologists, ecologists, and geneticists, among others.

m | i i, uses fossils to study life’s history (Figure 1.16).

«im i «(.mivmb. mid plants, respectively. Biologists can also
, i.i. .uphysiologists, 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)

CAIltlil KCONNECTION - 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 theirjob 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)
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,, hun Sinnnwry

n , wthe science of life. All living organisms share several key properties such as order,
In stimuli, reproduction, adaptation, growth and development, homeostasis, and energy
, ,,..Ni|i living things are highly organized following a hierarchy that includes atoms,
ill, « organelles, cells, tissues, organs, and organ systems. Organisms are grouped as

P [ . communities, ecosystems, and the biosphere. Evolution is the source of the
n.o,mili'ii" biological diversity on Earth today. A diagram called a phylogenetic tree can be used
i 1,0 iiolutionary relationships among organisms. Biology is very broad and includes many

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

1 »»*etfe

i «l, 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.

iHa “inill, a unit of biological structure that meets the functional requirements of

Inmg ' I» llie
> Dig,lll
I lilglliflic
,nil

i iinninmnlrcnlc

*1 i iiilluwing sequences represents the hierarchy of biological organization
n.» <i, i, ,iiiplcx to the least complex level?

1o ii.mic, biosphere, ecosystem, population
[N tissue, organelle, molecule

11" ii, wy.inn, community, population, organism

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

|[4fUl*lii'.,  mexample, if von had a pcoub.tiun of
>0k ,,, , Wen u>Iced selcctivel;, on "hobark ut Die
tier wT-. 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 with 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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| 5 I'In I'i miss of Science

@ ®
mb it- i M 1.1)cyanobacteria seen through a light microscope are some of Earth’s oldest life
« ' 'l i«iminalolitcs along the shores of Lake Thetis in Western Australia arc ancient

.................. nHied by the layering of cyanobacteria in shallow waters, (credit a: modification of
« mi| iii NASA, scale-bar data from Matt Russell; credit b: modification ofwork by Ruth Ellison
mtun i|'l «ul Hioljfcf OnenStax)

n 'M «nl ul lins section, you will be able to:

] I'hi,Im ihaultheprocess ofscientific inquiry

m | pum ilu i/c/livofthe scientific methodand be able to apply it

= fii*/«ipon-dto explain how a hypothesis isdifferentthan a theory
i Ndi,11111" ini/in toe reasoning with deductive reasoning

. i il.1 the itoals ofbasic science and appliedscience
n ml.(i.',(iiidefineandexplainall bolded terms

*moi iliui ji.illicis knowledge about the natural world (Figure 1.18). Specifically,
' » " " -i.i.ul 1l [ltiological discoveries are made by a community of researchers who
inill > nil Ingclhcr using agreed-on methods. The methods of science include
11 | I iti |.ing, logical and mathematical reasoning, experimentation, and
. u iin . nuwy of others. Science also requires considerable imagination
< ' iindexperiment is commonly described as elegant or beautiful.
. I nnphcalions and applications, for example, in the prevention of
m i |e.nl science are motivated by curiosity. Whatever its goal, there
...... 1 biology, has transformed human existence and will continue

15



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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.......... 1Silences

Hi. i HrliK of science related to the physical world and its phenomena and processes are
i .nli icil natural sciences. There is no complete agreement when it comes to defining what the
mnull n u-iices include (Figure 1.20). For some experts, the natural sciences are astronomy,
in i., . iln-inistry, earth science, and physics. Other scholars choose to divide natural sciences
J nm iiriiccs and physical sciences. Life sciences study living things and include biology.
11,,,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)

till. I» H Jiilll

.......... nil Iniins of science: the ultimate goal is to obtain knowledge. Curiosity
Quvmg liuii-s for the development of science. Scientists seek to understand
*e o itiipr.itiie . Two methods of logical thinking are used: inductive reasoning

, ** iinin id logical thinking that uses related observations to arrive at a
1! . I ii-iisoning is common in descriptive science. A life scientist such
i n.k umum itnil records them. These data can be qualitative, which is
te M. . ion be quantitative, consisting of numbers. From many
m . m mil i ionclusions, inductions, based on evidence. Inductive
11« (. innthAiitions inferred from careful observation and the analysis
7 . work this way. Many brains are observed while
e "* jHi. iin In.on that lights up, indicating activity, is then
1m H. ii-sponsc to that task.
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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 “If.. .then ....” For example, the prediction for the
first hypothesis might be, “If the student turns on the air conditioning, then the classroom will no
longer be too warm.”
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IM||li 1. must be testable to ensure that it is valid. For example, a hypothesis that depends
lull i 1" uthinks is not testable, because it can never be known what a bear thinks. To test a
....... " nii'M.ireher will conduct one or more experiments designed to eliminate one or more
iin. i. [mill m This is important. A hypothesis can be shown to be false or eliminated, but it
... "i I" piuven true. Science docs not deal with proof, like mathematics. If an experiment
.......... K tlic hypothesis, this is not to say that down the road, a better explanation will not be
............. . his why the word "prove" is not used when a hypothesis is supported.

1., >fi. iiim-nt will have variables, controls, and experimental groups. A variable is any part of
it, ,.«iimi urnhi lliut can vary or change during the experiment. There are typically three kinds of
e t»i i.. iilr>cndent, dependent, and standardized. The independent variable is the variable
, <M i 'Milled or changed by the researcher. It is the variable whose effect is being tested,

i .inti ni ihiiable is the variable that may change when the independent variable is
.1 11" i wilial the researcher will observe, measure, and record during the experiment.

m w 1%ili/i d variables are variables that must be kept consistent among all test groups;

o i»i tini ian ulfcct the outcome or results of the experiment. The experimental groups in
« . |=mlinn'lliiiLcivc varying types or amounts of 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. ini inuiblc is absent or set to some predetermined standard. Look for the variables,
., 1 da mill i «pi iimental group(s) in the following example.

- DU M nnilucted to test the hypothesis that phosphate availability limits the growth of
, i In'elm Sii ponds. A series of artificial ponds are filled with water, and half of them are
............... nliliiik pinepilate each week, while the other half is treated by adding salt. Salt is a
.. .Ni. «Hm r Hint is not used by algae. The independent variable here is the phosphate. The
) e no ii i'"up- me the ponds to which phosphate was added, and the control group is the
, . 1in-in h Ha -iill was added. Adding the salt is a control against the possibility that adding
1" W» il influences algae growth. Some factors must be standardized in both the
i "me """ "lal ponds. For example, both the temperature and pH of the water should
i v ii*i it Il o wnli'i iii the control ponds has a significantly higher temperature or pH
" i u cil in the experimental ponds, this could influence the growth of algae.
. ..ii..in measured and kept relatively constant between the two groups. These
n  eiiniUnliA'il variables, Ifthe ponds treated with phosphate show more algae
, 1 .t..m» ieenull ..... Is. then we have found support for our hypothesis. If they do not,
, ... a | i |ipnlin i. Heuware 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

Willicit 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. 1f something is wrong with the outlet, then my coft'eemaker also won't
Work when plugged in.
5. I plug my coffeemaker into the outlet.
6. My colTeeniaker works.

mh-ipothf.v.v (4ipirdiefion. The hypothesis wt>uMbe tv
Hypothesis - The ivjster has a TLU e’nre atul it fry
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11 imlilic method is not as rigid and structured as it might first appear. Sometimes an
«-1min" 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,

ni *. continually draw inferences and make generalizations, finding patterns as their research
s 'l Scientific reasoning is more complex than the scientific method alone suggests.

w . i «nit Applied Science

i i niilii community has been debating for the last few decades about the value of different
LIRS 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 Mm lives? This question focuses on the differences between two types of science: basic
< . a..l applied science.

nini oi “pure” science seeks to expand knowledge regardless of the short-term
....nnl that knowledge. It is not focused on developing a product or a service of
~mi».i i IN public or commercial value. The immediate goal of basic science is knowledge for
t «li | m'» ..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,
ii.i] wpm'iiblr. Inr example, to improve crop yield, find a cure for a particular disease, or

....| ilm .ilcneil by a natural disaster. In applied science, the problem is usually defined
1" vimi i lird

............. I'li "I Imw basic and applied science can work together occurred with the discovery of
n ' 1i" Ihis discovery then led to the understanding of the molecular mechanisms
¢ i1 M1 Aigiln «111 livery human has unique chromosomes, strands of DNA wrapped
......... 1 iniil in their cells. DNA provides the instructions necessary for life. During
m "|lin ,ol DNA must be made before a cell divides to form two new cells
, i 1 mil i*i.Muling the mechanisms of DNA replication enabled scientists to develop
. liimmk¢..4 lli.il aic now used to identify genetic diseases, pinpoint individuals who
“id determine paternity. Without basic science, it is unlikely that applied

mwm and cell division by the process of mitosis. Note: diploid
" MiMinirs (credit: Mvsid / Wikimedia Commons!
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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 Mull ST iry

ii.. i.i. 1, ilir science that studies living organisms and their interactions with one another and
u.... 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

........ mmNi me considered natural sciences.

vi. [diili< in matentative, testable explanation for an observation or question. A scientific
ii« m lwdl-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 .1e!- n 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
... . .. «liuin of logical thinking that predicts results by applying general principles. The
w1 1" id throughout scientific research is the use ofthe scientific method. Scientists
i HM U n .nils in peer-reviewed scientific papers published in scientific journals.

a, la» .. Lr Imsic or applied. The main goal of basic science is to expand knowledge without
......... . mL1u of short-term practical application of that knowledge. The primary goal of
. li, however, is to solve practical problems.

| ~*11In a

B RS |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
i .l 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 e >liii uil! nusual dry summer with very little rainfall. His mom also applied
i i,i idii. inwn inthe early spring. Jose is curious, "why are the trees are all dying?"
1- 1ml«"."l he. nuse there has been very little rainfall that explains why the trees are
I, e« 1 In M ilen. the trees, then they should begin to grow and stop dying. After
»e.e..in die ini . every day for two months, Jose notices that the trees still seem to be

1M

m*iiwt in beliefs that arc portrayed as scientific fact but cannot be evaluated
,,9tin m (i nttdii method.

*  ViMIiihli*
N uMie
t ...y

<'l dunking that uses related observations to arrive at a general

1. Mrs. 44+
* 7 )m.». .mining
! inrthud
1?2 'llm-i- llilted NOR'mee
1 W» » tfrM Itolling

’ ' M I"iniinuhypothesis and a theory.
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Answers

i Tk: h\ pOtbr-ii is ihr tiki’s YT tlylpg IXYX\W- ol thtf lack s*?'A''tlci; and the pirdktiOA it lie
‘voters Use Hcos. then they should tfop <i\iny The oriosrai h -poihc'sk Is not supported. because
»1hough he y-aisrs Ihe tvc”. iuev continue to die. Ahem;*Live iiynoUicses waybe hec:pi>o his
morn ridded tersilver to the Suwn, the tiee~ -me dy”>g.

- W
bl;

4 A Viypotlifsis is utest:sllie es piaiialiugShi'.;! srienriib uu;*(H r. or an obseixdetii.-n. wtvicli ~hf.mid be
ljoili feWliabic and Icto to nretbulsiis.ifI’'H'f a hypothesis ha* wk)crayc rigorous testing by
many <titTon-ry group* who have Jrawii the same or similar conclusions, it >referred to
ns ahnoHuH thooV;. /1 sciontme lheory 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 of research with defined steps that include experiments and careful
observation

scientific theory: athoroughly 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

«>o»> | Atoms are the building blocks that come together through chemical bonding to form
w>iti nli i in the universe. In this model of a molecule, the atoms of carbon (black), hydrogen
ie mi i uni M4 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 inullification ofwork bv Christian Guthier)

U 1 ' »ibon, hydrogen, nitrogen, oxygen, sulfur, and phosphorus arc the key building
i* e inn,m hi nil living things. Elements are unique forms of matter with specific chemical and
i'ii -J|i"" musilut cannot be broken down into simpler substances by ordinary chemical
-eeeee |Inn lotin the carbohydrates, lipids, proteins, and nucleic acids which are the

¥ T ponents of all organisms. In this chapter, we will discuss how the unique
L I «inilii allow them to interact and form the molecules of life.

«i iin Itiillilinp Ilucks of Molecules

Il «IMI»k I'iil-vinrs
« joil nl tins section, you will be able to:
. I - ithe matter, elements, and compounds
. , iln- the interrelationship between protons, neutrons, and electrons

mi abi.-j muse the number ofelections an element has to determine its reactivity
-* .i/i m define andexplain all bolded terms

ini level, life is made up of matter. Matter is any substance that occupies
I li minis are unique forms of matter with specific chemical and physical

[fiiiienstIK.ord/ 25



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" 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 * 10'2Sgrams. 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 of 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 notjust 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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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 (rH)

Figure 2.6 Isotopes of Hydrogen, (credit: Betts et al./Anatomy and Physiology OpenStaxt
Evolution in Action
Carbon Dating

Carbon-14 (14C) is a naturally occurring radioisotope that is created in the atmosphere by cosmic
rays. This is a continuous process, so more 4C is always being created. As a living organism
develops, the relative level of 14C in its body is equal to the concentration of I4C in the
atmosphere. When an organism dies, it is no longer ingesting 14C, so the ratio will decline. 14C
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 4C will have
been converted to N. The time it takes for half ofthe original concentration of an isotope to
decay to its more stable form is called its half-life. Because the half-life of I4C 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)
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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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2.2 Chemical Bonds

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

« Understandhow electrons can be donated, accepted, or shared between atoms toform
chemical bonds

¢ Understandchemical bondstrength: which bonds are stronger vs. which bonds are
weaker

¢ Understandwhy chemical bonds differ in strength

« Describe the differences between polar covalentand 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, 1bO,
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 2K OnenStax)
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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 (HCO3")
forming an equilibrium state with carbonic acid (H2C0O3). If we added carbonic acid to this
system, some of it would convert to bicarbonate and hydrogen ions.

HCO3 + H+->H2COs3

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 with 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. lonic 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.

lons and lonic 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+l (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, CI"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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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 CI™ ions combine they produce

the ionic compound, NaCl, 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
ofthe 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).

42 Return to Table of Ccjutri



I nv.illill 1uiin1 is methane (CH4) (Figure 2.17). Carbon has four
'mli wnl 111 if. luur more to fill it. With methane, (CH4), it obtains

N** ¢ [*14 now Inis a lull outer shell because it only needs to acquire one
e.mi m v™M n,. .hell ("arbon and hydrogen do not have the same

[ R null that the bonds that form are nonpolar. Electronegativity
«at Km- .ilulili in attract a shared pair of electrons more closely to its own
m'e] il r..... 1 similar electronegativities then they will share the pair of

11 turns equally and partial charges on the atoms
puiticipaling in the bond will not occur or will be
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
ltoinainl

. toi.ol 1lI, shined pair

IMM liom-i t0 ONe
e n. 1 .1l iiiom's
m.,1>» ... ol
' ®m, in .nthe

ol |.-jilive (hi)or
B@ 1 I,M|, develops, file
u % « , and osvgeii atoms
L ... l.nods (figure
[ M b m* . <pinil note
40 1. :m LI they

AL this -
: 101 having a small " Weakly positive "
kw Indiogen aloins (a) Planetary model of a water molecule
| 6'
- ..
»*a lliinds 1l a (b) Three-dimensional mode! (c) Structural formula for
- ol a wafer molecule water molecule

LJi 111 PilIMil.V)

43



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
S 2.19). The charges that these polar
(V') (V) bonds generate may then be used to
Water Polar form hydrogen bonds. Hydrogen
Polar covalent . g bonds are weak bonds between
Bent slightly positively charged hydrogen
atoms to slightly negatively charged
atoms in other molecules.

Bond type Molecular shape Molecular type

Methane © 4 3 Nonpolar

Nonpolar covalent

Tetrahedral Figure 2.19 Whether a molecule is
polar or nonpolar depends both on
bond type and molecular

artoon * — * . -
Growds 0-©*1 Q -0-¢€ Nonpolar shape, (credit: Clark et al./Bighuo
Polar covalent Linea» 2E QpenStaX|

Hydrogen Bonds

lonic 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 n\
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 givr
water the unique properties that sustain life. If it were not for hydrogen bonding, water would bl
a gas rather than a liquid at room temperature.

44 Return to Table of Conti*



*fi* 1 hstin ninny different molecules not just water. For example, hydrogen
Inin; vliiiiuls of DNA to give the DNA molecule its characteristic
LU <n, 11ligiiic '21) llydrogcn bonds also cause some proteins to fold into
t wliii|+b

e 1o imiiii t (wo strands of DNA to create the double-helix structure,
n oii.’l (>tifnSlax )

KY urn/ 45



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 Inthe below reaction what is the reactant?
2H202 (hydrogen peroxide) —*2HrO (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. (¢)

4. lonic and covalent bonds both allow for atoms to become more stable and result in the syndic ¢
">>f molecules ami or chemical compounds. lonic bonds are chemical bonds that form betw con 1.
ofopposite charges wlictcas eovalcur bonds ate a result ofatoms sharing pairs of electrons.

5 lue'roecn bends form weak bonds between different molecules. Before asell SSt reproduce 1
must make a copy ,,i its DNA, If strong bonds were used to hold the two .mauds together, inst..
of Uic weaker hydrogen bonds, the cell would need to invest a lot more energy into toproduo m

order to fhdPbtvak those bonds.
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2.3 Water

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

« Describe theproperties o fwater thatare critical to maintaining life
« Explain win’water is an excellent solvent

« Provide examples o fhow 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 ofwater. Without
life simply would not exist.

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

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 thor
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 lin
different parts ofthe 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: Btn
et al. / Anatomy and Physiology OpenStax 1
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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 water molecules at the surface of a liquid (such as a body of water, the leaves ofa
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 of 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 of work by Jane Whitney; credit b: Elizabeth O'Grady c: modification of work by

Carlos Ponte/ Biology 2E OpenStax)
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| I Hit Hi Sill» rill

»» | miih «lightly positive and negative charges, ionic compounds and polar
.1 dli<cilive in It. Water is, therefore, referred to as a solvent, a substance
a._. n iiln i substance. The solute is defined as the substance being dissolved.

0 .ini ... . solvent make up a solution.

iittitla util Nat 1. mixed in water, the sodium and chloride ions separate, or
, 1 1 i llniions remain separated because each independently forms hydrogen
hi iiHiHimiliMU water molecules (Figure 2.27). A positively charged sodium ion is
|] hi |witally negative charges of oxygen atoms in water molecules. A negatively
| ihii i' >iinounded by the partially positive charges of hydrogen atoms in water
¢hp =mhi K lemovcd, lorexample, by boiling the solution, the sodium and chloride
'm  [wH mine bonds, and salt crystals will reform.1

Hydrated chloride ion
1 ilium Chloride in Water. Notice that the crystals of sodium

i ulcs of NaCl, but into Na+ cations and CI- anions, each
icicilil Metis e( al. Anatomy and Physiology OpenStaxI|
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Water 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 of 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 ofa 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 ofa glass of 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
ofwork by Pearson-Scott Foresman, donated to
the Wikimedia Foundation/ Bioloirv 2E
QpenStax|
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. Jin 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» 1liini on the water's surface where they will mate. Without water's unique
-Milo i-liiiilnwould 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" In Inim more about water, visit the U.S. Geological Survey Water
it Nil Munit Water! Website
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Section Summary

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 lutjn
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 Unh

2 th)

3 tec.

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
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bei utise of these charges, water ntoteoles can surround charged paScles created when
substance dissociates Tire surivnuid ag layer ofwarer molecules stabilizes the ion and kM =
differently charged mus from reasioctal trig, s.j the substance stays dissolved.
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> iiiiiii turn between water molecules and molecules of a different substance

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

..... n ihi iclcase of water molecules from liquid water to form water vapor
~ciM ili' 1nhes a substance that dissolves in water; water-loving
, imili ilmcribcs a substance that does not dissolve in water; water-fearing
R | mixture made of two or more components

j.  >nlhinnee being dissolved

m m(Wtnncc capable of dissolving another substance

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

mMip', //mnpn.nx.orr/ 55


http://www.ks.uiuc.edu/Research/vmd/

2.4 pH and Buffers

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

pH

Explain whatpH is andwhy it is vital to living cells
Understandwhata logarithmic scale is

Know which numbers on thepH scale representacids and bases
Explain what buffers are and why they are important

Be able to define and explain all bolded terms

The pH of a solution is a measure of its acidity or alkalinity. You may have used litmus papci
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+Haq)+0H (aq)

*(ag) 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 ofhydrogen 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 aweak acul i
vinegar or acetic acid.
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Whlof

*e "1 Mini-» <) In aqueous solution, an acid dissociates into hydrogen ions (H+)
to mnuH... dilution, a base dissociates into hydroxyl ions (OH") and cations.
1 Hummu mil Physiology OnenStaxIf/cantionl

dd»a 1.linil |, hydroxide ions (OH ) in solution, or one that accepts H+
F 1liimic  31b). The hydroxide ions combine with H+present to form
n OGHuto nnunmg 11 and reducing the solution’s acidity. Strong bases release
&> in.min...... weak bases release only some hydroxide ions or absorb only a
> 1 Ul lit1ltin liloric acid (MCI) from the stomach would bum the cells that
.1 .nH. i| mmu' not for the release of bicarbonate (HCO3~), a weak base
1 1». 1 ..d<umll pi', HoTe of the H+ thereby reducing the acidity ofthe solution.



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

ofa pH five solution. That is, a solution with a Bxamples

pH of 4 is ten times more acidic than a solution Igri&ggardeer*‘
with a pH of 5. The concept of pH will begin to

make more sense when you study the pH scale
in Fi i Bl over dofloi *e
shqwn |n'F|gure 2.32. Thfe scale consists ofa (pi"iqf?%
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 Mgﬁ%m
7. The lower the number below 7, the more
acidic the solution, or the greater the

concentration of H+ The higher the number (%‘_‘.%‘m

above 7, the more basic (alkaline) the solution,

or the lower the concentration of H+. Human * %:\giﬂ’

urine, for example, is ten times more acidic than —_—

pure water, and HC1 is 10,000,000 times more (%%174)

acidic than water. ~T v
" Hees"™

Most cells operate within a very narrow pH L

range. For example, the pH of human blood Blakoottee

typically ranges from 7.2 to 7.6. Ifthe pH Q 7

fluctuates outside of this range, several organ .

systems in the body can malfunction. Cells that (At s tnla

make up plants also function within specific pH HZ535}

limits. Com, for example, often grows best when .

the pH is between 5.5-7. If the pH varies too %Ju&m

high or too low, cells no longer function
properly, and proteins will break down.

Deviation outside of the pH range can even (%_’I-E?an hyeicMin
result in death.

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

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 bulfci
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o 1. ill 111 <)i) and bicarbonate (HCO3 ) anion (Figure 2.33). If too
"ol li N, will combine with the FT to create carbonic acid and limit

f1 lit< y m il too much Oil is introduced into the system, carbonic acid will

" inInitiulJ- and 11' ions. The H' ions can combine with the OH" ions,

* in |[d 1 Willnull this buffer system, the pH in our bodies would fluctuate too
e e-otil Iniinwnar

- hapi'ini iilnv* K the body's buffering ofblood pH levels. The blue arrows show
alilh( pi I v, more (.'02 is made. The purple arrows indicate the reverse process:
............................. r bicarbonate is created, (credit: Clark et. al / Biology 2E OnenStax)

[l lilc of bull'ers that people sometimes use to deal with excess stomach
«i 0.** hill |In counter medications work in the same way as blood buffers, usually
LI it|iilil* ol absorbing hydrogen ions. This results in an increase of pH,

I 10 o... ntin miller "heartburn” after eating.
......... IMil M MN\C KS - Acids and Bases

, , Iit. N....land other body fluids is known as acidosis. Common causes of
i in...... 1 ilmnidcis that reduce the effectiveness of breathing, especially the
.Lil. lulls. winch causes a buildup of CO: and H+in the bloodstream.
hv metabolic problems that reduce the level or function of buffers

y e unit tin- pmduction of acids. For instance, with severe diarrhea, too much

,» |11 iiimi tlic body, allowing acids to build up in body fluids. In people with
pf i,.i <>mon Itectivc regulation ofblood sugar, acids called ketones are produced
noiii  in. I'tin: body These can build up in the blood, causing a serious condition
I 1p ,, iji.ais Kidney failure, liver failure, heart failure, cancer, and other
L4 ey e labolic acidosis

i«<lim = 0= @ 0o which the blood and other body fluids are too alkaline
o ttfcatt* n l'iial™’, disorders are a major cause. In respiratory alkalosis, carbon
A w ie» |Huy diiicusc, aspirin overdose, shock, and ordinary anxiety can cause
~N., i, in lindin cs the normal concentration of H+

jlUn i**11 I..... pmlonged, severe vomiting, which causes a loss of
i,p|" n M. .inniiniia can also prompt alkalosis. These include diuretics that
J e .t well as antacids when taken in excessive amounts.



Section Summary

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 w
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 oflemonjuice 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. 2times

b. 10times

c. 100 times
d. 1000 times

4. Explain why buffers are biologically important.

tTs

1 bl

2 (ci

3 i

i ButTersreadily absorb «nce» H os OH keeping die pH of die body carebilly ntatirw*

a specific range. If the pi 1deviatAnitside of ibis range, body systemsian Mifunebon i :
longer nmetionproper!;,, atnl proteins will break down.
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....... l...... . hydrogen ions and therefore lowers pH

LI ili-ti ........ . hydrogen ions and therefore raises pH
* . dilil ii-an.* a i liange in pH by absorbing or releasing hydrogen or hydroxide
.p. m till. i [w<i tluil has been treated with a natural water-soluble dye so it can be used

-le |...yuili Lunil 0 to 14 that measures the approximate concentration of hydrogen
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« liilil<>izinil) Important Molecules

mectrtc Spark gases: HrO CH,,. H3. NK3
(lawmudic lightning) (to simuiale atmosphere)
vacuum pump
cooled water - waier
(containing organic (lo simulate ocean)
ampond) heal
1 .nil.l Miller (pictured) and Harold Urey demonstrated that organic
m , i 1.... .nipiitited naturally from inorganic matter, (credit: “photo”:

m WiV (m NASA, credit “illustration”: modification of work by Courtney
1 .1 tipciiStax)

i .i (n 1" 11 billion years old, but for the first 2 billion years the atmosphere
"M min viii 1, the planet could not support life. One hypothesis about how life
1 1.1, tin .mucpt of “primordial soup.” This hypothesis proposes that life

wm.. L1.1iiu lals and gases from the atmosphere combined with a source of
,» -m 'iiliiiiuolcl light. These interactions formed carbon compounds, the
, Ikt Ul L Li 1952, Stanley Miller (1930-2007), a graduate student at
1*1 uni lin. professor Harold Urey (1893-1981) set out to confirm this
Ni ¢ ... li.iilniicd what they believed to be the significant components of
mmfix :a wmalci (I t)). methane (CH4), hydrogen (H2), and ammonia
I 11> llask  Niml. 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
e 1. ;. Win. I'liilc4 arc essential for life. Their data provided evidence
li (<.... lal vnip" hy|Hithcsis.

a 1L..] nthriilom carbon and the role it plays in making up the four
e.. » ,|..l,. Ul carbohydrates, lipids, proteins, and nucleic acids.
..0..1 .11 null 1t si nbc the functions of different macromolcculcs.
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3.1 Carbon

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

. Describe how carbon is critical to life

. Understandwhy something isorganic vs. inorganic

. Describe the role o ffunctionalgroups in biological molecules

. Listthefour categories o fmacromolecules 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 -l
because of this they should not be called a macromolecule. On the other hand, lipids are made n
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 s
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. Cail m
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 )

64 Return to Table!'| u



....... ™......... Inil .iinsisting entirely of carbon and hydrogen, such as
es«Innm 1, .,n9n iur hydrocarbons in our daily lives. Fuels like the propane in
t*ni«i,, i a |[jlijlun, nit: classified as hydrocarbons. The atoms in hydrocarbons
& | mn, li tloic large amounts of energy. This energy is released when
........... nil "I Ini tin* reason, hydrocarbon molecules make excellent fuel

ww iln liai .......... id large macromolecules and may be linear chains, carbon
eswliiai  Inal, | ailheiiiiore, carbon-carbon bonds may be single, double, or
*o' muin >4 lhuni iillccling the molecule's three-dimensional shape in a

> 1ti ln ihnr dimensional shape or conformation ofa molecule is critical
*K n. Jix in,,|

iMInlirtltnl Tetrahedral Planar
"ml]lo 11!Imd) (single bond) (double bond)

Ini him single bonds with other atoms, the shape is tetrahedral. When two
m bnilili bond, the shape is planar, or flat. Single bonds, like those in ethane,
h»'I* likr those in cthene, cannot rotate, (credit: Clark et alJ Biology 2E

11 *...iala together help dictate its three-dimensional shape. Isomers are
nHe ilirtiucal formula but differ from one another in the arrangement of
e I*"....Inuni;. Structural isomers like butane and isobutane (Figure 3.4)
**»'m |'inn mlvill lit bonds. Both molecules have four carbons and ten
I'li ™ 'iwii,i diller from one another in the arrangement of their atoms.

*»«> | ..l Intlilli icnces in chemical properties which will cause the isomers to
[ L I,il. liui.me is used as a fuel source for lighters and torches,
amm! .. ......iLini in refrigeration units and a propellant in spray cans.
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(a) Structural isomers

Butane Isobutane
H H H H H H H
11 1 1 101 1
H-C -C- C-C-H H-C--Cwn Sp X

O S 1 !
H H H H H H
H-C-H

|

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.
OoensStax )

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.

Functional

For example, proteins arc unique from other Group Structure Properties
biologically important molecules in that their Hydroxyl /0, W Pov
building blocks, amino acids, have both a

R

carboxyl and amino functional group. Nucleic

acids in comparison are made of building blocks "™ s oot
called nucleotides, that always contain a
phosphate functional group. CantBfiyt 0 Polar

I
Figure 3.5 shows some of the important functional R—C—8
groups in biological macromolecules. They Cabacyl 0 Charged, unites w release K
include hydroxyl, methyl, carbonyl, carboxyl, o e e
amino, phosphate, and sulfhydryl groups. We cartsfnea aafoc
usually classify functional groups as hydrophobic / \
or hydrophilic depending on their charge or Atto M Charged, xxepls H to toot NH3\
polarity. An example of a hydrophobic group is _— / fr“;;:ms'm'j"*fey“a"m‘e""“
the nonpolar methyl molecule, which is hugely N\ comsidera basc
prevalent in lipids. The carboxyl group is H
hydrophilic and found in amino acids, the building  rxxpur 0 Charged, cnees o release H'

Snee phasphaa a/oyk can

blocks of proteins.

I release H*ens rto solution
R\/"'O"‘ they are considered adcfic
0 oH

Pot*

Figure 3.5 These functional groups are in many
different biological molecules, (credit: Clark et SuoTyyl
al./ Biolocv 2E OnenStax ) R'S\H
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a 1<HMM«0

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

...... . ihildlor Ihc importance of carbon in living things. Functional groups help
.MI, o ni inacromolcculcs have different chemical properties.

ey |
i . 11w wni Molecule can bond with as many as other atom(s) or molecule(s).
* dic
I two
i llurc
d lotu
ni id the following would be hydrophobic?
methyl group
| iinbonyl group
liydioxyl group
i i hoxyl group
i .|L.iii, wind a functional group is and why they are important.
K tyitfi *v gmups ufatoms that occur widrin molecules ain] confer specific chemical
,» *-n'c«. They Usually aluicli to flic carbon backbones of moctv-nioleciiles
e« . @ tn Sach of die four types ofrnacromok-cult-r. proteins, lipids, isM'boliYdrates.
Vi «,1 h i own eharikli-ristic sc! ofluuctiouiil groups. These functional group;
i, 11, .<Ptotheir differing chemical properties and functions in In ing organisin’.
I 1M4t4 1|
S, B ... oi-gunic molecules consisting entirely of carbon and hydrogen
. .iuviniip: gioups of atoms that occur within molecules and confer specific chemical
to llm.c molecules
i a ,kin, i iiibesa substance that dissolves in water; “water-loving"

a ptHaiii d veidies a material that docs not dissolve in water; “water-fearing"

Mm = 1,, nil-, that share the same chemical formula but differ in the placement (structure)
uni in chemical bonds

.......... I, iiilc my cnrhon-containing liquid, solid, or gas
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3.2 Synthesis and Breakdown of Macromoleculcs

j 7.earning objectives
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 reactionsl
. 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 are joined by removal ot OH Irom one monomer and removal of H from the other at the site ot bond formation.

A

HO

Monomers linked by covalent bond

(b) Hydrolysis

Monomers are released by the addition of a water molecule, adding OH to one monomer and Hto 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)

68 Return to Table of Cont.



4i IMmn Syiillusis

' wiiiMM .vnthcsis (Figure 3.7), the hydrogen of one monomer combines with the

m ill another monomer, forming a water molecule. At the same time, the monomers

= mher and share electrons resulting in the formation of a covalent bond. As
................. arc added, this growing chain forms a polymer. Different monomer types
. 1 » ni many configurations, giving rise to a diverse group of macromolcculcs.
11 llir same kind of monomers can also come together and form different polymers.

. el. .likuse monomers are the significant components of starch, glycogen, and

CIhOH CH2OH CHrOH CHZ2OH

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
hii

in in bioken down into monomers during hydrolysis reactions. Hydrolysis reactions
[ 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
= » 1 hydroxyl molecule (OH-). Both the hydrogen and hydroxyl ions are a result of
_, *.ii i iiinlccule.

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

1
ah r anil hydrolysis reactions can occur quickly with the help of molecules
h In illation reactions, enzymes help with the formation of new bonds, while
> Imlv .is icactions break bonds apart.
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In both cases, enzymes speed up reactions. However, each macromolecule usually has its own
specific enzymes. For example, lactase is used to break down the carbohydrate lactose, when-.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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mhi< ami nucleic acids are the four major classes of biological
* il L.i-L iilly important molecules are comprised o f single units called
.................... lull bonds to form larger polymers. When a monomer forms a
‘ W.....mu. M4 i iis a result of a water molecule being released, this reaction
m M i Dyillulysis reactions occur when polymers break down into
m i v mi, ilnt help ofa water molecule. Dehydration synthesis and

* 1 lisilliduni synthesis reactions and hydrolysis reactions typically require
7 pi inlup llie rale of the chemical reactions.

i imil nlii'ii monomers arc joined together in a dehydration synthesis reaction?

. HiilMWs
[ I I llir nimve

1 1 -1 i iiiuils below is correct?
i I* ,muil, liydiation synthesis, macromoleculcs arc broken down.
* mu i.involved in hydrolysis reactions but not dehydration synthesis,
ifym 1 sis leaclions build macromoleculcs.
i € USE 1N DOth dehydration synthesis and hydrolysis reactions.

i *i K vy piny in dehydration synthesis?

ilio monomer.- share electrons and tomi covalent bonds.

vihlliimli  niruction where monomers combine with the help of water (and often
¢ n» hum |[Milymagrs
i.*in,n i action where awater molecule (and usually an enzyme) is used to
e . a...lwltiiunpolymer
' 1 ...ir nininiik. or building blocks that make up polymers

mt -.....| i uliii thul arc formed by combining monomers using covalent bonds
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3.3 Biological Molecules - Carbohydrates

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

. Identify thefour major classes ofbiologically importantmoleculesfound in cells
» Recognize monomers andpolymersfor carbohydrates
. Understand thefunctions ofdifferent types o fcarbohydrates

. 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 of function’
Wec will take a closer look at each of these biologically important molecules starting first with
carbohydrates.

Carbohydrates

Carbohydrates 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 of 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 of 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 of carbon and
oxygen atoms in the molecule. In other words, the ratio of 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.

Monosaccharides

Monosaccharides (mono- = “one”; sacchar- = “sweet”) are simple sugars, the most common of
which is glucose. In monosaccharides, the number of 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 of energy, when its covalent bonds are broken. The energy released bl
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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< ni lini> niiiiin'f. Plants store excess glucose as starch, a complex
............. mill In- discussed in more detail later in this section. When
« tin v Im'hull nc (verb form of hydrolysis reactions) the starch

» i,l. M, monosaccharides arc then used to generate their ATP.
11 (e i) ML dijrii) and fructose (found in fruit) arc other common
* ' *
A . 41v Mam* Gaiactoa# FuctOM
oM | e FH ¥
ewre i RN A H 3
it «ltthii
m Nite... m 1
ithiviv IH ¥ W H — cl_ OH
oo EmillIH]) |
‘ - IH HO-— cl— H
[| «*§ e lI»h1.. |
M1 M))4t 1
HO-— Cc — H
1
1
I o "HITf-, H— C— OH
o 0T (jliij lit? i
A M tH i< liiiinil % H— C— OH
t «UmnM 1
e »» .t Hl
fetti.iM 1 1 1two") lonn when two monosaccharides undergo a dehydration synthesis.
1 ' « ‘wmilmhvdioxyl group (-OH) of 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).

CHOH CHOH CHDH

1 1,, ihiilion synthesis reaction above, two glucose molecules link to form the
n In the process, a water molecule formed, (credit: Clark ct al./ Biology 2E

i 11*ore/ 73



Many disaccharidc names also 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 1l m
thousands of monosacchari des). Starch, glycogen, cellulose, and chitin are all example-, 1.
polysaccharides (Figure 3.12).

Stercti Glycoepr

Figure 3.12 Although their structures and functions differ, all polysaccharide carbohydnm
made up of monosaccharides, (credit: Fowler et al. / Concents of Biology OpenSt )
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it» *<e»_, . tin plot i ss i>fphotosynthesis. Any excess glucose that is
liiHtMI == tIx11 h in tilllcrent parts of the plant, including its roots and
1e 11 ... "I rlirnl example ofa plant root that is rich in starch,
kH in Hu leaves ol the potato plant. When animals consume
Llin tin mn Huimi'li hydrolysis reactions into monomers of glucose. Cells
M * 1w 11" in Mimic their form of energy. ATP.

mplasa- ilia mill id a plant that stores the plant's starch, b. Potato cells
* M [mi|l in specialized organelles called amyloplasts (I0x
m J1..-l .in mw il;iiiicil i h. lilizabeth O'Grady)

»«ii'M Ihcir excess glucose as glycogen. Glycogen is made up
Woee e I'i'ijinvulcut of sturch. It is a highly branched molecule and
"1 ee:i-11 linin' i 1d)
Z3in iV Innlv ilci iciihc, A
Ma b» le»"»an iluwn LLM)
I VI PlZyilCK
"1 Widi an' i lcvalcil,
*» mei »»linmi' | xicsx

* i.In«

nil |y iignii,
t=* U nil ixyyn

".""1 glycoRcen. (credit: BruceBlaus / Wikimcdial

75



/.Jose

fillulose is one of the most abundant natural polysaccharides. The cell walls of plants are

JAly made of cellulose, which provides structural support for the cell (Figure 3.15). Wood and

Jjarare 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-

diiaxe bonds in cellulose cannot be broken down by human digestive enzymes. Humans rely on
[iliry fiber to help maintain the consistency of their stools rather than providing a source of
Djay. Diets that lack dietary fiber may result in stools becoming hard and difficult to pass, a
[glition referred to as constipation. Herbivores such as cows, buffalos, and horses can digest
[iMbse found in plant matter and use it as a food source. These animals and certain species ol
jijcria 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.

(O

pets, spiders, and crabs are arthropods that protect their
jilardl 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
gas 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
slumolecules: the Carbohydrates” through this interactive animation.
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Kcglstrrcd Dietitian

1 i" illlinukeT. It has been linked with diseases such as diabetes,
1imimH meipii As a result, registered dietitians are increasingly sought after
= | iin.ins help plan food and nutrition programs for individuals in various
........ . unil patients in health-care facilities, designing nutrition plans to
[/ F— lin example, dietitians may teach a patient with diabetes how to
.. ... Ly ruling the correct types and amounts of carbohydrates. Dietitians

mll ulinl iis monosaccharides, disaccharides, and polysaccharides. The
ml .1 tin- number of monomers in the molecule. Carbohydrates are a group of
o T . vital energy source for cells and provide structural support to many

i. ..I i monosaccharide is

sinl. 111 arc examples of
- .

s- . li.ntilics

ids

1. ~lhindes

* Pit........ no which of the following in abundance

....... hint stale'll and glycogen.
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4 - Starch and ulycoy.cn am b;Cr tK'lwtLctMi'ifiey c>co. by organisms to Cor”iryu . Starch is the
majoi polysaechiii ide that ss used by plan's u>u4o'y their sugar. whereas most animals store the i
CompleS SieSO:- ns glyCOgcn in ;h'll Ih 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 »iull luti s 1.ipids

1 11141 you will be able to:

1 n nawe differenttypes oflipids
4¢ o« unlnit i haracteristicall lipids have w common
i /uni lipidsfunction differently
e Vr..[.[Am’(j/irfexplain all bolded terms

' milnn\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
m  emin): they have large proportions of nonpolar carbon-carbon or carbon-
At i will, 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 *lull discussing lipids. Lipids arc also smaller in molecular size when
# :jmmun nl carbohydrates, proteins, and nucleic acids and therefore some sources
atin in Intgc inacromolecules.

aMi'iny ililUiHt 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
«' 1 . it a4 the building blocks for many hormones that help organisms regulate
«n Ini i. >l pmccsscs within the body.

i m -rniial component of the plasma

. ini lode fats, phospholipids,

141 i'Ihlin lipids in the fur of aquatic
I ii ilu> iivt i otter, protect them from
i i .lit Kin Bosnia/ Concepts of

i int long-term use in the form of fats. Triglycerides, an example of a fat
1 iinimg fat that can be found in many of the foods we consume.
ml line most fat in our bodies as triglycerides (Figure 3.18). A glycerol
iiinpoiind with three carbon atoms, five hydrogen atoms, and three
I i li latly acid consists of a long chain of hydrocarbons with an
i i iiiiip. hence the name “fatty acid.”
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Saturated >0

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. / Concemn

of Biolouv OnenStax >

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

(a) Saturated

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

(b) Unsaturated
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e «* liiinul ill mom temperature and are called oils. Examples of unsaturated
*1iil. dwuill oil. Saturated fats tend to get packed tightly together and are
= """ 1 niimplcs of saturated fats include palmitic acid, which can be found
il nul nhuhis found in butter. Unsaturated fats help to improve blood
1 “bn... mituruled fats contribute to plaque formation in blood vessels, which

11,i™i lali/cd cells called adipocytes, where globules of fat occupy most of
' 112111y, fats or oils are stored in seeds and used as sources of energy
EHE **Inpmcenl.

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

1o I uHimeuie properties of the molecule. This forms a
trans-fat (Figure 3.20).
It w w H H H
1 1 1 i i I1
(  a1.c-c_C-c— Figure 3.20 A trans-fat is made from
It ﬁ 1 | i % changing the chemical properties of a
H H H cis-fat. (credit: Fowler et al. / Concents
Le « >ji molecule of Bioloev OpcnStax)

"'m* siiiinH peuimt butter, and shortening are examples of artificially hydrogenated
m 11111« Imve shown that an increase in trans-fats in the human diet may lead to
111Imi density lipoprotein (LDL), or “bad” cholesterol. High levels of LDL can

...................... tin blood vessels, resulting in heart disease. Many fast-food
m>m nily eliminated the use of trans-fats. In the U.S., food labels arc now

""m1"iim lal content.

i i-i">iiitlimbeing bad. It is true that eating an excess of fried foods, and other
* mul 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

me ill. ii-/1ol cancer. Fats also serve as long-term energy storage and provide

« 1 [lltallhy" 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 m
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). lin
addition of alcohol modifies the phosphate group. Because of this arrangement, a pho: plmlii
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.

Myd'opiiiK
head

tails

(&) Structural formula (D) Space-filt'ing rrode fc> PhospJjoii;-*-

Figure 3.21 The molecular structure ofa phospholipid. (Credit: Clark et al. / Bioloi’v |
OpenStax)

Phospholipids are the major component of the Extracellular
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 OnenStaxI
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"I m"i' " steroids have a ring structure. Steroids do

oM inls. lhc liver synthesizes cholesterol, which acts
:“;I' M testosterone and estradiol. Testosterone
% »1 1" llm sexual maturation and secondary sex
nmMrHK i a chemical signaling molecule, usually a
> ;
N e 111 «"" P "« endocrine cells. It acts to control or
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Waxes

Waxes are also classified as lipids. They are composed ofa 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 /
Wikimedia)

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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.1 L., il liiiil.'tiii “I mulct ulcs that are nonpolar and hydrophobic. Major types
m in [l ,|'i",li],Jil. .mil steroids. Fats and oils are a stored form of energy,
u n,, IMhi 18 Iiu-nt of the cell membrane. Steroids are the precursor
imi| Mniiiii @i ... mil 1linlcstcrol and many required honnoncs. Waxes are generated
'Mun mitl «ingh null nH essential in both waterproofing and preventing organisms

I nut

n, |tuilipnriin tiiifiniiiiiil components of
i llir pruMiiii‘iiilirnnc of cells
li  the Huujii»i luii id steroids
the wiimi" '4 | ui| 4U leaves
L the ilnlili 1.....1in hydmearbon chains

i lipids aniii'inli up ul n hydrocarbon chain with an alcohol (-OH) group and form
i title Ic ul pUiis'
n  Kitiiiuliil M
b Inglyu'ini'm
i waxes
il pliiisplinli|'ids

iellitlat leu. lirt linn linns that lipids serve in plants and/or animals.

u, Jttergv. it can nit.! provide insulation.
IM h uim |.>n»i;uents of cot! membranes. | ipids also firm
wml R si physiological processes.

1f* ibn  Unsauiratcd fats are fats with at least one double
mllm enAor atoms. Thisresults in a bend in chain's
»Ki»" iv i- iwile.iiles from nackine too tightly ioeethe: and results
1 .on -;— Hare. In «outlast .0 unsalurated fuis. saturated tats
"' M «Aon ..t uis saturates! fats. Saturated tats arc solid at eee'«
D1
]
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Glossary

fat: a lipid molecule composed of three fatty acids and glycerol (triglyceride) that typically existi
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 ofa hydrocarbon chain with an alcohol (-OH) group and a fatty
acid
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. & lull liiles Proteins

.......... . Inin vou will be able to:

........... the monomersandpolymersfor proteins
I*4i *i rlhi' haste chemistry ofamino acids

1 m:ini/fimi peptide bonds areformed

1m> mithefunctions ofdifferentproteins

i itan the variousstructureso fproteins

" "m0 define andexplainall bolded terms

i»e..... mi Nip most abundant organic molecules in living systems and have the most
¢ , inun lions of all macromolecules. Proteins may be structural, regulatory,
i tin.... 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 IIn stinctures of proteins, like their functions, vary greatly. All proteins,

............. in i . miiile up of amino acids arranged in a linear sequence.

e "inim limit ill Proteins

m . n -eition, ilinl speed up the rate of chemical reactions. Enzymes do this by
4.i it ol activation energy needed to start the chemical reaction. Enzymes are
cui. i iMiili'ins Each enzyme has a specific substrate, a reactant that binds to the
W, nay assist in hydrolysis reactions or dehydration synthesis reactions.
1] wn» ' .1 down their substrates are called catabolic enzymes, whereas those that build
«apl *...liiairs are called anabolic enzymes. Salivary amylase is an example of a
B .ilivary amylase hydrolyzes starch into simple sugars like glucose. An
4, > .. ai.iilinlic enzyme is rubisco, which plants use during photosynthesis to make sugar

, linn linn iis hormones. Hormones are molecules that are important for chemical
e llormones regulate specific physiological processes, including growth,
M iliiilimii, and reproduction. For example, insulin is a protein hormone that helps

i. .il..-l levels. Not all hormones are protein-based. Some hormones, such as
sy .1 mile, are made of lipids.

. I .iim lural support for many cells. Plants have several different structural
lin ngid cell walls. Cell wall structural proteins offer support and protection
i 1 iiuctural protein found in muscle cells that allows fot muscle
in wmidler critical protein in mammals, is the major component of skin and

i N .ii al protection from damaging UV rays and helps organisms maintain
mini. -
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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 briefdescription of their funrliim

Protein Types and Functions
Type Examples Functions

Digestive Amylas-«. lipase, pepsin, trypsin Help in fc?od by catabolizing nutricni. n
Enzymes monomeric units

Carry substances in the blood or lymph

Transport Hemogl obin, albumin throughout the body
Structural Actin. ti—bulin, keratin S;zzg:lcettgri]fferent structures, like tin
Hormones Insulin, thyroxine Coordinate different body systems' nw ..
Defense Immunoglobulins Protect the body from foreign palhni
Contractile Actin, rOyosin Effect muscle contraction
Storage Legume: storgge proteins, egg Provide nourishment in ealjly embi

white (a-lbumin) development and the seedling

Table 3.1 lists the primany types and functions of proteins, (credit: Clark et al. / H oloits 1
OpenStaxi

Protein Shape

Proteins have different sP*apes. For example, hemoglobin is a globular protein, meaning u it
shaped kind of like a globe. Its shape is important because it allows hemoglobin to all .m li nl
release oxygen molecules easily. Oxygen molecules are needed by all of the cells thal iiml
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 acids arc used to make all proteins. Different proteins have di Iwi M

types and different arrangements of their amino acids, which results in each protein brim
unique. We will now take a closer look at the chemical make-up of an amino acid
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4icp PMiiuiiHm i+ ilini make lip proteins. Each amino acid has the same

mtin ... nil.ol acentral carbon atom bonded to an amino group (NH2),
111 .. llvilingcn atom. Every amino acid has a side chain called the R
jihuli .In_ it SItIC. Amino group Carboxyl group

u* 1 mmMini Illlicicnt

*o vy ills 14sc mid
‘eoin - mid Hedi‘lbling
liM

Im = nin Him]
P li 11141111110 |vMtiti
«1l'in and uside
od [iudl 1 link cl
41

1 carbon

1 iiiiiniiiiily foiuul in proteins, each with a
1" iHuy,., dt 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, BSc, 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 o f 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 segiicnce 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

H 0 H acid’s amino group combine, releasing a water
1 Hy 1 -0 molecule. The resulting bond that forms is
N>-C —c yN-e —¢ covalent and called a peptide bond (Figure
OH H oX 3.28)
H H e
R o H R o
H\/ 10 1 f «
N-c -1c -- N-C o ) ) o
H' 1 1 ~ ox Figure 3.28 Peptide bond formation is a
H H dehydration synthesis reaction, (credit: Clark et
Peptide Bond 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. HOAévcr, the term protein is not usually used until the polypeptide chain(s) have folded
into trdr distinct three-dimensional shape and can carry out their unique function(s). After a
polyp%,le 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 Lp 1S IN ACTION Click through the steps of protein synthesis in this interactive
tutorial.

Oieck your knowledge
IVhat type of bond is a peptide bond?
we or False: All amino acids are polar.
iliSi'S-, reptiifo.s h'inih rLVi'ff’ci.' bonify hetiw i ronirr-;it -

orr. both pvinr nr.fi no-i-poir
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t. ... 1, ular, aprotein's shape is critical to its function. For example, an enzyme can
] Jdilistrote at an active site. Ifthis active site is altered because of changes in the
u, rii/lyme may be unable to attach to the substrate. To understand how the
[ ISP i. im.il shape or conformation, we need to understand the four levels of protein

L , secondary, tertiary, and quaternary (Figure 3.29).
- I' < I'MAlTT Secondary Protein Tertiary Protein Quaternary Protein
r mt i Structure Structure Structure
m lim Local folding of the three-dimensional protein consisting of
AmE 45U polypeptide chain into folding pattern of a more than one
helices or sheets protein due to side amino acid chain
chain interactions
lilln>If«lies the four levels of protein structure (primary, secondary, tertiary, and
it ndii Parker ctal./ Microbiology OpcnStax)
i teeurtutr
............. Mir*ure is simply the polypeptide chain—the sequence of amino acids bonded
i piidc bonds. Figure 3.30 depicts the primary structure of a protein. A protein’s
tuic is not rigid, but rather is flexible because of the nature of the bonds that hold
the amino acids
The pritnaiy protein structure '
is Die chain ol amino acids
O p n «ha: nvtkes up the r>fetr ’OSCta'
K.*» J
aods tree carboxyl quwp, - Figure 3.30 The
C-terrmnes N :
primary structure ofa
- otick berchs protein is the

polypeptide chain,
(credit: modification
'1>000000000© 0" of work by National
Human Genome
Research Institute /
Microbiology
OnenStax)

mit titq J/aeenstax.org”
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Secondary Structure

Due to chemical bonding, the polypeptide chain begins to fold in some regions giving rise to the
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
ofhydrogen bonds that
form between different

ammo acids within the (Cpleated
chain.

sheet

Figure 3.31 The

»
secondary structure of a Nqu ?\klr/ N7‘ >'NNrC N-n chy(% N m-n
protein may be an a- vl o m» K K 0
helix or a p-pleated
sheet, or both, (credit: oo B mwo R M o
' ' ' C'N-C"c"N-C'c'N-C4CM'n- C'c‘N C"O n*C'C'N-C'C'n'c

Parker et al. / « »h i > 1 n

R . HHg R H H o r h h o r h ho
Microbiology OncnStax)

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 swiill a 1l.mul< polypeptide chains. These proteins function only when
m- ml iliinnsurcp i ml appropriately configured. The interactions that hold these

i «(.mUni leads towin' nirlm nl 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 ellini and Protein Wiling

li imku-in lias a unique sequence and is held together by chemical interactions. These
«nil 41 inlcinctions result inunique three-dimensional shapes that allow proteins to function. If
®  i. hi msubjected to changes in temperature, pH, salinity, harsh chemicals, etc. the protein
m....... ihange. When aprotein 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
n tincture may be conserved during the process. |f 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
w, !igiiid egg whites are richin the protein albumin. When the liquid egg white is placed in a
i Hu ilie heat denatures theprotein. As the protein is denatured, there is a structural change
ma iln liquid clear egg intoancmi-solid white substance. Once the semi-solid white substance
Iniiiii-il. it cannot revert toits original state.

(ini taut to keep in mind lhat each protein has its own optimal conditions under which it
» *HuLy best. For example, nat all proteins denature at high temperatures. Some bacteria that
— iv.4hi 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
....... . limi function in the blood operate at a pH closer to neutral.

« >ML) in critical to a protein'soverall function. Scientists initially thought proteins themselves

ee.. -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

» LI 1 .lined on the process ofprotein folding.

- IN ACTION - Fatan additional perspective on proteins, view this
i called “Biomolecules Hie Proteins.”1
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MICRO (m = 10 - 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 ofa
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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eln* ... class of macromolccules that can perform a diverse range of functions for the cell.
m i ip in metabolism, provide structural support, speed up the rate of chemical reactions,
W i 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
* 0 uuwm intricately linked. Any change in shape caused by changes in temperature, pH,
| niliemical exposure may lead to protein denaturation and a loss of function.

I nitin«

__bond forms between the carboxyl group of one amino acid and the amino
, iinip ol another amino acid,

a hydrogen
h ionic
i peptide

d, all of the above

i nwvines speed up chemical reactions by the energy needed to start the reaction.
u. increasing
b. decreasing

m [unaluiation can sometimes be reversed.
a. True
b. False

¢ |In monomers that make up proteins are called
a nucleotides
b disaccharides
c. amino acids
d. chaperones

i mlain 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
simmure?

« n change in protein structure uniUbnclton. j.
I'wuire is affected when protein? unsold. This wtll also affect thy,quaternary stricture.

in-i- at https://oDenstax.ore/ 95



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>Us o, «
makeup DNA never contain the nitrogenous base uracil, and nucleotides that maki'iip uN" |
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 nu . n.

singled stranded and performs several different roles important for generating protein« iin ¢
some time to review Table 3.2 which shows the features of both DNA and RNA

DNA and RNA Features

DNA RNA
Function Carries genetic information Involved in protein synlin i
Location Remains in the nucleus of eukaryotes Leaves the nucleus in etiku
Structure Double helix Usually single-stranded
Sugar Deoxyribose Ribose
Pyrimidines  Cytosine, thymine Cytosine, uracil
Purines Adenine, guanine Adenine, guanine

Table 3.2 shows the features of both DNA and RNA. (credit: Clark ct al./ Biolouv 1 'y.

Figure 3.37 (w 4
nucleotide (In in.
nitrogen coin hi ¢
bases of nut Ii m>i
(c) The two |H1L .
sugars of )NA
RNA (credit U.n
al. / Analoim
Physiolpin i'in
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»1*1» 11'N|1e 3.38). It is composed of two strands of nucleotides.
miciii bonds between the phosphate and sugar groups of

Hydrogen bonds

h wroQfmnue buses: Thymine K .HaN
Adenine  ° 4 B
Tirymine
Guanine -0 ? \ 1
Cyiosttw
Ravi pair
» K
>—" ia e °  Cytos*«
va Baadina v Sr
phoiphele I I}
bacubono

Sugar-phosphate

Sugar-phosphate
backbone

backbone

mm|'l< . nl inn li K ueids that perform unique functions that allow cells
tRIMm*......« nlilii ii i HI or organism usually begins with DNA, which is
U my i s«.«v in synthesize protein. DNA dictates the structure of
i e « .. i|.iinii iilid RNA dictates the protein's structure in a process
M lla = =nilill I biglllil of

shity .| pIMMVA

e« il»" inllie rule

Ilm (low of
*PdHii |0

lh.it DNA
[ i itiMAi
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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 iunl. 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
¢. 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

.'_\-

id;

=

4. DNA forms a double hH:v. «-tiertfts KNA is sindo-strand.ojj. DNA Wk
thyvninc. nti H\ Ailsss "the nim b*iuvrtoi). DNJ1 is *;0inp<sedof ih  ~ v
aad RNAu&es the su&ar nbosc.
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" i-Lm Il (I)NA): a double-stranded polymer of nucleotides that carries the

N nm ill the cell

im«ini < lih>lujiiuil inacromolecule that carries the genetic information of a cell and
'm. ..... Unthe functioning of the cell

Nil.ooooo e . w of making protein from mRNA

‘mnrml.m o:a/
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'l lull iKluction to Cell Structure and Function

« | 11»body is made up of cells organized into four tissue types. Clockwise from from
"»ms"i« lissue, muscle tissue, connective tissue, and epithelial tissue LM * 872, LM x
Inn I M x 800. (Micrographs provided by the Regents of University of Michigan
1 'l...l 2012 “"\natomv and Physiology QpenStaxj

........... uiul picture a brick wall. What is the basic building block of that wall? Most

HM 44, WNis nsingle brick. Like a brick wall, multicellular organisms are composed of
* elinn blocks, called cells. In multicellular organisms, several cells of one particular kind
i mmmej 'Hlh each other and perform shared functions to form tissues. For example, the

i i"in iovulatory system, or nervous system). Several systems functioning together
tup.....  (such as an elephant).

« mlitiiniiii is thought to have 37.2 trillion cells. All cells that make up your body are
i i .iibaryotic animal cells. However, the cells of the body are not uniform. Each
"'l .*Muis specialized for a specific purpose. For example, epithelial cells protect the
i Oh Insly and line internal organs and body cavities (Figure 4.1). These cells are very
M mii> niipcd-Muscle cells help physically move the body from one location to the
M ' .hum Himinu nt of materials within the body. These cells are very long and cylindrical.
mi>«.. .. types plays a vital role during the growth, development, and day-to-day
i. nt tlic body.

nHums variations, all cells share certain fundamental characteristics. In this
' un about the similarities and differences amongst cell types.

inpnstax.org/ 103



4.1 How Microorganisms Are Studied

i Learning objectives
. By the end ofthis section, you will be able to:

. Describe the roles ofcells in organisms
. Understandthe importance o fthe microscope
. Summarize thecel! 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 within 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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HMIl mu nttention to how cells are
I i.» Hvinsize, and with few exceptions,
dI» >«u nilli the naked eye (Figure 4.3). In
e« 'l 111l . «dentists use microscopes (micro-
*ill»'  “to look at”). A microscope is an
ihii iinignilies an object.

m1l 'y cells (eukaryotic plant cells) stained
i- 111l walls and nuclei, (credit: Elizabeth
el

sllii MY 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
im»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)

LIl hiy

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

iin IKIDs, botanist Matthias Schleiden and zoologist Theodor Schwann were studying
m«e.| pioposed thafall living things are composed of one or more cells. They also
Liliii the cell is the smallest and most basic unit of life and that all new cells arise from
ig il 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
|
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CAREER CONNECTWI - Cytotechnologist

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 ofa 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 > n n >
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“»n uiiirnary

\ < | I« ih# smallest unit of life. Most cells are so small that they cannot be viewed with the
i TIhcrefore, scientists must use microscopes to study cells. The cell theory states that
hH are composed of one or more cells, the cell is the basic unit of life, and new cells
........... existing cells.

FHItHE

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

" llie is the basic unit of life.
n organism
h. cell
c. tissue
d organ

i Inyour own words, briefly describe the cell theory.

|n* i*d Injury 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.

«" jiiMii y: llic biological concept that states that all organisms are composed of one or more
tin 1111 is the basic unit of life, and new cells arise from existing cells
........... nn organism with cells that have nuclei and membrane-bound organelles

. 1 >>0i>r the instrument that magnifies an object
i mitilr nunicellular organism that lacks a nucleus or any other membrane-bound organelle
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4.2 Comparing Prokaryotic and Eukaryotic Cells

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

. CoTporeand contrastprokaryottc cells and eukaryotic cells
. Name examples ofprokaryottc and eukaryotic organisms

. Describe the relative sizes o fdifferentkinds 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, ajelly-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 tlismiiiIns of Bacteria and Archaca arc both classified as prokaryotic cells, however there are
. nil differences between them. Unlike Archaea, bacteria have a cell wall made of
tiliijdvean, 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 lie cell to attach to surfaces in its environment. Some prokaryotes have flagella or pili.
¢ <| tlin me used for locomotion, while most pili are used to exchange genetic material during a

m ¢ jailed conjugation.

i t . must bacteria, archaeal cell walls do not contain peptidoglycan, but their cell walls are

1 di(imposed ofa similar substance called pseudopeptidoglycan.

Like bacteria, archaea are

m | hinearly 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

® »1 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)

m"k«i mile (Tils

irtur(negate

filament Plasma

membrane

Microtubule

Centrosome

Mtcrolilament

Lysoeome

Smooth endoplasmic
reticulum

«iif. // 4penstax.org/

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 ctal. /
Anatomy and Physiology
OpensStax)
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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 ofthe 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 .
Aindl
Mtocnondna Humen Cheken
|
( €g R
Mm
Lipids Oshnli \K.
i acti ma
Relative sizes on a logarithmic scale
0.1nm 1nm 10 nm 100 nm 1pm 10 pm 100 pm 1 mm 10 mm 100 mm rm
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

m, 1 iicell increases in size, its surface area-to-volume ratio decreases. When there is

. i kinliicc area to support a cell’s increasing volume, a cell will either divide or die. In

t 1in the cell on the left has a volume of 1mm3and a surface area of 6 mm2 Therefore,
m lIn led has a surface area-to-volume ratio of 6 to 1. The cell on the right has a volume
anil nsurface area of 24 mm2, with a surface area-to-volume ratio of3to 1 The cell on
pM 111- n smaller surface-area-to-volume ratio. As a result, it would be more difficult for the

.. iIn ii;h( to acquire sufficient materials to support processes inside the cell compared to

o i ilir led

«+ MU Sinlacc area comparison of two different size cubes, (credit: Clark et al./ Biology 2E
N»'.1\)

Hl :niimsMJ11I0ON - Microbiologist

Mi ' llcclive 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.«dnl. mid many other surfaces. If someone sneezes into his hand and touches a doorknob,

-1 in.i it you touch that same doorknob, the microbes from their mucus are now on your

1 1l you touch your hands to your mouth, nose, or eyes, those microbes can enter your body
hi LWKKe you sick.

n M not all microorganisms cause disease. Many microbes arc beneficial. You have
mmaw. in your gut that make vitamin K, which is required when making blood-clotting
eu (Mirt microorganisms are used to ferment beer and wine.

«atMiilugiiils urc scientists who study microorganisms (Figure 4.11). Microbiologists can
«m 'ial cureers. They can work in the food industry, be employed in veterinary and
««e inlif. and work for environmental organizations, just to mention a few.

n' .penally selected or genetically
— ml microbes to remove pollutants from soil
*xy ..in We call using these microbes
«h mlluy>ntechnologies. Microbiologists can also
*i Umhioinlormatics field, providing
¢ .Itiinwledge and insight for designing and
11114 “inputcr models.

\ microbiologist works to extract DNA
I 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 nim!
Archaea. All prokaryotes have plasma membranes, cytoplasm, ribosomes, a cell wall, genclu
material, and lack membrane-bound organelles. Prokaryotic cells range in diameter from Il '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 cell compared to a eukaryotic cell.
a. issmaller in size
b. is similar in size
c. s 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 suiiouftcd by s pl.ymflnonifrraav ;L4 have DNA. cytoplasm, asm

ribosomes They Ikisc cell walls anil may have ac, capsule. Pmkuryofts may wthiidle
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:

fiv . iln’components ofeukaryotic cells
m- ml* ofthe plasma membrane
I' i ‘hrporh thatmake up the cytoplasm
M»>  theilifferentproteinfibers thatmake up the cytoskeleton
din Hthe inlet thatflagella, cilia, and centrosomes
t kwule to define and explain all bolded terms

mH. haw nmore complex structure than prokaryotic cells. In eukaryotic cells,
<.. r.=.a|ini'iimellcs allow different functions to be compartmentalized in different areas
14l looking at cell organelles, let’s first examine three essential components of the
e» : r.-cihii MH inbianc, cytoplasm, and the cytoskeleton.

1 »«<er 'li inlii iiiic

m , Kk«tiii* eukaryotic cells have a plasma membrane (Figure 4.12) made up ofa
« i, i Inliivci with embedded proteins. The plasma membrane separates the internal
4. liln 1L I hum its surrounding environment. Because of its chemical makeup, the
n.. Juini allows the passage of some substances into and out ofthe cell while
, 11.....wment of others. It is important because it helps the cell maintain stable
...... Wec will look more closely at the plasma membrane in section 5.1.

,  Glycoprotein: protein with ,Glycolipid: tipid with
, ..m carbohydrate attached | carbohydrate
attached
. lilici<] membrane Phospholipid
il bilayer
Integral membrane Cholesterol

protein Protein channel

'Filaments of the cytoskeleton
|
Ilie 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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The Cytoplasm

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. lons of sodium, potassium, calcium, and
many other elements arc also found here. Many metabolic reactions, including protein syntlu »*.
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).

@ ®) lc)

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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..1 |» . ill piolcin fibers, microfilaments are the narrowest. Microfilaments are
i iinll intertwined strands ofactin. They function in cellular movement and have a
n .ii itmi lurn Microfilaments also provide some rigidity and help form the shape of
11 .1 ..in disassemble and reform quickly, which enables a cell to change its shape and

afmt iill Whiteblood cells, your body’s infection-fighting cells, make good use of
i "1, Mm i.in move to the site of an infection and neutralize the pathogen.

acur Wanients aetjn subunit

L

fii.linent of
i yioskeleton ceBular processes

@ ®)

(c)

i 111al/1 mierofllamcent is composed of a pair of actin filaments, (b) Each actin filament
"4 "l polymerized actin monomers, (c) The dynamic nature of actin allows

i 1, m(ipcnStax)

11 'i TK)4-To see an example of a white blood cell in action, watch a short
m of the cell capturing two bacteria. It engulfs one and then moves on to the other
|
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Intermediatefilaments

Intermediate filaments are of intermediate diameter (between microfilaments and
microtubules) and have structural functions such as maintaining the shape of the cell and
anchoring organelles (Figure 4.15). Keratin, the compound that strengthens hair and nails, 1 'unit
one type of intermediate filament.

intermeduite
cytoskelet-on

Moments
mocell 1
cytoplasm com
lamina
intermediate
v\ filaments \ intermediate

e<tracellular \  filaments

plasma membrane  plasma membrane
of cell 1 of cell 2

©
Figure 4.15 (a) Intermediate filaments are composed of multiple strands of polymerized
subunits, (b) Intermediate filaments form much ofthe nuclear lamina, (c) Intermediate fila .mcnK
form the desmosomes. (credit: ¢ “illustration”: modification of work by Mariana Ruiz Villsrrcal
Microbiology OpenStax)

Microtubules

Microtubules arc the thickest of the cytoskeletal fibers. These arc hollow tubes that can di ssolvc
and reform quickly. Microtubules work with motor proteins to move organelles and vesicles
around within the cytoplasm. Also, microtubules are involved in cell division. Microtubules form
the mitotic spindle that serves to separate chromosomes during mitosis and meiosis. The rreitolic
spindle is produced by two centrosomes, 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 centers of
the mitotic spindle during mitosis, (credit: Parker et al. / Microbiology OpenStax)

116 Return to Table of C~ontei



i <ilia

.iii also the structural components of flagella and cilia. Flagella (singular =
ime long, liair-like structures that extend from the plasma membrane and are used to
inun iell, lor example, sperm and Euglena. When present, a cell may have just one
h 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)



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 ofthe 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
I (©
2. fbi

v The cytoplasm is made up oftwo parts: die Btiosol and the cyloskeletoiv The cytosol contain-,
organelles, cytoskeleton. and various chemicals. The cytoskeleton is a network of protein "Kr»
that helps the cell maintain its shape, secures individual organelles in specific positions, and
allows Visides to move within the cell.
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.............. uli/i-d microtubules that pull chromosomes to their poles during cell division

> je» 1 ti(iil .Imit, hair-like structure that extends from the plasma membrane in large
m..l.....1in move an entire cell or move substances along the outer surface of the cell

n nipon between the plasma membrane and the nuclear envelope, consisting
l« «m» mi [nnilrd in the gel-like cytosol, the cytoskeleton, and various chemicals

W itelMi ilm nrlwork of protein fibers that collectively maintain the shape of the cell,
* v iIMgNiHIes in specific positions, allows cytoplasm and vesicles to move within the
* at mninecllular organisms to move

-1 N» #ml like inntcrial of the cytoplasm in which cell structures are suspended

(iiliiiul 1l.igella) the long, hair-like structure that extends from the plasma membrane
* 1| .-W" nuut the cell

. ini. IlLinrnls: fibers of the cytoskeleton that are of intermediate diameter and have
.............. l......a iiuch as maintaining the shape of the cell and anchoring organelles

, ..M Uni inniiitaining cell structure
........... « 11r thickest fibers that make up the cytoskeleton and can dissolve and reform

« mtiiil»i iinr : a phospholipid bilayer with embedded (integral) or attached (peripheral)
the internal contents of the cell from its surrounding environment
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4.4 Eukaryotic Cell Organelles

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

. Identify organelles thatcan befound in cells

. Know which organelles are partofthe endomembrane sysrem
. Summarize thefunctions 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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Plasmodesmata
channels connect
two plant cells

Cell wall maintains

cell shape ___

Plasma
membrane

Cytoplasm

Central Vacuole
filled with cell sap
that maintains
pressure against
cell wall

Cytoskeleton
microtubules
intermediate
filaments
microfilaments

Cytoskelefon

—Microtubules: farm [lie
mitotic spindie and
maintain ceil shape.

Centrosoine: microtubule

organizing center.

Interm ediate filaments:
porous proteins that hold
organelles in place

Microfilaments:
fibrous proffins;
form tlie cellulai
cortex.

Plasma
membrane

Lysosome:
digests food and
waste materials.

Golgi apparatus:
modifies proteins.

Cytoplasm

Mitochondria:
produce energy

Endoplasmic Reticulum
smooth rough

Chloroplast site
ot photosynthesis

Plastid store

pigments

Nucleus contains
chromatin, a
nuclear envelope,
and a nucleolus,
as inan animal cell

Ribosomes

Golgi

apparatus

Mitochondria

Peroxisome

I'In ;c figures show the major organelles and other cell components of (a) a typical
uni (It) a typical plant cell, (credit: Clark et al. / Biolocv 2E QpcnStax|
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The Endomembrane 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.

The nuclear envelope is a double-membrane structure 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,

Endoplasmic
reticulum

Nucleolus molecules, and RNA between the
nucleus and the cytoplasm (Figure 4.20)
Chromatin
Figure 4.20 The outermost boundary ol
Nucleoplasm the nucleus is the nuclear
envelope, (credit: modification of work
Nuclear pore bv NTGMS. NIH 1Concents of Biok n
QpenStax!

Nuclear envelope
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*> « tniind in the nucleus, contain the cell's genetic information. They arc composed
wiiuiat proteins (Figure 4.21). Together, this combination of DNA and proteins
11 Hwmidfin (L'igure 4.21). When cells are not dividing, individual chromosomes are not

tiDI imili-ilal in the nucleus is referred to as chromatin.

ox 1 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

*alb* 1 rggs and sperm. Fruit flies, on the other hand, have a total of eight

mhM in cucli of their cells.

Chromosomes

Histone- a protein associated
with PNiA

1In) Iliih image shows various levels of chromatin's organization, (b) This image
11111 il chromosomes, (credit b: modification of work by NIH; scale-bar data from

1 limloiiy 2EOpenStax)
on « «ic only visible and distinguishable from one another when the cell is getting
1 iili When acell is in the growth and maintenance phases of its life cycle, the
<u 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
*illit-il the nucleolus (plural = nucleoli), indicates the location where ribosomal RNA

mi <together with specific proteins to form the ribosomal subunits. The ribosomal
> jln 1 linnsported through the nuclear pores into the cytoplasm, where they will be

(im+iirHi lyuthcsis.
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11U Endoplasmic Reticulum

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 M
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.

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
tissuel. EM x 110,000. (c) Smooth ER (source: mouse tissue). EM * 110,510. (Micrographs

provided by the Regents of University of Michigan Medical School © 2012 / Anatomy of
Ptwsiolcnrv OnenStax|

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 winy< (live it a studded appearance when viewed through an electron microscope
IT 1 iihosomes synthesize proteins while attached to the ER. The newly
«l = a in.move into the lumen of the RER where they undergo modifications, such as
W  t"Mitksnofsugars. The RER also makes phospholipids for cell membranes. If the
w = - ni.in phospholipids are not needed in the RER, they will be packaged within
I 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 «a lipids (including phospholipids), and the precursors of steroid hormones, such as
to'i IIn smooth endoplasmic reticulum also plays a role in detoxification of medications
i < Huhaling alcohol metabolism. Finally, the SER acts as a storage space of calcium

" mlii necessary for muscle contraction, nervous system function, and cell division.

MO? You can watch an excellent animation of the endomembrane
Mm \i llie 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.
« iiinmdocs not mean that the heart has stopped working; rather, it means that the heart
...... n nilli 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
Lipliismic 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,
mlvH .in electrocardiogram (ECG, a test that measures the heart's electrical activity), a
< it 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,

-1k ivised 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 m
(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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Igi varies in different cells. Cells that are involved in secreting large quantities

'« m"1higher amounts of Golgi. For example, cells that make up the salivary glands
min/ymes into the mouth, which aids in digestion. Some cells of the immune
emliliodies into the blood, which helps protect us from foreign invaders.

11 ilu <iolgi has an additional role in synthesizing polysaccharides. Some of these
Il< 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
‘s llu irll to be used for breaking down certain materials. The enzyme-containing
m.| 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
Hhi 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
LWum»'i II* lake up bacteria, the bacterial cell is enclosed in a vesicle (Figure 4.24)
o o'« milli a lysosome. The enzymes found in the lysosome then digest the bacteria. As
n nui llicsc immune defense cells contain large numbers of lysosomes.

N IANTI, 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 .uniivloplasin of the cell, killing the cell. This “self-destruct? mechanism is
....... I makes the process of cell death controlled; a mechanism called “apoptosis.”

IM1..... that lysosomes are not present in plant cells. Because lysosomes are

, >a ! iln- endomembrane system, they are being discussed in this section. In plant
«mlni' pioccsscs

i Phagocytosis
* meim miu) Bacteria Vesicle
i ' min mphu~C
i *I*nIn nnn,
~la.te Wl t digesive enzyi
alntt lir icll
1. picNei

m i »ai liniplicily,
»«e f-(1 till

ol I

a4a blkny

| fxocytk vesicle
[ 1 contorting
undigested material
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Vesicles and lacuoles

Vesicles (Figure 4.24) and vacuoles (Figure 4.18) are membrane-bound sacs that function w

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.

Because protein synthesis is esscnti.il «
all cells, ribosomes arc found in
practically every cell. In prokaryotic 11 Il
ribosomes are smaller and differ shiilul, i
their chemical makeup when compan >
Ribosome  rihosomes found in eukaryotic cells

large
subunit

Amino
acid

tRNA

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.

b.
C.
d

128

A cell that secretes enzymes

A cell that destroys pathogens

A cell that makes steroids

A cell that performs photosynthesis
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*u- . 1In milochondrion) are often called the “powerhouses” or “energy
" Iniitusc they are responsible for making adenosine triphosphate (ATP), the
i'l 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 *wwn layer has folds called cristae, which increase the surface area of the
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 llie cristae and the matrix have different roles in cellular respiration,
ihm" Ud in chapter 6.

m >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

. n.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, H202 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 ofthe following organelles is most likely to aid in the digestion of food particlesl

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
¢. 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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Bulk's wrr ibijiiij in she nucleus ami are made o f chromatin. Cbwmiifir! is made oTUNA

A4’ ofiudopInsKuc reUculuni arc pari of the csudomuEibranc system. They arc both. a
(PinlaciMinr-tUi! membranous tubules lira! collectively modify proteins and synihesbs
. llinvevcr. those «wo functions are pertormed in separate areas of tire endoplasmic

Mum' The rough endoplasmic reticulum and tire smooth endoplasmic reticulum, respectively.
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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 im 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 memlii n- sorts,
tags, and packages lipids and proteins for distribution

lysosome: an organelle in an animal cell that functions as the cell’s digestive ioiu/>+ jt
breaks down proteins, polysaccharides, lipids, nucleic acids, and even wom-oul ks

mitochondria: (singular: mitochondrion) the cellular organelles responsible loi 10ut
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 im *40f 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 Iui ......... o1
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|sand
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 1Sfew or
no ribosomes on its cytoplasmic surface and synthesizes carbohydrates, lipuh ]
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 w %
membrane is capable of fusing with the plasma membrane and the membrane, oi u»
endoplasmic reticulum and Golgi apparatus
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><| e114ly of cell organelles within the eukaryotes

objective*s
i H. . ml ofthis section, you will be able to:

Describe the differences between eukaryoticplant and animal cells
Summarize the Endosymbiotic theory

Ihidersrandhow cells communicate with one another

Know the differences between plantcell 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
... m iimongst the different groups of cells that make up the eukaryotes. Those groups
» an i Mine. Protista, Animalia, and Fungi. We will briefly introduce the groups Protista and
1a . 1 1ine focusing our attention on the kingdoms Plantae and Animalia.

tiallil

' »... inn 100.000 described living species of protists. Because the name "protist" serves as

mlill nim 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,

m . oiganisms that are abundant in soil, freshwater, brackish, and marine environments,
«u 10 common in the digestive tracts of animals and the vascular tissues of plants. Some
-miin. huge, macroscopic cells, such as the plasmodia of myxomycctc slime molds or the
miueliulgu Caulerpa. Some protists arc multicellular, such as red, green, and brown

1 lIn ausc of their diversity, protists have a wide variety of different membrane-bound
i. » Inihc 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

o ««fl

¢ i Inin Fungi includes an enormous variety of living organisms collectively referred to as
, 1. ur true Fungi. While scientists have identified about 100,000 species of fungi, this is
«' i ivhi ofihc 1.5 million species of fungus likely present on Earth. Edible mushrooms,
k mold, and the producer of the antibiotic penicillin, Penicillium notatum, are all
m.4 ill llir kingdom Fungi. Because of their diversity, fungi also have a wide variety of
LI 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

ST
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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 ofa series of stacked membranes that MuH
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 ofnb. . 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 ein 11- i
with ribosomes and engages in protein modification

smooth endoplasmic reticulum (SER): the region of the endoplasmic reticulum that hi *m
no ribosomes on its cytoplasmic surface and synthesizes carbohydrates, lipids, and steroid
hormones; detoxifies chemicals like pesticides, preservatives, medications, and environnn *e
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; ili
membrane is capable of fusing with the plasma membrane and the membranes of the
endoplasmic reticulum and Golgi apparatus
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m.. l... inclUs within the eukaryotes

fee « ." hi \nilwill he able to:

tttr <« Jillcieneei between eukaryoticplantandanimal cells
. Aai . <,s/ ndnwmbtottc theory
[T ,7/1 communicate with one another
ih, ... hi rv between plantcell and animal cell communication

'‘«weutr il..... /Il extracellular matrix
If >al t., <line and explain all bolded terms

ft ~ Jtliax mmi mlii.mi-bound nucleus and numerous membrane-bound
,. ill mi Inn'll within a plasma membrane, have genetic material, and use
(it.iiiiiini I)cspitc their fundamental similarities, there are some striking
a. " h*ill,>unit groups of cells that make up the eukaryotes. Those groups
im* Jinliwlt and Fungi. We will briefly introduce the groups Protista and
in, ... nininon the kingdoms Plantae and Animalia.

ini I, .114ril living species of protists. Because the name "protist'lserves as
P e that are not animal, plant, or fungi, it is not surprising
an common to all protists. Most protists are microscopic,

i m.. Nadigestive tracts of animals and the vascular tissues of plants. Some
t m  "|a iells, such as the plasmodia of myxomycctc slime molds or the
I'» '...... protists arc multicellular, such as red, green, and brown
i dil.nili\I'tMiy, protists have a wide variety of different membrane-bound
« 1 %ill have the opportunity to look at several protists: Amoeba,
.............. -1, i, MIluil time, you will observe some of the organelles found in

1 o mutinous variety of living organisms collectively referred to as
i 1lni, 3 u-nlists have identified about 100,000 species of fungi, this is
nil....species of fungus likely present on Earth. Edible mushrooms,

1- |uiHlii' -r of the antibiotic penicillin, Penicillium notatum, are all
llrcivise of their diversity, fungi also have a wide variety of

" |i- Animalia and Plantae and discuss key differences between
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Animal vs. Plant

Despile their fundamental similarities, there are some striking differences between cells loin. m
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 cell1f 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 sj« «
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! mi
called the cell wall. The cell wall is a rigid covering that protects the cell, provides structui il
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  jeentrae

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.
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1 no ONNEA. | 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 K live inside the human gut. This relationship is beneficial for us because we are unable
to synthesize vitamin K 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 3 Inasecond endosymbiotic
membrane of an ancestral event the early eukaryote
prokaryote gave rise to consumed photosynlhetic
endomembrane components bacteria that evolved into
including a nucleus and chloroplasts.

endoplasmic reticulum.

Nucleus )
reticulum

Proto-eukaryote N o
2 Ina first endosymoioiic event,
the ancestral eukaryote
consumed aerobic bacteria
that evolved into mitochondria.

Modern heterotrophic eukaryote

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
mvh H » that help their host cells generate energy. This concept is now known as the
» . theory.

ii it Vacuole

ti ii.". Zink 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
ni nm liter a plant for a few days, it wilts? That’s because as the water concentration in the
myi iiiiin". lower titan the water concentration in the plant, water moves out of the
"Oil i .M uoles and cytoplasm. As the central vacuole shrinks, it leaves the cell wall
I ruled 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
m i.. .Me energy in synthesizing a new cytoplasm.

N

....... 1 vacuole also functions to store proteins in developing seed cells, has digestive
i* mill acts as a storage site for waste materials.

cok

PInsmodesmata Endoplasmic Reticulum Nucleus contains

mmnitls connect smooth rough chrometin, a

o plan! ceils nuclea-envelope,
o and a nucleolus,

wnil wall maintains as inan animal cel

i.ill shape

Plasma —

niiimbrane

i ytoplasm Ribosomes

i.entral Vacuole
'Kird with cell sap -Golgi
dial meintains apparatus
piossuie against
lall wall
i ytoskeleton -Mitochondria
niicotubules
HinmediAte

filamems 5 ‘Peroxisome
M.rinfronents Chloroplast site Plastid store

o1photosynthesis pigrents
i1l licse iigures show the major organelles and other cell components of a typical

". I'Lini cell, (credit: Modified by Elizabeth O’Grady original work by Clark et al. /
i iiprnStaxI
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Intercellular Junctions

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 ofanchoring junction (Figure 4.32).

Tight junctions

Plasmodesma

CeH wall Gioups
of tight
junction
proteins
Cytoplasm
Vacuole
space
- Pathways (hrougn the cytoplasm Plasma membrane
@ ®
iC Desmosomes
fiiamems of of cefl 2 Connekon  Ciosed  Open
cell 1
Plasma membrane
of cell 1
intermediate
filaments Plasma membrane
Plasma. of cell 2 of ceil 2
membrane Desmosomes |
ofcell 1 ofcell 1 space ofcell 2 Gap junction channel  ErtracettuU’t
w (d)

Figure 4.32 There are four kinds of connections between cells, (a) plasmodesma (b) Tight
junctions (c) Desmosomes (d) Gap junctions (credit b, ¢, d: modification of work by Mariana
Ruiz Villareal / Concents of Biology OnenStax)
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—1 4w (a

W npl|Mumu plant cells, the plasma membranes cannot touch one another because they are
1 liy the cell walls surrounding each cell. Plasmodesmata are channels that pass
n 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).
- . MH lions between neighboring cells
* . unitnn open, and therefore, materials
sunuiiiinusly being shared amongst cells.

fo». | 1l /1plasmodesma is a channel
*mi Iwo adjacent plant cells' cell
clli ti. it Clark et al. / Biology 2E
g[BIIhIIN)

N * imb tiimn

» until liinction is a watertight seal between two adjacent animal cells (Figure 4.34). Proteins

I 1 liln* 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 Tightjunctions form watertight connections
between adjacent animal cells, (credit: modification of
work by Mariana Ruiz Villareal / Biology 2E OnenStax)

mt UFI/H.V

li iiiiiMimes are another type ofjunction 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
1 i 11 .*ucs that stretch, like the skin, heart, and muscles.

mguir 135 A desmosome forms a very strong spot
- «Id between cells, (credit: modification of work by
...... n Ruiz Villareal / Biology 2E OnenStax)
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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 ccll
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.

Gap junction

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

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

Toteoglycai con, -

. Carb Ui
the cells together to form a tissue. It also aronyet
allows animal cells within the tissue to ProfPH
communicate with each other.

Collagen fiber
Potysacchandr
Fibronectin

Figure 4.37 Animal cell-extracellular matrix
consists of a network of substances secreted
by cells, (credit: Fowler et al. / Concents of
Biology OnenStax)

Plasma Integrin Microfilaments

membrane of me cytoskeleion
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- Lun, nil ill Prokaryotic and Eukaryotic Cells (Animal and Plant Cells) and Their

M hnn

-ini

laduil

tl «

‘W “eenil

W«

Functions

Liinetion

Separates cell from the external
environment; controls passage of organic
molecules, ions, water, oxygen, and
wastes into and out of the cell

Provides structure to cell; site of many
metabolic reactions; medium in which
organelles arc found

loculion of DNA

A cell organelle that houses DNA and
ilnccts the synthesis of ribosomes and
piolcins

Piolcin synthesis
ATI’ production/cellular respiration

(Ixulizes and breaks down fatty acids and
amino acids, and detoxifies poisons

Storage and transport; digestive function
in plant cells

Present

Present in

Prokaryotes? ~ Animal Plant Cells?

Cells?

1 n.pccified role in cell division in animall

cells; organizing center of microtubules
in animal cells

lhgestion of macromolecules; recycling

ol worn-out organelles

Protection, structural support, and
maintenance of cell shape

Photosynthesis

n liin "<Denstax.org/

Present in in
Yes Yes
Yes Yes
Yes No
No Yes
Yes Yes
No Yes
No Yes
No Yes
No Yes
No Yes
Yes, primarily
peptidoglycan No
in bacteria but

not Archaea

No No

Yes

Yes

No

Yes

Yes

Yes

Yes

Yes

No

No

Yes, primarily
cellulose

Yes

141



Components of Prokaryotic and Eukaryotic Cells (Animal and Plant Cells) and IInli

Functions
Present
Cell Function Present in in  Present In
Component Prokaryotes? Animal Plant Cril
Cells?
Endoplasmic proteins and synthesizes lipids No Yes Yes
reticulum
Golgi l\/.lod'lfles, so'rt's, tags, packa_ges, and No Yes Yes
apparatus distributes lipids and proteins
Maintains cell’s shape, secures organelles
in specific positions, allows cytoplasm
Cytoskeleton and vesicles to move within the cell, and Yes Yes Yes
enables unicellular organisms to move
independently
No, except |- m
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 ofthe 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 li'll wall, chloroplasts, and a central vacuole. The plant cell wall, whose

«+n ni is cellulose, protects the cell, provides structural support, and gives shape to
uInili. sis lakes place in chloroplasts. The central vacuole expands, enlarging the
........ 1In produce more cytoplasm. Plant cells also have various plastids for

"in aientrosoinc and lysosomes. The ccntrosomc has two bodies, the centriolcs,
« mil incell 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.

"i«in inLlinches arc thought to have once been free-living bacteria?

1" IK In- cell wall has a large abundance of what polysaccharide?

w lllllosc
—eopt i
*m/ ugrll

«"i iln billowing is not ajunction used by animal cells?
‘mMill lunrtion
*[I lunrtion
'k HIOKOIUCS
I'L-modcsnuita

* i« n pieces of evidence that support the endosymbiotic theory.

U>, ikt-.- until, a cell wall. 4 large central vacuole, chltiropliists. and plastids.
Ifii i -.'.nd e.cnti'visomes.

i>\/1 ribo.-omes and art: riu:lo>etJ within r\v,; membranes!
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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
low-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
..... i« lion to Energy

.. 71 t hummingbird needs energy to maintain prolonged flight, (credit: modification of
i m  /[linker. Biology 2E OnenStax)

.l iwiy tusk performed by living organisms requires energy. For humans, energy is
M .in nisc, 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 niilia JIN living cells continuously use energy.

m >Inii'. mid in what form, does this energy come? How do living cells obtain energy, and
» 11iln v n.c it? This chapter will discuss different forms of energy and the physical laws that

m 11 miwy transfer.

mlin (ill Membrane

' objectives

'm=.ml ill this section, you will be able to:
1 ‘i standthefluid mosaic model o fceil membranes

m | M rihe ritefunctions ofphospholipids, proteins, andcarbohydrates whenforming the
=l membrane,

« lI*able to identif’'what types ofmolecules canpass directly through the membrane vs.
It»He dial need to use a transportprotein to enter or exit the cell

« He able to define and explain all bolded terms*

m im ililincnces in structure and function, all living cells are surrounded by a plasma
- Hu Asthe 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
m\ uemment. This cell membrane provides a protective barrier around the cell and
Ini li materials can pass into or out of the cell.
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Fluid Mosaic 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 Inie
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 5to 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 Glycoitpid: lipid with
carbohydrate attached
JP  attached
m m

Peripheral membrane Phospholipid
protein bilayei

integral membrane LL&ent

piotein

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 ACTION - Visit this site to see animations of the membranes' fluidity and
mosaic quality.
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' | <nijMsition of the Cell Membrane

........ is an extremely flexible structure, It is composed primarily of back-to-back

LI icil to as a phospholipid “bilayer”
i ' InHr-tcrol is also present and
. .intin fluidity of the membrane. In
ill i in v.uious proteins embedded within
Cy e Hint have a variety of functions. We
i puiatcly at each component that
it ill- pliiMiia membrane.

t i i rhiispliolipid Bilayer (credit: Betts ctal.]
n , ami I'liysinlouv OpenStax)

Extracellular

, , ,-1t.1mitinlipid 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

(o Fteschetii N syl

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 ofa cell docs so
through a transport protein called
an aquaporin.

I 1 hydrophilic head and two hydrophobic tails comprise this phospholipid molecule.

Luk el ill. / Biology 2E OpenStax)

-i iilnver forms the basis of the cell membrane; however, there arc various proteins
»l iliiuiighout. Membrane proteins are categorized as either integral proteins or peripheral
1ligure 5.2). As its name suggests, an integral protein is a protein that is embedded in
mnun- 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 of the cell.
linin discussed above is also an example of an integral protein.

it https://oDenstax.ore/
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Cell recognition proteins are integral proteins that serve to mark a cell’s identity so that it man U
recognized by other cells. A recognition protein may also act as a receptor that can sclccliv1l,
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*
to a dopamine receptor protein, a channel within the protein opens to allow specific ions to l1>.»
into the cell.

Peripheral proteins are typically found on the inner or outer surface of the lipid bilayer hill . .
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 lin
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 |
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 1rvd
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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Mumna Membrane Components and Locations
Location
‘««d Main membrane fabric

Attached between phospholipids and between the two
phospholipid layers

«ilni 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

mi .....laments of Generally attached to proteins on the outside membrane
ami I'lyrolipids) layer

A nn'inhume components and the location of each component. (Modified by
Wl uinal work of Clark et al. / Biology 2E OoenStaxl|

iiiii Ilt)\-How Viruses Infect Specific Organs

.... I I'lycolipids on the cells' surfaces give many viruses an opportunity for

o1\ uni hepatitis viruses infect only specific organs or cells in the human body. HTV
iin [M*.iii.i membranes of a group of cells called T-helper cells, as well as some
1.. nlL.it nervous system cells. The hepatitis virus attacks liver cells.

"o hi nliL- lo invade these cells because the cells have binding sites on their surfaces
in niogni/.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
" |-m-lil Irlent populations of the virus
1 tin n mn Facc markers. Although the
m @1 in innv be able to fight one
€ populations arise it becomes
a m jhllicult for the immune system to
i .. <u: of HIV, the problem is
| .11. miiisc the virus specifically infects
........ IK involved in the immune response.

HIV hinds to the CD4 receptor, a
..... . | icllsurfaces, (credit:
.I wink hv N1H. N1AID / Concepts of
iiM
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Section Summary

The modem understanding of the plasma membrane is referred to as the fluid mosaic model. Thi
plasma membrane is composed of a bilaycr of phospholipids. The membrane is studded with
proteins, some ofwhich 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?

"Eai
2.

3 The iliiidi'v of the cell membrane is necessary tor the operaaorfis’uote enzymesandon-:
mechanisms wilhin the membrane.
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L«e

i iin: channel protein that allows water through the membrane at a very high rate
i . .111nl:a lipid that plays an important role in membrane fluidity

LI . 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
til....static character

......... «li» a fuzzy-appearing coating around the cell formed from glycoproteins and other
.is. 1.icsattached to the cell membrane.

a -iniilrln: a combination of carbohydrates and proteins

m 1*i'INHi: a molecule with the ability to bond with water; “water-loving.”

m ' «iiiiililc: a molecule that does not have the ability to bond with water; “water-fearing.”

e I|lu olein: protein integrated into the membrane structure that interacts extensively with
...... inniie lipids' hydrocarbon chains and often spans the membrane

. .tJil'i i« prolein: protein at the plasma membrane's surface either on its exterior or interior

m i i.nllplil: a major constituent of the membranes of cells; composed of two fatty acids and a
n. rump attached to the glycerol backbone
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5.2 Passive Transport

Learning objectives
3y the end oftins section, yon will be able to:

« Be preparedto identify what types ofmolecules can pass direr'ctly through the
membrane vs. those that need to use a transportprotein to er t ter or exit the c<l|

¢ Explain why and how passive, transportoccurs

« Understandtheprocesses ofsimple diffusion andfacilitated cdiffusion

¢ Understandtheprocess of osmosis

« Explain the difference between hypertonic, hypotonic,andis otonicenvironm» m

« Explain how animalandplant cells respondwhenplaced in fly pertonic, hypoinm
isotonic environments

« Define tonicity and describe its relevance to passive transpot t

« Be able to define and explain all bolded terms

One of the great wonders of the cell membrane is its ability to regulate the concentration ui
substances inside the cell (Figure 4.44). These substances include ion s such as Ca+2 Na' 1
and CI"L nutrients including sugars, fatty acids, and amino acids; and waste products,
particularly carbon dioxide (CO?), which must leave the cell.

The plasma membrane’s lipid bilayer provides the first level of control. The phospholipid.
tightly packed together, and the arrangement of the hydrophobic tails causes the membi.n»
selectively permeable. A membrane that has selective permeability only allows substam i
meeting specific criteria to pass through it unaided. In the case ofthe 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 al cohol. The chemical
makeup or overall size of a molecule can prevent it from easily crossing the membrane. Whi. ¢
soluble materials such as glucose, amino acids, and electrolytes cann®i move directly tlimui
membrane and need some assistance to cross. Later in this section w e will discuss how tin mm
materials move into or out of the cell.

All substances that move through the membrane do so by one oftwo general methods, win i
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, aillo
transport is the movement of materials across the membrane using energy, usually in the In m
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 thev arc less concentrated until they arc equally distributed in that
"in F 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
th- i iii i molecules in the glass. The green food coloring molecules will

< i\rnly dispersed amongst the water molecules resulting in one
o .vHe 5 <)

i infood coloring in water, (credit: Robby Remedi)

I f e»«nr transport where substances move from an area of higher
p»n ol lower concentration until they reach equilibrium (Figure 5.5). When
p slhmm, it means the molecules are evenly spread out. You may be

i it substances through the air. For example, think about someone
ptininr iii a room filled with people. The perfume is at its highest
mMih and is at its lowest at the edges of the room. The perfume molecules
«i >%* lioni the bottle, and gradually more and more people will smell the

mi through a membrane, if there is a higher concentration on one side of
ium ¢ 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. O2generally diffuses into cells because it is
iilc ol the cells. CO2typically diffuses out of cells because it is more

In 111ls. 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

. u-%erred to as simple diffusion (Figure 5.7 and 5.8).
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phospholipid bilayer
(plasma tpembrane)

Time m.-. . ®m - [ABIOWMWAT: earn ..—
simple diffusion

Figure 5.7 Diffusion of molecules through a permeable membrane, (credit: modification ul
by Mariana Ruiz Villareal, Microbiology OnenStax|

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 ofthe cell.

Small uncharged Extracellular fluid

> 0 c
molecules v
b'W Co ©-oca o "0
0 : »° 00 *
gm o «o
Liptd blayer
(plasma
membrane)
(o] [e]
Small uncharged aq ©
molecules \ o ° (o N0) N
0] © - © Cytoplasm ¢ o e° «®
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.I Ihc rate of diffusion.

meHull u! ihc concentration gradient: The more significant the difference in
m momiiihi 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.
1Hu molecules diffusing: Large molecules move more slowly. It is more difficult
i n i,.move between the molecules of the substance they arc diffusing through. As a
Hull di Ifuse more slowly.
mwsliiii' Higher temperatures increase the movement of the molecules, which
im wi»i 8K iulc of diffusion.
iin it, unity: As the density ofthe solvent increases, the rate of diffusion decreases.
m ..., . nil mslow down because they have a more difficult time getting through the
fane* bilvent

For an animation of the diffusion process in action, view this short
It mi Mintine transport.

* 1 mIK[MITt

vmiii|nai, also called facilitated diffusion, material moves across the plasma
u. I1." lirlp of transport proteins. In facilitated diffusion, materials still move down
W - imiinln-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 itittunc easily or quickly across the plasma membrane.

"1 -i.iwi 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
¢ eevwe.. that is needed by the cell
.11 ww iin- extracellular fluid or
11" <nlnuances arc then passed to

-ee«ai |nnil iiis that facilitate their
- ,. 1iHi'li ins form channels or pores

Min..... nils to pass through the

iii inlugiiil proteins involved in
.("ii Hr collectively referred to as

m'nl diffusion of substances ®)
.iiiluiinc lakes place with the cytoplasm O (0]
imtnii-iiis. (credit: Parker etal./

facilitated diffusion
1IM.1X)
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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 of 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 st .
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 (1 tgi»«
5.10). On both sides of the membrane, the amount of water molecules is the same, but tlu-imm
different concentrations of a dissolved substance, or solute, on each side. For example, on um
side of the beaker, there is a single teaspoon of sugar dissolved in the water; whereas, on lin<
other side of 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 11t
right side and, therefore, a lower concentration of free water on that side because of the tin m
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 of Biology OncnStax)
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m[>1-. ii> linnturn of solute in a solution. The measure of the tonicity ofa solution is
Ilure terms, hypotonic, isotonic, and hypertonic, are used to relate the
1 H. ii.molarity of the extracellular fluid that surrounds the cell.

> ej1l1mii inch as distilled water, the extracellular fluid has a lower concentration
v 1Mvii| inside the cell. As a result, water enters the cell. In living systems, the
to«>e n.i d iis the point of comparison, so the prefix hypo- means that the
lIn. nlower concentration of solutes, or a lower osmolarity when compared to

f1im i li idmi means that the extracellular fluid has a higher concentration of free
| r>mud In the cell's cytoplasm. In this situation, water will move down its
j i inunil enter the cell. This may cause an animal cell to burst or lyse.

Miliiilini, the prefix hyper- refers to the extracellular fluid having a higher
« “mni *nhili'’K lliau the cell’s cytoplasm. Imagine putting an animal cell into a glass of
m»' cell has a lower concentration of solutes when compared to the fluid

* * e ..M »»ici will leave the cell. This may cause an animal cell to shrivel, or

m 1ini. , mi a cell is approximately equal to that of the extracellular fluid, there
1" mme"Mini-ill of water into or out of the cell. Figure 5.11 shows what will happen if

[< 11i ll» in hypertonic, isotonic, and hypotonic solutions.
Hy porionic Isotonic Hypotonic
(volution solution solution

u pressure changes the shape of red blood cells in hypertonic, isotonic, and

n (credit: modification ofwork by Mariana Ruiz Villarreal / Concents of
.mj
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Osmosis

Osmosis is a form of passive transport that involves transporting only water wum
membrane. Osmosis can be defined as the movement of water from an area ol fm «<
concentration to high solute concentration until equilibrium is met. Water cun n¥>> e
the cell membrane of all cells, cither through protein channels called aguapmnm 1m
between the lipid tails of the membrane itself. Water, like other substances, uim s »<
of higher water concentration to an area of lower water concentration. W ater....... —
dependent on solute concentration.

Imagine a beaker with a semipermeable membrane separating the two sides 01 'm>m |
5.10). On both sides of the membrane, the amount of water molecules is the sum  «#
different concentrations of a dissolved substance, or solute, on each side, hoi ue

side of the beaker, there is a single teaspoon of sugar dissolved in the watei. winhumi
other side of the beaker 1/4 cup of sugar has been dissolved. The sugar cannot is «*e
membrane. The sugar is kept dissolved in solution due to its chemical interm n  e«*
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 ni, ii
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 isa low 11 ....... (
sugar; therefore, a higher concentration of free water. Water will move from ......... o<
solute concentration, right side, to an area of high solute concentration, left soli =~ >«

equilibrium is met (Figure 5.10). This can also be stated as water will move .o

free water concentration to an area of low free water concentration until equilibrium

Figure 5.10 In osmosis water always moves through a semipermeable menibiim
low solute concentration to an area of higher solute concentration, (credit: I'm I
Concents of Biology OnenStax|
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4. *ueihiiiuii 1lie measure of the tonicity of a solution is
i niiinu anil hypertonic, are used to relate the

1] . aii.ii I'lulni lluid that surrounds the cell.

NN*! « 1. p llir extracellular fluid has a lower concentration

| A«....... till, water enters the cell. In living systems, the
[ = S so the prefix hypo- means that the
LIM <o "I solutes, or a lower osmolarity when compared to
An.. eenn... illulat lluid has a higher concentration of free
[IT™M.

, I n llni. situation, water will move down its

eeip .in inayinose an animal cell to burst or lyse.

kk Ifr i Ipin 1> the extracellular fluid having a higher

o m i PImit Imagine putting an animal cell into a glass of
4 . anil.ituni ol solutes when compared to the fluid

W S « IIm may cause an animal cell to shrivel, or

M*i pmiil lias the same osmolarity as the cell. If the
o ~mniiin.iti ly "™{nml to that of the extracellular fluid, there
0ip. ..ii ol the cell. Kigure 5.11 shows what will happen if

| Ip.ii.iiii anil hypotonic solutions.

Ita lIOIHC Hypotonic
"dilution solution

li.ilii* of red blood cells in hypertonic, isotonic, and
i i hoi k by Mariana Ruiz Villarreal / Concepts of
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Iblb j?laur toil was placed w hypotonic solution such *» disuUco water. Because the plont '‘Aly
placed m a hyp.HoTe solution, water wnulij mo\c more the external cm ironmcni a»jk >eh :.
ire in U?w coneermation into the plant cell whsrve solute concernration would he eomlderabh
higher if* comparison Tliis would account tor the- plant ecU swellmg bl bulging.

- Ko
x BY
W ater iTnivo across o .enuperteablc membrane in osmosis because there is a dttiercnce w s,
conccniraiion bciu ecu il:c inside of'he cell and ;he outside of shc 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 of a cell that requires energy
concentration gradient: an area of high concentration across from an area of low concentration

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

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

osmolarity: the total amount of substances dissolved in a specific amount of solution

osmosis: the transport of water through a semipermeable membrane from an area of low solute-
concentration to an area of high solute concentration. Water also moves from an area of high
water concentration to an area of low water concentration until equilibrium is met.

passive transport: a method of transporting material that does not require energy

selectively permeable: the characteristic of 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 of low concentration until equilibrium is met

solute: a substance dissolved in another to form a solution

tonicity: the amount of solute in a solution

160 Return to Table of O u



Hie lranspurt

iiuL id-b-cm es

.ml of this section, you will be able to:

; \plain active transport

Mei1 i ibe endocytosis, includingphagocytosis, pinocytosis, and receptor-mediated
mdocstosis

| w'inlersrandthe process o fexocytosis

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
mn| mergy is required to move a substance across a membrane, often with the help of
m l'Inicins. and usually against its concentration gradient. If a material must be moved out
11itgainst 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)

Lilm must common types of active transport involves proteins that serve as pumps. The
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
‘"1 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
" M uwmk 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 aof cells. These pumps are particularly abundant in nerve cells, which arc

milv pumping out sodium ions and pulling in potassium ions to maintain a gradient across
i iiii'iubranes. -

an Al /lopenstax.ore/ 161



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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m 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(mv

ill ilulls is the process by which large particles, such as cells, are taken into the cell. For

¢ it «hen microorganisms invade the human body, a type of white blood cell called a

« 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

> iill (use with a lysosome and be destroyed by the digestive enzymes.

mwi iillion of endocytosis is called pinocytosis. The word pinocytosis means “cell
i iiikl 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

. n Hliml (Figure 5.15b).

RSP lhiled endocytosis

............. . ofendocytosis, receptor-mediated endocytosis, involves binding specific

i inin cptor proteins in the plasma membrane (Figure 5.15c). The substances bind to
Qi i |moleins, 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 Lilc-in or LDL, also referred to as “bad” cholesterol, is removed from the blood by
, Med endocytosis. In the human genetic disease familial hypercholesterolemia, the

me defective or missing entirely. People with this condition have life-threatening

1 i-ol because their cells cannot remove the lipid from their blood.

0
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CONCEPT S IN ACTION  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 bl
the cell, and the particle is expelled into the extracellular fluid (Figure 5.16).

Ecocytocis

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?

ALISV W 1tildfH
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o~ emellIHIMiy
" |»"il uses energy stored in ATP to fuel transport. Active transport uses integral

- mid mivr the material either into or out of the cell against their concentration
K "inr ill the most common types of active transport involves proteins that serve as

la i type of active transport that moves large molecules into the cell. These large

P ... wnhull can include cell parts and foreign cells, cannot be moved in through integral
« i ..mn?oftheir large size. There are three different variations of endocytosis:
........... pinocytosis, and receptor-mediated endocytosis. The cell expels waste and other
> iilinaiit <the reverse process, exocytosis.
| .m.laia

l... h statement best describes active transport,
n Active transport always requires the use of an integral protein.
li Active transport moves materials from an area of high concentration to an area of
low concentration.
m  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. | he plasma
« Ta« evil invaginaies, tormina a pocket around the target substance. The pocket
fc .litiny 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
o the ceil needs from the extracellular fluid. Receptor-mediated endocytosis mvul* es
du: substtiiictrs to receptor proteins in the plasma membrane.

| mee41l

.ii«ii niisport: the method of transporting material that requires energy

eiiihlc utype of active transport that moves substances, including fluids and particles, into

.iinila: nprocess of passing material out ofa cell

.1 tinli: a process that takes macromolecules that the cell needs from the extracellular
......... Million of endocytosis

.lulls: 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:

« Understandhow energyflows througha living system

« Explain what metabolic pathway’ are

« Know the difference between anabolic and catabolic reactions and be able to give an
example ofboth

« 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.

) Consumers
Camivores (heterotrophs)
Omnivores (Decomposers
Herbivores » Energy Movement
Mineral and Nutrient
Movement
Heat Energy
Sun d Minerals and
(Light energy) Producers Nutrients
(autotrophs)

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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m11vdic Pathways

i milli producers such as plants capture light energy and convert it into chemical energy such as
eeor (Figure 5.18)? How do all cells convert chemical energy found in glucose into ATP? To
«"en llicsc questions, it is important to understand that energy conversions occur through a
mMi >un! related chemical

—ulmllc pathway.

m«.mi i 18a Producers
m inr light energy from
® *in and convert it into
iviini nl energy, (credit:
m\il L, Wikimediaf b.
Ik I'Mores, like the
uii  consume the
Iw «Ini n and make their
e 1 Iniill of chemical
i lu edit: Modified
hi 1'l «belli O'Grady
in il work
l'i|n nSlux; Wikimedia)

uii i the metabolic pathway of photosynthesis. During photosynthesis, plants use energy
. liinlight to convert carbon dioxide gas (CO2) and water (H20) into sugar molecules like

t i f(< JluOe) and oxygen (Figure 5.18). This metabolic pathway is quite extensive and will
mird in chapter 7. For now, we will summarize this metabolic pathway in the following

o Hull

6C0O2+ 6H20 + light energv------- > C6HNO6+ 602

n* ... sc produced through photosynthesis can then be used to form adenosine triphosphate
ml! Lthrough a process called cellular respiration. Adenosine triphosphate (ATP) is the
... energy currency ofall living cells. Cellular respiration is a metabolic pathway that is

ii illy ihc reverse reaction of photosynthesis. The reaction is summarized as:
C6HMO6 + 60 2------ >6C02+ 6H20 + energy (ATP)

1 H1itosynthesis 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 1limn 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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Carbon dioxide (CO,) and Organic molecules (glucose)
Water (HRQ) ____and Oxygen (O

{

Cellular Respiration

Figure 5.19 Autotrophs use carbon dioxide, water, and light energy to make organic nialii m«
°Xygen. Organisms use organic matter and oxygen to generate ATP and produce the wi-.i-
Products of 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*"
OnenY 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, Tom - *
substances. Anabolic reactions, such as photosynthesis, require an input ofenergy. 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.

Metabolic pathways

Anabolic: Small molecules are built into large ones Energy is required.

Catabolic: Large molecules are broken down into small ones. Energy is released

0300 — -1 O o © —

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 etal. Concents of Biology OnenStax).
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, . . 1di mprocesses arc called metabolism. Metabolism is the sum of all anabolic
»_i.. 1 iiiiiims lliut take place ina 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 iln Imdy likely carry out anabolic processes? What about catabolic processes?

I | imhi I hum WIIfO

2l LIL'Miiif events as catabolic or anabolic reactions:

« |u||||Lochip.

ftl iiiiikiiig an enzyme.

AHLiplit line leticulum removing a toxin.

l«».i "...tin iiir irllulose for the ceil wall.F

I "ii"tix ore/

LJifii.itrl, rxexbot'r, uaaihiUc. xxluho’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: fd .
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 ofthe 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 ofthe above are energy transformations
3. The energy currency used by cells is
a. ADP
b. ATP
c. AMP
d. Adenosine
4. 1s photosynthesis an anabolic or catabolic reaction? Explain your answer.

Answers

1. pHHiucen-.ffiuch as plants, can directly capture sunlight and consert it into chemical energy
Consumer*, such as such as cows, obtain their chemical energy by consuming producers, s m
gta-Sa. Cows indirectly get their energy hum the sun.

2. bl!
3. (b
1. Photosynthesis is an example of an anabolic reaction. . anabolic reactions, smailoi. simple m
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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«! "M ul llicrmodynamics

........ objectives
">l . ml of this section, you will be able to:

| iixl<dinhow thermodynamics and energy-are related

‘imtr thefirstand second laws o fthermodynamics
I'mlersrandwhat entropy is and how thatrelates to energy
u+ able to define and explain all bolded terms

I'b ii»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

«iii ,in be converted from one form to another, it is important to understand two laws that
t*imi iiii'lgy.

1m i-l lIniituidynamics
" Hiil In» nfthermodynamics states that the total amount of energy in the universe is
miinil conserved. In other words, there has always been, and always will be, the same
o i nergy in the universe. Energy exists in many different forms. According to the first

pon imodyiiamics, 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.unyy into light and heat energy. Plants perform one ofthe most biologically useful

nuinliirmations on earth; they convert the energy of sunlight to chemical energy stored in
mill" iules such as glucose (Figure 5.22).

¢ 1 uiu innanisms must obtain enough energy
LI nundings to support their
a. in living cells have evolved to meet
...... mur (‘hemical energy stored in organic
«i. « >ju li as sugars can be transformed
(i Inmuch! reactions into molecules of
, 11 .wveruy in ATP molecules can then be
.M in do work. Examples of work
i. i, ilimv complex molecules, transporting
i< powering the motion of cilia, and
a in,i muscle fibers to create movement.

........ pics of energy transformations are
...... I iifinc 5.23.

Musi life forms on earth obtain their

ilu sun. (credit: Clark et al. / Biology
|
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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 OnenStax|

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 1
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. Henl
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 statel
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 of cleanliness and order is one of low entropy.
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e « *Inn have varying amounts of
< 1"i rminiple, when molecules
" ""in tin area of high concentration
J 1"l luw concentration, entropy
" % ' joncentrated drop of food
“# Ibk luw entropy. As the food
i 1 -ii mulcs begin to slowly diffuse

« < wnlcr, the entropy increases
I *

I nlitipy increases as
*e (credit: Modified by
¢ 14 Hm I. original work of Robby

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 OpcnStaxd

. are highly ordered. Organisms require a constant input of energy to maintain

mijulropy. 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

hi //lournUax.org/
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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
L@
L fei

> Mi energy transfers and transformations are never completely silirh: neveryener =
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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|1 1HILY

B oulld vl
1 M lion, you will be able to:

| IR .that there are differenttypes ofenergy>and be able to give examples of
icf m* / energy

, itihr difference between kinetic andpotential energy
?r :i/''r J rgonicandexergonic reactions

*e m' indefine andexplain all bolded terms

nilifluicnt forms. You may be familiar with some types of energy, such as light
*u *i4, there are other types of energy that are much less tangible. An object held
=i linkenergy, as does a ball moving through the air. To understand how energy

't wmill systems, it's important to look more closely at the different types of
" -« 1in lie world.

wii ii.ii nllul L.nergy

i i i*iii motion, there is energy associated with that object. Think of a wrecking
m I moving wrecking ball can do a great deal of damage to other objects. The
|«nul willi objects in motion is called kinetic energy. A speeding bullet, a person
*»i ilowing 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
» iUa ition of work by Frank Gualticri / Concepts of 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*]Juired 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»l
out of an airplane.

Figure 5.27 This image shows a pendulum \mib
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 1
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 lllation Energy

euiuil iii ihe second law of thermodynamics, all energy transfers involve tbve the loss of some
- m an unusable form, such as heat. "Free energy" specifically refers to ttto the energy
« laii il with a chemical reaction that is available after the losses occur. In o in other words, free
|l ii utile ,'ncrgy or energy that is available to do work.

m 0 ii n leased during a chemical reaction, it means that the products of tlo f the reaction have
m  »eunity 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
llilidi 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 tind the energy output
w1111 icaction. (credit: Elizabeth O’Grady)*

* e 1.action absorbs (requires) energy rather than releases energy, tha, the products have
*o e than the reactants. Thus, the products of these reactions can ban be thought of as

............. y 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 ofthe processes shown and decide if it is eudergouic or exergonic
(Figure 5.29)

© @
Figure 5.29 lhis 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 Hany' Malscli / Biology 2E QpenStax)*

Answer-  *compost pili o o e
preH i'., orkv.SV ¢ ‘upccprTp frorst ¢ 1 7
1 os. Ih<ST iluCt-»! v

/>(,, - V*. .+ hdU roiling lonsnhiH is ,i);
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....... I.Muk Systems

= iim Cell, where does energy to power chemical reactions come from? The answer lies
4nrni‘igy-supplying molecule called ATP (adenosine triphosphate). ATP is a simple,
,» .1 «mall molecule; however, its bonds contain significant amounts of potential energy

yalii * Hi).

AP
Adenosine liiphosphate

High-energy bond

0-P-e0 —P—0 pP-0 -ch

.1 'v toenmns
sseentgy lobe
*e M »iwrbol'C

*AHA

ho- p-

toe,.".,

Energy”
i

Adenine

Ribose.

.Ribose,

Adenosine diphosphate

Adenme

Energy
required

Actibol*; tov

store energy released
irom a catabolic

{Adenine group
1Ribose
1 Phosphate groups

, <ui Slructure of adenosine triphosphate (ATP). ATP is the energy molecule of the
hi llclts ct al. / Anatomy and Physiology OncnStaxt

e .. is, bunds of ATP arc broken, a quick burst of energy is released. That energy can be

m m 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

iMu

that occur in the cell. The energy from ATP drives all bodily functions, such as

m- 1ii muscles, maintaining the electrical potential of nerve cells, and absorbing food in the
«emini Iruct. The metabolic reactions that produce ATP come from various sources

w1 V)

il iillos://ooenstax.org/
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Cannibalization

y Breakdown
of muscle tissue ol stored tat
(starvation (weight kDst
response)

Catabolic Anabolic

reactions reactions

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 Ili 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 ofa 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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m «'*Mini llie addition of a phosphate to a molecule, requires a large amount of energy
i high energy bond. Phosphate
. niv. Ivibarged and therefore
' «' mumnnthey arc arranged in
E Mo with ADP and ATP. This
*m Ht Al)P und ATP molecules
hiil'li | nergy is released when

d llie release of energy can

........... live transport and other
“ Hwn (ligurc 5.33).

ILb inrigy derived from
" IP Imliulysis pumps sodium and
mi |imit the cell membrane.
1 tit ' uSiAb edBRYQURIBESEIPBP A perform work inside the cell? This depends on a
...... . 1 ms energy coupling. Cells couple cxergonic processes that release energy
« No*e jituiiit processes that require energy. In Figure 5.34, this sodium-potassium
I (»"ip in nwk. it requires energy in the form of ATP. When ATP hydrolyzes, its
me jii»« W «imply float away but is transferred onto the pump protein. When a
9 < H"n|i K attached, the Na+/K+pump has more free energy and undergoes a
MM . linngc This change allows it to release Na+outside the cell. The pump then
*«llulni k  which, through another conformational change, causes the phosphate to
n |- pump 1he 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
n 411|nitinms cellular work using energy coupling through phosphorylation.

11, iiilium-potassium pump, which is powered by ATP, is found in many cell
H1 . (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 111
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
¢. 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. Itisthe primary energy currency of all living cells.
b. The phosphate-phosphate bonds represent large amounts of kinetic energy
¢. 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

'm 0>
4. a. kinetic b. potential
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« mHm liililiosphatc; the cell’s energy currency
nd i Ivpc of potential energy that exists within chemical bonds

mifault "« ieibesa chemical reaction that results in products that store more chemical
N limn the reactants
« In®.Inlilv to do work

i H-«|iII'n|I energy released from cxergonic processes is used to support or transferred to
F[nin K

,L it iilim a chemical reaction that results in products with less chemical potential
ii> mu i.inis, plus the release of free energy

a.. H-.il'le energy or energy that is available to do work
m **ee(» [lir type of energy associated with objects in motion
by eeeeenes the addition of a phosphate to a molecule

i .u»i WL The type of energy that refers to the potential to do work
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5.7 Enzymes

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

¢ Understandwhatenzymes are and why they are important

¢ Discuss enzymefunction

« Know the role enzymes play on the activation energy’

¢ Explain whata merabolic pathwaysis and how enzymes are involved m thesepan 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, clkmii
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) W1
the help ofan enzyme, less energy is needed for a reaction to begin, (credit: Betts et al./
Anatomy and Physiology QpenStax)

184 Return to Table |



tin nitc of chemical reactions by binding to the reactant molcculcsand
holding them in such a waythatit
makes the chemical bond-breaking ad
-forming processes take place noe
quickly. Enzymes do this by reddng
the activation energy required forte
reaction to happen (Figure 536). A
enzyme itself is unchanged by te
reaction it catalyzes. Once une reattion
has been catalyzed, the enzymecn
catalyze the reaction again.

Figure 5.36 Enzymes lower the
activation energy ofthe reatinbutdo
not change the free energy of te
reaction, (credit: Modified by Hizabeth
O'Grady original work of Coogtsof
Biology OnenStax)

SH........ | ieuction, the enzyme binds to the reactants, which are called the egynes
*%-mm ilikn may be one or more substrates, depending on the chemical reaction. Irsare
*e Hilmirutcs may come together to create one larger molecule (Figure 5.37).In

mli *nMrate is broken down into multiple products (Figure 5.38). The loctin
n vine where the substrate binds is called the enzyme’s active site. The adivesiteis
H linn" happens.

iill Substrates approach active sites on an enzyme, (b) Substrates bind toadivesites,
4 hi i-nfyme-substratc complex, (c) Changes internal to the enzyme-substrate aonpex
i- iln interaction of the substrates, (d) Products are released, and the enzyme retursiits

1'nun, ready to facilitate another enzymatic reaction, (credit: Betts et al. / knelomyad
i >ninmax)
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Enzymes are not the only catalyst that can affect a chemical reaction. Increasing cnvironim w 1
temperature also generally increases chemical reaction rates. However, temperatures mu wi< 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 m« 1
shape and is no longer able to function properly. Enzymes are suited to work best undci innn
optimal conditions. Changes in pH and salt concentration range, as with temperature, can  y*
enzymes to denature.

Substrate enteri ubstraie roducl Products leavi
the active site (QP Enzymanplex En/yrmtmpple( the active site
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» u
(credit: Fowler etal./ 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 ACTK N View an animation ofinduced fit.

When an enzyme binds its substrate, an enzyme-substrate complex is formed. This compl. m
lowers the activation energy of the reaction and allows the chemical reaction to happen quu |
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, itrclt i..i
its product(s) and can catalyze a new reaction.
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........... A il nn organism's enzymes always existed in large quantities and functioned
- tohm |lowever, a variety of mechanisms ensures that this does not happen.
| N lirginrcments continuously vary from cell to cell. The required enzymes of
MM Mbi 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

< 1N

Hi i mi be regulated in several different ways. Environmental factors such as pH or
1. 1 is regulatory molecules, can either promote or reduce an enzyme's activity.
bl . iii' 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
"* Milln Kthe 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 ofreaction 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:
rondvirtton Clark et al. / Biology 2E OnenStax)
wlithiiion

“*eili«llllvr Inhibition, an inhibitor molecule binds to the enzyme in a location other

n m 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

m liimling ability of the enzyme for its substrate. This type of inhibition is called

mil. In the allosteric site in the enzyme, it induces a conformational change that

1 il Iinin ofthe enzyme’s Allosteric Inhibition Allosteric Activation
> Ini its substratc(s)
tl” Enzyme _ _Enzyme
Active====== Atoewx
11 Allnatcric inhibition . Aered T
Min 1 lv inducing a T
«i " al i linnge to the active Activator
hliikl. in allosteric
ihr Activator molecule sipsirive subsrae Y
shape of the active site
in i lit of the substrate. [ n
«i1lal Concents of 1
. I>Q Alered a/cllve sie Active sae
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C/IK171:H 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
OnensStax)

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 pie e
molecules. They may bond either temporarily through ionic or hydrogen bonds, or |«
through stronger covalent bonds. Binding to these molecules promotes the optimal sh um
function of their respective enzymes. Two examples of helper molecules are cofuctni ¢
coenzymes. Cofactors are inorganic ions such as iron and magnesium, whereas corn/l<
organic helper molecules. Like enzymes, these molecules participate in reactions wi:
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 Bl, Vitamin C, Vitamin B2,
Vitamin D2, Vitamin B6, and Vitamin
E. Vitamins arc important cocnzymcs
or precursors of cocnzymes. (credit:
Clark etal. / Biology 2E OpenStax)
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3 * n. Metabolic Pathways

bl "' 1, the chemical reactions of metabolic pathways do not take place on
K Hi» H |i It lacilitated or catalyzed by an enzyme. Without the enzymes, the
nhl nut in cur promptly. Enzymes involved with metabolic pathways are
w a =l illjips the most relevant source of regulation is the products of the
aim>mhint ells have evolved in such a way that they can use the products
xuHa Ini Irrdhack inhibition of enzyme activity. Feedback inhibition
ill 11a>lih | hum the reaction is used to inhibit the starting reactants or enzymes
x| miii Inin (Figure 5.43). This inhibition will slow down or stop the
-h> Hnii liinliiil

it..... «1llief pathway

Intermediate Intermediate
substrate substrate
Tomfire* | Enzyme 2 Enzyme 3
> E- ... . pathway with feedback inhibition, (credit: Clark et al. / Biolonv
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Section Summary

Enzymes are chemical catalysts that speed up chemical reactions by lowering Ithu * 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 tothein n o

Exercises

Which of the following analogies best describes the induced-fit model ol mu
substrate binding?
a. ahug between two people
b. a key fitting into a lock
c. asquare peg fitting through the square hole and a round peg fitlinu di
round hole ofa children’s toy
d. the fitting together of two jigsaw puzzle pieces
An allosteric inhibitor:
a. Binds to the enzyme in a location other than the active site, incrciniin n
for substrate binding.
b. Binds to the active site and blocks it from binding substrate.
¢. 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.
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.
¢. They lower the activation energy of chemical reactions.
d. Each one is specific to the particular substrate(s) to which it bind.
Concerning enzymes, why are vitamins and minerals necessary for good In .M
examples.

\us«t:rs

190

(>

(ci

m ) —

MosL vitamins arid minerals act as cofactons and coenzymes. tor enzyin?tO M LL M H
require the binding of specific cofactots or «'enzymes to be abletocta ; -- t
enzymes catalyze many vital reactions, it is enlical to obtain sidle.ice! sits.m «m
from diet anti supplements. ¥ Wa-ntn t. (ascorbic acid) is 3 coenzyine nee.

enzymes dial build collagen.
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ill. 111 of initial energy necessary for reactions to occur

w ill. i»pmi on the enzyme where the substrate binds

M

lit. inn linnism for activating enzyme action in which a regulatory
null kite (not the active site) and initiates a conformation change in the

Imimlimi .Mill the substrate
elk 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
an 1.1up the rate of chemical reactions
li nuilenules, such as a vitamin or its derivative, which is required to

Hklv
mh li at non and magnesium ions, required for optimal enzyme activity

min in ml mechanism of enzyme activity regulation in which a molecule
i* . .mli.n.ilr can hind the active site and prevent the substrate itself from

m» in null rate of reaction for the enzyme
« i pmlein that may be a result of changes in temperature, pH, or

lihai ini.ilv/rs a biochemical reaction

o l.... ofenzyme activity regulation in which the product of a
Imi*i,i, i nl nseiics of sequential reactions inhibits an enzyme for an earlier

"-bilii .......... general mechanism of enzyme activity regulation in which a
Luni# in n kite other than the active site and prevents the active site from
*<e Hi.imiln inhibitor molecule does not compete with the substrate for the

K :r.iiliilini i>a form of noncompetitive inhibition

| " 1 In hthe enzyme acts

itl






lill linluction 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

"it 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 utialin homes and factories. Like an electrical plant, plants and animals also

-m. litm 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

w 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 liink at the metabolic pathway of cellular respiration.

I It liii; Systems

¢ wlion, von will be able to:

n .iredox (reduerion/oxidation) reaction is
"t0 , ill equation for aerobic cellular respirationand be able to explain
* . ii/it are reducedor oxidized into whichmolecules
14" and describe how it is involved in energy- transfer within cells
« lineandexplain all bolded terms

pi ilniin cellular respiration. Cellular respiration is the process of using
'micy, stored in the bonds of organic nutrients, to generate ATP (adenosine
n 1 icquircd when performing cellular respiration, the process is called
w’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.il
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 1
lost in the form of heat. Aerobic cellular respiration can be summarized by the equation In li

heat

glucose
C6Hi206+ 602+ 32ADP + 32Pi 6C02+ 6H20 + 32A1Tl

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 i »
from Figure 6.2, these reactions begin with one molecule of energy-rich glucose. c rucum .
modified through a series of metabolic pathways and eventually leads to the synthesis ol |
quantities of ATP. Most of these pathways are combinations of oxidation and reduction
reactions. Oxidation and reduction reactions occur in tandem. An oxidation reaction slig
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 rl..1
now has more electrons than protons and therefore becomes more negative (its charge k " K
hence the name reduction reaction). Because reduction and oxidation usually occur togrtin 1
these pairs of reactions are called reduction-oxidation reactions or redox reactions. F .ni. 1
shows a redox reaction; sodium is oxidized when it loses an electron, and chlorine is rnim «J
when it accepts an electron.

R#d«€tian

Figure 6.3 shows a redox reaction. Sodium loses an electron, so it is oxidized into a pn«iu
sodium ion. Chlorine gains an electron, so it is reduced into a negative chloride ion. (L n
Flizabeth O'Grady)
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«ml | J_’Ll‘l'Lb’

« 3 klnil electron from a molecule, oxidizing it. results in a decrease in potential energy
.1.i,,, 1 molecule. The electron, which is often donated from hydrogen, does not remain
> | WHli t, the electron is shifted to a second molecule. The molecule that accepts the
m.....lin lie reduced. During aerobic cellular respiration hydrogen atoms from glucose
| o .oiling in carbon dioxide (CO?). Oxygen molecules arc reduced, resulting in
- Iy, .111.0). When glucose is oxidized, it removes some potential energy from the
¢ »l,n his then used to synthesize ATP (Figure 6.4).

Reduction

« 11,,11, 1 602+ 32ADP + 32P| 6CO2+ 6H20 + 32 ATP + heat

Oxidation

m K,,! e iinninc cellular respiration as redox reactions, (credit: Jason Cashmore)

1o 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, I, 111t 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 k» ihr path of electrons moving through metabolic pathways. To follow electrons
«0 .1" pathways it is necessary to learn about electron carriers, special molecules that
iliiniighout the cell.

......... knowledge

, «'li< billowing is true of redox reactions'?
........... ion results in atoms becoming more negative.
I " 'Im lion results in atoms gaining electrons.
"mMin lli.it are oxidized release oxygen,
i* i.i' cilatoms 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 vnun
(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 M1 M
shown on the left, niul ib<
reduced form (NAI)I 1

on the right. The red HuLL»
to where an electron is I>*i"|
carried and the orange
arrowpoints to when .inm» m
and a proton arc being i »i">e
(credit: Modified by In* <
Cashmore original wink i« 1
etal./ Biology 21 tV . Mil

In Figure 6.6 below, the organic substrate, CH;0, is being oxidized. An enzyme help* 'm «™*
the two hydrogen atoms from the organic substrate. The two hydrogen atoms translei ll«e =
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 NADIIl i.in M
shuttle the electrons to the inner membrane of the mitochondria, where they will be nm d in
synthesize large quantities of ATP.

CH20 -> 2H +C=0
Oxidized
INE 226  + NAD+ oooeeeees > H+ + NAI"1
Reduced
2H+ +_ _ t @ """""" > H+ + n
Reduced

Figure 6.6 shows a redox reaction where an organic molecule is oxidized NAD is rcdiu . s
(credit: Elizabeth O'Grady)

Similarly, flavin adenine dinucleotide (FAD), derived from vitamin B2, also functions r* an
electron carrier. Its reduced form is FADH2. Both NAD* and FAD are extensively um il mi
shuttle electrons into the mitochondria and will be discussed throughout the next sevend
sections.
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IMim i

<" Min |, ncruy currency" of a cell because it provides much of the energy
meelluliii processes. ATP is classified as a high energy molecule because the

..... ...hr phosphate ™M

' lnitics of

« ssessie = NH,
riaiiiiiti i) Phosphate
. 1lnugcil and as a
m Uni o bring them
on I» . ..vnlent bonds High-energy bonds
o d«. iyt ._tle necessary, I o o
4 Hu Inunis arc broken, \' H Hoav H v | P-O'
. % \| \/ P—O" mP—o -
f-*.... wnuuy is released ci— | o
i»'» ri any number of OH oH
wo il iiin]..%
Phosphate
Adenosine monapitosphaie (AMP)
m ‘»iv ni Adenosine d“ .( """
PP TR Adenosine diphospl>aie (ADP;
* 1% 11" (i ui lil Hertsetal. / prose
fHittMmiv (incnStax! Adenosme triphosphate (ATP)

i v einlidwhen an inorganic phosphate (Pi) is covalently bound to ADP
“mm pluiii-) through the process of phosphorylation Phosphorylation requires
i" ilnnr using three separate mechanisms. Where does this energy for
oo ® nun' imm? In almost all living organisms, the energy comes from the
« 1 inili]i- Uigurs such as glucose, fructose, or galactose. Let's now take a closer look
1 un .ul phosphorylation.

............ irtnuiUtiim

.« 4'Imiylaiion, a few ATP molecules arc generated when a phosphate group is
.......... imediate reactant in the
mmu pnihway. The free energy of
mmlin ndd the removed phosphate
«ii [Minlucing ATP (Figure 6.8). This
m ljilmsphorylation is called
0 I|dunphorylation and does not

« nihslriite-level phosphorylation reactions, where a phosphate is removed from
I 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 '» m1
eukaryotic cells or the plasma membrane of some prokaryotic cells. Oxidative plnupl»» *s
is made up of two steps: the electron transfer chain and chcmiosmosis. Chcmiosimni = o e t
generate 90 percent of the ATP made during glucose catabolism. It is also used in pinn

to convert light energy from the sun to
chemical energy found in the bonds ot A 1P.
Chemiosmosis yields ATP as long as oxygen
is present. The details of oxidative
phosphorylation will be discussed in section
6.4.

electron transport ctw«......

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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W ul....".piration to generate ATP. The energy stored in the bonds of organic
K ,h .. iilinuse is used to drive the synthesis of ATP. The breakdown occurs through
...... 1 v mlions called redox reactions. NAD+and FAD function as electron
*/Ir A I P synthesis. There arc two processes of ATP synthesis during cellular
| i,4.-ii n level phosphorylation and oxidative phosphorylation through the process of

iructions electrons are donated, whereas in reactions electrons are

I« (jliileose
= wain luni, oxidation
i plilinie, 1P
ii nill.alii<n, reduction
s«eeqv iftnency used by cells is
e MI*
K e1in
« «Ml1
I usk
“*Mi mll pis an electron, itis to NADH.
# limiliil
m kLl
ip.liii ml
1 mm. .l ihr above
m i* i . .iiliast substrate level phosphorylation and chemiosmosis of oxidative
patteetUlion

vnlliesi®ed from Ai)P and inorganic phosphate. Jiubsuafe level does
« m.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 i<

oxidative phosphorylation: production of ATP using the process of chcmiosmosis in lin
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 eeea .
reduction reaction

reduction reaction: a chemical reaction that consists of an electron being gained by an hlinM

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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11 git'll

(Hit <im ctives
1"i mils section, you will be able to:
« nbc iiii’ basic steps o fglycolysis
l«si- tlii- starting reactants andfinalproducts ofglycolesis
'mun hu h organisms are capable ofglycohsis and uhere rhe\’cany these reactions
uith in thecell
1 Me todefineandexplainalt bolded terms

ImImlc, glucose, supplies much of the energy used by living cells. Glucose is
s hi i1 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

n matm
<3”po-o
ikmmim ntoophoryiillori
.mPOl "0 4
° Ele
CAF.5X> 4 hem glucose.
| .
<f?-poo Bared v
FIsrbi
:6
RN

mMilLii inspiration oxidizes glucose molecules through glycolysis, Krebs cycle
i .mil oxidative phosphorylation to produce ATP. (credit: Betts ct al. / Anatomy
i ipcnStax)
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Glycolysis

Glycolysis is the first metabolic pathway used to catabolize glucose. Glycolysis is thought in I
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
generate energy in the absence of oxygen. Glycolysis is anaerobic, meaning it does not rctjim
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 of distinct phases. In the first phase, the energy-consuming phase, two ATP molci 1 .«
are used to alter one six- start

Carbon gIUCOSe One glucose molecule

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 Free pnewif 4
that two ATP molecules

were invested in the first

phase of glycolysis,

therefore one glucose

molecule results in a net

production oftwo ATP

molecules.

Figure 6.11 shows an
overview of glycolysis.
(credit: Betts etal. /
Anatomy and
Physiology OpenStax)
Al

Two pyruvate molecular
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| m1 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 B 1 1 Oihytkoxyarvtnoo*
' *P A HH *0 /{op , phobphaie
4 \, ' Fee2* HO- H  \ . AB
/ > H .
v \if » HGOM H- OH __, - *
| H  wee
. K-C'OH
Glucose 6 pfKIPLIVRP  Ftuctoseepl«spluye  puanam!- oo 3-eh>sphate
HC-OM Glycefatfehyrle-
3-phosphate
.. NAD" «» &
t AP ASP  p 3xp to*
! < ? «
¥>Q \ v 5 \ 52 woo LS «
QK e - O .» ] W

r'hospfceiloipvir.'iite

g " IR - t09RCe
Ep) 2-Phospboglycecaw IV rckp-t09Ace ai

a i

*hows the glycolysis pathway in detail, (credit: Clark et al./ Biology 2E QpcnStaxf

i " molecules that are netted during the process of glycolysis are made through
li tcl phosphorylation. Remember that during substrate phosphorylation, a phosphate
... veil from an intermediate substrate and attached directly to ADP producing ATP

i Ihis process does not require oxygen.

oo . p CCCZCuo En.-me Adenosine ¢ @ © * F
Substrate with Phosphate Adenosine Triphosphate Substrate with Phosphate
Groups (wr)y Group

lii uibstrate-level phosphorylation, an intermediate organic substrate provides the
iii iii nl ATP with the help of an enzyme, (credit: Elizabeth O'Grady)

™ .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
1 only capable of glycolysis. Glycolysis is their sole source of ATP, and if this
U opted, these cells will die.
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CONCEPTS IN ACT ION - Gain a better understanding of the breakdown of glucosi |
glycolysis by visiting this site to see the process in action Also view the video - Glycol\ in |
Overview

Outcomes of Glycolysis

Glycolysis begins with one molecule of glucose, two molecules of ATP, and two moln U<t
NAD+. The outputs of glycolysis arc two molecules of pyruvate, four molecules of /111 e
molecules of NADH (Figure 6.14). Note: because four new ATP molecules are gencrali Xii«m|
glycolysis but two molecules of ATP are used in the first half of the pathway, the cell Im. ¢
gain oftwo ATP molecules.

Inputs Outputs
1 Glucose —-------------- * 2 Pyruvate
"Sne +2H*
2ATP ——-Y \— »2ADP+H
2 NAD* e 2 NADH
4 ADP + P - ----mmmmmmmeeem » 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* me " glycolysis is thought to have evolved early in the history of life. Glycolysis
m it olilli 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
1 r Ht separation. The last phase of glycolysis extracts ATP and high-energy
fc nilaches 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.

IH*y glycolysis for one molecule of glucose, a total of ATP are made but of that,
lini. ___ ATP molecules.
*
L fi, 1
e 42
1 N¢

| H» YT made in glycolysis is made through .
® i In miosmosis
» iiiluitiate-level phosphorylation
>»nlulive phosphorylation
i\ IPsynthase
M glui one that enters the glycolysis pathway is split into two molecules o f
. MP
n phosphate
NADII
pyiuvnic
LI TR AU hiyutic 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

.i-lativefy I-k it likely would not be as universal in organisms- as K ;s. It
ir mr. priuktive organism* ihat did not' require oxygen and did net need lo
>'..-I' .unil organefie.

v . hi which organisms do not require oxygen

...... rsi. of breaking glucose into two three-carbon molecules with the production
3111 ,

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 fpyruvate oxidation in the cell
« Explainwhat happens duringpyruvate oxidation including the starring reartaini
finalproducts

Describe the location o fthe citric acidcycle in the cell

Explain what happens during the citric acidcycle including thestartingrea ii»>
finalproducts
« Be able to define and explain all bolded terms

In eukaryotic cells, the pyruvate molecules produced at the end of glycolysis are transpuo.
mitochondria. 1f 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 \% S—CoA
1 1
I © ¢=o0
=0
1 NAD'  NADH &rs
CH3
=Cs
Pyruvate Oxidation Acetyl CoA
reaction
1 2 3
Acarboxyl 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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=i In used in a variety of ways by the cell. Its primary function is to deliver the

id from pyruvate to the next pathway in glucose catabolism, the citric acid
mltd Since two pyruvate molecules exit glycolysis, pyruvate oxidation will occur
nli ntotal of two Acetyl CoA, two molecules of carbon dioxide, and two molecules

ATP |ADP |

i .invk acid (pyruvate) is converted into acetyl-CoA before entering the citric acid
m | mlei el al. / Concepts of Biology OoenStax)

Vilit« \ele

w1 U1 ol pyruvate to acetyl CoA, the citric acid cycle in eukaryotic cells takes
.munol the mitochondria (Figure 6.9). Unlike glycolysis, the citric acid cycle is a
n- Li*l part of the pathway regenerates the molecule used in the very first step,
11iuin* 6.16). The citric acid cycle is also commonly referred to as the Krebs cycle
«m™* ii t leiman-bom British biochemist who discovered the metabolic pathway.

In nil- nl acetyl CoA that enters the citric acid cycle, two carbon dioxide molecules,

i il (hi anequivalent), 3 NADH molecules, and 1 FADH2 molecule is formed
n111 tuber, for every one molecule of glucose that entered into glycolysis, two

ml.1 lyl CoA can be formed. As a result, the citric acid cycle can make two turns for

nillnl glucose, forming a total of four carbon dioxide, two ATP (or an
M 1Mill, and two FADIb molecules.

nl 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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The Krebs/ciuic acid cycle

ADP ATP
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 1
molecules, (credit: Betts et al. / Anatomy and Physiology OpenStax)

The citric acid cycle is considered an aerobic pathway because it requires oxygen. Tin- NA i
and FADH2produced during the citric acid cycle must transfer their electrons to the cIn
transport chain, which is part of the next stage of aerobic respiration-oxidative phospln mi
If oxygen is not present, NADH and FADH2cannot be oxidized, and the citric acid eye a«
occeur.
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m MH i til'oxygen, pyruvate is transformed into an acetyl group attached to a carrier

1= ni incn/.yme A. The acetyl group is delivered to the citric acid cycle for further
x ni 1'ining the conversion of the two pyruvate molecules into the two acetyl groups, two

in mubon dioxide and two molecules of NADH arc produced.

i ill cycle is a series of redox reactions. This cycle starts with acetyl CoA and
m 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 lining: 4 carbon dioxide molecules, 2 ATP molecule (or an equivalent), 6 NADH
otnl I /IMH2 molecules.

If 1 " 1In lhe electrons added to NAD' do?

m  |lhey become part of glycolysis

% lhey go on to the electron transport chain.

m  |hey energize the entry of the acetyl group into the citric acid cycle.

1 Ihey are converted into NADP.

Lrtiyolic cells, where docs pyruvate oxidation occur?

« mitochondria

I' cyloplasm

1 nucleus

1 plasma membrane
n . «ll has ueccss to three molecules of glucose, how many molecules of NADH could
......... . during the citric acid cycle?

LI |

L

12

d 1K

t eplain why the citric acid cycle is considered an aerobic pathway.

an {bithwuy because the NADH and FADH; produced must transfer their electrons ro
* @), in the system, which will use 0"<ygen. If oxygen is not present, this transfer decs

iiinbination ofan acetyl group derived from pyruvic acid and coenzyme A
1 in pantothenic acid (a B-group vitamin)

th 1 .cries of enzyme-catalyzed chemical reactions of central importance in all
Lli.iiscst the energy in carbon-carbon bonds of sugar molecules to generate ATP;
. i 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 foxidativephosphorylation in the cell

« Describe the overall outcome o foxidative phosphorylation interms ofthepm.
each

« Describe the relationships o fglycolysis, the citricacidcycle, and oxidathi
phosphorylation in terms o ftheir ATP outputs.

« Describe the relationships o fglycolysis, the citric acidcycle, andoxidathe
phosphorylation in terms o felectron carriers.

« Be able to define andexplain all bolded terms

You have just read about two pathways in glucose catabolism, glycolysis and the citth m
cycle. Both pathways generate only small amounts of ATP. Most of the ATP is made <mm
final stage of aerobic cellular respiration, oxidative phosphorylation. Oxidative
phosphorylation consists oftwo parts, the electron transport chain and chemiosmosi* 1L
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 m «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 <>me'L|
Electron transport is a series of chemical redox reactions that resemble a bucket brigadi ~ °1...
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 reactioni
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.

02+ 4H++4e~ — » 4HD
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I Mill; from glycolysis and citric acid cycle arrive at the electron transport chain,
n 1i'll oxidized. Electrons from NADH and FADH: are passed to protein
s m the inner membrane of the mitochondria. The electron transport chain
consists of four protein complexes labeled |
through 1V and several mobile electron carriers,
labeled Q and Cyt ¢ (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 FADH2to
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
Lintin' protein complexes. The potential energy can be used by the protein
pinup hydrogen ions across the inner mitochondrial membrane against their
n 11 wmlu-nt using active transport (Figure 6.1 8). The ions are pumped into the
mi ipncc, which creates a hydrogen ion gradient that will be used in chemiosmosis.

Intill-in complex, the electrons are accepted by oxygen, the terminal acceptor. It
...... Kto split one molecule of oxygen. Each oxygen atom then accepts two

....... hydrogen ions from the electron transport chain and is reduced to water

1 1l 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

piunt rhain. new ATP would not be synthesized during oxidative phosphorylation,

i <nilil ultimately die from a lack of energy. This is the reason we must inhale

M | 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.

B Electron liarvsoort chain

I \ ATP synthase

Inftmembrane space ® ® ® ©
Ne _ b
© MOW, FAD**
Mitochondrial mabix 2 tree 2 erttsimns M2 nt
hydrogen exiting ETC an 0 ? ©
ions motocue

Figure 6.21 Shows the electron transport chain and chemiosmosis (credit: Betts et al./ Jin, <
and Physiology OnenStax|
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* Iter of ATP molecules generated from glucose catabolism varies. For ex;- nt
mny in the number of hydrogen ions that the election transport chain canIm
#* minline. This variation impacts the hydrogen ion concentration gradient and e
« M I' synthesis. Another difference stems from the electron carriers' ability'0....
mhl ail membrane. ThcNADH generated from glycolysis cannot easily cn';: ¢
...... Inn. As a result, electrons fromNADH produced during glycolysis arep|C-
mtill id the mitochondria by either NAD* or FAD. Fewer ATP molecules arev '
I 1] nets as a carrier. It is estimated that for every NADH molecule that an15
« ii.msport chain, approximately two to three molecules of ATP can be syn[|IC* r
1 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 elects1 lem
h1 nod they travel through the entire electron transport chain. FADH:, in ¢
.. liv electrons to protein complex 1L and they only travel through part of the «'

« mminting for the total number of ATP produced per glucose molecule, it *°
I i the following points;

Anet of two ATP is produced through glycolysis (four produced, but two*D ' ¢
mni mg lhe energy-consuming stage).

A nrl oftwo ATP is produced through the citric acid cycle.

\ inlof 28 molecules of ATP is produced during oxidative phosphorylati°n
Alijnoximalcly 25 ATP molecules from the oxidation of NADH and threell °
5 1P Irom the oxidation of FADH: (see Figure 6.22).

i Ikak your knowledge

Am the following options active or passive transport?
m (hrmiosmosis

m Pioteins moving H+ into the intermembrane space (outer matrix)
m '.odium/Potassium pump

m '.ugar dissolving in a glass of water.

vnn p:ssmrr. U.
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Figure 6.22 Shows the /1 11

4 yield for one molecule......
Toel APprticed glucose catabolism, (cmlu
Giycayses * 2 Modified by Elizabeth t *
Pyrjvaie «ko*ce»! CaA » AP ..
Kt g hak original work of Betts cl u
Ami.naalvU/Engm 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 b , .
than is normal in body cells. Symptoms of mitochondrial diseases can include muscle nma
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. ldentifying and treating mitochondrial disorders is a specialized medical field 1L
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.
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I'liorylation begins with the electron transport chain, where electrons arc passed
=7 ant redox reactions to a final electron acceptor, oxygen. Oxygen accepts two
mnt 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.

ihr enzyme involved in chemiosmosis that helps the cell make ATP.
t*li* happens to NADH when it arrives at the electron transport chain?
* Il mreduced to NAD+
i It inoxidized to NAD+
h v*reduced to FAD
li n oxidized to FAD
i ...i.musis in eukaryotic cells involves:
« iln- movement of electrons across the cell membrane
1 lin movement of hydrogen atoms across the outer cell membrane
¢ iln movement of hydrogen ions across the mitochondrial membrane
1 lin- movement of glucose through the cell membrane

h M oxygen and exhale carbon dioxide. What is the oxygen used for, and where
. il silion dioxide come from?

))i

i nv Inhale is the linn! electron acceptor in the election Iraiispiiri chain and allows.
ae* .... .innitoproceed. The carbon dioxide we breathe oul is formed during pyruvate

m.. V. %-et.iuic acid cycle >4liell the honiis in carbon compounds arc broken.

mcmhranc-cmbedded protein complex that regenerates ATP from ADP with
maiiim diffusing through it

...inmovement of hydrogen ions down their electrochemical gradient across a
...... Al All* synthase to generate ATP

pm I chain: a series of four large, multi-protein complexes embedded in the inner
imi  liinc that accepts electrons from donor compounds and harvests energy from
mu nl reactions to generate a hydrogen ion gradient across the membrane

, m 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

Learning objectives
IBv tlie end of this section, you will be able to:

Describe the types offermentation thatreadily occur andthe conditionsih.  1» ~
thatfermentation
« Be able to define and explain ad bolded terms

I * Describe the relationship between anaerobic cellular respirationandJenm
.

[

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 WI... 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 m

ATP in the absence of oxygen. However, cells still need a way to oxidize the NADI | p<
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 w
muscle that has insufficient oxygen supply. When oxygen is in low supply, cells cun . ™
carry outglycolysis to produce small quantities of ATP. However, because oxygen 1u

used to accept electrons from NADH, an organic molecule must be used inits plail 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 ml =
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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[ dilution process is
_.I-ition During alcohol 1 Glucose
i null ntype of alcohol, is
< inuclion, a carboxyl
. MUHU pyruvate, releasing

. 1. «[im(l4gure 6.24). 2 NAD+ 2 NADH + 2 pyruvate
.h uliol fermentation 2 ethanol + Fermentation
,« | tnIMHHC) 2 C02

ni. iliuxule reduces the molecule by one carbon atom, making acetaldehyde. The
nun r . an electron from NADH, oxidizing it to NAD+. When acetaldehyde is
i .. limned (figure 6.25).

LLI y

NADH NAD+
....... in ul reactions of alcohol fermentation are shown here, (credit: Parker et al.
cmhi e )

m |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 OpenStax 1
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Anacrobic 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.
dioxide to methane. These microorganisms are found in soil and in the digestive no x
animals, such as cows and sheep. Similarly, sulfate-reducing bacteria and Arcli.i... ...
which arc anaerobic (I igoi 4
sulfate to hydrogen siilluli i. .
NAD1from NADI I

Figure 6.27 The green .. |
coastal waters is from an . ni
hydrogen sulfide. Annrmin.
reducing bacteria releu . I.. =
sulfide gas as they dreuiiif*.
the water, (credit: NASA m i,
Jeff Schmaltz, MODIS | 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 bet-
respiration and fermentation, depending on the availability of oxygen. Certain pint -
Clostridia bacteria, are obligate anaerobes. Obligate anaerobes live and grow in M ¢
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 g+ i i
some bacteria can be identified based on their gas production.
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nt. n>uli/.cil through aerobic cellular respiration, another electron acceptor must
meeejtiain . will use some form of fermentation to accomplish the regeneration of
y i i |'lvi olysis continues. The regeneration of NAD' in fermentation does not
» mi *11 |lowever, once NAD+is regenerated, it can again be used in glycolysis
minis i i /111’ can be made through substrate-level phosphorylation.

mt.i-.t linlie acid can be converted back to pyruvate.
M >1ih. liillowing fermentation methods can occur in animal skeletal muscles?
i Inin .itid lermentation
e ekiilinl In mentation
wiiaut ni Nl fermentation
| invin lenuentation

Hmv . 11 If. run out of oxygen, what happens to the potential for energy extraction
.uni what pathways do the cell use?

m pliospltoryldllon and the citile neiiJ tyek *tup. so ATP is no longer
<lie nisiri, which extreewthe gicatesl amt>unt of energy from n sugar
u ;i ... umulale.-. preventing glycolyv.' iiorn going ft'irward because of
IK  si fermentation uses tiic electrons in NADH to generate lacric acid
m . ‘MveolyMS to conunuc. and thus, a smaller amount ot ATP can be

[ O iln steps that follow the partial oxidation of glucose via glycolysis to
‘s tI< .,,,1 luiuluccs the products ethanol and carbon dioxide

"N i.Ui inipIr wlinii: the use ofan electron acceptor other than oxygen to complete
®m ., ,i. unit transport-basedchemiosmosis

0,, .u|<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|vmluecs 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 citricacidc\ >
use sugars other than glucose to generate ATP

« Discuss how proteins and lipids can be used to generate ATP by enteringgl\.
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- Some amino Fatty

hydrates acids acids

Some amino Some

acids amino

Glycerol acids

Glycolysis ¢ Pyruvate . Citric acid * Oxidative
oxidation “ cycle A 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 .mi
the same amount of ATP molecules as glucose.
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i*inidus lo Glucose Metabolism

mm

mi In'ken down by a variety of enzymes called proteases. Most of the time,
111 vi led into new proteins. Ifthere 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.

nl> nie used to create intermediates of glycolysis or generate acetyl CoA (Figure
ii " iPiuill must have its amino group removed before entering into these metabolic
[ m gmup is converted into ammonia and along with carbon dioxide forms
« - i i. pioduct found in mammalian urine.

Fats
Protein

(glycerol, cholesterol, fatty acids)
(amino acids)

Glycolysis
AcetylCoA
«#,eeelysis  ACetylCoA Citric Acid Cycle

*o»i"HIU )

¢ i.»»! nihccseburger that contains carbohydrates, lipids, and protein.
m a. iiiinidy / cheeseburger image original work by National Cancer Institute

i" i mil liplils In Glucose Metabolism

i,inInsis of cholesterol starts with acetyl CoA (Figure 6.28). Remember that

(IM cridcs are the most common lipids used to generate ATP. Cholesterol is a
usury reactant in the citric acid cycle. The citric acid cycle can be used to
i tlill and FADH2.

nilniii . in the flexibility of the cell membrane and is a precursor of steroid
i

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
Lniter ns an intermediate of glycolysis. Fatty acids are broken into two-carbon

«4. iln Mini acid cycle as acetyl CoA.

//anenstax.org/
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Section Summary

The breakdown and synthesis of carbohydrates, proteins, and lipids can be used Kk *- >a
Galactose and fructose arc additional carbohydrates that can feed into glycolysis 1'. ..
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 ¢

Exercises

1 Which ofthe 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 an ......1
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 of glycolysis

Falsi
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i'li Hu*yill licsis

* ..... allows Earth’s distribution of photosynthetic activity determined by
.« iiiinn (In land, chlorophyll is evident from terrestrial plants, and within
M iujiliyll o f phytoplankton, (credit: modification of work by SeaWiFS
I )nl I'vr Flight Center and ORRIMAGE / Biology 2E QpenStax)

om "ami to humans require energy to carry out their metabolic processes.
m.l o kv by eating; that is, by ingesting other organisms. But where docs
Ne' .linun Irom? The vast majority of this energy can be traced back to

k. in.e ti.ijiii'i. students will learn how the process of photosynthesis works

-1i lii-MAviithesis

w<in.n you will he able to:

i it o fphotosynthesis
i.nii r nfphotosynthesis la other living things
.. » mu/iandproducts of'photosynthesis
iin tit nettires involved inphotosynthesis
......... mil explain oil bolded terms

..... IIn nil life on earth. Itis the only biological process that can capture
i inn mill convert it into chemical energy found in the covalent bonds of
¢ i . iMiiup of bacteria called cyanobacteria are the only organisms capable
.Mui-ii. (Figure 7.2). These organisms are called photoautotrophs,
j light,” because they use light to generate their own food. Other
Al linigi, and most other bacteria, are called heterotrophs because they
mn niganisms for their energy needs. A third group of bacteria
, ... I* using light energy. These organisms extract energy from inorganic
. icferred to as chemoautotrophs.
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<d) ®

Figure 7.2 Photoautotrophs including (a) plants, (b) algae, and (c) cyanobacteria synthesize lluu
organic compounds via photosynthesis. In a (d) deep-sea vent, chemoautotrophs, such as the: i
(e) thermophilic bacteria, capture energy from inorganic compounds to produce organic
compounds, (credit a: modification of work by Steve Hillebrand, U.S. Fish and Wildlife Scrvi..
credit b: modification ofwork by "eutrophication&hypoxia'VFlickr: credit c: modification of
work by NASA; credit d: University of Washington, NOA/Y; credit e: modification of work by
Mark Amend, West Coast and Polar Regions Undersea Research Center, UAF, NOAA / Umli 4
2E QpenStaxI

Solar Dependence and Food Production

Photosynthesis isa chemical process by which certain cells 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 through cellular respiration. Excess

carbohydrates an=stored in their ohatanmHiocir
tissues, and certain heterotrophs Light PnOtOSyntnGSIS
consume them togenerate their own Energy

ATP through cellular respiration. The

waste products ofaerobic cellular

respiration, carbon dioxide and water,

can then be used as the starting

reactants for photosynthesis. In this 6C02+ 6H 20 C6H120 6 + 60.
way, photosynthesis and aerobic

cellular respiration are interrelated

metabolic pathways (Figure 7.3).

Figure 7.3 Photosynthesis and aerobic

cellular respiration arc interrelated WV Aerobic
metabolic pathways, (credit: Jason ceellular R .
Cashmore) eellular Respiration

224 Return to Table i



snlhcsis powers 99 percent of Earth’s ecosystems. When a top predator, such as a wolf

*mi ndeer (Figure 7.4), the wolfis at the end of an energy pathway. The pathway begins
hglit energy from the sun. Light energy is captured by photoautotrophs that carry out
7nthesis 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

K nl by plants.

Carnivores,
Consumers
(heterotrophs)
Omnivores
lerbivores
m— -7 Energy Movement
Mineral and Nutrient
Movement
Sun .
} Producers Minerals and
(tight energy)1 .
(autotrophs) Nutrients

| 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)

I ims IN ACT ION- Click the following link to Icam more about photosynthesis.
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Main Structures and Summary of Photosynthesis

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 |
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 C6HI1I20 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 wnl
respiration in chapter 6, the multiple arrows in this equation indicates that multiple cln »
reactions are involved, (credit: Jason Cashmorc).
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s wuhrlie Structures

I'.nimynthesis generally takes place in the leaves, which consist of several layers of
it ' 1", uke of photosynthesis occurs in a middle layer called the mesophyll (Figure 7.7).
s« i»n layers that make up the mesophyll, the palisade mesophyll and the spongy
it Ili. palisade mesophyll is made up ofelongated cells that contain a large quantity of
m< |lie palisade
n <Ht mujor site of
.Hu it Spongy mesophyll
m..aam chloroplasts, but
<~mm iin* palisade mesophyll.
'e'i- air Incgularly shaped
i.aiween (hem. The
w1 [ii>ri such as oxygen
rule to pass through
e.....ilh palisade

R aection of a plant
(aiv+ia N1 1is/ Wikimedia

sal
L, ," in ,nthesis, plants take in carbon dioxide and release oxygen. Gas exchange into and
= m il mmis through small openings called stomata (singular: stoma). Stomata play

¢ a. iin regulation of gas exchange and water balance. The stomata are typically located

.l nl lhe leaf, which helps to minimize water loss due to higher temperatures on
K- 1lmr ol the leaf. Each stoma is flanked by guard cells that regulate and control the
w | iIniing 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 13iii o» 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 lii eukaryotes, photosynthesis takes place inside an organelle called a chloroplast.
hi lunr udouble membrane envelope composed of an outer and an inner plasma
11, inner membrane is ancestrally derived from ancient free-living
, lInliikuids are stacked, disc-shaped structures found within the chloroplasts.
- in"in. | up of membranes embedded with proteins and chlorophyll. Chlorophyll is
. 1..iil* necessary to absorb light. The thylakoid membrane encloses an internal
i H thylakoid lumen. As shown in Figure 7.8, a stack ofthylakoids is called a
... 1ii- liquid-filled space surrounding the granum is called stroma. Do not confuse
ill llir stoma, an opening on the leafepidermis used for gas exchange.
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loner

Stomaia

al-

mernbrane
Grevriifr

-'HCIli

Figure 7.8 Cells within the middle layer ofa leaf have chloroplasts, which contain the
photosynthetic apparatus, (credit: modification of work by Cory Zanker/Concepts of Hu |
QpenStaxi

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. | fplants cannot take in eai m -
they cannot can y out the process ot pinn-
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1 1~ >.i =l lhr Two Parts of Photosynthesis
n L. ,i. lakes place in two stages: the light-dependent reactions and the Calvnf, »

jft | hrlight-dependent reactions take place in the thylakoid membrane,

E g,, naliMirbs light energy and then converts it into chemical energy with thehe®
V ii W pendent reactions water is broken down, and oxygen is released as abyf

....... le lakes place in the stroma. During the Calvin cycle, the chemical

'y 11ir light-dependent reactions drives the synthesis of sugar molecules fidf

b ih* iwo reactions use carrier molecules to transport the energy from one saff!
. It,. iuiiicrs, NADPH and ATP, move energy from the light-dependent raff1'

L., L. NADP isan electron carrier similar to NAD-Hwhich is used in aerobic!l

[re
: : _lrgy
rn ..,I AIT can be thought of as being “full” because they bring energy prodiifiV
Lt., niliiit reactions to the Calvin cycle. After the energy is released, the “empy f
E,. NADI'land ADP + Pi, return to the light-dependent reactions to obtain noit

i nilit-dependent Reactions The Calvin Cycle

Chloroplast
Stroma

ADP + P.+ NADP

— > ATP+NADPH —

Thylakoid
iiimir -
‘lioinbrane

" IluUosynthesis takes place in two stages: light-dependent reactions ancthl
"In Kahn Academy / original work by Clark et al. / Biology 2E OpenSti

is \I 1ION - Click the Jink to learn more about photosynthesis.
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Section Summary

The process of photosynthesis transformed life on earth. By harnessing energy from thr uii
photosynthesis allows living things to access enormous amounts of energy. Only autolin|4#
perform photosynthesis. These organisms require pigments, such as chlorophyll, to iilisinli
and convert it into chemical energy. Photosynthesis uses light energy, carbon dioxide mm
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 n «
have on photosynthesis?
2. What two products result from photosynthesis?
a. water and carbon dioxide
b. water and oxygen
¢. 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. thesun
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: SuperManu/CC BY SA 3.0
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is reactant] -wil] tali, aud levels ol oxygen iaprodu.r: =Ufi=s JI; a
k U-->tlUICsib Will -low down

«. jpals that «at plants.

5. ihyWkoic Uimim stesti
space of)hylahoid > Ki. ribosome
AN Ky ... thyiaknki membrane 11. phistiil DMA
AH kaiio 15KI ", gra-nim (stack ol i" drops of lipids
(VK- tiii 'akolCSI
B S.rs ,.koil

i the second stage of photosynthesis where chemical energy produced in the light-
Rndions drives the synthesis of sugar molecules

liapli»: un organism capable of producing its own food by extracting energy from
«featim nl compounds

N iln grren pigment that captures the light energy that drives the reactions of
Q7

i Uh »: nanclle where photosynthesis takes place
milki kid thylakoids located inside a chloroplast
>H . uili/.cd plant cells that control the opening and closing of the stomata
Wb .in oiganism that consumes other organisms for food

mil- nl ii-ailion: the first stage of photosynthesis where visible light is absorbed to
b ™ n 1larrying molecules (ATP and NADPH)

il ili iniddic layer of cells in a leaf

«sMin eepit nn organism capable of synthesizing its own food molecules (storing energy),
m e« eeeee|gy Nl light

mmihttlt a multi-step chemical reaction that requires light energy, carbon dioxide, and
......... i »sugar and oxygen

« . ..nil itile that is capable of absorbing light energy

*e |...illimg that regulates gas exchange and water regulation between leaves and the
- Islltiil stomata

i. Inull Idled space surrounding the grana inside a chloroplast where the Calvin cycle
<i i .inivnthcsis take place

- M liapcd membranous structure inside a chloroplast where the light-dependent
i .ii.ivnthesis take place using chlorophyll embedded in the membranes
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Section Summary

The process of photosynthesis transformed life on earth. By harnessing energy from H.
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 |

Exercises

1 On ahot, 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. thesun
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: SuperManu / CC BY SA 3.0
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iice of 1hyldki*Kl) id
> d. thylaknid membrane il-L.in. )T.N
K (T'iidi 7. granum (stick ot
tliyiakoidsi
S. thviakoid

ilir second stage of photosynthesis where chemical energy produced in the light-
imi nwb drives the synthesis of sugar molecules

injili< iiii organism capable of producing its own food by extracting energy from
enun ill compounds

I ih. kmu-m pigment that captures the light energy that drives the reactions of

llii. ingnncllc where photosynthesis takes place
i b nlthylukoids located inside a chloroplast
|| iin i inli/cd plant cells that control the opening and closing of the stomata
iph <ninnanism that consumes other organisms for food

iin ituition: the first stage of photosynthesis where visible light is absorbed to
)8 [T»liv i.irrying molecules (ATP and NADPH)

| W H. on.Idle layer ofcells in a leaf

«.> iiipli Horganism capable of synthesizing its own food molecules (storing energy),
e ,». . ..fi nllight

is. .ii i multi-step chemical reaction that requires light energy, carbon dioxide, and
LI sugar and oxygen

11 ulc that is capable of absorbing light energy

nniH that regulates gas exchange and water regulation between leaves and the
ill....1 stomata

1 nl Idled space surrounding the grana inside a chloroplast where the Calvin cycle
," L.nynthcsis take place

1 <Imped membranous structure inside a chloroplast where the light-dependent
inthesis take place using chlorophyll embedded in the membranes
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Section Summary

The process of 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 autotnililat
as plants and algae, have organelles called chloroplasts in which photosynthesis Uik |

Exercises

1 Onahot, 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. thesun
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: SuperManu/ CC BY SA 3.0
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HU in I'inelle where photosynthesis takes place
Iwa| id thylakoids located inside a chloroplast
. mli/.cd plant cells that control the opening and closing of the stomata
..... ugunism that consumes other organisms for food

.1. mi 1 nition: the first stage of photosynthesis where visible light is absorbed to
»h-1mv Linlying molecules (ATP and NADPH)

n Hu Wwulllic layer of cells in a leaf

«ipli mmorganism capable of synthesizing its own food molecules (storing energy),
.. id light

». .

» »L1..11 amulti-step chemical reaction that requires light energy, carbon dioxide, and
i,0 luii . oigar and oxygen

1 . im-l.. Uc that is capable ofabsorbing light energy

, *LwvH iliat regulates gas exchange and water regulation between leaves and the
1 id....I stomata

ml Idled space surrounding the grana inside a chloroplast where the Calvin cycle
«inis ntlicsis take place

d iped membranous structure inside a chloroplast where the light-dependent
ivnthcsis take place using chlorophyll embedded in the membranes
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Section Summary

The process of photosynthesis transformed life on earth. By harnessing energy front It eHn.
photosynthesis allows living things to access enormous amounts of energy. Only a.iinimi L
perform photosynthesis. These organisms require pigments, such as chlorophyll, to nli-xli |
and convert it into chemical energy. Photosynthesis uses light energy, carbon dioxidi mil
to synthesize carbohydrates, such as glucose, and releases oxygen. Eukaryotic autoluilii.

Exercises

1 On ahot, 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
¢. 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. thesun
b. the sun and eating other organisms
c. eating other organisms
d. consuming water
Why are carnivores, such as lions, dependent on photosynthesis to survive?
6. Label the following diagram.

o

Credit: SuperManu / CC BY SA 3.0
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Ka MMiiv nl light

k.»It «multi-step chemical reaction that requires light energy, carbon dioxide, and
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lii ulc Ihat is capable of absorbing light energy

mruing that regulates gas exchange and water regulation between leaves and the
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a Idled space surrounding the grana inside a chloroplast where the Calvin cycle
' synthesis take place
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Section Summary

The process of photosynthesis transformed life on earth. By harnessing energy from tin «<a
photosynthesis allows living things to access enormous amounts of energy. Only am
perform photosynthesis. These organisms require pigments, such as chlorophyll, to nl mm mi
and convert it into chemical energy. Photosynthesis uses light energy, carbon dioxide > |

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 ahot, 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.
¢. The space surrounding thylakoids is called stroma.
d. Thylakoids contain pigments such as chlorophyll.
4. Hcterotrophs directly obtain their energy from:
a. thesun
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.

i))

itin
(1t)
(i

Credit: SuperManu/ CC BY SA 3.0
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i nthesis take place using chlorophyll embedded in the membranes
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Section Summary

The process of photosynthesis transformed life on earth. By harnessing energy from li
photosynthesis allows living things to access enormous amounts of energy. Only milnin i
perform photosynthesis. These organisms require pigments, such as chlorophyll, to nlum
and convert it into chemical energy. Photosynthesis uses light energy, carbon dioxide
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 Onahot, 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
¢. 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.
¢. The space surrounding thylakoids is called stroma.
d. Thylakoids contain pigments such as chlorophyll.
4. Hctcrotrophs directly obtain their energy from:
a. thesun
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

230 Retun



Lit-Cdc .urcncknwu v il! fall, aud levels of oxygen iaproducti will .ije
AHosynthesis will Jov iluv.n.

jiinvils that «it plants.

t 5. ihyUikoid lumen (inside
>[).ice ofthylsiki'liii ID. ribiwir»
S 6. chylskrtid membrane 11. iLsti.i DM ;
> 'Viid) 7. giaeinn (stock bl
tlisiakoius;
thy'akoid

ilkk uccond stage of photosynthesis where chemical energy produced in the light-
I»m nun» drives the synthesis of sugar molecules

.|[ilim an organism capable of producing its own food by extracting energy from
11| Mnnt compounds

H1 unecu pigment that captures the light energy that drives the reactions of
*l«
irtir k-indie where photosynthesis takes place
4 Ihylnkoids located inside a chloroplast
h »|h. i.ilized plant cells that control the opening and closing of the stomata
1 innanism that consumes other organisms for food

mhi imiction: the first stage of photosynthesis where visible light is absorbed to
~mmn> mmirying molecules (ATP and NADPH)

n in. middle layer ofcells in a leaf

nnlili mi organism capable of synthesizing its own food molecules (storing energy),
. ..ip! nl light

blt A multi-step chemical reaction that requires light energy, carbon dioxide, and
mugar and oxygen

. —In iilc that is capable of absorbing light energy

. . . Ihal regulates gas exchange and water regulation between leaves and the
¢ Muinl stomata

Idled space surrounding the grana inside a chloroplast where the Calvin cycle
, ' «ynthesis take place

miliupcd membranous structure inside a chloroplast where the light-dependent
nlhcsis take place using chlorophyll embedded in the membranes
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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
other 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|n <
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's«
red, and orange light whereas xanthophyll and bcta-carotene absorb blue and violet light 1In
specific pattern of wavelengths can identify each type of pigment.

Not all photosynthetic organisms have full access to sunlight. Some organisms grow undci ¢ it.

where the light intensity decreases with depth, and the water absorbs certain wavelengths | H

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)

How Light-Dependent Reactions Work

The overall purpose of the light-dependent reactions is to convert light energy into chentii »
enem-gy in the form of ATP and NADPH. NADP+is an electron carrier, much like NAD wim |
used during aerobic cellular respiration. When NADP+ is reduced to NADPH, it shuttles hiul
ene*-gy electrons from the light-dependent reactions to the Calvin cycle. Both ATP and NADI u
will be used in the Calvin cycle to drive the synthesis of sugar molecules.

The= light-dependent reactions begin in a complex
called 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 isa
discrete quantity or “packet” of light energy.

Figure 7.15 shows a photosystem with chlorophyll

mol ecules that absorb light energy, (credit: Fowler
etaU. Concepts of Biology QpcnStax|
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m . titid some prokaryotes, two photosystems exist. The first photosystem used in the
.1i | ut reactions is called photosystem Il. Photosystem Il was named for the order of its
..illia than for the order in which it functions (Figure 7.16).

Electron Stroma
transport chain

Light | \ Light
H- H*

H,0 2H

ih I mm photosystem Il, the electron travels along the electron transport system, and
wm 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)

.. mi . in photosystem Il 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 ofthe

I in and contains

.pccial chlorophyll a Light
nli and a primary
n mieptor molecule.

My electron

17 Tight energy is

.il by pigments and

in the special pair of

,'hyll 1 molecules

u. electron is excited OitQfOphytl a pan
nmund state to its

.lilnlc. (credit: Light enirgyI | ’

; f excites the electron ~ « —Electron in its excited state

- Ily _Ellzabeth of the chlorophyll a
.1 niiginal work of

i il htology 2E

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 Il 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 punijm =
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
NADP' + H* NAi

NADP’
PS 1 reduci.»

Thylakoid lumen

wpTT

Figure 7.18 shows the light-dependent reactions in the thylakoid. (credit: Clark cl .il
2E OpenStaxl|
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e, |" 1 Ws accepted by a pigment molecule in the reaction
IIn. pliiitunystcm is called photosystem | (Figure 7.18). At
........... . 'lwith more light energy. The excited electron is
H**1d In NADI’1 When NADP1accepts two high energy
t i n1vii dmed to NADPH. The NADPH will now carry the high
«Inmi* ilii’Vwill 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
mW 1+ um placed. To replace the electrons, water is oxidized

viti-n ((>m) and hydrogen ions (H+) are formed and
IIn iuygen molecules are released to the surrounding
H" lainine part ol the hydrogen ion gradient, which is used to

« P"' i<aiy because they provide energy in the fonn of ATP and
........ NMil'll carry energy from the thyiakoid membrane to the
ml pliiiliniyiillu'sis, (he Calvin cycle, will now take place.

Hi »pn trum is used by plants?

LLI N»w explain what they use water for?

I"ji'i ibe w viable 1 it spectrum. Violet, blue and <
* '* m arc u*fSm<*theavily, plants use 1lits, s
f -'i-1 ions cs pail o! ihe leceiom uapr-poni chant davinc
»‘edepiiridom teaiBouj. Those electrons will 14 used to
potvei carbon fixation in the Calvin cycle.
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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 Il 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 inapnui « 4
chemiosmosis to form molecules of ATP. ATP is used for the formation of sugar mold nl* H
the second stage of photosynthesis, the Calvin cycle. Photosystem | absorbs a second plmii
which results in the formation ofan NADPH molecule. NADPH is an energy carrier lll i
transports high energy electrons to the Calvin cycle. A total of 6 water molecules will In-
oxidized during the light dependent reactions, which releasees electrons to the photosy i 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. splita water molecule
b. energize an electron
¢. 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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, present initially .is light. /1 photon ot light hits chlorophyll, causing ;«>clu<.-;»H to
L. o mree-ekcimn ,tiv. s hn.u the electron transport chain. ami the emrgy of the
i; , . : iniiiip hyurogcn ions inlo uie thylaKoid space, iiiinstcmup the energy into fne
ri m il gradient. The energy ol the electrochemical gradient is used to p»wc! O I
mdie energy t<transferred into a buni! irt the tvfP ire‘krente Abe energy Ton:
o nmji fa used Socreate a high-energy bond in the molecule NAj)IA 1

a*«t >

« . mnll u: the form of chlorophyll that absorbs violet-blue and red light
. |-in Il h: the form of chlorophyll that absorbs blue and red-orange light
Ve lent reactions: convert light energy into chemical energy in the form of ATP and
ItiM i
.* m»> e distinct quantity or “packet” of light energy

N . in a group of proteins, chlorophyll, and other pigments that are used in thelight-
1 1 wmlions of photosynthesis to absorb light energy and convert it intochemical energy

| mH llie distance between consecutive points o f a wave
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7.3: The Calvin Cycle

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

« Describe the Calvin cycle

« Define carbonfixation

« Explain whatphotorespiration is

« Explain how photorespiration has led to the evolution of C4 and C/1Kfplants
m 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
Quter
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)

240 Return to Table of i



mintcrworking’s of the Calvin Cycle

nils, carbon dioxide (CO2) enters the plant through the stomata. The carbon dioxide then

>into the stroma of the
mmpliist where the Calvin
' n actions take place
thur 7.20). The reactions arc
.... L idler Nobel Prize-
*niing American scientist
1In Calvin, who discovered

. 7.20 Light-dependent
iii hiH harness energy from
mhi 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 OpenStaxI

- 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

Imm- it https://openstax.org/

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 CO2and three molecules of Rulll” 1
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.." 11
process is called carbon fixation because CO; is “fixed” from its inorganic form into lli< m 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 /11ir
NADP* resulting from the reduction reaction return to the light-dependent reactions to I» n
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 of 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 ofthe enzyini mi*
For one turn of the Calvin cycle, the plant cell gets to use one G3P to synthesize cailmli b
(Figure 7.23). Simple carbohydrates, such as glucose, can then be used by the plant b<
aerobic cellular respiration.
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I mill-independent reactions

Calvin cycle
nw H'

NAIM- * H*  NADPH

RuBP

NADPH
11" i»<i lumen

NADP~H"

" imembrane

i 'i'lil reactions harness,i- igy from the sun to produce chemical bonds, ATP, and

In i energy-carrying nj , ulis are made in the stroma where carbon fixation takes
1 i laik et al. / Bioloci;l iiprnSlax)

i M TIC i- The uim mg is a link to an animation of the Calvin cycle. Click
.and then Stage 3uhi iill’and ATP regenerate to form RuBP.

b alluii

ni-xof photosynthesi 1 i ihanged very little over time. The light-dependent
fii inabsorb light and| nlih e short-term energy carriers. The energy is then used in

«|-1- icactions to makt 111 As with all biochemical pathways, a variety of
m Ini to different adr nmk

1 ini' Iniced to close te iiuuala for prolonged periods of time, gas exchange cannot
micly limited- Bee* . jilniits can continue to do the light-dependent reactions,
Uup in the cells. Recal w the light-dependent reactions, water is split to replace the
1 hi lal chlorophyllanmImilc. This reaction generates oxygen as a by-product,

n me used for carl . iimn in the Calvin cycle, can bind to carbon dioxide or

iin ItuBP. In tim 1 noxygen 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 mm
a process called photorespiration (Figure 7.24). The process of photorespiration wu .&>>ill
energy carriers that were produced in the light-dependent reaction and does not lead In II>
production of glucose. When photorespiration happens, the plant cannot generate sug.n <<
must have to carry out aerobic cellular respiration.

Rubisco

RUBP o
Calvin Cycle Photorespiration
c ¢ Cc c ¢
Low water stress Drought conditions
- High Concentration - Low Concentration
of carbon dioxide/ of carbon dioxide/
Low Concentration of High Concentration
oxygen in the cell 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 mesiilili>(
cells called bundle sheath cells, photosynthesis can continue. They are called C4 plants bci .H1
carbon dioxide must first be fixed into a four-carbon molecule, oxaloacctate, before it can Ix
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 ofa CAM plant, (credit: Piotr
Wojtkowski / Concepts of Biology QpenStax)
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tit lii I’'rokaryotes
|

iiit ill photosynthesis, the light-dependent reactions and the Calvin cycle, have been
» | mlliry take place in chloroplasts. However, prokaryotes, such as cyanobacteria, lack

01 i.i..ihu membrane for chlorophyll
mkihl photosynthesis (Figure 7.26).
itwi 1 sprokaryotes, like cyanobacteria,
| ... < mu photosynthesis.

/I \ pliotosynthetic prokaryote has
it. i..HuMm of the plasma membrane that
mm -jik. ihylakoids. (credit: scale-bar

...... Mutt Russell / Concepts of Biology

m. ml. your knowledge

mi ihr location of the light-dependent reactions in prokaryotes. Where is it in
L "ioles?

m i me ihe inputs of the Calvin cycle?

Inoeelftop * m>oice, the tii'hi-JctM-nJee: y-octior: v
fttunJ iirhA(U HK’LL the pUisntu ntvinhroto . In </tuniv. thvv ji\: on

the thvhl.otd nientbrnniot in the ehinriipliMi
The Oilvot cede needs IS ATP onj die elcciioT cantcJ hy + MU)PH

fntrM he hiTm mjcpet’.dvrl to th ihe 6 C02 into I <im".

. lor free at https://onenstax.ore/


https://openstax.org/

Section Summary

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 CO2with 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 CO2to 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 um
rubisco?
Xnsssers
i. (e)
2 to
3. (bj
4. Nunc of the cycle could take place because rubisco is essential in fixing88rbon dins
Specifically, rubisco catalyzes the reaction between carbon dioxide ami RuBP at the ....... 1«
cycle
Glossary

Calvin cycle: the reactions of photosynthesis that use the energy stored by the light-dcprml. »f]
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
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(rr 8: Introduction to Reproduction at the Cellular Level

@ (0) ©
NI /1 sea urchin begins life as a single cell that (a) divides to form two cells, visible by
melectron 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 ¢; modification of work by Marco Busdraghi; scale-bar
u Matt Russell / Biology 2E QpenStax|

iln ".even properties of life is that all organisms must reproduce. Reproduction can be
i 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
'n divide through a process that generates trillions of genetically identical cells. All
iinliir organisms use cell division for growth, maintenance, and cell repair.

eriled organisms, such as bacteria or yeast, must also reproduce; however, they do so on

i u, 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
«illi the steps that must occur for cell division to take place and the consequences of
nu-ns if cell division does not occur in a precise, controlled manner.
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8.1 The Genome

Learning objectives
By the end ofthis section, you will be able to:

« Describe the DNA ofprokaryoticandeukaryoticgenomes
« Explain why DNA mustbe condensed hi the cell

« Describe how DNA is condensedtofir 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

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 1>,
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 Pl

different bacteria, and therefore, the Capsule .

beneficial properties can propagate. Ty-"  Amus)
al  \, v XeZs Uyq
membrane

Figure 8.2 Prokaryotes, including both

Bacteria and Archaea, have a single, Ribosome

circular chromosome located in a central Chromosome Nucleoid region

region called the nucleoid, (credit: Clark (DNA)

et al.! Biology 2E OnenStax)

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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| Hine .ire 23 pairs o f chromosomes in afemale human cell. In this image, the
were exposed to fluorescent stains to distinguish them, (credit: “718
. ili.i (iimmons, National Human Genome Research / Biology 2E QpcnStax)

mill <Imiiiiosomal Structure and Packaging

i» « hum all 46 chromosomes in a human cell were laid out end-to-end, it would measure
mi in ly lwo meters! T he average size ofa human cell is about 10 pm: this means that the
..... In- /nickuged or condensed to fitinto the cell’s nucleus. At the same time, it must

.. nlily accessible so that it can be used to make proteins. For this reason, the long strands
t, i-ilher loosely or tightly condensed with the help of different proteins.

in IsNAis loosely condensed by winding itaround special proteins called histone

m.die I)NA iswound around the protein, it forms a long fiber-like strand called
miii Within the chromatin fibers, stretches of DNA wind around several histone proteins
. -1>ly terming beadlike complexes called nuclcosomcs. The nucleosomces can coil,
.41, mm the DNA even more (Figure 8.4).

. 11 divides, the DN A -will be condensed even more and individual chromosomes will

ililc Chromosomes are always present in the form o f chromatin; however, they
,.r.ily seen until the cell ispreparing 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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' mlunml within the cell is called its genome. Prokaryotic and eukaryt»#s differ in
i "unity and organization of their genomes. Prokaryotes have a singled
0Om whereas eukaryotes have multiple linear chromosomes. Human dfcaccpt for
i mi, have 46 chromosomes.

L. tin is made of:
i I>NAonly
" I>NA and protein
1)NA and carbohydrate
1 I)NA and lipid
14nt myotic cell .
¢ Iii. one circular chromosome
' ha* several linear chromosomes
dues not have chromosomes
a 1bm homologous pairs of chromosomes
K iii 1 prokaryotic chromosome and eukaryotic chromosomes.

the gcnbte is typically compose!) oka single chromosome. isii .
(4 muiied DMA luoleciik urpanHoe) in aloop or aarch; |
i'Mmd in  region called die seelee-id. fa cakasgote the eorue'Sads up o
t.iomosomcs. Chromosomes consist of iluiihle-nti'.indcil DA -A  ms wrapped
| aeli eukaryotic ‘peeioj, has a ehoraeterislie number ot ehr !'m m "*h

® list 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

Hip, //0 penstax.org/
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8.2 The Cell Cycle and Mitosis

Learning objectives
By the end ofthis section, you wil] be able to:

Describe the rhreestages o finterphase

Discuss the behavior ofchromosomes during mitosis and how the cvtopbnnm
divides duringcytokinests

Explain wir\" and honecytokinesis differs inplantand animal cells

Define the GOphase

Explain how the three internalcontrol checkpoints occur attheend of G1 nub
n 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 is.
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)
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w0+ .1 1hr Mitotic phase

if , uni) formed, it will begin to reproduce or divide through a process called mitosis
« » Miliims must occur billions of times to produce the billions of genetically identical

bti m it ui one multicellular human. All multicellular organisms use mitosis for growth,
....li ell repair.

major phases: interphase and the mitotic phase (Figure 8.6). During
fltn ih, iell grows, and DNA is replicated. The mitotic phase consists oftwo subphascs:
W

i ikmesis. In mitosis, the nucleus breaks down and the genetic material is equally

.4 iwve 1Iin DNA is divided, two new identical nuclei are formed. Cytokinesis then
fc. iyinphism into two new distinct cells.

Mitotic Phase

. A ell moves through a series of phases called the cell cycle, (credit: Clark etal. /
i »|«.rSlax)

,|nml 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
ii S(synthesis), and G2 (gap 2).

1 htt"sz/open stax.ore/
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Gi Phase

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 me
of DNA replication and cell division. The cell also continues to carry out its normal cell luin ' «

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, 1)NA
replication occurs. DNA replication involves making an identical copy of each chromosome |
helpful to refer to chromosomes ns bcinu m
either the unduplicated state or (he
Chromosome Inthe unduplicated state  duplicated state (Figure 8.7).

Chromosome in the duplicated state

S Figure 8.7 Chromosome in the iindiiplu no i
Sister chromatids state versus a chromosome in the dupln ri> 1
state, (credit: Elizabeth O'Grady)

For example, in Gi all chromosomes exist in the unduplicatcd state. After S phase chmmu ..un =
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

Figure 8.8 shows a
centromere chromosome in the duplu # |
state consisting of two
identical sister chromatids
sister chromatids (credit: Modified by I li/,il i h
nucleosomes O'Grady original wink ol
bases KES47 Wikimedia i miinitjn .
histones

DNA of
double helix
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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
... MuH consist of a pair of rod-like centrioles at right angles to each other (Figure 8.9).
i . 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'liiiH and most fungi also do not use centrioles for cell division.

W

1% (a) A centrosome is composed of two centrioles positioned at right angles to each
iai Inanimal cells, the centrosomes (arrows) serve as microtubule-organizing centers of
Imrln 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

mill during Gi. The final preparations for the mitotic phase must be completed before the
jruler the first stage of mitosis.

, i< 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 M cells are said to be in the Go phase. When
dm 111s can enter back into gap one of
ol.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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The Mitotic Phase

The mitotic phase is a multistep process where chromosomes in the duplicated state are align-.|
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).

Prophase PronwtaphftM Metaph.ise AnapVsc itNoahast Cytokinesit

@)

vO
Chiomosornes Mitotic spindle is ~ Cohesan proteins  Ctirornov.oines Animal cells i
condense and continue to nay developed bindingthe sister  arrive at opposite  cleavage furrow
become visible condense centrosomesare  chromatids poles and beam separates the
at opposite poles  together break io oecondense daughter cells
Spindle libers kinetochores of :ne cell Jw
emerge from the appear atthe . Nuclear envelope  Plantcells a cell
centrosornes centromeres Chromosomes | I . material plate separate*
are lined up at (now calltHl surrounds the daughut
Nuclear envelope  Mitotic spmdle the metaphase dMomosomes) each set of ,
imcrotuhiite i it: ) are pulled toward  chromosomes
attacn to opposite poles
Nucleolus kinetochores Each sister The mitouc
feappeat % chromatid is [ = spindle breaks
Centrosones attached to a spindle fibers doan
move toward sp;noie fiber |
opposite poles ongmaitng from elongating
5pm
MITOSIS

Figure 8.11 Animal cell mitosis is divided into five stages— prophase, prometaphase, metapli m
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)

256 Return to Table nf



, piupliasc, the first phase of mitosis, several events occur which will allow chromosomes
. lnnlcd state to be divide. During this phase, the nuclear envelope starts to breakdown
LI Il 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
an, iliry extend between the centrosomes, pushing the centrosomes farther and farther apart,
i i ihromatids begin to coil tightly and become visible when using a light microscope.

aw

, piiniictaphase, many of the processes that began in prophase continue. The remaining
nvclope completely disappears. The mitotic spindle continues to develop as more
, Intlm are formed and then stretched across the entire length of the cell. Chromosomes
......... ¢ condensed, and individual
1 nines become more visible. A protein
i died the kinetochore attaches each ot spdle
. inimiattd to microtubules at the centromere

-epton

1? During prometaphase, mitotic spindle
4 ilailes from opposite poles attach to each
, U niatid at the kinetochore. (credit: Clark
itinli m 2E QpcnStax!

Sister chromatids

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 Ihe 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
m 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 Hw

, Irluphase, as the chromosomes reach the opposite poles, they begin to decondense or
.1 The 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.

U free at httos://openstax.ore/ 257


https://openstax.ore/

Cytokinesis

Cytokinesis is the second part of the mitotic phase. During cytokinesis, cell .L , , 1"
completed when the cytoplasmic components are physically separated into >, ,,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 planti,n °

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, It
eventually, the membrane and cell arc cleaved into two separate identical d.iny Li ., 4
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 i ™
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, j1H. ' »
apparatus breaks into vesicles that disperse throughout the dividing cell. Dilium i. e 1- m
microtubules move these Golgi vesicles to the metaphase plate. Once there, tin si slit. .

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).

Rl ol =

Animal cell

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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* |-mi |um\ pledge

1-4' 1 lliiivnij*gisihe correct order of events?
¢« + .Ime” up” the metaphase plate.
....... to -mpleted when the cytoplasmic cow pouy~"* phyS]cally

. 1., 0. |,iii- iwOecomes attached to each chromosome,
ininl.1 gridsseparate.
- ' ... Ir Liignns.
i Livel Oppestarts to breakdown into small vesi{

* L4,

1 |1i i14MS This pane of movies illustrates diffe"nt aspects of mitosis. Watch
i 1 1in tn microscopy of cell division in a newt lur”® ”p . . ’
cell” and identify the phases

., ..mil nlilihheCell Cycle

.IIiytl isle varies greatly depending on the orga® -
ras yI\/{.;iol all cellg willydivize at thge same ratg. sm. Even within a
...... n|,«oryonic cells that divide injust a few he h* * I*e frequency of cell
, | .L-gle. There is also variation in the time th*'5to“ lls the relur°ns ofr
0 -dividing mammalian cells are grown  *pell sPends 1Q « “* Phase °f
............ mans, the length ofthe cycle isapproxin,*,~ 3Utsi* ~ body urder
I, , .S controlled by mechanisms that are b%ﬂt«'e}’n%‘l‘gr?djrs The I’{g'ﬂ% cfell.‘

externa
11111 ( 3 Checkpoints

0 i, |xJ(Cxact copies of the parent cell. Mistakes;.
|, ,,| 1dto mutations that will then be passed th ‘hc duPllcation or distribution
,,1,0J cell from continuing to divide, there arc, Oevery new cell Produced To

.......... ISt which the cell cycle can be stopped U,,?ernal control mechanlsms or
i iimii-ii'ints where cell division can be stopped conditions arc favorable.

»", »m|.bdduring metaphase (Figure 8.14). A occur near the end of G I-at

jWnnenstax.org/
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Mitotic IPhas,e

Checkpoint

M Checkpoint Formation
of 2 daughtei
cells

Figure 8.14 The cell cycle is controlled at three checkpoints, (credit: Fowleretal. / (o' 1
Biology OnenStaxI

The Gi Checkpoint

The Gt checkpoint determines whether all conditions are favorable for cell division inp"" e
The Gt checkpoint, also called the restriction point, is the point at which the cell irrevtt 11
commits to the cell-division process. In addition to adequate protein reserves and cell »#i 1
is a check for damage to the genomic DNA at the Gi checkpoint. A cell that docs not vm '
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 .ni
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

260 Return to Tak'



I, = |10ON- Watch what occurs at the Gi, G> and M checkpoints by visiting this
it» i1'll cycle.

¢ . M IION: The Implication ofan Out ofControl Cell Cycle

.M ilive name used to describe many different diseases caused by uncontrolled cell
, In the redundancy of the cell cycle, errors can occur. Proper replication of DMA
U . monitored closely during the cell cycle checkpoints. However, even with
ni> nemail percentage of replication errors, called mutations, can occur and be
mlaughter cells. 1fone of these mutations occurs within a gene, a gene mutation

bui when a gene mutation gives rise to a faulty protein that is used during cell
ininn mistakes allow subsequent mistakes to occur more readily. Over and over,

itill errors arc passed from parent cell to daughter cells. Eventually, the pace of

, . 11ts 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

n abnormalities may cause loss of cell cycle control. Environmental factors, such
. minting, can also damage DNA and impact control of the cell cycle. O ften, a
I Imill genetic predisposition and environmental factors lead to cancer.

.1 atell escaping its normal control system and becoming cancerous may happen
i Inuly quite frequently. Fortunately, specific cells of the immune system are

, iiil.ing cancerous cells and destroying them. However, in some instances, the
ii> icumin undetected and continue to proliferate.

I minor docs not pose a threat to surrounding tissues, it is said to be benign and can
..y irmoved. A tumor becomes malignant, or cancerous, when it spreads beyond
Miiyiimlcs in. The specific names of cancers reflect the tissues they arise in. For

lhe cancerous cells originate in white blood cells, important immune defense

. "i wcalled 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 iells, but these strategies have their limitations. Depending on atumor’s location
m | unable to remove it. Radiation and chemotherapy are difficult, and it is often
. iniget only the cancer cells. The treatments inevitably destroy healthy tissue, as
m . 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«. 1
a series of precisely timed and carefully regulated stages. In eukaryotes, the cell cyi li<ie

a long preparatory period, called interphase. Interphase is divided into Gi, S, and (p p. °..
Muitosis consists of five stages: prophasc, prometaphase, metaphase, anaphase, and ii Imlitia
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 | am
plant cells.

Each step of the cell cycle is monitored by internal controls called checkpoints. Thiun ...
major checkpoints in the cell cycle: one near the end of Gi, a second at the G?-M (v wm
the third during metaphase. Cancer is the result of unchecked cell division caused A .
breakdown of the mechanisms regulating the cell cycle.

Exercises

1 Which phase will come between prophase and metaphase?
a. Telophase
b. Sphase
¢. 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' lim
animal cells versus those in plant cells.
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.1 less sinkarines a4 weenanimal cell and plgnl celi cytokinesis. 1n annul cells. «
<libers inarmed around the periphA- oi Ik* ceil at the Aimer mernphaSi' plate. The
e lilacis inward, pulling the plasma membrane toward (he center ul the cell until ih r*
. Jin two. In plant sells, a «ess cel!'vail must be formed between OH: daughter cel is.
ii's- ligii.ilrcl! wills ofihSPurertt cell, contraction o f the middle rtfthe cel! is net
fc.tip M cell plate is ffmied f. die center of'the cell at the termer motaphase plate. The
termed (roro vesicles limt contain enzymes. proteins, and glucose. Hie vedeies
enzymes build a new cell wall from she proteins and glucose Ibe cell plate prows
e cmuiiTfy tnsc-n with, the ceil vwdl <ii'Bte parent cell
M
ox

tlx .Inge of mitosis during which sister chromatids are separated from each other

** lint ordered sequence of events that a cell passes through between one cell division
o«

Inikpoints: mechanisms that monitor the preparedness of a eukaryotic cell to
'« 'tigh the various cell cycle stages

<" ® j«tincture formed during plant-cell cytokinesis by Golgi vesicles fusing at the
= mj Ulc; will ultimately lead to the formation ofa cell wall to separate the two daughter

== m 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

yeee

i cell-cycle phase distinct fromthe Gi phase of interphase; a cell in Go is not
n i" divide

»e<e lulso called gap 1)a cell-cycle phase; the first phase of interphase centered on cell
......... . mitosis

>4 |ulso called gap 2) a cell-cycle phase; third phase of interphase where the cell
- . Ihe final preparations for mitosis

"i.i lhc period o f the cell cycle leading up to mitosis; includes Gi, S, and G2 phases; the
m b Iween two consecutive cell divisions

1r: a protein structure in the centromere of each sister chromatid that attracts and binds
mi mtubules during prometaphase

pk 'n- plate: the equatorial plane midway between two poles of a cell where the
mics align during metaphase

lire at https://openstax.ore/
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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 |
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 0>..

telophase: the stage of mitosis during which chromosomes arrive at opposite poles, dn =
and are surrounded by new nuclear envelopes

264 Return to Ta! nul



1'iikmyoiic Cell Division

B ki Hiiilobjectives
** jIMHid of this section, you will be able to:

m /ii'«ribe the process o fbinaryfission wprokan ‘otes
Hr able to define and explain all bolded terms

.......... lliilur organisms, cell division is the only method to produce new individual cells. In

“m ... knryolic and eukaryotic cells, cell reproduction should produce two daughter cells that

'« «inilb' identical to the parent cell.

m «|n c identical daughter cells, the following steps are essential. First, the genomic DNA

* T* U 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,
«K |i. nic required for both eukaryotic and prokaryotic cells.

1ee11HIl <ell Division

m -min lills have genomes that consist of a single, circular DNA chromosome located in a
11l the nucleoid. The process of cell division, called binary fission, is simplified. First,
* 'in hr lcplicated 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
........ L multiple chromosomes that needto be divided.

M1 Imliui

- 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
.m» Lidled the origin of replication. The chromosome is attached to the cell membrane,
«iti.i L nlinn continues in opposite directions along the chromosome. Next, the cell elongates,
, 4, iliiplii‘iitcd chromosomes separate and move to opposite poles of the cell.

1 .0 "Il begins cytokinesis. Cytokinesis is directed by proteins that result in the

ni .11 septum. The septum consists of the bacterial cell wall and outer cell membranes.
<liinm is complete, the cell pinches apart, forming two new independent cells.
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Figure 8.15 The binary fission ofa bacterium is outlined in five steps. Note the wwp
the name of a protein, FtsZ, which assembles into a ring structure, which directs flu; ki
the septum, (credit: modification of work by “Mcstrother\Wikimedia Commons)

266

Binary Fission in Prokaryotes

Replication cit the circular prokaiyotfc chromosome begins at the origin of replication
and continues in both directions at once

Origin bl 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.

tum is complete, the cell pinches intwo, forming two daughter cells. RsZ e

After the seﬁ
dispersed throughout the cytoplasm of the new cells.
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Section Summary

In both prokaryotic and eukaryotic cell division, tu '

is allocated into a daughter cell. The cytoplasmic- contents il
cells. However, there are many differences betwes” ccn ~ro' 11
Bacteria have a single, circular DNA chromoson- “ni*n"
necessary for bacterial cell division. Bacterial cy~& cSSi..i
protein called FtsZ. During cytokinesis, a septurr# ™ colisistmi 11
wall forms, and eventually, the ceil pinches aparfcJ 1 orm,nl"" "

Exercises

I Which eukaryotic cell-cycle eventis m is®*sinA w1 *" 1 1
a. cell growth
b. DNA duplication

c. mitosis
d. cytokinesis h i
- FtsZ proteins direct the formation ofa___ / that will.

walls of the daughter cells.
a. plasma membrane

b. cell plate
c. cytoskelcton
d. septum

5 Name the common components of cukar ~ -

1. tC!
2. uni

5. The common components of eukaryotic ceU
separation oi the duplicated chromosomes. . f

Glossary

binary fission: the process of prokaryotic cell e ft *NIslon

septum: a wall formed between bacterial daugl~i*"Lr cc s us “1
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«ill It nblc to:

menial andsexual reproduction
... 1,lity, Aiimages ofasexual and sexual reproduction

m fiiiill hohh'd tprins

¢| e i.n1,«nil some multicellular organisms, including

P w. ihully identical clones through a process called asexual

| ioigiiniHins and most multicellular organisms, including the
«ein illy (figure 8.17). Recall, sexual reproduction requires

u, In., noil form a single, genetically unique cell called a zygote.l

I llic Commander butterfly, (credit: Rajeeshraghav /

I. pviiliiliimary innovation. The process is thought to have starte
*» 1.4 ruluiryolic cells. In many animals, it is the only mode of
mn i.|T /i- that there are disadvantages when it comes to the

d
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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. Ifan 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 4
has an advantage in that they do not require another organism of the opposite sex to u

(Figure 8.18). There isno 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 o
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 m |
in sexual organisms; however, it is not tI>
source of variation. Also, different nun ui
continually reshuffled from one geneinlim.
next when different parents combine tin n
reproductive cells. Other sources of gem n-
occur when reproductive cells arc protim . 4
mciosis. Mciosis will be discussed in ilia n<
section.

Figure 8.19 shows human skin coloi gen- m
diversity, (credit: truthseekerOR Fix.if i
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Ml v

it mi» 1process called asexual reproduction. Other single-celled organisms and most
< uninnanisms reproduce sexually. The variation introduced into the reproductive cells
« in utirs to be one of the advantages of sexual reproduction that has made it so

* e likely evolutionary advantage of sexual reproduction over asexual

myr4ilmtion?

m icxual reproduction involves fewer steps

» lon chance of using up the resources in a given environment

« rexonl reproduction results in greater variation in the offspring

i Mxtial reproduction is more cost-effective
1 m mu the advantage that populations of sexually reproducing organisms have over
> «mHilly reproducing organisms?

- msexually reproducing orgamsiv#ate .ill genetically unique. Because ol'tnn.

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
"mal parasites, who arc evolving new wqys n, exploit or ouieonipctc then;.

lion: produces genetically identical clones to the parent organism

e .....,tin Him: requires that two different gametes come together to form a zygote
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8.5 Meiosis

I'1turning objectives
By the end of this section, you will be able to:

« Describe the behavior o fchromosomes during meiosis

« Describe events that occur during meiosis

« Explain the similarities and differences behveen meiosis and mitosis

« Explain the mechanisms within meiosis thatgenerate 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 illilii,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. n
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, wini ™
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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| ti .l malic cell contains two copies of each chromosome, callcdliomolt»gous

i |[Inmologous chromosomes are the same length and have specificnucleotide
it 1 Wil grties in exactly the
e ———— Incus (Figure 8.21).
=miimiih | units of
p ill trimine an organism’s

locus
*  »«y. li llstICS.

Centromere region
Il tiiinhilogous chromosomes,

uni in in the duplicated

-1 i h7aheth O'Grady) Chromosome in the DuplS cated Sgde
........ liliuilosomes may have different variations ofthe sam e gene attesam e location.
14* ma homologous pair of chromosomes, one of the chromosomesmay have agene
« 41 ulohcs at a specific location. On the other chromosome, at the ameloc ation. there
........ Hint causes earlobes to be unattached. In the end, it is the genesonthe

i"in mthat determine the physical characteristics of an individual

~1'riii al sex (Figure 8.22). The twenty-third pair of chromosomesacreferred to as
me.m«l. iFigure 8.22). Humans contain the allosomes X and Y  Somertsourcess use the
mines” instead of allosomes. “Sex chromosome” is misleading. M any non-sex
- vi muarc found on the X chromosome and autosomes do containgenes involved in
Inin In phenotypic females, the twenty-third pair of chromosomes are
wuT Knntl X. Phenotypic males, however, have a twenty-third pairXand 'Y, that are
mr'* (Figure 8.22). The genes found on the X and Y chsromosomtsdo n o t code for
1i wmteristics. For example, on the Y chromosome, there isa setdgenes called the

Hun ullow males to develop testes. Those genes are not tvpicall) located. on the X
my. lliu*. this pair is not homologous.

Autosomes
H
¢ l«hows a K f)r> 4 I§
1+"vulypc.
11 «hllcd by * -
"elitdaily ',( fi (aC r (16 1% ;i
Hay
....... id
, Mo %l m H T8 | All osomes
liihlli.

2\ 1K %
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If the reproductive cycle is going to occur, specialized diploid cells called aduli iin .mm
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 aliid > .1
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 m-
within a pollen grain. Flowering plants make their female gametes in a strurliiu i -til- si
and the gametes are called ovules.

Meiosis is the process that produces haploid gametes by reducing the numhci ol >mm<
pairs by half. If this did not occur, the number of chromosomes would double « iib r%»
round of fertilization. Meiosis includes many of the same cellular events as nutu |l

you have learned, mitosis produces daughter cells who are genetically identu nl in w» «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 iill

have the same “ploidy level.” This means that a diploid parent cell will prodinr il = |
that arc also diploid. The process of mitosis should result in the ploidy level ii-unu:is:.

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 linn in
chromosome number, meiosis consists of one round of chromosome replication Inlin.i
rounds of chromosome division. Because the events that occur during each ul lin

similar to the events of mitosis, the same stage names are assigned. Howcvci |.....

two rounds of division, the major processes and the stages are designated with i "i me |
Thus, meiosis | is the first round of meiotic division and consists of prophasc | ..........
and so on. Likewise, meiosis I, during which the second round of meiotic division i #m >
includes prophasc 11, prometaphase 11, and so on. Let's take a closer look at the tini e« u e
up meiosis (Figure 8.23).

Check your knowledge

Which chromosomes are homologous? How can you tell?

Chromosome images modified by Marsha Hay from Figure 8.22

ALS1>|~|' :\]JI") hPlonmauv ﬂrsrrrv»f
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Certtrosomes
1\&d«A " (with cerenate  Chromosomes are duplicated during interphase. The
Nbk! pairs) 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 fromthe ecmrosomes.

Homologous chromosomes are anached to spindle
ima utubufes at the fused kinetochcre shaied by
the sistet chromatids. Chromosomes continue to
((:frdense, and the nuclear envelope completely

Homologous chromosomes randomly assemble at the
metapttuse pate «[lxke they have been maneuvered
into place by die m*Cioit«xrf«

indle microtubules -ﬁ#" the homologous .
chromosomes apan The sister chromates are sill
attached at the centromeie.

Sister chromatids arrive at the potes o<the cell and
negm to deccndense anuclear envelope forms
around each nucleus and the cytoplasm is divided bv
= a cleavage furrow. The result is two tvaplod cels
Turmow Each cel?contains one duplicated copy ai each
hernologous chromosome pair

Sisier chromatids condense Anew spindle beginsto

n*?'s form The nuclear envelope starts to fragment.
\}{ | 4 Tlte nuclear envelope disappear, arid the spindle
fibers engage the individual mnetocfiores an the
K sister chromatics

Sister chiomaiids line up at tire metaplrase plate

: \
| . A
t, n £rha chromatids ~ Sister chromatids are pudeo apan by the shortening
sepal ot the kineiochoie iriaotj&ufes. Non krneiochore
< 7 %y microtubules lengthen ttie cell
- Chromosomes arrive ai the poles o! the cell and
dtcondense Nuclear envelopes suifuund the ou
nuclei. Ceavags furrows divide the two cells irtd
Iras haploid cells
Heolo4 daughter eefls

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 OnenStaxI
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Interphase

Meiosis is preceded by an interphase consisting o f the Gi, S, and G2 phases, wim >
identical to the phases preceding mitosis. The Gi phase is the first phase of inlnph- « «
focused on cell growth. In the S phase, the DNA o f the chromosomes is replicated !>#
G2phase, the cell undergoes the final preparations for meiosis.

During DNA duplication of the S phase, each chromosome becomes composed i1 i4fl
copies called sister chromatids. Once this occurs, the chromosomes arc said to he w 'n
duplicated state. Chromosomes in the duplicated s tate are held together at the crnlinn--LL,
they are pulled apart during meiosis Il. Inan anim al cell, the centrosomes that iiiiiuin * LL|
microtubules of the mciotic spindle also replicate «luring interphasc. This prepnien iht 1 ee
first meiotic phase.

Meiosis |

Prophase 1

Prophase | 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 Wwith the

help of unique proteins. Each homologous chromosome

pair is held together by proteins forming a tetrad , a

complex consisting of four sister chromatids (Figure 8.24).

Recall that in mitosis, homologous chromosomes do not

pair together.

Figure 8.24 Homologous chromosomes pair together during
prophasc | to form a tetrad, (credit: Clark et al./ Biology 2E
OpenStax)

scmw M nw iew h —

When the tetrad is formed, the genes on the non-sister chromatids of the homologou» i'ii*
precisely aligned with each other. This alignment allows for chromosome segment: in 1 m
exchanged between non-sister chromatids; a process called crossing over or reconiblimH
Crossing over occurs at precise locations called chiasmata (singular = chiasma) (1 i,nm' m

Figure 8.25 Chiasmata hold the homolugi .1
chromosomes together, (credit: Biology 11
Marotuhuefc attach / Wikimedia Commons?

to the lused kineiochores

of the sister chromaiids
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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
*m>' mparents. The recombinant sister chromatid has a combination of maternal and
mi that did not exist before the crossover (Figure 8.26). Crossover events can occur
«m|» heic along the length of (he chromosomes; therefore, each gamete produced will
......... i innbinations o f both maternal and parental genes.

mim though the X and Y allosomes are not considered homologous in that most of
metiller, there is a small region of homology that allows the X and Y chromosomes to
| eseHnL pmphase . There have also been documented cases where the SRY gene located
*innmsome 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

“" m- have 2 X chromosomes.

Honologous Chromosoe
chromosomes Crossover
aligned
Re(x)rrt]v inant
chromosomes
Nonreconbinanl
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:
m |Imingy 2E OpenStax|
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Prometaphase |

The key event in prometaphase | is the attachment of the microtubules to each sisti-i . [<1—e
kinetochore proteins (Figure 8.25). The microtubules assemble from centrosonu »i.,, =
poles of the cell and grow toward the middle of the cell. Homologous chromosome. n. e
together at the chiasma. In addition, the nuclear membrane has broken down entirely

Metaphase |

During metaphase |, the homologous chromosomes are arranged in the centerol ti 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 arumu......
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 of 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»e
pairs line up at the midway point between the two poles ofthe cell. The arrangcim-ni i it"
tetrads at the metaphase plate is random. This is because a microtubule isjust as liki I
to a maternal chromosome as it is to attach to a paternally inherited chromosome [Ilmi e
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 wuH
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 numin 1 1
chromosomes per set. Humans have 23 chromosome pairs, which results in over cjgin 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 1e
haploid cells resulting from meiosis will have the same genetic composition (Figiii. * |

Anaphase |

In anaphase I, the spindle fibers pull the linked homologous chromosomes apart. (>mm
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 |

In telophase |, 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, smli
protists, cytokinesis occurs without the reformation of the nuclei.
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Metaphase >

airangement 1 arrangement 2

Metxphas*! um

Miriaphase It

wrangentent 4

..... istiatcs independent assortment in metaphase I. (credit: Clark et al./ Biology
I «(Mtltil

ni «», 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

- 11 il wall between the two new plant cells. At this point, each daughter cell is

1 iiind, cuch cell contains only one set of chromosomes. Each of the chromosomes
k. sianHliter cells is in the duplicated state, meaning each chromosome consists of two
o Ihal 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 inikking over.

it ,clikenter a briefinterphase, or interkinesis, before entering meiosis II.
m i.nnSphase, so chromosomes are not duplicated. The two haploid cells
LI .l gothrough the events of meiosis 11 in synchrony. During meiosis 11, the
i . within the two daughter cells separate, forming four new haploid gametes. The
nmims Il 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 Il

In meiosis 11, the connected sister chromatids will be split and separated into four haploid i<V
Let’s take a closer look at the events of meiosis Il, which begins with prophase II.

Prophase Il - Prometaphase Il

In prophasc I, if the chromosomes dccondenscd in telophase 1, they condense again. If wm K«
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. H.
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 11, the sister chromatids are completely condensed and align on the metaph.i -
plate. In anaphase Il, the sister chromatids are pulled apart by the spindle fibers and move i
opposite poles (Figure 8.28).

Telophase 11- Cytokinesis 11

In telophase I, 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.
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in imiinclaphase I, microtubules attach to the fused kinetochores of homologous
i i Inanaphase 1 the homologous chromosomes are separated. In prometaphase 11,
«« attach to individual kinetochores of sister chromatids. In anaphase Il, the sister
m » parated. (credit: Clark dll./ Biology 2E OpcnStax|
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Comparing Meiosis and Mitosis

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.

On the other hand, meiosis is a process that begins with one diploid cell, which then goes
through 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 Ini>i,,
cells each contain only one chromosome set, which is half of the original chromosome mnnl ¢

In humans, cells produced by mitosis will (unction in different parts ofthe body and arc i .
for growth and/or replacing dead or damaged cells. Cells produced by meiosis are used Im
organismal reproduction.

Check your knowledge

lu the following list, decide if the event occurs in mitosis, meiosis, or both.
« Crossing over

¢ One DNA replication

¢ F.nd in haploid cells

¢ Nucleus degrades

¢ Cytokinesis

« Homologous chromosomes align on the metaphase plate

ArMitr.s. tfittw.' oji/v. IUtth. JIUrT<;m\"n.4. Both. ;I
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HAPLOID CELLS

Metosis i MC[L‘l)SiS 1 Q;td(imsis
i >
A i:S
Pronietaphase t Anaphase | I mell
it Metaphase It Telofhi@h K *
I " « ®H *3 W Prometapase I Anaphase H
#'Hihasol Metaphase | Telophase | t. > o> >
< PFt i an
Cytokinesis
Cytokinesis
Cytokinesis
Prophase Metaphase Telophase
. >
-tv
OrTTll 1A Ne 9ca Anaphase
DIPLOID CELLS
QOUTCOME
Synapsis of Crossover Homologous Sister chromatids Number
homologous chromosomes bne up at and genenc
chromosomes bne up at metaphase plate composition o*
metaphase plate daughter cells
Curing During During During Four haptad
prophase i prophase | metaphase i metaphase I celts at the end
Of meosts H
Does not Does not Does not During Two d-ploitl
ocan occiA oceur metaphase celts al the end
m mitosis in mitosts inmitosis oi mitosis

i M uisis and mitosis arc both preceded by one round of DNA replication; however,
- imli ntwo nuclear divisions, (credit: Clark et al./ Biology 2E OpenStax’)

TIOV For an animation comparing mitosis and meiosis, go to this website

— » cuenstax -xnusi
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Section Summary

Sexual reproduction requires that diploid organisms produce haploid cells 1i-........
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 (lium | i 1
the intcrphasc of meiosis, each chromosome is duplicated. In meiosis, then in i-
nuclear division, resulting in four genetically unique haploid daughter cclin 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 halfas 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 wwmuy, t
ploidy level. The second division of meiosis is much more similar to a mitnin H «mmi

Exercises

1 Meiosis produces daughter cells.
a. two haploid
b. two diploid
c. four haploid
d. four diploid

2. Atwhich stage of meiosis are sister chromatids separate from each ullu 1
a. prophase |
b. prophase Il
c. anaphase |
d. anaphase Il

3. A part of meiosis that is similar to mitosis is
a. meiosis |
b. anaphase |
c. anaphase Il

d. interkincsis
4. Ifasomatic muscle cell ofan organism contains 32 chromosomes, Imw kma| =
find in a gamete?

a 8

b. 16
c. 32
d 64

5. Explain how the independent assortment of homologous chromosom. « 1. 14
| contribute to variation in gametes produced by meiosis.
6. In what ways is meiosis Il similar to and different from mitosis of uiili| |
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' 11" Wni'Tii loads to new combinations ot traits. 1ho chromosomes that were morally
"+ e 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
M toilet ol die cell to form a tcuad. The orientation of eadt k-trad is random. Thov is
+» a 1lii e dial the maternally derived chromosomes: wffl heJacinu cilhcr ni.de. The same is
iny paicritally derived chromosomes. Tire alignment should occur differently in almost
......... . As die homologous chromosomes are pulled apan in anapiia.se I. any combination
»> tm nul pulema! chromosomes "\ill move toward each pole. The gametes formed from
9 myrnups ofchiomoscvhes will have a mixture of trails from the individual's parents.
i mi, munique
i* i doniiin, are sirniuiyn that the chromosomes line up ".done, the metaphase plate
- ii W iiii-aninu unpaived with other cluoniosov.tes las in meiosis It Also, each
..... consists ol'two sister chromatids that will be palled apart. The two divisions are
mi Wii i .nine in meiosis H there is halfthe number of chromosomes that are present in a

e.'1i . 11| Uie same species undergoing mitosis. This is because meiosis 1reduced die ntnm-i
............ .mcs in a haploid slate.

*a

....... M tos://openstax.ore/ 285



Glossary
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 gencln
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 oftwo 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 |

independent assortment: describing something composed of genetic material from two sum
such as a chromosome with both maternal and paternal segments of DNA

interkinesis: aperiod of rest that may occur between meiosis | and meiosis Il; there is no
replication of 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 m
resulting cells are haploid

meiosis Il: 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 |

zygote: a fertilized egg produced when a sperm and egg fuse

286 Return to Tabuly|



LI . Mciosis

1<lii iobjectives
n w-.....lul this section, you will be able to:
1 i/ikl/m 1ok nondisjunctionleads to disorders in chromosome number
m th*<irbc how errors in chromosome strnctme occur through duplications, deletions,
mvmions and translocations
m lie able to define andexplainall bolded terms

....... Ltliminosomal disorders can occur when mistakes happen during meiosis. Chromosome
i i anbe divided into twocategories: abnormalities in chromosome number and
nun structural rearrangements. Chromosomal disorders arc characteristically noticeable
1In Litnl. We will look at howerrors occur during meiosis and the impact this has on an
si<nliml health and homeostasis.

Hw nliii In Chromosome Number

........ mini abnormalities in humans can be detected by first isolating chromosomes and then
= i mlili them using a microscope. A karyotype is the number and appearance of an
h <tml'schromosomes, including their length, banding pattern, and centromere position.

> «vas 1 WL This karyogram shows the chromosomes of a female human immune cell during
M |n edit: Andreas Bolzer, etal / Biology 2E OnenStax)

li -nve 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
.... lixed to aslide. Chromosomes are stained with one of several dyes to better visualize the
« inimid reproducible banding patterns of each homologous chromosome pair. An
I» 1141t .-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 | or meiosis Il. Misaligned .....................
chromosome pairs not fonning tetrads, or failure of the microtubules to attach mill 1, ,
chromosomes to opposite poles can all cause nondisjunction to occur. The risk ni n. .. i
occurring increases with the parents' age.

Nondisjunction can occur during either meiosis | or 1l (Figure 8.32). If homulugnu m
chromosomes fail to separate during mciosis I, 100% of the gametes will be alb 11 i
case, two gametes will lack a particular chromosome, and two gametes will havr a.i.i.i.
copies of that particular chromosome (Figure 8.31). If sister chromatids fail to mjh.....
meiosis 11, there is a chance that 50% of the gametes will contain the correct numin . i
chromosomes (Figure 8.31). Regardless of whether nondisjunction happens iniin ukn
some gametes, if not

all, will have the Nondisjunction

wrong chromosome
number. If those
gametes participate
in fertilization, it
will result in an
individual that has a
genetic condition.

Meiosis | Meiosis Il

Figure 8.31
Following meiosis,
each gamete has one
copy of each
chromosome.
Nondisjunction
occurs when
homologous
chromosomes
(meiosis 1) or sister
chromatids (meiosis
I1) fail to separate
during mciosis.
(credit: Clark etal. /
Biology 2E
OpenStax|
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lindividual with the appropriate number of chromosomes for their
mlil In humans, cuploidy corresponds to 22 pairs of autosomes and one pair of
NI 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 .. Itown syndrome, is a condition that occurs when an individual has a third copy of
” "1 Down syndrome is characterized by short stature, stunted digits, facial
nH , iliit include a broad skull and large tongue, and significant developmental delays.
iiinc of Down syndrome can be correlated with parental age. Older parents are more
'nill  Ictuses carrying the trisomy 21 genotype (Figure 8.32). Turner syndrome,
w .ikiii liu/ed by the

11nilv one X allosome, Down Syndrome Correlation with Maternal Age

] Jii. id n monosomy
y - |.unites that have 375
i L. Inline arc typically

_ 1. Hiinot reproduce.

t:
gE: 225 .
£ >
0.75
e i Ihr incidence of
. ini willi trisomy 21
e ulically with Mother
i « m (ricdit: Clark etal. / other's age
I OpcnStax)

Data source: American Family Physician; Aug 15. 20l

iN & [ ION Visualize the addition of a chromosome that leads to Down
in this odco simulation.
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Polyploidy

We 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 sperm would yield a
polyploid. Polyploid animals are extremely rare, with only a few exampoles including mn
flatworms, crustaceans, amphibians, fish, and lizards. Polyploid animals are sterile bci m
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
(Hemerocallisfulva) 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 rearran 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>m

then either be inserted into a different position on the same chromosome or a complcu-1>
different chromosome (Figun K=
chromosomal deletions, a pail ui

Chromosomal Chromosomal chromosome is lost or removed 11
Duplication Deletion 8.34).
f—4 4 [—> —y
X X K
HE e i—ul Wen
Figure 8.34 Chromosomal anauj.
— »E-S X = include both duplications and d- i
- (credit: Modified by Elizabeth t 11
y original work of Guv Leonard

Wikimedia Cnmmonsl
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V- milhiiis and deletions often produce offspring that survive but exhibit physical and
ilKies. A deletion of a region on chromosome 11 leads to a condition called 1lq
5 lilion disorder or Jacobsen syndrome. Jacobsen syndrome involves distinct changes
1L iimlilmn known as Hereditary motor and sensory neuropathy or Charcot-Marie-Tooth
It* n.in. CMT results in individuals that have nervous system issues involving nerves
i 1Jd. liver information to an individual’s legs, arms, hands, and feet.

«. Inversion is a detachment, 180° rotation, and reinsertion of part ofa
mi 11ligurc 8.35). Inversions may occur in nature as a
Au'inpcd or cut DNA or from transposable elements,
IAsequences capable of rearranging chromosome
« liiilrss a gene sequence is disrupted, inversions are
i . minor effects. However, inversions that disrupt
. lilt in abnormally high or low levels of specific v -f

nversion

A A

r-1

Jn inversion is an example of a chromosomal
a li «edit: Modified by Elizabeth O'Grady original
. Iiimard Wikimedia Commons)

I | mUntil

«hi 1tloii occurs when a segment of genetic material breaks from one chromosome and
niiother chromosome or a different part of the same chromosome. Translocations
«*1 Inni minimal to no impact or have devastating effects depending on how' the positions
« "o nltctcd. Notably, specific translocations have occurred with several cancers and with
e Reciprocal translocations result from exchanging chromosome segments between

«.: iniiliigous chromosomes such that there is no genetic information gain or loss (Figure

inversion Reciprocal Translocation

No gain or loss
ol genetic, infcxmafon

... liromosomal inversion (b) reciprocal translocation (credit: modification of
....nil Human Genome Research Institute Concepts of Biology QpenStax)
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Section Summary

A karyotype is the number and appearance of an individual’s chromosomes, including M9
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 «—
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, w ....... i
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. Adeletion
d. Apolyploid

2. Nondisjunction is:
a. failure of homologous chromosomes to separate properly
b. isan example ofa chromosomal rearrangement
¢. only occurs during meiosis Il
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

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 « m
obvious when looting as a karyogram because it allows if an extra chromosome
wriether an entire chromosome lias been lost

>w
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m i.i miindividual with an error in chromosome number; includes deletions and
in nl chromosome segments

cM,. mnutofachromosome is lost or removed

iiihh unpart ofa chromosome is duplicated and either inserted into a different position on
A e or a completely different chromosome

« "individual with the appropriate number of chromosomes for their species
1 detachment, 180° rotation, and reinsertion of a chromosome arm
mll,.. hi the photographic image of a karyotype

,m ti* number and appearance of an individual’s chromosomes, including the size,
, , hi.in.. and centromere position

, i-- -, miotherwise 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

winn ihc process by which one segment of a chromosome dissociates and reattaches to
i i .» luuiliomologous chromosome

*o mm ... .llicrwise diploid genotype in which one entire chromosome is duplicated
iaMill
i iibi .inl,“Segmental duplication associated with the human-specific inversion of

....... 1K u further example ofthe impact of segmental duplications on karyotype and
-. . liiiiiui in primates,” Human Genetics, 115 (2004): 116-22.
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Introduction to Patterns of Inheritance

I i"iinicnting 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.
, W Mendel set the framework for genetics long before chromosomes or genes had
8 Mendel selected a simple biological system, the common garden pea plant, and
Hv ilmdical. quantitative analyses using large sample sizes. Mendel’s work identified
niid principles of heredity, and as a result, he is often referred to as the “father of

sk put forth by Mendel forms the basis of classical, or Mendclian, genetics. It is
...... that not all traits are passed from parents to offspring according to Mendelian
Il o ver, Mendel’s experiments serve as an excellent starting point for thinking about
hhr works.

«|*' Mendel and Genetic Crosses

I ii'itictives
s |lus section, you will be able to:
inthe hisran o fMendel and his work
"ii the difference between characteristics andtraits
«ifundthe difference between continuous anddiscontinuous variation
ii/ia the expected outcomes o fdifferentMendelian crosses
.ilI'lr to define and explain all bolded terms
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Johann Gregor Mencel 11822-1884) (Figure 9.2) was a

lifelong learner, ttacher, scientist, and man of faith. As a
1  yoragadult, he joredthe Augustinian Abbey in what is now
¢ the Czech Republic. Supported by the monastery, he taught
M physics, botany, adnatural science courses at the secondary
38 anduniversity lewds In 1856, he started studying inheritance
M pattems in honeybeesand plants. His research would span
wi  wellover a decade, axdmuch of what he found became a
CO cornerstone for tefield of genetics.

Fed 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 |In*
alloli"Uowcd Mendel toperform quantitative statistical tests that supported his results.

Pexa*aca plants also have seven different heritable characteristics that could be studied. A
clind 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). Atiall i
lefi ifiefined as variation inthe physical form of a characteristic that is heritable. For cxamplu
I)lai*tt(jants produce either yellow or green seeds. The seeds are either wrinkled or smooth lin
lifloTtjfrferait variations, yellow or green, or wrinkled or smooth, are referred to as traits

Characteristics at pea plants Gregor Mendel used inhis inheritance experiments

urc  *H*4jre 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 |
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11 oriel preset Ihc rcsul,iuits Of his experiments, which were based on nearly 30,000 pea
Qv local NYal History 17, Society. In 1866 he published his work, Experiments in Plant
nun 1 in theproceedings >« Of (he Natural History Society of Briinn. Although he
lu« lindNe"Mendel s Wirwork went virtually unnoticed. At this time, the scientific
ni iliouglif incorrectly, th if*hat the process of inheritance involved a blending of parental
m['ll itdin” htpotliesis of|0f 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 examPI'ble, if two horses with different coat colors, white and black,
ul. llic coalc’l°rs wouldl, j blend together, resulting in an offspring with an intermediate
i I>ncc blenled>Ihe colo|orS) black and white, would not appear again in the offspring’s

il««nitions

know ibat thisis not the r case. Many people supported the blending hypothesis because
1Liiimiooly referred to s as continuous variation. Continuous variation is when a
<o <luplaYsaw|dc range & Of values for acharacter, such as height in humans. We now
rtn  curs Wlma charactetcr js influenced by several different genes. Continuous variation
i" observedwl,h humartTl characteristics such as skin, hair, and eye color. Offspring often
ni In n"blejd °f their P6.arents’ traits; however, this is not completely true and will be
e later in section 93.

1 "l'hrd 'Stttraits that s*how discontinuous variation. Discontinuous variation is when
"eIn iluiil cubits one of btwo easjiy distinguishable traits, such as violet or white flowers.
11'loi isionlOuse traits t"bat show discontinuous variation allowed him to see
eminlly that offspring wvere not a result of "blending.” Mendel hypothesized that each
« « 11 pt qistinct from one another and, asa result, could be passed on and reappear in
iniiitiotrs *n 'bt’XMe ndel became abbot of the monastery and exchanged his scientific
li« his pastoral duties. Ne was not recognized for his extraordinary scientific
iii'iis dunnghis lifetirrye  was not 171 1900 that his work was rediscovered,
w1, and revitalized by scientists on thebrink of discovering the chromosomal basis of

1
1 mMurid System

iiniied c ar'ler. Mendel studied inheritance using the common garden pea plant, Pisum
IIns sp ecles of plant naturally self-feitilizes itself, such that pollen encounters ova
1 winn individual flow”rs -pbe flower petals remain sealed tightly until after pollination,
ii'Ul pol lination from other plants. The result is highly inbred, or “true-breeding,” pea
lin »c plants always Produce offspring that look like the parent plant. By experimenting
ncctilng pea plants Mendel avoided the appearance of unexpected traits in offspring,
a'itlil occur if the plates were not true-breeding.

« ali (‘posses

" llor'med hybridrijtions, or cross-fertilizations, which involve mating two truc-
4 imliv/iduals that havc different traits. For example, Mendel would take pollen from a

e....ling violet-flowery plant and use itto fertilize the egg of a true-breeding white-
|
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flowered plant. In this cross, the true-breeding violet flower plant and true-breeding n li
flowered plant are called the parental generation, or P generation (Figure 9.4). Altei r
Mendel collected the seeds belonging to the P generation and grew them the followin;!

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. Mendel’s
experiments extended beyond
the F2 generation to the F3 and
F4 generations, and so on. It
was the ratio of characteristics
in the P, F1, and F2 generations
that were by far the most
intriguing and became the basis
for Mendel’s hypotheses.

Figure 9.4 Mendel’s
experiments involved cross-
fertilizing true-breeding plants
with different traits, such as
purple-flowered plantand 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)

298

Cross between True-breeding Pea Pinin'»

P generation

Violet
flowers

White
flowers

Hybridization of true-breeding plani

generation
>*- o
Jp
u, K

All hybrid progeny have violet dowers

Self-fertilization of hybrid plants

F29eneration

W

705 224
Violet flowers White flowers
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1 14; hypothesis of inheritance stated that when two individuals made an offspring, their
i traits were lost because their traits blended together when the offspring was
m ' . 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
« H linits that show discontinuous variation. Discontinuous variation is when each
1 muhils one of two easily distinguishable traits, such as violet or white flowers.
imJul * i inoon to use traits that show discontinuous variation allowed him to see
m a,illy that offspring were not a result of “blending.” Mendel studied inheritance using
i .Miiii gulden pea plant, Pisum sativum. This species of plants naturally self-fertilizes
.producing offspring that look like the parent plant. By experimenting with true-
| i it inaplants, Mendel avoided the appearance of unexpected traits in offspring. Mendel
..... hybridizations, or cross-fertilizations, which involve mating two true-breeding
i...i<iliul have different traits.

n ilil in humans is an example of:
i Ihscontinuous variation
h  (‘ontinuous variation
i The blending hypothesis
d Bothbandc
1 iidie one of the reasons that made the garden pea an excellent choice of a model
-ii ni lor studying inheritance.

.a pen has flower- tilaWiusc i.ghtly during self-pollination. This helps to prevent
il nr unintentional fertilizations dial could have diminished the xieuraiv of Mendel's
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would disappear completely from the Fi generation, only to reappear in the F2 gciicialuui *
ratio of 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\ u ..
probability.

Probability Basics

Probabilities are mathematical measures of likelihood. The empirical probability ofan m 1|
calculated by dividing the number oftimes the event occurs by the total number of opt» - ™
for the event to occur. Itis also possible to calculate theoretical probabilities by dividim
number of times that an event is expected to occur by the number of 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 Ib.
probabilities of individual outcomes are equal. A probability of one for some event iud
it is guaranteed to occur, whereas a probability of zero indicates that it is guaranteed ...........

An example ofa 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 of 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 of four. In other words, in...... 1
population of 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 cum 1«
others to repeat his experiments and verity his results.

Mendel’s Laws of Inheritance

Mendel simplified the results of his pea plant experiments into four hypotheses, some nl =
are sometimes called “laws.” These hypotheses or laws describe the basis of inheritance 1
diploid organisms, as understood by Mendel.

Mendel first hypothesized that for each characteristic, plants have two copies of the hn n
trait, one from each parent. Today, wc use the word gene to describe the basic unit ofh. .1 In
Based on what he saw in pea plants, Mendel recognized that different versions of 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. lii.in 1
that have two identical alleles are said to be homozygous. Mendel’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 difTcrenl » 1
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e.ipa 'e» 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 of flower color.

i«amin i ted that each parent passed on only one of its two alleles to its offspring. For
® =il i ill the male and female gamete would each only carry one copy of an allele for
......ilU When fertilization occurred, the new zygote would then have two alleles for flower
ala i'a life the parents that produced it.

1i".mil that when he crossed true-breeding violet-flowered pea plants and truc-brccding

> 1l .1.d pea plants, all the offspring were violet. The violet flower color is therefore
—=| ..l dominant. An allele is considered dominant 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,
the dominant allele. The white-flowered allele is therefore considered recessive. An
....... Icred 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
M in. lwo recessive alleles. He also suggested that because the recessive trait reappeared in
rereeres this meant that the traits remained separate and not blended in the
, hi(lion plants.

1. .. m Ins observations of the Fi and F; generations, Mendel proposed the law of segregation.
Hmi«« .'Hies that paired unit factors, today called genes, must segregate equally into gametes
o Ispring have an equal likelihood of inheriting either gene. Recall that in mciosis,
m 1 1.him chromosomes are separated into different haploid gametes arbitrarily (Figure 9.5).
1 ttinal’s characteristics are a result of the genes carried on chromosomes. When a haploid
1 inan one parent fertilizes a haploid gamete from another parent, a diploid offspring is
Lil Ilie diploid offspring has two copies of each chromosome, and therefore two copies of
..... supporting Mendel’s hypothesis.

Menr,is 1 Daughter

Inlcrpnase Prometaphase | Anaphase 1

Prophase 1 Metaphase 1 Telophase |

1. 4 5 The random segregation into daughter nuclei that happens during the first division in
*a .insupports Mendel’s law of segregation, (credit: Fowler et al. / Concents of Biology
» uSui\)
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Mendel’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 Men -
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 nut.u,
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 of the dominant trait, but genetk : i
prefer to use letters that have distinct upper- and lower-case forms (P and p may be mistal...
each other, while B 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 of 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 mii..
When P plants with contrasting traits, for example, violet flowers (BB) vs. white flowers Ihi.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 tinn
recessive.

Monohybrid cross and Punnett Square

Mendel’s cross-fertilization experiments demonstrate the difference between phenotype an
genotype. When fertilization occurs between two true-breeding parents that differ in only «m
characteristic, the process is called a monohybrid cross.

To demonstrate a monohybrid cross, consider the case of true-breeding pea plants with yell' -

seeds versus green seeds. The dominant seed color is yellow; therefore, the parental genol>|W»
were Yy for the homozygous dominant plants with yellow seeds andyy for the homozygou-
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r plants with green seeds. A Punnett square, devised by the British geneticist Reginald
in can be drawn that applies the rules of probability to predict the possible genotype
mey of a genetic cross and their expected frequencies. To prepare a Punnett square, a table
m i where all possible combinations of the parental alleles arc listed along the top for one
1 mid all possible combinations of the second parental alleles are listed on the left side of
Mr (figure 9.7). This allows the alleles to be separated into separate boxes, which represent
niotic separation into haploid gametes. The different combinations of egg and sperm are
in the boxes in the table to show which alleles are combining. Each box then represents the

Monohybrid Cross

Gametes from
dominant patent

Y Y
Yy Yy Each homozygous
parent in the P
genetation produces
yy Yy only one land ol
gam«e.
\ /
Yy The heteiozygous Fj
offspring produces
\ two kinds ot gamete
Y Yy
Y Yy

Self-pollinanon of the

Fioffspring produces
Fsoffspring with a 3:1

Yellow Yetlow

YY
Yy ratio of yelkxY to green
Yellow Green seeds.
Yy @ o= X
4RatioO!
Genotype Phenotyi
-+«mtypes Genotypes ratio ratro
YY 1 3
Yfllow
Yy 2
Liron vy 1 1

diploid genotype of 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 of 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 of allele. In this case, only one genotype is
possible. All Fi offspring are heterozygous,

vy, and have yellow seeds because they have a
dominant allele (Figure 9.7).

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 ofthe F2
generation. Given an inheritance pattern of
dominant-recessive, the genotypic and
phenotypic ratios can then be determined,
(credit: Modified by Elizabeth O'Grady original
work of Clark et al. / Biology 2E OncnStax)%

11. mss of 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 v from the egg and ay from
1111. or ay from the egg and a v 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 of vy: Yy.yy genotypes of 1:2:1 (Figure 9.7). Furthermore,
1 m vv offspring all have yellow seeds and are phenotypically identical. Therefore, we
m 11 lie offspring to exhibit a phenotypic ratio of 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 peasill ...
dominantto green (v). Wliat are the possible genotypes and phenotypes foi w im
betweenpPpYY andppYy pea plants'?

Vil- » n-1- Ppn . I'pYv. f
7W; vhPs tkf [ — 1
o AT /204, e w/-1.1 '], I orj:
Pedigrees
Mendel chose a model organism, the common garden pea plant, that he could easily ........ juu '

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- -
However, doing cross-fertilizations in humans is both unethical and impractical. Instc.nl
geneticists can use a pedigree to study inheritance patterns of human genetic characteri in
(Figure 9.10). A pedigree is chart used to study inheritance patterns of genetic characteri '

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 k<w
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+
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 of Alkaptonuria r
autosomal recessive, we also know these affected individuals have the genotype aa. v iiiti»*» 1
individuals are indicated by unshaded or white circles or squares and have either

genotype AA or Aa. Sometimes it is not possible using a pedigree to determine whether n|H .
iSAA or Aa, and in these cases, the genotype can be denoted as A_ or by writing out both
possibilities, “AA or Aa". Note that it is often possible to determine a person’s genotype 1 ee
genotype of 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 1 Male Female Unaffected “  Affected

1 W™ 4 1l N pedigree is showing the recessive genetic disorder, alkaptonuria, (credit: Modified
1 m- lit O'Gradv original work of Clark et al. / Biology 2E OnenStaxl|

i i an be generated by observing traits of individuals within a family or by looking for
*+ t "m tming molecular biology techniques. In either case, pedigrees allow geneticists to look at
«nl inheritance within a family and predict genotypic probabilities.

1 lict Uyour knowledge

In & pedigree, you are evaluating a filled in circle. Which best describes this person?
m 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 ofthe parents if all the offspring are dominant?

fef.-r.nverv; fei dfto' (i ull the Oshytiiig aix ciomina/if. u< least oue <J
fhi*porirtus fitast he howazyrmi* Jotninaml*.r  mat fhe
aer.o»J piti‘at! eould 1+>any fur.
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Section Summary

Working with garden pea plants, Mendel found that crosses in in. R f
trait produced Fi offspring that all expressed the traits of one pan »i iu
referred to as dominant, and non-expressed traits are described in n . .

in Mendel’s experiment were self-crossed, the F: offspring i «lul u. 4 lit i
recessive trait in a 3:1 ratio, confirming that the recessive trail hid in *m me
from the original P plant. Reciprocal crosses generated idenla nil,* |
examining sample sizes, Mendel showed that his crosses hclin . 1. «i . *
laws of probability, and that the traits were inherited as indep*-»d.......

Mendel hypothesized that genes arc inherited as pairs of alii |, « 1
recessive pattern. Alleles segregate into gametes such that cm li y,»..........

receive either one of the two alleles present in a diploid individual »
gametes independently of one another. That is, in general, ullcl............. >
into a gamete with a particular allele of another gene. /1 dilishiul m, i >
assortment when the genes in question are oil different chion»........ 1 m

on the same chromosome.
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(<piimol by an organism are described as its

|~ | ihiK hr observed in individuals that are for that trait.

In «aalw

. I MlHit's dial can be produced by an individual with the genotype

*#

i «kiil.l...... Heeled male be notated?
4 .IHiilo li

in |iimli. i die offspring in a cross between a dwarf pea plant
lull, i:Inil nlull pea plant (heterozygous). What is the phenotypic ratio

min [>i. li. | Ibe offspring in a cross between a tall pea plant
mi.il r ,, plant (heterozygous). What is the genotypic ratio of the

ill have <arid t along Shelop and T arid 1along the led
m-xs lisle'l within the hoses will be Tir b-y, anti n

have ! and ' along the top and 7'and ! along die left
sHypes listed within the boxes will be TT, I't, TI, and 1t

311



Section Summary

Working with garden pea plants, Mendel found that crosses Inin. r

trait produced Fi offspring that all expressed the traits of onr |mi»in m 0
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Glossary

allele: one oftwo or more variants of a gene that determines a particular trait lor a chut* m an

dihybrid: the result of a cross between two true-breeding parents that express diffen nl n
two characteristics

dominant: describes a trait that masks the expression of another trait when both vci» « i
gene are present in an individual

gene: the basic unit of heredity

genotype: the underlying genetic makeup, consisting of both physically visible and non
expressed alleles, of 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 mmisi

law of dominance: in a heterozygote, one trait will conceal the presence of another turn im i
same characteristic

law of independent assortment: genes do not influence each other concerning sorting o iiww.
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 ilki
offspring have an equal likelihood of inheriting any combination of factors

monohybrid: the result of 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 m
of each individual are denoted along the top and side of a grid, respectively, and the pos 31
zygotic genotypes are recombined at each box in the grid

pedigree: to chart used to study inheritance patterns of genetic characteristics

recessive: describes a trait whose expression is masked by another trait when the alleles Im <
traits are present in an individual

312 Return to Tabh 1 (.



<«1in iuioms Of the Laws of Inheritance

>5 jives
« 1 .ml nfthis section, you wall be able to:

1 1Irr'J\ non-Mendelianinheritancepatternssuch as incomplete dominance,

a,luminance.pleiotropy.polvgenrc inheritance, andenvironmentalfactors

| allow traitspasseddown through incomplete dominanceandcodominance usinga

eseemolnbridcross and he able to predictthegenotypesandphenotype o fthe offspring
B |it able to defineandexplain all bolded terms

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,
asm “ive allele is hidden and makes no contribution to the phenotype. Recessive alleles can
.nii il and not expressed by individuals. Mendel’s work suggested that the presence of the
mH allele, independent of whether an individual had one copy or two, always resulted in

..... . phenotype, a concept referred to as complete dominance. The work put forth by
» riinins the basis of classical, or Mendelian, genetics.

I n.ills are passed from parents to offspring according to Mendelian genetics. Further
' liailics in other plants and animals have shown that much more complexity exists. With
"miu said, the fundamental principles of Mendelian genetics still hold true. In this section,
mtiiloi inodes of inheritance that differ from classical Mendelian genetics. If Mendel had

« i experimental system that exhibited these genetic complexities, it’s possible that he
have understood what his results meant.

mnplrte Dominance

i. | mirsults that traits are inherited as dominant and recessive pairs contradicted the view

il ipiing exhibited a blend of their parents’ traits. However, the heterozygote phenotype
......... Ily does appear to be an intermediate phenotype between the two parents. For example,
i. Mpdragon, Antirrhinum majus (Figure 9.11), if a homozygous parent with white flowers

Mused with a homozygous parent with red flowers (RR) all offspring will have pink
e iHi) The heterozygous

i rhas halfas much red
*«i pi ihcir red homozygous
mi parent. This pattern of
numi: is described
iiiplctc dominance. -

m Il These pink flowers
«in echic snapdragon
1 111nii incomplete
«uni r (credit: RudLus02 /
lii commons)

F, generation

Pink
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With incomplete dominance, heterozygous individuals have intermediate phenotypes lh. , ,>

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 of a heterozygote self-cross provide datn it.

rejects the blending hypothesis with

the reappearance of both the red and

white phenotypes (Figure 9.12). In

this case, the genotypic ratio would

be 1RR: 2 Rr: 1nr, and the R

phenotypic ratio would be 1:2:1 for

red: pink: white (Figure 9.12). R BT
«A ft A wm

Figure 9.12 These pink flowers ofa Pink

heterozygote snapdragon result from bl

incomplete dominance, (credit: yrv f A, - Whu

RudLus02 / Wikimcdia commons)

Codominance

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 of 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 al<i .
for blood type, one from each parent. The two alleles a person inherits leads to one of foui
possible phenotypes: blood type A, B, AB. or O. The letters represent two different
carbohydrates that can be found on the cell membrane ofred blood cells. For example, sown-
who is type A has the A carbohydrate, whereas someone who is O has neither the A nor the It
carbohydrates. Someone who is AB has both the A and the B carbohydrates on their red blm .i
cells. To explain the AB blood type, we need to discuss codominance, which is another viiiiu.
of Mendelian inheritance.
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Blood Type

A ¥ Ab 0
Red Blood
0)1 Type
Antibodies
in Plasma "y 'K
Afsc AnthA Yym Anti-A and Anti B
Antigens In 2
Red blood ! ? n
Cell :
Aanligen B antigen A and B antigens Uyuy
Blood Types A B AB. O o
Compatible , B. - o
in anp A.0 B.O {AB* is the (0 is Itie
Emergency universe) recipient) universal donor)

(.ni 'l 1?The four different ABO blood types, (credit: Betts et. al / Anatomy and Physiology
. "4u\)

i .ndniiiinance, both alleles for the same characteristic are simultaneously expressed in the
..... /ynote genotype. For example, a person that inherits the 1A allele from one parent and the
1. N hum the other parent will hare the genotype IABand the phenotype of AB blood type.
vgoles (*A1Aand Iii Is) express either the A or B blood type, respectively. Someone who
i /" wi I*P will also express either the A or B blood type. Only individuals that receive an p
i Imm both parents will have the O
I type. If the genotypes of the parents
« known, the Punnctt square can still be
.1 to predict the possible outcomes of
. iilbpring’s phenotype. For example, if
MII' hus the genotype 1AP and the
Lill- hus the genotype 1e P then they can
.Ini ¢ offspring that have all four [i_
niilypes. A, B, AB, or O (Figure 9.14). o0

m ') 14 A blood typing genetic cross
si a male with the genotype 1A1° and
li mule with the genotype 1B1° and the
Wll- offspring they can produce,

in VussineMrabet / Wikimedia

i)

Blood typo A Blood type AB B ood type B 8:00d 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 WH ww» 1
White flowering pea plants always had clear seed coverings, whereas violet flowciing p ir *
always had seed coverings that were brown. It is now understood that the gene thill i .nl
flower color also impacts the color ofthe seed’s cover. Pleiotropy is a pattern of inlici> n
where one gene controls two or more dilli i«i
Gene A characteristics (Figure 9.15).

Characteristic #1 Characteristic ft2
Ex. Height Ex. Heart Function

Figure 9.15 In this image, “gene A” affect*.... I"i
characteristics, both height, and heart fum lion
an example of pleiotropy. (credit: Elizabeth 1 m

Fibrillin - 1syndrome is an example of human pleiotropy and is caused by a single g. <
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 « « 1s
that arc long and thin, and they may have visual impairments. Individuals that have I'lInil
syndrome also often suffer from aortic aneurysms, a heart condition where the aorta Inilyas*
can burst, leading to death. Although treatments are available to help with symptoms. Il.........
cure for Fibrillin - 1syndrome.

Polygenic Inheritance

Mendel worked with traits that showed discontinuous variation. Recall that discontinumi
variation is when each individual exhibit one of two easily distinguishable traits, such > tm
white flowers. However, at the time of Mendel many people supported the blending hvi....... .
because of 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. ~ »1.
comes to blue and brown. In this case, there isn’tjust one gene that determines eye coh lam
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 . .o
on the overall phenotype, a concept known as polygenic inheritance.
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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 of polygenic
m (credit: unknown / Public Domain)

I\ c( flOV Visualize the polygenic inheritance at this link - Link on Polygenic

no iilill Influences

nulls ulual’s phenotype is impacted by environmental factors. Using height as an
Hii characteristic is not only influenced by the number and type of genes inherited; it
mrl», 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
i nrtics alone cannot always explain an individual’s phenotype.i

« 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

md by the environment in which they are raised. It is yet to be determined and agreed
miw Mmuch ofan organism’s characteristics are based on genetics versus environmental

Mn..I agree that an individual’s phenotype is a result of some combination of both.
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Section Summary

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 of polygenic
inheritance include skin color, height, and eye color. Also, an individual’s phenotype is
impacted by environmental factors.

Exercises

1. Ifyou cross a male who is1A1Aand a female who is 1B1s for blood type, what arc tin
possible blood types of their offspring?

a. ABand O
b. onlyAorB
c. only AB

d. OnlyO

2. Ifblack 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 O (genotype 1°1°) be a legitimate child of pim ni#
which one parent had blood type A and the other parent had blood type B?

Answers
3. i
-
a Yes. this child could have come from these parents The child would nave inherited ott
from each parent and tor this to happen, the type /1 parent had to have genotype ime

type p pawn: had so hew genotype
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" inMury
Juminance: in a heterozygote, complete and simultaneous expression of both alleles for the

characteristic
Hinlilcte dominance: in a heterozygote the dominant allele masks the effect of the recessive

.
...... plete dominance: in a heterozygote, expression oftwo contrasting alleles such that the

-In itluul displays an intermediate phenotype
rMidiopy: describes when one gene controls two or more different characteristics

P..hiinfc inheritance: describes when each gene that an individual inherits has a small additive

i on lhe overall phenotype
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9.4 Chromosomal Basis oflnheritancc

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

* Discussthe Chromosomal Theoryoflnheritance

* Explain the effectoflinkageand recombinationongametegenotypes

* hiten multiple alleles existfor a gene, blow the difference between the wild type m «i
xariants

* Be able to defineandexplain all bolded terms

Long before scientists visualized chromosomes under a microscope, the father of modem
genetics, Gregor Mendel, began studying heredity in 1843. With improved microscopic
techniques during the late 1800s, cell biologists could stain and visualize subcellular sinun1
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 st
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 ofInheritancc
states that genes are found at specific
locations on chromosomes and that it is the Two possible
chromosomes that independently assort and chromosomal
. arrangemenls n
segregate during metaphase 1and anaphase | metaphase |
of meiosis | (Figure 9.17).

Figure 9.17: Shows how chromosomes are
separated, or segregated, during meiosis.
(credit: Modified by Elizabeth O'Grady
original work of Rdbickel / Wikimedia
commons!
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misoinal Theory of Inheritance was consistent with Mendel’s laws. The following
| X hhiiis supported the connection between the two:

i I>img mciosis, homologous chromosome pairs migrate as discrete structures that are
independent of other chromosome pairs.

i i luoinosomc sorting from each homologous pair into gametes appears to be random.
I nh parent synthesizes gametes that contain only half their chromosomal number.
| 11 u though male and female gametes, sperm and egg, differ in size and shape, they have
me mmie number of chromosomes, suggesting equal genetic contributions from each
pilirllt.

m |lie chromosomes found in each gamete come together during fertilization to produce

Ibpiing with the same chromosome number as their parents.

i miiini pioposed the Chromosomal Theory of Inheritance long before there was any direct
,.-4m i that chromosomes carried traits. Critics pointed out that individuals had far more
«>11 mil ally segregating traits than they had chromosomes. It was only after several years of
< i u]i "dit cross fertilizations with the fruitfly. Drosophila melanogaster, that Thomas Hunt
e«| in pmvided experimental evidence to support the Chromosomal Theory of Inheritance.

i m.a<i-»cs Violate the haw of Independent Assortment

.. *of Mendel’s pea characteristics behaved according to the law of independent

..... mi (figure 9.3), We now' know that some allele combinations are not inherited

mi firinlt illy of each other. Genes that are located on separate non-homologous chromosomes
Hy» sort independently. However, each chromosome contains hundreds or thousands of

, n. .mguni/cd linearly on chromosomes like beads on a string. The segregation of alleles into

,. mi.>inn be influenced by linkage, inwhich genes that arc located physically close to each

bl .1 the same chromosome are more likely to be inherited as a pair. However, because of the
id recombination, or “crossover,” it is possible for two genes on the same chromosome

i. in independently, or as ifthey are not linked. To understand this, let’s consider the
¢ 1.4l basis of gene linkage and recombination.

n<a»J«ilii>us chromosomes possess the same genes in the same linear order. The alleles may
1 oM homologous chromosome pairs, but the genes to which they correspond do not. In
1 u ilmii for the first division of meiosis, homologous chromosomes replicate and form
«ii iciies on the homologous pairs align with each other. At this stage, segments of
e ..minus chromosomes exchange linear segments of genetic material (Figure 9.18). This
.m |ulled recombination Or crossing over, is a common genetic process. Because the genes
tind during recombination, the gene order is not altered. Instead, the result of
niliiii.ilion is that maternal and paternal alleles are combined onto the same chromosome.
.. lyiven chromosome, several recombination events may occur, causing extensive
« nliny ufalleles.
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Crossover

Homologous Chromosome Recombinant
chromosomes crossover chromosomes
aligned 1

Non-recombinant
chromosomes

Figure 9.18 The process of crossover, or recombination, occurs when two homologous
chromosomes align during meiosis and exchange a segment of 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. 1f 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. If you create the Punnett siju
with these gametes, you will sec that the classical Mcndelian prediction of 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 of recombinant gametes, the our
not like the parents, as a measure of 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. Mendel’s publication makes no mention of linkage, and many
researchers have questioned whether he encountered linkage but chose not to publish those
crosses out of concern that they would invalidate his independent assortment hypothesis. Tin
garden pea has seven chromosomes, and some have suggested that his choice of 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 of recombination.
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m-y . Midis

linjilii*il that only two alleles, one dominant and one recessive, could exist for a given
K¢ a*iw know that this is an oversimplification. For any given gene, multiple alleles may
!m population level. Different combinations of 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 ioibidered the standard or norm. All other phenotypes or genotypes are

il variants of this standard, meaning that they deviate from the wild type. The variant
Jive or dominant to the wild-type allele.

*

rduple of multiple alleles is coat color in rabbits (Figure 9.19). Here, four alleles exist for
I he wild-type version, ¢ C+, is expressed as brown fur. The chinchilla
vne. i'V*, is expressed as black-tipped white fur. The Himalayan phenotype, A
n mi the extremities and white fur elsewhere. Finally, the albino, or “colorless”
pi,ir. isexpressed as white fur. In cases of 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
i », was revealed by observing the phenotypes of each possible heterozygote offspring.

‘. has

i* i HupHc dominance of a wild-type phenotype over all other mutants often occurs as an

i i iluvage” ofa specific gene product. The wild-type allele supplies the correct amount of
. » mini t. whereas the mutant alleles

. | .a the allelic series in rabbits, the
.(1,, allele may supply a given
.1 ni pigment, whereas the
Ma -apply a lesser dosage or none at
........... Hngly, the Himalayan
r- isthe result ofan allele that
e . .ltemperature-sensitive gene
mili.il only produces pigment in the
elli-iiiitics of the rabbit’s body.

Vi'l Four different alleles exist for
i»..'ip coat color (C) gene, (credit:
i -....l1/ Hiologv 2E OpenStax)

.L.i awork identified the fundamental principles of heredity; however, as you have now
.1 (cnclics arc much more complicated. Had he used a different model organism or
mi Hd both linked and unlinked genes, it would have been much more difficult for him to
sinulicd model of his data based on probability. Researchers who have since mapped the
. tail Mendel investigated have confirmed that all the genes he examined are either on
e« Juomosomes or are sufficiently far apart as to be statistically unlinked. Some have
, ..l linn Mendel was enormously lucky in both his choice of 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 of Inheritance states that chromosomes are the
vehicles of genetic heredity. Neither Mendelian genetics nor gene linkage apply to inhiin mi.

infer linked genes' relative positions and distances on a chromosome based on the averagi
number of 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 blam
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 ofthe 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 (11During meiosis. homologous ehroiniwens pairs migrate as disente structures ife i
independent of other ehrornosomc pairs (2) Chromosome sorting from each hoivtou.--
htto gametes appears U 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: The chromosome* found m each gamete come toe,

_fﬁttrii'ealiuu t<produce otppring V. ilh tire same khromos-mie number us thch pui cut

2 ih;

" (at
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I

........... Theory of Inheritance: a theory proposing that chromosomes are the genes'
mi. m. nnd that their behavior during meiosis is the physical basis of the inheritance patterns
' ihH observed

mm «(m 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

m>nH genotypes or phenotype that deviate from the wild type

+ n (jpe: the most commonly occurring genotype or phenotype for a given characteristic found
mmtiipulation
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9.5 Patterns of Inheritance

Learning objectives
By the end ofthis section, you will be able to:

* Nameanddescribe examples ofthe mostcommon humangeneticdiseasesfoi ni, h
type ofinheritance—autosomalor sex-linked, dominantor recessive

* Be able toperform Punnerrsquarestopredictthepossible outcomeso fdifferent
patterns ofinheritance

* Be able to defineandexplain all bolded terms

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 of homologous chromosomes called uHb.» -
Autosomes are chromosome pairs one through twenty-two and do not determine a pcisun * »*e
The twenty-third pair of chromosomes are referred to as the allosomes and determine win iln m
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 ian 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 of whether the
individual is homozygous dominant or heterozygous, they will have the genetic condition m.>
individuals that are homozygous recessive (aa) will not be affected.

An example ofan 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 (Nil) and has the disorder
neurofibromatosis, and the other person (tin) is healthy and does not have the disorder Tin-
heterozygous parent would have a 50 percent chance of 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: Nn, Nn, nn, and nn. Every child of 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

mm 4 20 Autosomal Dominant Inheritance pattern ofan autosomal dominant disorder, such as
i llhiomatosis, is shown in a Punnett square, (credit: Betts et al. / Anatomy and Physiology
*niM.i\>

>i>, r. nctic diseases that are inherited in this pattern are achondroplasty dwarfism, Fibrillin- 1
.Munir, and Huntington disease. Because autosomal dominant disorders are expressed by the
r ofjust one allele, parents that do not have the autosomal dominant condition cannot
. in mlaulty allele on to their offspring. However, if an offspring has the condition, then at
. mniie of their parents must have at least one defective allele and therefore also has the
mhlilkiii.

R inul 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
-1«sive genotype. Heterozygous individuals will not display symptoms of this disorder because
i« n lunctional dominant allele will be expressed. Heterozygous individuals are
I carriers.” Carriers for an autosomal recessive disorder do not themselves have signs or
rv>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.*

« iample of an autosomal recessive disorder is cystic fibrosis (CF). CF is characterized by the
m accumulation of thick, tenacious mucus in the lungs and digestive tract. Decades ago,
nwith CF rarely lived to adulthood. With advances in medical technology, the average
-1i.in in developed countries has increased into middle adulthood. CF is a relatively common
m"inlet that occurs in approximately 1in 2000 Caucasians. A child bom to two CF carriers
« have a 25 percent chance of 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 mnig an offspring with an autosomal recessive condition if two carriers mate.

fur free at https://openstax.ore/ 327


https://openstax.ore/

On the other hand, someone who is homozygous dominant (AA), with two functional win i. %
would have a zero percent probability of passing on an autosomal recessive condition inin |
offspring. Other examples of autosome recessive conditions include the blood disonln ni «»
cell anemia, the fatal neurological disorder Tay-Sachs disease, and the metabolic dixonl-
phenylketonuria.

Autosomal recessive

Unaftected Carrier Carrier Alfected
son daughter son daughter

Figure 9.21 Autosomal Recessive Inheritance The inheritance pattern of an autosomal ten .
disorder with two carrier parents reflects a 3:1 probability of expression among offspring u 't
U.S. National Library of Medicine / Anatomy and Physiology OpenStax)

Sex-linked Disorders

A X (sex)-linked inheritance pattern involves genes located on the X chromosome ofthe 'ini
pair (Figure 9.22). Recall that a male has one X and one Y chromosome. When a father ViHHam*
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 ™

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 m
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 of his
daughters, but none of his sons. He can only donate the Y chromosome to his sons (see Figtin
9.22a). Ifit 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 Iin
faulty allele, her sons and daughters have a 50 percent chance of inheriting the disorder (see
Figure 9.2b).
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Probabilities:
0% sons affected

100% daughters affected

Unaffected AHected Unaffected Affected
son daughter son daughter

(a) X-linked dominant, affected father

Probabilities:

50% sons affected
50% daughters affected

(b) X-linked dominant, affected molher

ur 4.22 X-Linked Patterns of 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:

Nntional Library of Medicine / Anatomy and Physiology OpenStax)

for free at https://onenstax.org/
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The X-linked recessive inheritance pattern is much more common because females can h.
carriers of 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», nl
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 |
would have the condition because they receive a functional allele from their father. Howe . i
they have a 50 percent chance ofreceiving the faulty allele from their mother and bccomnij i
carrier. In contrast, 50 percent of 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 Liulie
alleles from both her mother and her father. As you can imagine, X-linked recessive divmli n
affect many more males than females. For example, color blindness affects at least 1in um i
but only about 1in 400 females.

Probabilities:
50% sons affect, ml
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 of an X-linkcd recessive disorder, a son would have a 50 peri nil
probability of being affected with the disorder. In contrast, daughters would cither be au.......
entirely unaffected, (credit: U.S. National Library of Medicine/ Anatomy and Phvsiolou ,
OnensStaxl|
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( AREER CONNECTION - Genetic Counselor

iiiven the intricate orchestration of gene expression, cell migration, and cell differentiation
during prenatal development, it is amazing that the vast majority of newborns are healthy and
tree of major birth defects. When a woman over 35 is pregnant or intends to become pregnant, or
her partner is over 55, or ifthere is a family history of a genetic disorder, she and her partner
may 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
family 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 of 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

of a genetic illness, or that their unborn child has been diagnosed with a chromosomal disorder
or other birth defects.

1o 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
mertification is attained after passing examinations by the American Board of Genetic

i ounscling. Genetic counselors arc essential professionals in many branches of medicine, but
there is a particular demand for preconception and prenatal genetic counselors.

i iINCEPTS IN ACTION Visit the National Society of 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 of 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 um|m
unaffected (healthy) male have a son; what is the probability that their son will li i

hemophilia?
a. 25%
b. 50%
c. 75%
d. 100%

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 Il i*

a. 25%
b. 50%
c. 75%
d. 100%
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 of 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 of red-green color blindness?

Answers

(as

(ci

No, males -'dTonly express color blindness end eannnl curry it beceiiSil«it
chromosomes K; he a carrier.

HON



I ITHM«ry

enines: chromosome pair twenty-three in humans and plays a role in a person’s sex

I llie 22 autosomal chromosomes

.......... recessive inheritance: pattern of recessive inheritance that corresponds to a gene on
I llie 22 autosomal chromosomes

.......... a heterozygous individual who does not display symptoms of a recessive genetic
¢ [*%. i hut can transmit the disorder to his or her offspring

i linked: pattern of inheritance in which an allele is carried on the X chromosome of the
k|

ol ml dominant inheritance: pattern of dominant inheritance that corresponds to a gene on
4 >liinniosomc of the 23rd pair

*bid mcccssive inheritance: pattern of recessive inheritance that corresponds to a gene on
| I . of the 23rd pair
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t liupter 10: DNA replication and Protein Synthesis

iifinc 10.1 This photo shows Dolly the sheep. Dolly the sheep was the first clone of a mammal.
m .. ilil: Clarketal. Biology 2E OoenStaxi

iiNA, deoxyribonucleic acid, is found in every living cell. It can be isolated from single-celled
inanisms like bacteria, or multicellular organisms like plants and animals. Each organism's
iiNA is unique, making it an excellent tool for species identification.

11.- field of 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
1 nnd to understand the relationships between different living organisms. Thousands of species

i i i had their entire genomes sequenced. These sequences allow us to understand inheritance,
uliilionary relationships, and much more.

.1 «he Structure of DNA

I . lining objectives
Ilv the eud of this sectiou. you will be able to:
. Briefly explain the historyandwork ofWatson, Crick, Franklin, and Wilkins
. Describe thestructureofDNA including locations ofcovalentand hydrogen bonds,
base pairing, andthe majorcomponents ofa nucleotide
. Compare DNA andENA

. Be able to define andexplain all bolded termsf

In the 1950s, many different scientists were working to answer the following question: what does
in lructurc of DNA look like? Research supported that DNA was the heritable material being
i1 id from parent to offspring It was also understood that if cells were going to divide, the
IINA needed to be replicated. However, to understand DNA synthesis or how DNA leads to

*n i die phenotypes, the molecular structure of DNA needed to be determined.
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Francis Crick and James Watson, both students at the University of Cambridge, England, wint
together to determine the structure of 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 of DNA
(Figure 10.2). X-ray crystallography was a process that involved shooting X-rays through a
crystal of a substance and then observing the patterns that were formed. The patterns give
important information about the structure ofthe molecule of interest. Wilkins shared Franklin
X-ray crystallography data with Watson and Crick without her permission. With the help of Ini
data, they were able to piece together the structure of DNA.

Figure 10.2 Rosalind Franklin provided X-rnv
crystallography data leading to the discover m'
the structure of 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 ofwork by NIH / Biology 21
OnenStax)

Watson and Crick also used information published by the researcher Erwin Chargaff. Charg.ilt
was an Austrian biochemist who examined the content of DNA in different species and found
that the amounts of 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 of the four nucleotide bases varied from species to
species. He also discovered that the amount of adenine equaled the amount of thymine, and tin
amount of cytosine equaled the amount of guanine; that is, A= T and G = C. These observaln i
became known as Chargaffs rules. Chargaffs findings proved immensely useful when Wati.in
and Crick were getting ready to propose their DNA double helix model.

pyrimidines purines
NH3 0 NHj 0
I il | 1
/<4 ~CHS3 N
N** 'CH HIST c f ST
1 gH 1 1 HeT I 1 HC\' 54 1
.CL - C. XH _
o e v ¢ ™ N"c.Nn e

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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wik done by Rosalind Franklin and others, such as Erwin Chargaff,
n il'lr to determine the structure of DNA (Figure 10.4). Watson and Crick
«in,ule up of two strands that are twisted around each other to form a right-
sihl lluil in the interior

- I''lween a purine and
tit .mwas suggested by

" mlentists (a) James

| in kK me pictured here

m' i Maclyn McCarty.

*«i|b) Double helix DNA
m it ItV-SA 3.0)

m | iiincis Crick, and Maurice Wilkins were awarded the Nobel Prize in
11 hi determining the structure of DNA. Rosalind Franklin died of ovarian
mmnl 17. As a result, she was not awarded the Nobel Prize for her
i mmiv ofthe DNA structure because it is not given posthumously.

mmu*, li iimed about nucleic
" .hit' lent biologically
iiniiiil in nil living cells.
'-.. Important polymers of
1nn.... Uric acid (DNA) and
IAi Although both DNA and
i inn lenlidcs, they function
Il DNA stores the genetic
| mill proteins required for
. i ItNAs, on the other
hut iie involved in protein
rih. use DNA as a template
ii.. |nincss will be covered in

nt

....... Imtirlc is made up ofa
pump mill a base, (b)

w i Mini, il are pyrimidines.

- wn. piinnes (credit: Fowler
1 ilngy (IpcnStax)

....listax.ore/
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The Structure of DNA

All nucleic acids are made up of monomers called nucleotides. A nucleotide has three |uhi# m
carbon sugar, a phosphate group, and a nitrogenous base (Figure 10.5). DNA nuclcoluli .
contain the 5-carbon sugar deoxyribose and four types of nitrogenous bases: adenine (A),
guanine (G), cytosine (C), and thymine (T).

Long polymers of DNA are formed when the phosphate group of one nucleotide bonds
covalently with the sugar molecule of 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 | ...
from each backbone and the I 5«
NiTroQeious beses: on opposite DNA strandscun | ..
5 umuAPerre pair through hydrogen bondmy
Thymire (Figure 10.6).

Hydrogen bonds

Figure 10.6 DNA (a) forms u ..
stranded helix, and (b) ..............
with thymine and cytosine pans

nr |<|5U€nine guanine, (credit a: modification o
Sur phosphate . | e piosphate work by Jerome Wal!(er, 1X niu
Badbone ases backbone Myts/ Concents of Bioloes
OoenStaxJ

The carbon atoms of the five-carbon sugar arc numbered clockwise from the oxygen as 11 i
4' and 5’ (I1is read as “one prime”) (Figure 10.7a). The phosphate group is attached to Ih<
carbon of one nucleotide and the 3' carbon of the next nucleotide (Figure 10.7b). Each I)N *
strand has a 5’ carbon at one end and a 3’ carbon at the other end. In its natural state, cadi |><s
molecule is composed of two single DNA strands held together by hydrogen bonds betv
nitrogenous bases.

Figure 10.7 a. The carbon atoms of the five-carbon sugar are numbered clockwise from lin

oxygen as I, 2%, 3, 4", and 5' (1" isread as “one prime”), (credit: Fowler et al. / Concent %

Biolouv OpenSlaxl b. The direction of each strand is identified by numbering the carbons (I
through 5) in each sugar molecule, (credit: Parker et al. Microbiology OncnStax|
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« <ol 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
r Adenine and thymine are connected by two hydrogen bonds, and cytosine and guanine
mccted by three hydrogen bonds (Figure 10.6b). The two strands of DNA arc anti-parallel
« (tine, that is, one strand will have the 3' carbon of the sugar in the “upward” position,
« .. the other strand will have the 3' carbon in the “downward” position (Figure 10.7b).

Ibi SHucture of RNA

i i» UNA, RNA is also a polymer composed of nucleotides. RNA nucleotides also contain a 5-
mugar, 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
* mhlkin, unlike deoxyribose, which has only a hydrogen atom (Figure 10.8).

Ribose
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 of Biology
pastil's)

« \ nucleotides also have a nitrogenous base; however, the four types of RNA nitrogenous
m i HC 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 m iiiimcd several different kinds of RNA based on their function. These include messenger
B* \ iniRNA), transfer RNA (tRNA), and ribosomal RNA (rRNA). All three types of RNA
m i iales 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 of complementary base
pairing within the molecule, forming
a three-dimensional structure, (credit:
Parker et al. / Microbiology
OnenStaxi
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Check vour knowledge

Explain atleast 3 hytvj thatDNA differsfrom RNA.

Answer- DNA IcofUic” coii*run the ~-carbon su«rl; iu,,4
foul t\[4> Ol NKK»j»UIUli> bitoOs tAtQ(;
es io."me i'C) *ind ihyrnuit: (M. 1he uudeoin.it:> iK« )u,
contain Ve 5-carbon sugar cibose, RVA nuclcoinl
Riiroffenotla itfiSCh, IONEACI- UC ib«f UpCS Oi KY A n)lry
are: facnwe {A) asici uide-l ftJ). and cytosine iCi
double-stranded helices like ONA. 1Hirearc >4G Ij *p
indudins; m ~i“ger RMA tmRNA]j, ir’nstor stt *
nbosoiTi'al RK/1 (rRNAV Ail three RNA molecules arv in,
iMotiiit: Tion o f proteins from the >sA DN.\ s;,
tnformalitfi n ceded P»buif-1-uvi cjom

CONCEPTS IN A( flOM- See more about comparing DNA and RNA in this video
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*¢ WHH Suniniarv

m,i,| 1 ofthe double-helix structure of DNA was proposed by Watson and Crick with the

| I of information from Franklin, Wilkins, and Chargaff. The DNA molecule is a polymer
ni, 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»c,| of two strands. Each strand is composed of nucleotides bonded together covalently

mrm lhc phosphate group of one and the deoxyribose sugar of the next. Nitrogenous bases

m "| liom the sugar-phosphate backbone. The bases of one strand bond to the bases of the
......... I strand with hydrogen bonds. Adenine always bonds with thymine, and cytosine always
bn«bl with guanine. The bonding causes the two strands to spiral around each other in a shape

i | idouble helix. Ribonucleic acid (RNA) is a second nucleic acid found in cells. RNA is a
*,101 «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 of forming proteins from the genetic code in DNA.

| een lves

| 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 of DNA?
a. James Watson
b. Francis Crick
¢. Erwin Chargaff
d. Rosalind Franklin
| Describe the structure and complementary base pairing of DNA.

uj

t<it

Asingle strand of DNA is-a polymer of 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
epecific base;, bond with each other: adaiine bonds with thymine, and cytosine bonds with
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Glossary
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 of DNA nucleotides

double helix: the molecular shape of DNA in which two strands of 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 of nucleic acids

nucleotide: monomers of nucleic acids. Consist of a five-carbon sugar, phosphate group, and
nitrogenous base

ribonucleic acid (RNA): RNA molecules are involved in the production of proteins from tin
DNA.

ribose: a five-carbon sugar molecule with hydroxyl group in the 2' position; the sugar
component of RNA nucleotides
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M.2 )NA Replication

I «unling objectives

Ily the end ofthis section, you will be able to:

DNA polymerase, andligase

Exploit) theprocess o fDNA replication including therole ofhelicase, RNA primose,

Given a DNA templatesequence, be able to give the complementary base pairs

e UnderstandthatDNA isreplicatedina 5 'to j 'directionanddiscuss thedifferences
between the leadingand laggingstrands

* Describe mechanisms ofDNA repair

* Explainwhat DNA mutationsareand how they can be harmfulor beneficial

* Understandwhattheconsequences are ifthe DNA mutation occursin a somatic cell

VS. a germline cell

* Bepreparedto defineandexplain all bolded terms

When a cell divides, it is important that each daughter cell receives an identical copy of the
DNA. This is accomplished by the process of DNA replication. The replication of DNA occurs
during the synthesis phase, or S phase, of interphase in the cell cycle, before the cell enters

mitosis or mciosis.

The structure of 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 of 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 of 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 of Biology QpcnStax)

Because of the complementarity of 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 of 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): conservative, semi-conservative, and dispersive.

Access for free at httos://openstax.ore/

343


https://openstax.ore/

In conservative replication, the “old” parental DNA strands remain'.......... .
formed DNA slim.u =
the second heir 11 .
conservative nnilmil eee
the two “old" ......... 11
templates |lie tun e
strands of DNA mu  >MI
“old” tcmplali  It.m.
each DNA lielis
“old” strand and imu . m
strand (Figuic 11l 111 b
model, both I)NA I"h »
stranded segment”: .a mi
newly synthesi/eil Inet
10.11).

Figure 10 11 Ilietim r

DNA replication In- >

DNA strands, nim! him =

synthesized DNA |m -it

Jason Caslniioie uni i 1
Biology 2E OnenStax)

To address these different models, scientists Matthew Meselson and | litill
experiments using E. coli grown in different environments containiin .111
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).

Figure 10.12 Meselson and Stahl
experimented with E. coli grown first in
heavy' nitrogen (15N) then in 14N. DNA
grown in 1N (red band) is heavier than
DNA grown in I4N (orange band), and
sediments to a lower level in cesium
chloride solution in an ultracentrifuge,
(credit: modification ofwork by Mariana
Ruiz Villareal/ Biology 2E OnenStax)
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Based on the research of Meselson and Stahl and several
others, it is understood that during DNA replication, each
ofthe 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 of one “old”
template strand and one “new” complement strand (Figure
10.13).

Figure 10.13 The semiconservative model of DNA
replication is shown. Gray indicates the original DNA
strands, and blue indicates newly synthesized DNA.
(credit: Fowler ct al. Concents of Biology QpcnStax|

I'aul Anderson explains DNA replication in this video.
kK »® 14 | nil .n voles

.*a., r...no are very complex, DNA replication is a very complicated process
i .11 m/vim-» and additional proteins. It occurs in three main stages: initiation,
i»Hiilhi'tHII

ONA RNA  Owokai Sgese
polymersse et trgTEm

«ii en iipiiii the DNA double helix and exposes replication forks. RNA primers
ne ijiiT, nicmsc. DNA polymerase then starts attaching DNA nucleotides to the 3”
i rsi llic leading strand, DNA polymerase will continue adding nucleotides to
[ R pled strand. The lagging strand is constructed in short segments called

i In-Inasc exposes more of the template strand. DNA ligase then connects
i Muddied by Jason Cashmore original work by Fowler et al. / Concepts of
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Recall that eukaryotic DNA is wound around histone proteins that then coil and lonn » .
called nucleosomes. During initiation, DNA must be unwound in order to make itaii Hr
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 of replication where replication begins. Replicniiim la i
proteins attach to the origin of replication and an enzyme called helicase unwinds amic|,i w
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 of replicai........
eukaryotic chromosomes. This allows replication to occur simultaneously from seveml pi;- r
within the genome.

Once initiation has occurred with the help of helicase, the DNA is now accessible. 11
of DNA replication, elongation, can now occur.

I Chromosome
DNA polymerasu
Original
(template)
DNA
Replication
fork
mAdenine
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 I'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 3'-OH group i"
which it can add nucleotides. Where does the free 3>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
> Me/J1piMukt. DNA polymerase can now extend the RNA primer, adding nucleotides one-
* —ailiiil urc complementary to the template strand. This primer is later removed, and the
*44 mu leotides arc replaced with DNA nucleotides.

niitemplate DNA strands have opposing orientations: one strand is in the 5tto 3' direction

“m .....lier is oriented in the 3' to 5' direction (Figure 10.10 and 10.14). Only one new DNA
««l 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

* i iilliig strand (Figure 10.15). The other strand, complementary to the 5'to 3' parental DNA,

» uinti d away from the replication fork, in small fragments known as Okazaki fragments.
i . i, ML.i/riki fragment requires an RNA primer to start the DNA synthesis (Figure 10.14).
4 .. illi 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
in 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.

|<m .....css of DNA replication can be summarized as follows:

i DNA unwinds at the origin of replication with the help of specialized binding proteins.
lichcase 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 1)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
« i suspect that a mutation has occurred in an enzyme found at the replication fork.
Viuch enzyme is most likely to be mutated?

timver ligase

I P1S IN ACTION - Observe DNA replication in this video.
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Telomere Replication

As you have learned, the DNA polymerase can add nucleotides in only one direction 11 u..
leading strand, synthesis continues until the end of the chromosome is reached. 1lowev . mm h'i the
lagging strand, once the end ofthe chromosome is reached there isno place fora KNA | ...ii<
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 Wy LM
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 of DNA replication instead ofg. u i
example, in humans, a six base-pair sequence, TTAGGG, is repeated 100 to 1000 tin it i
discovery of the enzyme telomerase (Figure 10.16) helped explain how chromosome . ,.. i ,,
maintained. The telomerase carries its own RNA primer which can base pair to the end , in,,
DNA strand. The telomerase can then add DNA nucleotides to the end of the chronut
elongating it. Once the template strand is sufficiently elongated, DNA polymerase can u ,, H
nucleotides that arc complementary to the ends of the chromosomes. Thus, theends ni im.
chromosomes arc maintained in gcrmlinc cells, adult stem cells, and some cancer cell;,

SHE -T r 73
3R AT CaAUCCC;« AUC
- telomerase

Telomerase has an associated RNA that complements
the 3' overhang at the end ofthe chromosome.

5 X LN 1» 3
CATCC U,iiTT« TT ».
CANNYCCC* AUC
3 telomerase

The RNA template is used to synthesize the complementary
strand.

> TTTT rrrerT 13
5C aT C Trng I'IJ— W3TT

CAAUCCC AAUC
telomerase

3 5
Telomerase shifts, and the process is repeated.

|
c Tm T TTTr TTa "

r . CA T
3 iX L :

Primase and DNA polymerase synthesize the complementary
strand

Figure 10.16 The ends of linear chromosomes are maintained by the action ofthe tclo jjj-
enzyme, (credit: Fowler et al. / Concepts of Biology QpcnStax)
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Return to Tafrl,:L.i .umu,



| minincrasc is not active in adult somatic cells. AdulMatic cells that undergo cell division

"iilmuc to have their telomeres shortened. This esssiilly means that telomere shortening is

«.vitiated with aging. For her discovery of telomera;nd its action, E lizabeth Blackburn
(Figure 10.17)retried the Nobel Prize lor Medicine and
Physiology in 20.

Figure 10.17 HiashBlackburn, 2009 Nobel Laureate, was
the scientist whotovered how te tomerasc works, (credit:

U.S. Embassy, Stocdkim Sweden / Concents of Biology
OnenStax)

DNA Replication in Prokaryotes

While both eukaryotes and prokaryotes share mgmisimilarities when it comes to the process of
I>NA replication, the structural differences in theclwnosomes nece ssitate some modifications.
Kccall that prokaryotes typically have one circularammosome com pared to the multiple linear
mlinimosomes found in eukaryotic cells. We will onlitriefly discuss prokaryotic replication in

iliiii chapter, but students that take microbiology willlve the opportunity to look more closely at
Iliis process.

1)NA replication has been extremely well-studied inprokaryotes, prim arily because of the small
Y/,c of the genome and large number of strains teedtand are readily available. Escherichia
mah has 4.6 million base pairs in a single circularctonosome. The entire chromosome gets
replicated in approximately 42 minutes. The proceshegins from a single origin of replication
mid proceeds around the chromosome in both diredios Many ofth e same enzymes used in
mkaryotic DNA replication are also used by prokanoles, including helicase. DNA polymerase,
mid ligase. As DNA replication proceeds, approximetely 1000 nucleotides are added per second.

Ilie process of DNA replication is much more rid®prokaryotes than in eukaryotes. This
it suits in a higher mutation rate in prokaryotes.

lable 10.1 Differences between Prokaryotic andEukaryotic Replications (credit:
Fowler et al. / Concepts of Biolouv OnenStax)

Property Prokaryotes Eukaryotes

(Sigin of replication Single Multiple

Kate of replication 1000 nucleotidcs/scc 50 to 1 OO nucleotidcs/sec
( liromosome structure Circular Linear

Iclomcrase Not needed Present
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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 iilkl
agent; they are a result of 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 of 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 of gametes. Most cells IlIn
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 halfthe number of chromosomes compared to a
somatic cell. 1f 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 of 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?

it- sa visbmuiU. cc/7> tihii v.Hir
<Pl hi'rituhhimThs -

tk<: -ji.krir hjnu aueig:rn’tin<.j <-/Hi T-W'n Ti
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il 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.

I, pin «lion in eukaryotes starts at multiple origins of replication, while replication in
i* tmivoles starts from a single origin of replication. The DNA is opened with enzymes
«a lulling an enzyme called hclicase. This forms replication forks. RNA primasc synthesizes an
mlIH p,imer 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 of DNA known as

N ..iki fragments. This strand is known as the lagging strand. Once replication is completed,
u» ItNA primers are replaced by DNA nucleotides and the DNA fragments are joined together

- MDNA ligase.

li mds 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 of the chromosome. DNA polymerase
m ihcn extend the DNA using the RNA primer. In this way, the ends of the chromosomes arc
i-iled. 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
v 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

| DNA replicates by which of the following models?
a. conservative
b. semiconservative
c. dispersive
d. none of the above
2. The initial mechanism for repairing nucleotide errors in DNA is
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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fb)

IHvnerase Ka- nn mriiiiU RR A template that extends die Vend, so a primer is uyr.".
extended. Thus, the ends arc prolccied.

Glossary

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

helicase: an enzyme that helps to open up the DNA helix during DNA replication by brcakinn
the hydrogen bonds

lagging strand: during replication of 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 of RNA nucleotides which DNA polymerase can add DNA
nucleotides to

replication fork: the Y-shaped structure formed during the initiation of replication

semiconservative replication: the method used to replicate DNA in which the double-stramli s
molecule is separated and each strand acts as a template for a new strand to be synthesized, su
the resulting DNA molecules arc composed of one new strand of nucleotides and one old strand
ofnucleotides

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,” Nature, 469 (2011): 102-7.
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I nuisci‘iption

| i,nmng objectives
n. ili- end ofthis section, you will be able to:

* Explain the central dogma
* Explain the main steps oftranscription
« Describe liens eukaiyoric mRNA isprocessed

* Bepreparedto defineandexplain all bolded termstL

I Iniih prokaryotes and eukaryotes, DNA contains the information necessary for the cell to build
,minus. Most structural components of 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 of proteins. In order
make proteins, the DNA is “read” or transcribed into an mMRNA molecule. The mRNA then
......... the nucleus and provides the information necessary to synthesize the protein through a
I m» LS4called translation. This section will focus on the details of transcription.

iIn ( t-ntral Dogma: DNA Encodes RNA; RNA Encodes Protein

1 llow of genetic information in cells from DNA to RNA to protein is described by the

.nli n] dogma (Figure 10.201 The central dogma states that genes specify the sequences of
RNAs, which in turn specify the sequences of proteins. Recall, that
a gene is a functional segment of 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 | fnenStax|

1in copying of DNA to mRNA s relatively straightforward. During transcription, mRNA is
.inihesized with the help of many enzymes. RNA nucleotides complementary base pair with
iiNA 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 of transcription,
n I'k first review the three types of RNA introduced in section 10.1: mRNA, tRNA, and rRNA.

1 vpi-s of RNA

\. mentioned, ribonucleic acid, or RNA, is mainly involved in the process of protein synthesis.
IINA is usually single-stranded and is comprised of nucleotides that are linked by phosphodiester
i.mils. A nucleotide in the RNA chain contains the sugar ribose, one ofthe four nitrogenous

i.i i « (adenine, uracil, guanine, and cytosine), and a phosphate group. There are three major

i |»Kof 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 Im 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.

Rihosomal RNA

Ribosomal RNA (rRNA) is a major constituent of ribosomes (Figure 10.21). The rRNA nx
the proper alignment of the mRNA and the ribosomes. The ribosome's rRNA also has an
enzymatic activity and catalyzes peptide bond formation between two aligned amino acid

Transfer RNA

Transfer RNA (tRNA) is one of the smallest
ofthe four types of RNA, usually 70-90
nucleotides long. It carries the correct amino
acid to the site of 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 of Betts
et al7 Anatomy and Physiology OoenStaxl

Check your knowledge

In the following list, determine if each is a characteristic of rRNA, mMRNA. tRNA.
e Canies 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.

incu rs: MiIUXA. IA.Y'i. rRNA. ‘H-NA. .//J.v fauna in :he ntopiasn

Tninx-riplicrs htUTie nkn LW '/un. in Iranseripiion, DNA is
nifINA. Titcn;R\ i inn: ur jntiun jcici sequence in irji
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1 il[>llon: from DNA to mRNA
i iiiiiyotcs and eukaryotes perform fundamentally the same process of transcription, with

m - "> important difference. In eukaryotes, transcription occurs in the membrane-bound

fe bm Inprokaryotes, transcription occurs in the nucleoid region; recall that prokaryotes lack

w eI ine bound organelles. Once the mMRNA is formed in eukaryotic cells it must be

»=> in.in Ito the cytoplasm. Because the mRNA of prokaryotes does not need to be transported
".«inn. Iranslation can immediately follow.

m I» it piokaryotes and eukaryotes, transcription occurs in three main stages: initiation,
w'eni iliun. and termination.1

Transcription Bubble

linure 10.22 Transcription: from DNA to mRNA. (credit: Betts ctal. / Anatomv and Physiology

liimiStax|
hilimlion

Il.inscription requires a small part of 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 transcription bubble
1linure 10.22). Several proteins and enzymes bind to a region at the beginning of the gene called
liroiiiuter, a particular sequence of nucleotides that triggers the start of transcription (Figure
M 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
miesponding gene is transcribed all of the time, some of the time, or hardly at all.
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DNA RNA

Figure 10.23 The initiation of transcription begins when DNA is unwound, forming a
transcription bubble. Enzymes and other proteins involved in transcription bind at the promotci
(credit: Fowler etal. / Concents of Bioloirv OnenStax)

Elongation

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 of 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
etal. / Concents of Biology OncnStax)

Termination

When the polymerase has reached the end of 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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il ih uiics, the newly made mRNA transcript is released. Depending on the gene being
ninidied, there are two kinds of 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.

'l iln end of termination, the process of transcription is complete. In a prokaryotic cell, by the
mi termination occurs, the mRNA is already being used to synthesize numerous copies of 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
it uyotic cells. Once the mRNA has been synthesized and undergoes modifications it must first
11 moved out of the nucleus and into the cytoplasm before translation can begin. This prevents
einiiiltaneous transcription and translation in eukaryotic cells.

mMRNA

J \ DNA — Polyribosome

i 1itire 10.25 Multiple polymerases can transcribe a single bacterial gene while numerous
iililisomes concurrently translate the mRNA transcripts into polypeptides, (credit: Fowler et al. /
ents of Biology OnenStax)

wst FIDS IN ACTION - Observe transcription at this site.

I uluirvotic RNA Processing

iIn- 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
miltNA maturation create a molecule that is much more stable than a prokaryotic mRNA. For
eample, eukaryotic mMRNAs last for several hours, whereas the typical prokaryotic mRNA lasts
H1 more than five seconds.|

linn mRNA transcript is first coated in RNA-stabilizing proteins to prevent it from degrading
»Inlc It is processed and exported out ofthe 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
- . synthesis recognize the cap to help initiate translation by ribosomes.
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Once elongation is complete, an enzyme then adds a string of 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.

Primary RN A transcript

Exon 1 Intron Exon 2 Intron Exon 3

I RNA processing

Spliced RNA
4 # # Exon 1 Exon2 Exon3 AAAAAAA
5 cap Poly-A tail
5 u\ntranslated 3 untransllated
region region

Figure 10.26 Eukaryotic mMRNA contains introns that must be spliced out. A 5' cap and 3' tail
also added, (credit: Fowler ct al. / Concepts of Biology OncnStax)

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 mMRNA transcript

they are m/ervening sequences. The Exon 1 Intron Exon2 Intron

coding regions are called exons; ex-

on signifies that they are expressed.

A spliceosome, a structure
composed ofvarious 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 etal. / Anatomy
and Physiology OpenStax)
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, 1 Mrsegments that are removed from mRNA during splicing arc not always non-coding.
«ie Jlllincnt coding regions of MRNA are alternatively spliced out, different variations of the
u-«till nill result, with differences in structure and function (Figure 10.28). This process results
» Him It larger variety of possible proteins and protein functions from a given genome.
1lin.n lor example, have just over 20,000 genes, yet the human body produces over 80,000
*>' unt proteins.

Primary Transcript

Ekon 1 Inlion E»on 2 IntnMi £«on3 lotrim E«xid lotion ExonS$
Alternative
Splicing
mMRNA 1 mRNA 2
| Exon 1 Exon 2 Exon 5 Exon 1  Exon § Exon 4

*

Protein 1
! Protein 2

t *l1« 10.28 Alternative splicing of an mRNA primary transcript produces two different mMRNA
* , unlues, each of which results in a different protein, (credit: Jason Cashmore)l

I IS IN ACTION - Observe alternate splicing in this video.
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Section Summary

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 mMRNAs are exported from th.
cytoplasm.

Exercises

1 A promoteris .
a. a specific sequence of DNA nucleotides
b. a specific sequence of RNA nucleotides
c. aprotein that binds to DNA
d. an enzyme that synthesizes RNA
2. Portions of eukaryotic mMRNA 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 of RNA.

Atts« ers
L (a
2. fdl

V  RNA polymeias!”®
All RNA is 11*00 up of nucleotides that consist of the sugar ribose, a phosphatt
_ TniTogonons base. JII! RN.-Vs use the bases adenine, uracil. guanine, and cyu
synthesized i the nucleus. mMRNA is used to cany the instruction:, on how to n
the nucleus to the cytoplasm. rRNA helps form ribosomes where proteins will 1
cytoplasm. tRKA carry amino acids, the monomers of proteins, to uie ribosonn
will be made.—
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Kk ipHilng: a post-transcriptional gene regulation mechanism in eukaryotes in
ih<hi in products are produced by a single gene through alternative splicing
I Hu UNA transcript

Ihr Mow of genetic information in cells from DNA to mRNA to protein
.................. in protein-coding mRNA after completion of pre-mRNA splicing

-» coding intervening sequences that are spliced from mRNA during

t imUN A): a form ofRNA that carries the nucleotide sequence code for a
' . ilihi n translated into a polypeptide sequence

l........ on DNA to which RNA polymerase and associated factors bind and

l«ii«i
«in enzyme that synthesizes an RNA strand from a DNA template strand
t (i UNA): molecules ofRNA that combine to form part of the ribosome

| mi  wmmu lure composed of various proteins and other molecules, which attaches to
i*n e ... (I "splices” or cuts out the non-coding, introns

L H | . ol removing introns and reconnecting exons in apre-mRNA
e<. un M lyntlicsis of a strand of mMRNA that is complementary to the gene of interest.

* iiiihlih  the region of locally unwound DNA that allows for transcription of
MH* UIINA): an RNA molecule that contains a specific three-nucleotide anticodon

i« ' illli the mRNA codon and also binds to a specific amino acid

M pHkcun of synthesizing a chain of 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 H.
structure and function of 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 lIn
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 mMRNA. Newly transcribed eukaryotic mMRNAs 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 mMRNAs also undergo splicing, in which introns ws
removed and exons are reconnected. Only finished mRNAs are exported from the nucleus to me
cytoplasm.

Exercises

1. A promoteris .
a. a specific sequence of DNA nucleotides
b. a specific sequence of RNA nucleotides
c. aprotein that binds to DNA
d. an enzyme that synthesizes RNA
2. Portions of eukaryotic mMRNA 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 of RNA.

Answers

1 (ai
2. fcl
3. . RNA polymerase
4. JjjrRN 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 cyHbTe. Ai! RNJT'
' synthesized m the nueiers. mMRNA 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 Inonoiiiefs 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
tvinch multiple protein products are produced by a single gene through alternative splicing
.nmbinations o f the RNA transcript

mniral dogma: 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 RNA (mMRNA): a form of RNA that carries the nucleotide sequence code for a
piolein sequence that is translated into a polypeptide sequence

pinmoter: a sequence on DNA to which RNA polymerase and associated factors bind and
in,Irate transcription

HNA polymerase: an enzyme that synthesizes an RNA strand from a DNA template strand

nliusomal RNA (rRNA): molecules of RNA that combine to form part of the ribosome

-.pliceosome: a structure composed of various proteins and other molecules, which attaches to

(lie mMRNA transcript and “splices” or cuts out the non-coding, introns

iplicing: the process of removing introns and reconnecting exons in a pre-mRNA

liinscription: the synthesis of a strand of MRNA that is complementary to the gene of interest.

Ininscription bubble: the region of locally unwound DNA that allows for transcription of
mRNA

transfer RNA (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 of synthesizing a chain of amino acids called a polypeptide chains or

pioteins
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10.4 Translation

Learning objectives
Bv the end of this section, you will be able to:

* Describe the differentsteps involved in translation

* Discusstherole ofrRNA. mRNA. andtRNA inprotein synthesis

* Describe the geneticcode and how the nucleotide sequence determines the amino acid
sequenceofaprotein

* Be able to rake an mRNA sequence and transcribeandtranslate the corresponding
protein

* Bepreparedto defineandexplain all bolded terms

Proteins perform a wide variety of 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

In addition to the mature mRNA, many other molecules contribute to the process of translation.
Translation requires not only mRNA, but also ribosomes, tRNAs, and various other enzymes
(Figure 10.29). Although each of these components is necessary, their composition may vary
across species. For instance, ribosomes may consist of different ribosomal RNAs (rRNA) and
enzymes depending on the organism.

Prokaryotic and eukaryotic cells have Amino acids
distinctly different ribosomes that vary in
size. Although living cells may have slight
differences, the general structures and
functions of the protein synthesis
machinery are comparable (Figure 10.29).

Goning

protein cnav

Figure 10.29 The protein synthesis
machinery includes the large and small
subunits of the ribosome, mRNA, and
tRNA. (credit: modification of work by
NIGMS, NIH / Concents of Biology
OnenStax)
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\ nbosome is a complex macromolecule composed of structural and catalytic rRNAs.
Ilihosomes also consist of many distinct proteins, some of which have enzymatic properties. In
. nkuryotes, the nucleolus, a region found in the nucleus, is completely specialized for the
exnlhcsis and assembly of rRNAs.

llihosomcs arc located in the cytoplasm in both prokaryotic and eukaryotic cells. In eukaryotes,
iiluisomcs 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
isi binding directly to the mRNA, whereas the large subunit sequentially binds transfer RNAs

Il igurc 10.30). Transfer RNA (tRNA) is a type of RNA molecule that brings amino acids to the
mowing polypeptide chain. Each mRNA is simultaneously translated by many ribosomes, all
evnlhesizing 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
ItNA. (c) Simplified models are useful when drawing complex processes such as protein
synthesis, (credit: Parker et al. / Microbiology OnenStax)

Itepending on the species, 40 to 60 types of tRNA exist in the cytoplasm. tRNA carrying a
specific amino acid binds to sequences on the mMRNA 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.|

llow is it that tRNA translates the mMRNA 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 of eukaryotic cells. The mRNA is a mobile complement of 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 ofas 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 of 64 possible combinations (43), with four different nucleotides possible at each of the
three different positions within the codon. This number is greater than the number ofamino 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 of 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 of 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 of this discovery.
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Check your knowledge

How many bases are iu each codon?
What is the anticodon for AAU? What an» acid is coded for by the codon?

What happens when a stop codon is readied

Ilie Mechanism of Protein Synthesis

lust as with mRNA synthesis, protein synthesismbe divided into three phases: initiation,
elongation, and termination. The process of transition is similar in prokaryotes and eukaryotes.
Here we will explore how translation occurs infto/i, a representative prokaryote

I'mtein synthesis begins with the formation ofinitiation complex. In E. coli, this complex
involves the small ribosome subunit, the mRNAtree initiation proteins, and a tRNA carrying
the amino acid methionine (Figure 10.32). ThcINA has a region called the anticodon. The
.iilicodon complements and interacts with the AGstart codon on the mRNA and delivers the
Mist amino acid, methionine. Once the anticodoiof tRNA base pairs with the AUG codon of the

mRNA, the large ribosomal subunit binds to theamplex. This step completes the initiation of
Intnslation.

Ihe next step, elongation, takes place as the ribwmc moves along the mRNA. Again, the basics
ill elongation are the same in both prokaryotesid eukaryotes, so we will review elongation
hum the perspective of E. coli. The large ribosonal subunit consists of three compartments: the
N site, the P site, and the E site. The A site is responsible for binding incoming charged tRNAs.
N charged tRNA is one that is attached to its gedfic 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
ifigure 10.32).
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Large ribosomal

subunit
5
MRNA
Small ribosomal
subunit
B
VL L — Polypeptide chain
r
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| S
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B m wm AUGUUUCGA
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Fi~iire 10.32 Translation begins when a tRNA anticodon recognizes a codon on the mRNA 1lit
lar™ e ribosomal subunitjoins the small subunit, and a second tRNA is recruited. As the mKN '
mcAvcs relative to the ribosome, the polypeptide chain is formed, (credit: Modified by Flintl» lli
Q.Mrady original work of Betts ct al. / Anatomy and Physiology OncnStaxl|
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Peptide bonds arc special covalent bonds that exist between the amino group of one amino acid
«ml the carboxyl group ofa second amino acid

(figure 10.33). The E site releases uncharged

IItNAs 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.

lermination of translation occurs when a stop codon (UAA, UAG, or UGA) 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.

m1 INC'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?

Ju.uws mC(7.i ccv MW
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Section Summary

The central dogma describes the flow of genetic information in the cell from DNA to RNA In
proteins. Genes are used to make mRNA by the process of transcription; mRNA is used to
synthesize proteins by the process of translation. The genetic code is the correspondence hclwi m
the three-nucleotide mMRNA 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 mMRNA 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 of 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 uml
the end of the growing polypeptide chain. The entire mRNA is translated in three-nucleotide
“steps” of 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 of ribosomes are synthesized in the
a. cytoplasm
b. mitochondria
c. nucleolus
d. endoplasmic reticulum
2. How long would the peptide be that is translated from this mMRNA sequence: 5 -
AUGGGCUACCGAUAG-3"?

a. 0
b. 2
c. 3
d 4

3. Transcribe and translate the following DNA sequence:
5-TACGCCGGTTATATTGCA-3'

Answers
I @
2 @l

The mRNA cxoukl be: 5:-fL hi~(ii¢.jY.Y' N-AtiN1 A A-C(hi. . lhe protein would he: AT i
Arg-Prc-lic. liven though there are six modons, the tilth codon corresponds to a stop, ;e d m
codon would iin: be translated.
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lillltoury

JMIrodon: three consecutive nucleotides on tRNA fid complement the codon on a mRNA

."dun: three consecutive nucleotides in mRNA that specify the addition of a specific amino acid
u llic release of a polypeptide chain during translation

11 oclic code: the amino acids that correspond to lhrst-nuclcotide codons of mMRNA

in ptidc bond: a covalent bond that exists between feamino group of one amino acid and the
«iiiboxyl group of a second amino acid

illmsomal RNA (rRNA): ribosomal RNA; molecule of RNA that combine to form part of the
nluisome

mop codon: one of the three mMRNA codons that specifies termination of translation

mmmit codon: the AUG (or, rarely GUG) on an mRNt from which translation begins; always
pccifics methionine

n Hiislation: process of producing a protein from thenucleotide sequence code of an mMRNA
itadscript

linosier 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
M 11t
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10.5 How Genes Are Regulated

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

* Discusswhycells donotexpress nilofitsgenes all ofthe time

* Describe howprokaryoticgene expression occurs atthe transcriptionallevel

* Understandthateukaryoticgene expression occurs atthe epigenetic, transcriptional
post-transcriptional. translational, andpost-translational levels

* Be able to defineandexplain all bolded terms

All organisms and cells control and regulate the transcription and translation of their DNA into
protein. The process of 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 of 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 of energy. It is much
more energy efficient to only tum on the genes when they are required. In addition, only
expressing a subset of 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 of 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 of 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 1ac operon, was discovered using E. coli in the 1950s and 1960s
by French researchers. The lac operon is a stretch of DNA that codes for proteins involved in
absorption and metabolism of lactose, including the enzyme lactase. One promotor controls
transcription of operon sequences. The lac operon is controlled using levels of lactose, a
disaccharide, in E. coli's environment. When lactose is not present, transcription of the lac
operon genes decreases, and the lactase translation slows. A repressor protein binds to the DNA
preventing RNA polymerase from binding to the promoter. Thus, mMRNA is not made and laclan
translation is low. When 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

RNA polymeraserepressor Figure 10.34 The three
structural genes that are needed
to degrade lactose in E. coli are
located next to each other in the
lac operon. RNA polymerase
can bind to the promoter ifa
repressor is not present, (credit:

In the presence of lactose, the lac represso' released from
the operator, and transcription proceeds at asbw rate.

promoter  operator lacZ ary lacA Modified by Elizabeth O'Grady
RNA polymerase original work of Parker et al. /
repress» Microbiology OnenStax|
- -allolactose

i OM’FPTS IN ACTION - Learn more datoperons 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 irsickthe cell’s nucleus where it is transcribed into
inRNA. The newly synthesized mRNA istetransported 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. 1fa 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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CHROMATIN Acetyl group

£ METHYL GROUP

HISTONE TAIL

UNA accessible, gene active
DMA methylation and chemical

Histones are proteins around HISTONE' WKMJcatfgn o; histone tails are» the

whtr.h DMA winds for cornpacrion ONA o ive SPacing ol micteosomes and change
and gene regulation inaccesstote. acre inactive

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 mMRNA transcripts undergo
alternative RNA splicing. Alternative RNA splicing is a mechanism that allows different protein
products to be produced from one gene when different comhbinations of 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 of different proteins.

CONCEPTS 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 of 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 of translational gene regulation. Chemical modifications
such as phosphorylation can occur in response to external stimuli such as stress, the lack of
nutrients, heat, or ultraviolet light exposure.
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phosphorylated,
translation is
. blocked.
Ribosome No
small subunit Translation
When not
phosphorylated,
translation
) occurs. ,
Ribosome w Translation
small subunit occurs

figure 10.36 Gene expression can be controlled by chemical modifications of proteins needed to
initiate translation, (credit: Modified by Elizabeth O'Grady original work of Clark et al. / Biology

2F. QpenStaxf
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Section Summary

All organisms and cells control and regulate the transcription and translation of their DMA in
protein. The process of 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 ofgene 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 of 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. idj

e N
H' regui.riiriu gene explosion. cobs can conserve- energy and sp-ucc. It ail organism iva.- ==
express o tiry single gerk at ail tliric.-c it would require a siyriifk'nru amount of cnergvr In =
more energy efficientto onK mm cmthe 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 of the ENA transcript

gene expression: processes that control whether a gene is expressed
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<liaptcr 11: Introduction Evolution

ligure 111 The diversity of life on Earth is the result of evolution, a continuous process that is
Mill occurring, (credit “wolf’: modification of work by Gary Kramer, USFVVS; credit “coral”:
modification of work by William Harrigan, NOAA; credit “river”: modification of work by
Vojtech Dostal; credit “protozoa”: modification of work by Sharon Franklin, Stephen Ausmus,
1JSDA ARS; credit “fish” modification ofwork by Christian Mehlffihrer; credit “mushroom”,
"bee”: modification of work by Cory Zanker; credit “tree”: modification of work by Joseph
Kranak / Concents of 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. Ifthis 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
of 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 of the mechanisms for evolutionary change and the kinds of questions that
biologists can and have answered using evolutionary theory.

Footnotes

1 Theodosius Dobzhansky. “Biology, Molecular and Organismic.” American Zoologist 4,
no. 4(1964): 449.
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11.1 Discovering How Populations Change

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

e Explain how Darwin i theoryofevolution differedfrom the currentview ofhis time

« Describe how thepresent-day theoryofevolution was developed

* Describe how populationgenetics is used to study the evolution ofpopulations

* Describe thefour basic causes ofevolution: naturalselection, mutation, generic drl/i
andgeneflow

I * Explain how each evolutionaryforce can influence the. allele, frequenciesofa

population

« Bepreparedto defineandexplain all bolded terms

The theory of 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 of 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 of Plato. Other
ancient Greeks at the time of 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 of 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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INntural Selection is Discovered

Ilie 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.
Irom 1831 to 1836, Darwin traveled around the world on H.M.S. Beagle, Vvisiting South
America, Australia, and the southern tip of 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 of 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 of 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.
lle 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 of structure in one small, intimately
[elated group of birds, one might really fancy that from an original paucity ofbirds in this
archipelago, one species had been taken and modified for different ends.”*
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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 of ground
finch: 1. Geospiza magnirostris (the large ground
finch), 2. G .foitis (the medium ground finch),

3. G. parvula (the small tree finch), and

4. Certhidea olivacea (the green-warbler finch).
(credit: Fowler et al. / Concepts of Biology

OpenStax)

Both Alfred Wallace and Charles Darwin 1. Geospiza magnilosuis 2. Geospiza ini**
independently observed similar patterns of 3 Geospiza paofula 4 Ceithidea nil =
change in different organisms. Based on their Finches from Galapagos Archipelago

observations, each independently conceived a

mechanism to explain how and why such changes could occur. Darwin called this mechanism
natural selection. Natural selection, Darwin argued, was an inevitable outcome based on (lit' >
principles that he felt were occurring in nature. First, the characteristics of 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 m
reproduction in all organisms exceeds Ihe availability of 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 of 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 of the successful individuals will be represented in a higher proportion m i
next generation. This will lead to changes in populations over generations in a process that
Darwin called “descent with modification.”

Darwin and Wallace (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, On ilie Origin ofSpecies, 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 ue
presented together before the 1'i >e e
Society in 1858. (credit: Fowlei mlil
Concepts of Biology QpcnSl.n |
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I>uwin’s finishes arc one of the best documented examples of evolution. The work done by
iiniwin in the 1830’s was continued by two scientists by the names of Peter and Rosemary
imnull. The Grants and their colleagues have studied Galapagos finch populations every year
mmi e 1976 and have provided important examples of the process of natural selection. The Grants
minerved evolutionary events in which the beak shape of 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
ilimner 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 of seeds declined
ilnmiatically. The decline in small, soft seeds was greater than the decline in large, hard seeds.
Ilie large-billed birds were able to survive better than the small-billed birds the following year.
WIu 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 of 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'vre 11.5 A drought on the Galapagos island of Daphne Major in 1977 reduced the number of

mi icusc in the finches’ average beak size between 1976 and 1978. (credit: Fowler et al. /
1"in ents of Biology OpenStax)
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Variation and Adaptation

Natural selection can only take place if there is variation, or differences, among indivnlu.il i€>
population. Importantly, these differences must have some genetic basis; otherwise, sell. .....
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 w4
height, environmental factors such as better nutrition can also have an impact on this
characteristic.

Genetic diversity in a population ultimately comes from mutation. Mutation, a change w I)' N
is the ultimate source of 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 of 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 cxiinilili
camouflage coloration patterns are adaptations. Frogs that can blend into their environment li i
a better chance ofavoiding predation. Survival means a greater chance to reproduce and pasm
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 of Evolution

The evolution of 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 of 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 ofdivergent 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.

382 Return to Table o inij



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 of 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 of 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 of 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
Ilicy were not inherited from arecent common ancestor. Instead, they evolved independently in
two separate lineages. The wings ofa 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.

Ilie Modern Synthesis

Ilie mechanisms of 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 of 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 On the Origin ofSpecies. Mendel’s work was rediscovered in the early twentieth century, and
it was at this time geneticists began to understand the basics of inheritance. Initially, the newly
discovered nature of 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 of populations. The theory also connects the gradual
change of a population over time, called microevolution.
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Sometimes major evolutionary events happen at the level of the individual species, a coneepl
called macroevolution. Major evolutionary events can lead to speciation events, the formation
of 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 of 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: /A 1e. 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 of study is known as population genetics. Using human blood-type as an
example, the frequency of one of the alleles, /A is the number of copies of that allele divided In
all the copies of the gene in the population. For example, a study in Jordan found the frequem v
of/Ato be 26.1 percent.” The frequency of/8and / "alleles made up 13.4 percent and 60.5
percent of 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 populaln

There are several ways the allele frequencies of a population can change. One of those ways is
natural selection. Ifa given allele results in a phenotype that allows an individual to have mote
offspring that survive and reproduce, that allele, by virtue of being inherited by those offspriiir
will be in greater frequency in the next generation. Since allele frequencies always add up to Imi
percent, an increase in the frequency of one allele always means a corresponding decrease in.....
or more of the other alleles. Highly beneficial alleles may, over a very few generations, bcconii
“fixed.” If an allele becomes “fixed,” it means that every individual of the population will can
that allele. Similarly, detrimental alleles may be swiftly eliminated from the gene pool. The grin
pool represents the sum ofall the alleles in a population.

Part of the study of 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 n
lighter colored counterparts. This event led to a shift in color within this population. The i li,w
inwing coloration in the peppered moths is a classic example of studying evolution in nalinill
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 of Biology
(ipcnStax)

In the early twentieth century, many questioned why a “dominant” allele, one that masks a
iccessivc 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 Hardy-Weinberg 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.

| ootnotes

2 Charles Darwin, Journal ofResearches into the Natural History and Geology o fthe
Countries Visited during the Voyage ofH.M.S. Beagle Round the World, under the
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http://www.archive.org/details/joumalofreseaOOdarw.

¢ 3 Sahar S. Hanania, Dhia S. Hassawi, and Nidal M. Irshaid, “Allele Frequency and
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Section Summary

Evolution by natural selection arises from three conditions: individuals within a species vary,
some of 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 of evolutionary theory grew out of 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 of 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 of natural selection?
a. One plant grows larger than another plant because its leaves contain more
chlorophyll.
b. Two types of 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 of a population.
3. Explain the Hardy-Weinberg principle of equilibrium.

Answers

*
R
m  The llardy- Weinberg equilibrium stilts that a population's allele and gein|(J([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 ,m -
geiiciation. Individuals would look essentially the same and this would In- unKK sin
the alleles w et dominant or ..esshe
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(.lossary

adaptation: a heritable trait or behavior in an organism that aids in its survival in its present
environment

mlinpatric speciation: a speciation that occurs via a geographic separation

analogous structure: a structure that is similar because of evolution in response to similar
m.election pressures resulting in convergent evolution, not similar because of descent from a
iommon 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 ofthe alleles carried by all of the individuals in the population

Mardy-Weinberg equilibrium: a principle that states a population’s allele and genotype
Ircquencics arc inherently stable unless some kind of 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 ofevolutionary 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 of individuals in a population
that have favorable heritable traits, leading to evolutionary change

population genetics: the study of how selective forces change the allele frequenciesin a
population over time

speciation: a formation ofa new species
sympatric speciation: a speciation that occurs in the same geographic space

variation: the variety of alleles in a population
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11.2 Mechanisms of Evolution

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

* Explain thefour mostimportantevolutionaryforces: naturalselection, mutation,
geneticdrift,and migration
* Discussnonrandom matingandexplain how ifcontributes to evolutionarychange

* Bepreparedto defineandexplain all bolded terms

The four most important evolutionary forces that will disrupt equilibrium are: natural selection,
mutation, genetic drift, and migration into or out of 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. Natural selection selects for benefu il
alleles that allow for environmental adaptation, which leads to the frequency of 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 of natural selection that he called sexual selection. In sexual
selection the fitness of certain traits is determined by different levels of reproductive success
Sexual selection leads to the evolution of dramatic traits that often appear maladaptive in terms
of 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 of mates
Male-male 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 of a mating dance, or the
building of an elaborate structure. In some cases, male-male competition and female choice
combine in the mating process. In each of these cases, the traits selected for, such as fighting
ability or feather color and length, become enhanced over generations in the males.

388 Return to Table of Conlnn



Il 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. Ifa 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 of 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

Mutation 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. Whether 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 of natural selection, sexual selection or mutation?

.Lnsiicrs. raise ffijk'rniutuiiaiis can cause evolution,
same mutations uiii result :<>no ettee! an u papulation
atall. Many atfect an individual in soniuue ee!!
nunaiow and not whole riopulatinnx.

This a imtjra/selection. .Ojndeikms urn iw r adapted
to survive in >ma environments undtheir tiny semis
ear utmost there ISn hit o fsoil
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Genetic Drift

Another way a population’s allele frequencies can change is genetic drift, which is muni
to random chance. Genetic drift is most important in small populations. Drift would h.
completely absent in a population with an infinite number of individuals; howevci,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 of an individual, events affecting finding a male n
the events affecting which gametes end up participating in fertilizations (Figure 11H

5rabbits 2 rabbits
reproduce reproduce

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 of individuals reproduces to ...... In
next generation. The frequency of alleles in the next generation is equal to the frequent m 1
alleles among the individuals reproducing, (credit: Fowler et al. / Concepts ol'Hiolom
OncnStax)

If one individual in a population often individuals happens to die before it leaves am wnn .
all of its genes, a tenth of the population’s gene pool, will be suddenly lost (Figure 11 ul In
population of 100, that 1 individual represents only 1percent of the overall gene pool, tin m
it has much smaller impact on the population’s genetic makeup and is unlikely to .... -1
copies of an allele (Figure 11.9).
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m|M 114 <ienetic drift has less of 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 nlarge portion of the population. The result of this type of event is known as
< | nliinikeffect (Figure 11.10). After the event, the survivors now represent the whole
[ . nnd their genetic makeup is the population’s gene pool. This genetic makeup may be
u'v'mmml horn the pre-disaster population. In order for a disaster to be categorized as a
o i M 1land genetic drift, it must be one that
ana. " unrelated to the organism’s traits, such
... He or lava How. A mass killing caused by
- mHi iold temperatures at night is likely to affect S(;ELT;:W
""I' Inlb. differently depending on the alleles they

ill a iinilcr cold tolerance. The result of such Bottlenecking

® s nmild lie natural selection, not a bottleneck event
Surviving —
population
| bl
1 . W 10/ chance event or catastrophe can reduce

in . inability within a population, (credit:
i 1nneepts of Biology QpcnStax)
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Populations might also experience genetic drift if a portion of a population leaves to start a in v
population in a new location, or ifa population gets divided by a physical barrier of 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 of the original larger population (Figure 11.11). The founder effect is believed to have bci n
a key factor in the genetic history ofthe 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 17hcentury. The
descendants of 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 of the total Dutch population; however, just by chance, those
that arrived had a highcr-than-nonnal proportion of these rare faulty alleles. As a result, the
population expresses unusually high incidences of Huntington disease (HD) and Fanconi alienu i
(FA), a genetic disorder known to cause bone marrow and congenital abnormalities, and even
cancer.-1

Figure 11.11 Due to the
founder effect, the genetu
makeup of new population
may be different than the
original population, (a) A
population of 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-,
of orange geckos, (credit
Jason Cashmore)

XX

J s L

CONCEPTS IN ACT ION Visit this site to leam more about genetic drift and run simulation’
ofallele changes caused by drift.
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| .cue Flow

Soother important evolutionary force is gene flow, or the flow of alleles into and out of a
loipulation resulting from the migration of individuals or their gametes (Figure 11.12). While

me populations are fairly stable, others experience more flux. Many plants, for example, send
iheir seeds far and wide, by using the wand or in the digestive tracts of animals. These seeds may
introduce new alleles common in the source population to a new population in which they are
tare.

ligure 11.12 Gene flow can occur
when an individual travels from
one geographic location to
another and joins a different
population of the species, (a) In
the example shown here, there are
two populations of a beetle. One
population has 100% green
nliclcs 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 green
alleles with some brown alleles,
(credit: Modified by Jason

( ashmorc original work by
lowler et al. / Concents of
Illojog | OoenStax)

Flintnotes
e 4 A J. Tipping et al., “Molecular and Genealogical Evidence for a Founder Effect in

Fanconi Anemia Families of the Afrikaner Population of South Africa,” PNAS 98, no. 10
(2001): 5734-5739, doi: 10.1073/pnas.091402398.
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Section Summary

There are four factors that can change the allele frequencies of 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 of gene flow.

Exercises

1. One ofthe original Amish colonies originated from a single ship of 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. When male lions reach sexual maturity, they leave their group in search of a new pride
This can alter the allele frequencies of the population through which of the following
mechanisms?

a. Natural selection

b. Gene flow
c. Population bottleneck
d. Random mating
Answers
1 th>
? th}
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I, limuir\
inilllciicck effect: the magnification of genetic drift as a result of natural events or catastrophes

i..iiiulrr effect: a magnification of genetic drift in a small population that migrates away from a
inir parent population carrying with it an unrepresentative set of alleles

i~ He flow: the flow of alleles in and out of a population due to the migration of individuals or
yitiucles

Uriictic drift: the effect of chance on a population’s gene pool

nilltration: the movement of individuals of a population to a new location; in population
I'piictics it refers to the movement of individuals and their alleles from one population to another,
linU-iitially changing allele frequencies in both the old and the new population

miliirul selection: the greater relative survival and reproduction of individuals in a population
Hint have favorable heritable traits, leading to evolutionary change

ipt'clution: a formation of a new species
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11.3 Evidence of Evolution

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

« Explain evidence thatsupports the theory o fevolution
« Define homologous and vestigial structures
« Bepreparedto define andexplain all bolded terms

The evidence for evolution is compelling and extensive. Looking at every level of orgiini. n m.
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
organisms from the past. Scientists can determine the age of fossils and then categorize ||»w 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 wiml.-. «ami
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 In
forms. The fossil record extends back to a dog-like ancestor some 55 million years ago IIne
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 cb.Luym!
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 il
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 | .
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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Mesotvppus Hippatton Przewalski horse
.-ira«i yiiM'i ago 40-30 million years ago 23-2 million years ago 'Yrecent

Today

I, || |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 iisc lineage that contains many branches, dead ends, and adaptive radiations, (credit:
) gy eeeneen nl. <Concents of Biology OnenStax|

........... n and Kmbryology

v ti.M piece of evidence that supports evolution is the presence of structures in organisms that
, . ijn snme basic anatomy. For example, the bones found in the appendages of a human, dog,
.1 .uni whale all share the same overall construction (Figure 11.14). That similarity results
n . isinned common ancestor. Over time, evolution led to changes in the shapes and sizes of
i . minwuiris in different species. However, they have maintained the same overall layout.
i. n. r of descent from a common ancestor. Scientists call these synonymous parts
i .||.'in to be residual “leftovers” from a past ancestor. For example, some snakes have pelvic
. mi i 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
miiuilinrt (filler examples of
llylal structures are wings
... Higlill*»5 birds, leaves on
- .. iniit, traces of pelvic
...... a hi whales, and the
L. liili'Ei ryes of cave animals.

*hi. 1114 The similar
mnn lion of these
...Ligt-s indicates that
...... nanisms share a
..... n ancestor, (credit:
»ei M ill. Concents of \
, . ltpciiStax'l Human Dog Bird Whale
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(OM LSISINACTION 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 1
forms found in organisms that share similar environments. For example, unrelated animals, mu L
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 QpcnStax|

Embryology (« Ne

Embryology, the study an organism’s development from a zygote to its adult form, also pi =,
evidence ofrelatedness 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 bnill i
reason embryos ofunrelated species arr nil =
similar is that mutational changes that nll<ei o
organism during embryonic developim-ni iin
cause amplified differences in the uduli *>.»
while the embryonic similarities arc pic im |

Figure 11.16 Embryo comparison, (unlit
Romanes copy of Ernst Heaeckel. I’uhlii
Domain)

398 Return to 1.



Iw ». ") 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 Inllne the breakup of the supercontinent Pangaea (about 200 million years ago) are
-n " .. lwoildwide. Groups that evolved later, after the breakup, appear only in certain
.. nl 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
.............. QGondwana. 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 pirscncc there prior to the southern supercontinent Gondwana breaking up (Figure
I >n

11Mrlice* Hiiw et
rHmaum ‘iptnutosa

Gondnann 220 minianyears ago

«u 1117 The Proteacea family of plants evolved before the supercontinent Gondwana broke
1 "In\ members of this plant family arc found throughout the southern hemisphere (shown
H .M Uwndil: "Proteacea flower”: modification of work by “dorofofoto’VFlickr / Concepts of
n iilipcenStax)

n. in*idiversification of the marsupials in Australia and the absence of other mammals can
ipinined 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 nl i.hind populations. Islands such as Australia or Flawaii are isolated by large expanses
m i ltn h prevents migration of species to other regions. Over time, these species diverge
Jiilv 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
ml* yet display distant relationships to ancestral species on continental main lands.
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Molecular Biology

Like anatomical structures, an organism’s genetic material also reflects descent with
modification. Evidence ofa 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 11
replication, and the expression of genes. Fundamental divisions in life between the ihrcc ilmimm
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 event!
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 dt11l
while the second copy continues to produce a functional protein. Due to evolutionary lonm 1
duplicated copy may at some point result in a new or unique function.

Check your knowledge

In anatomy and physiology, you will learn that humans have 7 neck bones called
ceixical 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?

HveL amiman;!'; ru~— m
O-'vioiK.ii LU.-CH ilijkri‘jic it; a>-dr\on tut-, m
giraffe* nuHmice are ait inaT T wuk vri;i; iicm.Jn:
Many in arc r hr;aur. .
pul simitarauwbirs ;-r them. Mark themi. -
Aitimab camotiUjvr
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I.HuH Summary

Ii.  nliiicc for evolution is supported by fossils. Fossils provide evidence for the evolutionary
lhiough 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.. nmodified 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 Tinnils [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.

| e 11 Uis

I llie wing of a bird and the arm of a human are examples of
u. Vestigial structure
b.  Molecular structure
c. Homologous structure
d. Analogous structure
Ilie fact that DNA sequences are more similar in more closely related organisms is
rvalence of what?
1. Fossils
b. Optimal design of organisms
¢ Decent from a common ancestor with modification

d. Mutation
I apluin how homologous structures support the theory of evolution.

i, m ofhomologous structures results; from a shared common ancestor. Over time.
change* in die drapes and si/es of -miamie* m different specie* However, dies
lizimed ‘he same overall aypy!, evidence orescent from a common anccsl"i.

"eHNW y

«*'n luliigy; the study an organism’s development from a zygote to its adult form

« Mm mineralized or preserved remains of organisms found in the past
"'eniiiuniiv 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
Ub> mkto be from a functional structure in a distant ancestor
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11.4 Misconceptions about Evolution

Learning objectives
By the end of this section, you will be able to:
. Identify common misconceptions aboutevo<iition
. Identifymommon criticisms o fevolution
. Be preparedto defineand explain all bolded tei ms

S / However, Within 20 you»-"|
The theory of evolution initially generated some controversy. of evolution i -

publication of On the Origin ofSpecies by Charles Darwin, the t ,cor™  “¢(,n rcporitcillv
universally accepted by biologists. Although the theory ofevolubon”” arc ll»e ¢ Ib"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 commin 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 m
say evolution is “just a theory,” they arc implying that there is little evidence supportnu ‘o "
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 Illinni e«
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 isu
culmination ofthe work done by many different scientists and the conclusions drawn have In<i
verified and repeated numerous times. While theories can sometimes be overturned or levk 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 n
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* «l ii*. mPInlton of a characteristic, it is best to think about the change of the characteristic in
m i i-'lilimn over lime. For example, natural selection does not cause individual bill-size of
< Inqato 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
ril limn several years later after there has been a strong selection pressure, this average value
i ililincnt as a result of evolution. Note the changes are observed in the population, not
»» "M individual.

M. 3 - Evolution Explains the Origin of Life

0 « ii ra11111000 misunderstanding that evolution explains the origin of life. The theory of
. ~-mnih explains how populations change over time and how life diversifies, not how life came
m «<im Il docs not explain how life began or how the first cells originated. How life first
nd on Earth is very difficult to address because it occurred a very long time ago, and the

¢ niiini.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
» ii'liuy, like the cell membrane, would have formed at some point allowing for an internal

m u......| to be separated from the external conditions.

m m|>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, nT , While evolution does not explain the origin of life, it may have contributed to why
LI Inbolic processes exist in living cells.

............ rptiun 4 - Organisms Evolve on Purpose

® 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 iidto 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.
...... . i m that provide the most beneficial properties will survive better and produce
«i «niinnately more offspring. Assuming the phenotype is a result of heritable genes, overtime
In iliicncy of those genes will change in the population.

"iniid misunderstanding is the idea that evolution will automatically occur, if needed. Itis
>'eepin to understand that natural selection works on variation that already exists in a
, itnhi 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
m lw application of the antibiotic. The gene for resistance was already present in the gene pool
« 1uleria, 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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Section Summary

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. Itis 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
\ nswrrs
t-j
Glossary

hypothesis: a testable explanation to a scientific question

theory: a thoroughly tested and confirmed explanation for observations or phenomenat
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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 B-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 mMRNA
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

B

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 of 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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c
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: arigid 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 of 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 atrait 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 achromosome 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 of 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 of 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 of-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 ofa 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 ofthe 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 ofa 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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G
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 mMRNA
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
of ATPandNADH

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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H

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 brcaxuu,
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.inei
obtain its energy

hctcrotroph: an organism that consumes other organisms for food
heterozygous: having two different alleles for a given gene on the homologous cbrontommn.
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 | of meiosis |

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 im.
gland or group ofendocrine cells; acts to control or regulate specific physiological pmces 1 m

hvbridization/cross-fertilization: the process of mating two individuals that differ, to .u 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- 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,
nli imn chromosome with both maternal and paternal segments of DNA

hull prudent variable: is the variable that is being altered or changed by the researcher; it is the
-kiuldc being tested

imiliii live reasoning: a form of logical thinking that uses related observations to arrive at a
. mi ml conclusion

inlin linncc of acquired characteristics: 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
*1on to their offspring thus leading to evolutionary change in the population

liilij>i al protein: protein integrated into the membrane structure that interacts extensively with
Hr membrane lipids' hydrocarbon chains and often spans the membrane

liilii kinesis: a period of rest that may occur between meiosis 1and meiosis 11; there is no
K plication of DNA during interkinesis

liitii 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|, S, and G2 phases; the
inli nm between two consecutive cell divisions

lull on: non-protein-coding intervening sequences that are spliced from mRNA during
pi licensing

Intel tiiin : 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
Uniclore has a net charge

liiiilc bund: a chemical bond that forms between ions of opposite charges

I llicir atoms and or chemical bonds

11111111110: describes a solution in which the extracellular fluid has the same osmolarity as the fluid
uieulc the cell

Uiiliipe: one or more forms ofan element that have different numbers of neutrons
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K

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 11: the second round of meiotic cell division following mciosis I; sister chromatids arc
marated 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 ofthe 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 ofa 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 ofa 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 ofa
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

osmosis: the transport of water through a semipermeable membrane from an area of high-water
1 inicentration 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

>xillative 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 ATP synthase to add
phosphate groups to ADP molecules

*

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 group of one amino acid and the
iilioxyl group ofa 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 ni
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 cheniit i

phylogenetic tree: a diagram showing the evolutionary relationships among biologic .il ¢
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 of 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 tell inn il

pleiotropy: describes when one gene controls two or more different characteristics

point mutation: occur when a single nucleotide is permanently changed in the )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

initiiitc transcription

pi upliasc: the stage of mitosis during which chromosomes condense and the mitotic spindle
Ihgins to form

pintrin: a biological macromolecule composed of one or more chains of amino acids

piiilon: a positively charged particle that resides in the nucleus of an atom; has a mass of 1 and a
munge of +1

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

Liiiinrtt 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
- skiilic 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 mir
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 Ma
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 primer: 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

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

| lentific method: a method ofresearch with defined steps that include experiments and careful
observation

ul 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

meeondary 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

mnJuctively permeable: the characteristic of a membrane that allows some substances through
but not others

mriniconservative 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
ui nucleotides

septum: a partition formed between two bacterial daughter cells

mrxual reproduction: requires that two different gametes (egg and sperm) come together to form
Wivgotc

mluiple 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

muiatic cell: all the cells of a multicellular organism except the gamete-forming cells
mpeclation: 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 ofremoving 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 ofa 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:. k>
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 |

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
icactions 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 of 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 mMRNA
linnscript

translocation: the process by which one segment of a chromosome dissociates and reattaches to
n dilTcrent, 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
Ihe hydrocarbon chain

\%

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
iMembrane 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
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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 ofthe 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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