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MINERAL NUTRITION OF PLANTS

(Course No. CPH502)

Dr. Debasish Panda & Dr.(Mrs.) Sananda Mondal
Department of Crop Physiology, Institute of Agriculture, Visva-Bharati, Sriniketan

MINERAL NUTRIENTS

Nutrition may be defined as the supply and absorption of chemical compounds needed for
growth and metabolism. The m:chamsms by which nutrients are converted to ccllular

matcrial or used for

e

TheHemical p

P

required by an organism are lcrmcd nmnans

Mengel’s Classification of Plant Nutrients
Classification of plant nutrients according to biochemical behaviour and physiological

K, Na, Mg, Ca, Mn, CI

s0il solution

function
Nautrient elements Uptake Biochemical function
1 group in the form of CO;, HCOy, | Major constituent of organic
C,H,0,N,S H:0, Oz, NOy, NHi', Nz, |material. Functional elements
S04, SOz in enzymic processes.
The ions from soil solution | Assimilation is by oxidation
and gases from d process.
Zggmup in the form of phosphates, | Esterification with  native
P, B, Si boric acid or borate, silicate | alcohol groups in plants The
from the soil solution phosphate esters arc involved
in energy transfer reaction.
33310!1[) in the form of ions from the | Maintain osmotic potential.

Bring about optimum
conformation of an enzyme
protein (enzyme activation).
Bridging of reaction partners,
Balancing anions. Controlling
membrane permeability  and

i1
electron

i group in the form of ions or chelates | Incorporated in the prosthetic
Fe, Cu, Zn, Mo from soil solution groups,  enable  electron

transport by valency change.

Plant growth and development can procccd only when plants arc applicd with these

1 1 el

referred to as

These nutrients are absorbed by plant

roots from soil. The term mineral nutrition is generally used to refer to an inorganic ion
obtained from soil and required for plant growth.

However certain higher plants grow on limbs of tress or on telephone wires obtain this
supply of mineral nutrients from air bome dust particles which alx;,h( on their surfaces and
then dissolve in rain water or dew. These are called epiphytes or air plants.

Water culture - Growing of higher plants with their roots in dilute solutions of mincral salts,
instead of in soils; is called as hydroponics.




Sand culture - In 2 modification of water culture, plants are grow with their roots anchored in
a soil inert aggregate such as sand, gravel, or verimiculite (heat expanded mica), which is
wetted with a solution of mincral nutrients, also crushed quartz which is very low in available
trace elements.

The plants grown in water culture must be provided with an adequate supply of
oxygen, cither by bubbling air around the roots or by freq pl of depleted
solution with fresh solution Organic compounds that react specifically with metal ions are
known as chelating agents. The word chelate "key — late" (greek, chela, claw) refers to the
claw like binding of a metal ion in solution by an organic molecule. Micronutrients are mostly
supplied in the chelated form. Eg : Ethylene diamine tetraacetic acid (EDTA).

Micro el are
otherwise called as trace el
large amounts.

that are required in small They are

Macro el are that are required in

Hydrogen,
Carbon,
Oxygen,
Nitrogen,
Macronutrients Phosphorus,
Potassium,
Calcium,
Magnesium, and
Sulphur.

Zinc,

Iron,

Manganese,
Copper,
Micronutrients Boron,

Chlorine,
Molybdenum and
Nickel

ew plant

Silicon

Cobalt

Selenium

Sodium

Aluminium

Criteria of essentiality of clements (Arnon and Stout 1939): i

Definition or criteria of an essential element (Criteria proposed by Arnon and Stout in 1'939)

(i) A given plant must be unable to complete its life cycle in the absence of the mineral
clement  (Life cycle = vegetative state, flower, produce sceds)

(ii) The function of the element must not be replaceable by another mineral element

(iii) The element must be directly i d in plant bolism or a component of an
essential plant constituent (c.g. Nitrogen is a constituent of proteins and chlorophyll)

s essential for




There are 17 essential elements for plants. The following table lists the : 5
their source, concentration in the plant, whether they arc a ientora
and the form of the element that can be absorbed by the plant.
- Carbon (C) 0> 440 %
é Hydrogen (H) H20 6.0%
§ E Oxygen (0) Hz0, €Oz, 440 %
£ Oz
é Nitrogen (N) | NOs’, NH¢ 15%
% | Phosphorous [ Firos, 02%
= ®) HPO.?
',ls_- Potassium (K) K 10%
= s ry
g Sulfur (5) 504" 0.1%
<
= Calcium (Ca) ca? 05%
Magnesium Mg= 02%
(Mg)
3 Iron (Fe) EePires: 100ppm
5 Mangarese Mn® 50 ppm
G (Mn)
4 'g Boron (B) 20 ppm
g a
= § H3BO;
= Zinc (Zn) Zn? 20 ppm
2
k] Copper (Cu) cu? 6 ppm
E Molybdenum MoO4* 0.1 ppm
& (Mo)
=2 Chlorine (Cl) cr 02%
Nickel (Ni) Ni* 0.5 ppm

Beneficial nutrients are nutrients that are not needed for

cyele, but may provide other benefits such as discase
nutrients are silicon, cobalt and sodium.

cte. E

r the plant to complete its life

N Tk it

of

Primary Nutrients - N, P, and K- most common growth limiting nutrients-usually most

deficient. Sccondary Nutrients - S, Ca, Mg.



The secondary nutrients are calcium (Ca), magnesium (Mg),
arc usually enough of these nutrients in the soil so fertilization Es nggl :?\easy:l:l;u(i&m::
large amounts of Calcium and Magnesium are added when lime is applied to acidic soils‘
Sulfur is usually found in sufficient amounts from the slow decomposition of soil organi ;
matter, an important reason for not throwing out grass clippings and lcaves. S

Macronutrients are usually found in plants at a concentrati
weight basis and micronutricnts arc found in plants at a conccnn?a:ii‘:\o;:k:?vo?ggglpO;a 204
dry weight basis. They are also divided by the quantity or abundance of nutrients lll)m oln ;:
needs. Plants need more ients than mi ients. Primary nutrients are u; 4 al;l
limit plant growth the most and are the most deficient whereas secondary nutri A
limit plant growth as much and are not as deficient in the soil. sy

Micro elements can be presented in plants in different chemical forms either as

inorganic 1ons or
undissociated molecules or
organic complexes (chelates)

In nutrient solution they are present as undissoicated molecules or ions liki
e

Hs BOs (Boric acid)

CI" (Chloride)

Cu'* (Curpic)

Fe'! (Ferrous or Ferric Fe'™)
Mn** (Manganese)

Mo Q4= (Molybdate) and
Zn"" (Zinc)

Functions of Essential Mineral Elements:

Nitrogen

. Present in the structure of the protein molecule,

_ It is found in important molecules as purines, pyrimidi <

. Purines and pyrimidines are found in the nuclsi)(':naci:sm;:ﬁl:"‘g;\ly“"s and co-enzymes.
protein synthesis. 2 » DNA, which are essential for

. The porphyrin structure is found in the

essential for photosynthesis.
5. Co-cnzymes arc essential to the function of many enzymes,

ww N

ES

chlorophyll and cytochrome enzymes. These are

Phosphorus
1. Phosphorus is found in plants as a constituent of nuclej .
, ci s

enzymes NAD and NAD and constituents of ATP. © acids, phospholipids, the co-
2.Heavy concentration of phosphorus are found in the .

growing plants —its 15 involved in the synthesis of nuclcopr:t:islcmmc regions of actively
3 Phospholipids along with protein may be important constityey ns.
4.Co-cnzymes like NAD, and NADP are important

important processcs in which they involve are (j)

Respiration and (iv) Fatty acid synthesis.

Stituent of cell membrape:

In oxido reduction i

o Juction  reactions. The
otosynthesis, (i) Glycolysis, (iii)




i

Calcium

A constituent of cell walls in the form of calcium pectate.
The middle lamelle of plant calls is composed primarily of calcium and magnesium

2.
peetates.

3. Calcium salt of lecithin, a lipid pound is involved in the fc ion of cell
membrancs.

4. Calcium is required in small amounts for mitosis. It is involved in chromatin or
mitotic spindle organization.

5. Asan of enzyme, phospholi in cabbage leaves.

6. Also activator for the enzyme, like ginineki denosine triosphosph
adenylkinase etc.

7.iAw dary in bolic regulations (extra-cellular cell signaling)

Magnesium

1 Esscnual role in photosysnthesis and carbohydmle metabolism.

2 ium is a i of chlorophyl!

3. Enzymes involved in carbohydrate bolism, require ium as an activator.

4. Magnesium is involved in the synthesis of nucleic acid.

5. Co-enzymes such as ATP or ADP could become hnkcd to the enzyme surface through
a chelate compl g ium and pyrophosphate group. Mn can substitute
to some extent.

6. Magnesium bind the submits in the mi | particles ining RNA, protein and
magnesium i.c., as a binding agent.

Potassium

1. Special role of potassium is yet unknown

2 nghesl r.unccnlratlons are observed in the meristematic tissue.

3Py is ial as an acti for enzymes involved in the synthesis of certain
peptide bonds.

4. In addition o its ro]c as an acuva(or in protein mcmbohsm. K also act as an activator
for several lved in carbohyd

5. Apical dominance appears to be lacking or weak under K deficient conditions,

6. It regulates water balance.

Sulphur

1. Participate in protein structure in the formation of the sulphur — bearing aminoacids,
cystine, cystein and methionine.

2. Sulphur bearing vitamins — Biotin, thiamine and co-enzyme A. Thus S is involved in
metabolic activities of these vitamins,

3. Sulphur is found as sulphydril groups which arc present in many cnzymes.

4. Sulphur is present in peptide glutathione and des, such as d oil and thiols
v‘;l;;:lljl contribute the characteristic odor and test to plants in Cruciferae and Liliaceae

cs.

5. Sulphur also reduces the incidence of disease in many plants

Iron

1. Ferrous state (Fe™") is the mcmhoucauy active form of ion in the plant.

2. Essential for the synthesis of chlorophy

3. Protoporph yuuﬂac diate in chlorophyll bi is. Fe is i q;
the porphyoryn structures. X g i : At

4. A of flavoproteins (metallo flavo proteins)




5. Iron is found in iron — porphoryn proteins viz. cytoct - Sad o
6. Iron is an important component of many plant enzyme sysu:ms such as cytochrome

oxidase(clectron transport) and cytoch p step).
Manganese 4
1. Essential for respiration and nitrog bolism. Functions as enzyme activator.
2. Essential for malic dehydrog (in Krebscycle) and oxal inic di ylase.

3. Manganese is lhc prcdommanl metal ion in Kreb’s cycle. It acts as a bridge for ATP and
enzyme compl phokinasc and phosph

4. Play an 1mponam role in mtmlc rcducuan, acts as an activator for the enzyme nitrate
reductase and hydroxylamine reductase.

5. Mang: is involved in the oxidati duction p in the ph hetic clect
transport system. Hill ion is supp d under Mn deficient conditions.
Molybdenum

1 ial i in Nitrogen boli

2. Also involved in P metabolism

3. Chloroplast disorganization occurs in Molybd defici

4.

Acts as a co-factor for two major enzyme systems, nitrate reducatas: and nitrogenage.

Zinc

Involved in biosynthesis of auxin Indole — 3 — acetic acid (IAA)

2. Zinc is involved in synthesis of tryptophan a p of auxin i.e. tryptophan
synthetase.

3. (i) Activator of carbonic anhydrase in the metabolism of plants.

Carbonic acid CO; + water

(i1) Alcohol dehydrogenase and
(111) Hexose kinase or triosphosphate dehydrogenase.
4. It play an important role in protein synthesis.

Boron

Specific role of Boron in the metabolism of plants is not clear. Boron does not seem to
be connected to any enzyme system

Essential for transport of Larbﬂ‘lydh’llc§ auxins and maintenance of sugar starch

balance, pectin formation, amination of sugars and protein synthesis and production of
root nodules in lepumes

~

3. Boron is believed to be i important in the synthesis of one of the bases of RNA (uracil)
formation and in cellular activities (i.c. division, differentiation, maturation,
respiration, growth efe.)

4. Boron plays important role in maintaining of cell wall structure and ultra structural
arrangement in the apoplast

5. Boron has been associated with pollen germination and gxow(h and it improves the
stability of pollen tubes. Relatively immobile in plants, B is transported primarily in
the xylem.

Copper
1. Copper acts as a mp of phenol laclasc and bic acid oxidase.
2. Copper also fi in ph . Chloroplast is known to possess a Cu —

containing protein called plaslocyamm whu:h is important in photosynthesis.




Chlorine

Chlorine is absorbed and remains in the plant as the chloride ion.

1.Although deficiency never occur, it is essential for the growth of tomato

2. Chlorine is involved in the evolution of oxygen (0O2) in photosystem II in the
photosynthetic process

3. It i required for cell division in leaves and roots.

4.Jt is an important osmotically active solute.

Nickel
1. Itisa cofactor of the enzyme urease in higher plants.

Role of other micro-nutrients:

Silicon

Plant species may be divided into Si I and non- 1 The I
include paddy rice (Oryza sativa), Horse tails (Equisetum arvense) and members of the
Pinaceae, all of which contain 10-15% SiO; in the drymatter. Other cereals, sugarcanc and a
number of dicots with 1 to 3% SiO; are also included in this category. The non-accumulators
are most of the dicots including the legumes with less than 0.5% SiO;.

There is little biochemical evidence to justify  Si as an essential element for higher plants,
however it shows a number of well-established beneficial effects on plant growth. Important
silica fertilizers are soluble silicates, sinter Phosphates and Ca silicate slags.

1. In plants well supplied with Si, cuticular water loss is lowered because of  the epidermal

accumnulation of silica.
2.In cereals \the presence of silicon is important for keeping the leaves erect and decreasing

susceptibility to logging.

3.In rice, a significant relationship is observed b the Si content of the straw and yield
of rice.

4.8i especially p the fc ion of reproductive organ in rice.

Cobalt

The Co concentration in the dry matters of the plants grown in soil normally lies around 0.02
u;O‘S ppm. In soils the content varies from 1 1o 40 ppm. Cobalt is not readily mobile in the
plant.
€ Co is 'csscnlial for symbiotic Ni-fixation. Increasing the supply of Co increases
rhlzobn.il growth, N;-fixation and formation of leghaemoglobin in nodules.
2. Cobalt is essential component of vitamin cyanocobalamin,

Foliar nutrition

Fol'iar nuttih'm? is a useful method of fertilizing certain crop plants which can tolerate the
Iacml spray without damage. Tolerant plants like orchard trees have a heavy waxy cuticle
ayer.

L Fqﬁ; n“m::hn may :;srvc a;‘s amean of applying supplemental macrounutrients during
cril growth periods when it is unpracticeable to apply fertilizers t il. Ex:
Unusual period of dry weather. e

2. Foliar nutrition may afford a remedy for the time Ia i i

Hon X g between soil applied and plant
absorbed. Time is too long because of fast growing rates. % !

3. Most economical in forest trees.



Mechanism

Penetration through diffusion by cuticle — the layer of polymerized waxy csters and
hydrocarbons which occurs on outer surface of epidermal cells of leaves. After penetration in
the cuuclc further penctration takes place mostly through fine, thread — like, semi
mic called d This extends through the outer cpidermal cell
walls, from the inner surface of the cuticle to the plasma b When a

reaches plasma membranes of an epidermal cell it will be absorbed by mechanisms similar to
those which operate in root cells.

Hydroponics

The practice of growing plants in nutricnt enriched water without soil called as Hydroponics.
The term hydroponics was coined by Gericke (1937). The solution used in culture contains
all essential clements in proper proportions for normal growth of plants, This practice has
become quite popular during the recent past even for large scale commercial growth of plants
such as roses, tomatoes, lettuce, carrots and potatoes.

Advanmge\

l.ac d chemical ition of nutrient solution may be provided,

2. there are no soil colloids prcsent to lmmoblllu any of the nutrients through adsorption,

3. freq 1 of culture sol P! the lation of toxic organic

decomposition producls.

4. the growth of bacteria and higher fungi is minimised which may otherwise cause diseases
of crop plants,

5. the culture solution is kept aerated and well circulated ensuring better environment for
plant growth.

6. no tillage is required, there is no weed growth, and natural calamities such as floods,
droughts, erosion ete. can be avoided.

9. growth and reproductive phases can be manipulated up to a certain extent by supplying
modified nutritional medium ete.

Disadvantages:

1. The cost of setting up the system is very high
2. It requires skill and knowledge for its operation
3. Fruit trees cannot be grown hydroponically

Acroponics

It is a system for growing plants with their roots supplied with moisture in the air. The rooted
plants are placed in a special type of box with their shoots exposed to air and roots inside the
box with I © lled humid phere. It is | , a recent method developed

particularly for research purposes because pants show a very good growth of oot hairs. Plants
like Citrus and olive have been successfully grown through this method.




Aeroponic growth system
Nutrient
mist Plant holdings
chamber cover seals chamber

|
|
|

Nutient | |
solution .| —— Motor-driven rotor
I l generates mist

Nutrient Film Growth Technique

Nutrient film technique (NFT) is a hydroponic technique where in a very shallow stream of
water ining all the dissolved nutrients required for plant growth is re-circulated past the
bare roots of plants in a watertight gully, also known as channels. In this technique the plant
roots are suspended in channels called gullics where a thin film of nutrient solution passes
through thus keeping the roots moist but not logged. The are mixed dingly in a
primary reservoir from which it flows through the system continuously feeding the plants.
The system can be adjusted with ion for tion. The main principle of the NFT is
the principle by which nutrient solutions are recirculated for crop production. The system is

widely adjusted for a variety of crop production and is ideal for short term crops such as
lettuce, leafy crops and herbs. Larger NFT systems are can be used for long term  production
of crops such as cucumbers and tomatoes,



KEY FOR IDENTIFICATION OF NURIENT DEFICIENCY SYMPTOMS IN CROPS
(Mc Murtrey, 1952)

Nulncn! Deficiency Symptoms of Some Blcmun.s
(after McMurtrey, 1952)

SYMPTOMS IN OLD LE‘AVES (N, Mg, P, K, Zn)

& 3
Effects throughout the plant Effects localiscd, lower leaves mottled
body, lower lnrv:: dry up or chlorotic (no dry up), leaf margins curled

Plant Light green. lower leaves Plants dark green, lower leaves
vellow, etatks small, sunted growth, usually red or yellow, stalks small
abundant anthocyanin in veins.

Nitrogen Phosphorus

Leaves chlorohic or mottled,

Leaves chloratic or motded,
necroue spots, defoliation severe,

necrotic spots small and bewween
the veins,near up or margins

Necrotic spots large and
spreading to veins,
Jeaves thick (leathery) -
Magnesinm Potassium . Zinc

SYMPTOMS IN YOUNG LEAVES (Ca, B, Cu, Mn, Fe, S)
| 2 35}
|
Teeminal hude dic, young
leaves distorted or nel

Terminal buds alive showing wilting
or chlorosis, necrotic spots ahsent

Youn, Leaves Young leaves

No wilting of
hooked. die back at 1wWisted, dic wilted, stem tp young leaves,
marging or tips back from base weak, no chlorosis chlorosis present
|
Calcium Boron Copper
Small necrotic spots, Necrotic spot
veins green absent
Veins Veins
green chlootic
| |
Jron Sulphur

Cllorosis is & physiclogical disease that ocewrs due (o deficiency of mineral elements (¢ g.
MoK Zn Fe, Mg N) o attack of parasites (. Virus) when the plai s are grown in light
I eaves or plant pants become abnormally yellow duc 1o reduction of chy cophiyll contents.
2 Muttled is surface marked with coloured spots, .3, due (o

-u N Mg, P, S

% 10 pateh of dead tssues, due to deficiency of Mg, K, Zt ©a and Mo,

wrmal condition developing in vaseular plants in s s-optimal light. The
ves are small and yellow and the i are long duc 1o
compound.

Jlullllnn i

of etiolin

lrcll;FlSCllJENC\' SYMPTOMS OF MINERAL ELEMENTS AND CORRECTIONAL
CASUR

Specific deficiency symptoms of various nutrient elements and their correction measures are
given below:




1. Nitrogen (N) . tent, cell division
i. Plant growth i stunted and poorly developed (because protein content,
iN ﬂ"ﬂ i i m’:ic:cmfm dmcas.cd) is) of leaves. Older leaves are affected first
3 Y y 4

iii. Flowering and fruiting are reduced
iv. Protein and starch contents are decreased
v. Prolonged d y and early
vi. Root gets more lengthened as in wheat e
vii. Veins tumn purple or red due to development of abundant anthocyanin pigm g
tomato, apple)

viii. The angle between stem and leaves is reduced ral
ition i nel
ix. Plants look so sickly and conspicuously pale that the condition is called as general

appear

starvation. ¥
x. Symptoms first occur on the older leaves due to its mobility

2. Phosphorus (P) 1 ;
i. Young plants remain stunted with dark blue green, or some times purplish leaves
ii. P deficiency may cause premature leaf fall
iii. Dead necrotic areas are developed on leaves and fruits :
iv. Leaves sometimes develop anthocyanin in veins and may become necrotic
v. Cambial activity is checked
vi. Tillering of crops is reduced
vii. Dormancy is prolonged
viii. P deficiency may cause premature fall of leaves
ix. Growth is retarded ‘
x. Sickle leaf disease is caused in P deficiency, which is characterised by chlorosis
adjacent to main veins followed by leaf asymmetry

3. Potassium (K)
The deficiency symptoms vary with the degree of shortage of the clement.
i. In mild deficiency cases,
a. thin shoots may develop and
b. there may be restricted shoot growth
ii. In acute deficiency cases,
a. shoots may die back, eventually plant may dic
b. plants may become stunted with numerous tillers and
c. there may be little or no flowering
iii. Leaf will be dull or bluish green in colour
iv. Chlorosis occurs in interveinal regions (interveinal chlorosis)
v. In older leaves, browning of tips (tip burns), marginal scorching (leaf scorch), or
development of brown spots near the margins occur
vi. Necrotic areas develop at the tip and margins of the leaf which curve downward
vii, In broad leaved plants, shortening of intemodes and poor root system are important
viii. Two diseases are common:
a. Rosette: In beet, celery, carrot, pea, potato and cercals, bushy growth or rosettc
condition develops due to K deficiency

e



b. Die back: In acute deficiency cases, there is a loss of apical dominance and
regeneration of lateral buds, which results in bushy growth. In prolonged cases, die
back of laterals is also resulted.

4. Magnesium (Mg)
i. Mg deficiency causes interveinal chlorosis. The older leaves are affected first and
proceeds systematically towards the younger leaves
ii. Dead necrotic spots appear on the leaves
iii. Severely affected leaves may wither and shed or abscise without the withering stage.
iv. Defoliation is quite severe.
v. Carotenc content is reduced
vi. Stem becomes yellowish-green, often hard and woody
vii. Sand-drown disease is common in tobacco due to its deficiency, which is
characterised by the loss of colour at the tips of lower lcaves and between the
veins (interveinal). The veins remain green but in acute cases, entire Ieaf becomes
nearly white,
5. Calcium (Ca)
i. Ca deficiency appears on the younger leaves and near the growing points of the stem
and root
1. Deficiency causes disi
stem and leaves
iii. Malformation of younger leaves also takes place
1v. Margins of leaves appear irregular in form or show brown scorching
v. Growing points arc often killed (as in tomato)
vi. Thin chloratic marginal bands develop
vii. Young leaves may be severely distorted with the tips hooked back and the
margins curled backward or forward or rolled
viii. Roots are poorly developed, lack fibre and may appear gelatinous
ix. Two common discases are found:
a._Tip hooking: 1t is found in cauliflower, beet and tobacco where characteristic hooking of
leaf tip is found. This condition arises because of unequal growth in marginal and
central

of growing meri ic regions of the roots,

regions of the leaf,
b. Blossom end rot: Commonly found in tomato; the diseasc is characteriscd by presence
ofa )
depressed region near the distal end of the youngest fruit. The depressed region remains
surrounded by dark green tissues and flesh is orange coloured.

6. Sulphur (S)
1. Sulphur deficiency causes yellowing (chlorosis) of leaves. Young leaves are affected

first

1. Tips and margins of leaves roll inward ;

iii. Marked decrease in leaf size, general paling with red or purple pigmentation is
general symptoms

iv. Necrosis of young leaf tips develop

v. Internodes are shortened




vi. Apical growth is inhibited and lateral buds dc‘.lclap prematurely
vii. Young leaves develop orange, red or purple pigments ) § i
viii. Leaf tips are ch istically bent d ds. The leaf margins and tips ol
inwards (e.g. tomato, tobacco and tea)
ix. Leaf fall is rapid
x. Fruit formation is suppressed

d and hence the stem

xi. Sclerenchyma, xylem and collenchyma fi ion gets i
L lly thick due to S deficiency »
7 £ ing i ient
xii. Discase: The Tea Yellow disease is caused in tea plants growing in sulphur defic
soils.
7.1Iron (Fe)

i. Interveinal chlorosis of the younger leaves occurs. The veins remain green.
ii. Leaf chlorosis may produce a mottled appearance
iit. Leaf may show complete blcaching or often b ing necrotic
iv. In extreme conditions, scorching of leaf margins and tips may occur "

V. Lime induced chlarosis is the common disease found in fruit trees like citrus. I't is also
found in beet, spinach, brassicas and cereals. The younger leaves become white or
yellowish white.

vi. Iron deficiency leads to Khaira disease in rice.

8. Manganese (Mn)
i. Deficiency causes interveinal chlorosis and necrotic spots of the leaf
iii. Dead tissue spots are found scattered over the leaf
iii. Severely affected tissues tumn brown, the brown areas may also twist in the form of
spirals and they may wither also

iv. Root system is often poorly developed and badly affected and the plants may die

V. Grain formation is also reduced and the heads may be blind (as in sulphur)

vi. Four diseases are found due to its deficiency:
a. Grey Speck also called as grey stripe, grey spot or dry spot found in oats, barley,
rye and maize is the common disease of Mn deficiency. Grey spots or chlorotic spots
appear on the lower half of the leaf which fuse together and form elongated brown
streaks, found mostly in third or fourth Jeaves.
b. Pahla blight of sugarcane:
Chlorotic spots develop as long streaks, commonly in young leaves. These chlorotic
spots fuse together and turn red and coalesce to form long streaks from which lamina
may split.
©. Marsh spot of pea:
Brown, black spots or cavities develop on the internal surface of cotyledons and thus
the disease appears in the seeds.
d. r beet:
Itis ch ised by interveinal chl
upward over the upper surface of leaf:

in the leaves and leaf margin may cur]

9. Copper (Cn)

i. It causes necrosis of the tip of the young leaves




ii. Both veg and reproductive growth are ded
iii. Wilting of terminal shoots occur which is followed by frequent death

iv. Leaf colour is often faded due to reduction of and other pj;
v. Foliage shows bumning of the margins or chlorosis or rosetting and multiple bud
formation

vi. Gumming may also occur (gummosis)
vii. Younger leaves wither and show marginal chlorosis (yellowish grey) of tips.
It is called as yellow tip or reclamation disease.

viii. Following two diseases are common:
a. Exanthema or die back of fruit trees: It is commonly found in citrus, plum, apple
and pear. The symptoms include formation of strong water-shoots bearing large
leaves, gummous tissue or the bark and longitudinal breaks. Fruits become brown,
glossy and splitted. Affected shoots loose their leaves and die back and lateral shoots
produce bunchy appearance. 3
b. Reclamation disease: 1t is also called as White Tip discase and is found in legumes,
cereals, oats and beet. The tips of leaves become chlorotic followed by a failure of the
plants to set seed.

10. Zinc (Zn)
i. Older leaves show chlorosis, which starts from tips and the margins
ii. Leaves become leathery
iii. Plants show rosetting due to shortening of internodes and premature shedding
iv. Whitening of upper leaves in monocots and chlorosis of lower leaves in dicots are
often found
v. Leaf margins distorted, become twisted or wavy which later curl and look sickle
shaped (sickle leaf)
v1. Seed production and fruit size is greatly reduced
vii. The following diseases are commonly noticed:
a. Khaira of paddy: The entire older leaves show rusty brown appearance (due to ;
chlorosis) and ultimately dic(this discase also occurs in paddy in case of Iron dsﬁcncncy).
b. White bud (tip) of maize: Unfolded newer leaves arc often pale yellow to white.
‘There is appearance of light yellow streaks between the veins of older leaves followed
by white necrotic spots. >
c. Rosette of fruit trees: 1t is also called as little leaf disease. Ycllow mottling of
leaves, reduction of leaf size with rosctte appearance (duc to reduced i.nlcmodal
distance) and die back of the affected branches are symptoms of the q;scasc.
d. Frenching of citrus: Initially, yellow spots develop between the veins. Ixzfvcfb
become progressively smaller and develop chlorophyll at the basal end of mid rib.
11. Molybdenum (Mo)
i. Deficiency causes chlorotic interveinal mottling of the older leaves
ii. Leaves often show light yellow chlorosis and leaf blades fail to expand
iii. In acute deficiency cases, necrosis of leaf tissues occurs
iv. Flower formation is inhibited
v. Failure of grain formation occurs (as in oats)
vi. Its deficiency cause
s two diseases:




begin as appearance of
. Whitl of oulfower and Brasics T SYPPIOE B8, e leaf
transhucent areas near the midrib which bc‘comc I:;:Ymc death of the growin!; point,
margins become ragged with upward curling- B:d thus gives a typical whiptail
the leaf elongates and lamina remains Suppress it
o . ing or scorching.
;ol;c:::;l: o e g wilting, mar ginal rolling or
12. Boron (B)
i. It causes death of shoot tip
ii. Flower formation is suppressed
iii. Root growth is stunted
iv. Leaves become coppery in texture ]
v. Plants become dwarf, stunted with apical meriste
general breakdown of meristematic tissue
vi. Terminal leaves become necrotic and shed prcmaIWf?b’ d curling, appearance of
vil. Leaves show symptoms like distortion such 25 C_“PP‘"gr:“cc gt
white stripe, scorching, pimpling, -‘P“;“d m’d‘nb and‘ tillering, appearance of
viii. Stem shows like die-back of apex, = . impling etc.
various forms u; deformities such as curling and bnmc.lcslo“i- l;‘:‘;"li:‘g"g
ix. Fruits are severely deformed and develop typical cracking o'r p
x. Following diseases are commonly found due to B deficiency:
a. Heart rot of sugar beet and marigold
b. Canker and internal black spot of garden pea
¢. Browning of cauliflower
d. Yellow top of lucerne
¢. Top sickness of tobacco
1. Hard fruit of citrus

m blacken and die followed by

INDICATOR CROPS rticular
Some of the crops are known 1o be specific for the occurrence of symploms ofa ';:llcd e

deficient nutrient element exhibiting ch istic symy Such v(,:mpv"inilncduc to the

Indicator Crops for the deficiency of that particular clement(s). This is ’“al d):cntnr Crops

greater demand of the element in the respective Indicator Crops. Some of the In:

are furished in the following Table along with the clement:

Table. Indicator plants for deficiencies of some nutrients
S.No Nutrient Indicator Crops
3 Element

01. | Nitrogen Cereals like, maize,
sorghum and pulses
‘Tomato, maize, cereals,

02. | Phosphorus

Leucerne
03. Potassium Potato, banana, cotton,
Leucerne
04. | Magnesium Cotton (leaf reddening)
05. | Zinc Maize, paddy (“khaira”
disease), citrus, beans
06. | Sulphur Cereals, leuceme, tea




(yellowing)

07. | Copper Citrus, cereals

08. Iron Sugarcane, sorghum,
citrus, ornamental plants

09. Manganese Citrus, sunflower,

10. Calcium Cauliflower, tomato
(blossom end rot of fruits),
sugarbeet

11. | Molybd Cauliflower (whiptail)

CORRECTION OF NUTRITIONAL DISORDERS

Correction measures of deficiency symptoms of various nutrient clements are given below:
1. Nitrogen (N)

For correcting N deficiency, fertilizers like ammonium sulphate, calcium nitrate, urea etc.
are supplied. Foliar spray of 1-2% urea is a quick method of ameliorating N deficiency.
2. Phophorus (P)

Foliar sprays of 2% DAP or application of phosphatic fertilizers will correct the
deficiency.
3. Potassium (K)

Supply of muriate of potash or foliar spray of 1% potassium chloride is commonly used to
overcome K deficiency.
4. Magnesium (Mg)

Magnesium sulphate is usually applied for redressing the deficiency. The malady can be
readily corrected as foliar spray @ 2% of MgSOs.

5. Calcium (Ca)

Caleium Ammonium Nitrate (CAN) or superphosphate is supplied in deficient soils.
In Indian soils, Ca deficiency is not a serious problem.

6. Sulphur (S)

Common fertilizers used for supplying nitrogen and phosph contain apy
amount of sulphur sufficient to meet the crop requirement.

In case of severe deficiency, gypsum is added to the soil @ 500 kg/ha.
7. Iron (Fe)

Foliar spray of 0.5% ferrous sulphate along with lime (50% requirement) will remove the
deficiency in the plant and soil. Chelated iron compounds such as Fe-EDTA, give a very good

response in ameliorating Fe deficiency.

8. Manganese (Mn)




Foliar spray of 0.5% manganous sulphate plus 50% lime Fequirncat % R
it should be applied in the early stage of the crop. Soil application of 15 - 30 kg MnSOs per ha
(mixed with sand) is sufficicnt.

9. Copper (Cu) e 5

Foliar spray of 0.5% of CuSOsx s recommended for the correction of Cu deficiency in
crops.

10. Zinc (Zn) =

Foliar spray of 0.5% ZnSOs twice at 7-10 days interval during early stages of gmm,h i
alleviate the problem. Also, soil application of 25 kg ZnSOs per ha is also found beneficial.

11. Molybdenum (Mo) .

The Mo deficiency is commonly found in cauliflower, legumes, oats and other brassTcaS
which can be corrected by soil application of 0.5 to 1.0 kg/ha sodium or‘ aml‘ﬂ?m“m
molybdate or by its foliar spray @ 0.01 - 0.02% conc. The deficiency can be avoided with the
seed treatment @ 0.03% sodium or ammonium molybdate.

12. Boron
Foliar S[(::)’ of 0.2% borax or boric acid will be effective for quick recovery. Liming of

soil should be strictly avoided when boron-containing fertilizers are applied.

ABSORPTION AND TRANSLOCATION OF MINERAL SALTS

e soil i d
The uptake of minerals by the plants through the root system Jrom l/;l' x:;l lr‘::;l:,llhi'n
absorption of mineral salts. The minerals are absorbed by [?lanls in the ff)ryn; oc }I,:, c;; ot
the soil solution. The ions may be positively charged cations or negatively charg g
The common cations are K, Mg, Ca, Fe, Mn, Cu, Zn, Co etc.; the common anions are P, B,
and CL
The ions arc absorbed mainly through the clangaliofr zone. of the mc;L T?lcya';!;s
transported through the xylem and phloem. The transport of minerals inside the plant is ¢
translocation of mineral salts,

Soil Solution ; A )
The soil water containing minerals is called soil solution. The soil .soluuor? colmz;’ns (hiti
minerals in the form of ions. Jon is an electrically charged atom. T_hc jons exist in the sod
solution in two forms, namely cations and anions. Cations are ,fo.tinvely char:gcd atoms :x;n
anions arc negatively charged atoms. The important cations required for plants anddpgl:scn
the soil are K, Mg, Ca, Fe, Mn, Cu, Zn and Co, The important anions arc 1’, B, S and Cl. i
The fons may be monovalent or bivalent or polyvalent. H‘._K Na® etc are monoval .
ions. Ca™' and Mg™" are bivalent ions. Mineral salts are found either as soluble fractions “l:
soil solution or as adsorbed ions on the surface of colloid particles. 'I:hc clay cryflals arcin l::
form of colloids. They contain a central core called micelle. The mxccll.e contains negatively
charged ions and hence the micelle is negatively charged. In order to maintain an electrostatic



balance, it attracts positively charged ions on the surface of the clay crystals. There will be
always equal number of + and - ions on the crystal.

Site of Mineral Absorption

Minerals are absorbed by the roots. The young root consists of root cap, root apex,
meristematic zone, elongation zone, root hair zone and maturation zone. Bar - _Yo.\'ef (1972)
and others believed that mineral absorption occurs effectively through EI!J"gallO" zone and
maturation zone. But, Neyand Tinker (1977) believed that mineral absorption occurs through
the entire surface of root. In the root, mincrals arc absorbed by the cells of epiblema and not
by the root hairs.

Mechanism of Mineral Absorption o
The uptake of mineral salts from the soil by the plant llxrquglt the root system '1':; call

mineral absorption. The minerals required by plants are present in theAsml sa,ut;::& 5 c ;:l;r:s

crals are present in the form of ions in the soil solution. The important ions absor Y P!

are H', K*, Na*, Ca™, Mg™, CI, P etc.

From the soil solution, the ions penctrate into the root cells. '!11: entry of olnen'tzp;::
ion into the cell must be accompanied by the entry of another type of ion of equal t; u; sﬁons
charge. That is, equal amount of anions and cations are absorlfczi The munov:l ent ca( ]
such as K*, Na' etc. are more rapidly absorbed than salts of bivalent or polyvalent catio
such as Ca™, Mg** etc.

Sometimes, plants take up different amounts of anions‘anq cations. In ?‘-‘ch G ?f
unbalanced ratio of cations and anions; the equilibrium is maintained by cem chnnﬁse liz
the ionic composition of cell sap and the salt solution. Fm" example, W}:'en catlor: uﬁ: s
more, the cell produces organic acids (R-COO'). The anions (’}—COO ) of ur[.,nnd_ i
remain in the cell and the cations (H*) of organic acids move out into the external mediuw
compensate for the cations taken in. ; i i

P In some cases, the equilibrium is maintained by H* and OH* ions of water av.:‘,l;::f :::
the cell. Root is the site of absorption. The mineral ions pass lhrough the ’e,pl Fily
epidermis of roots, From the epidermis, the minerals pass through the cortical Ef[ .r(nno Jast),
the xylem vessels. On the way to the xylem, minerals have to cross the cell walls (apoplast),
the cytoplasm (symplast) and the vacuoles. i

; Tlhc al (u'rpl{un 1))1' minerals takes place in two main methods. They are passive
absorption and active absorption.

L. Passive Absorption : ; B ton ok 1 ding to ordinary laws
Passive absorption is defined as the T 4 7 i i

of diffusion wil/mulrrl)hc expenditure of energy. It is also cnllc.d physical ?b:orﬁgltc;i“::“;;

absorption does not require the expenditure of energy. The ions move [“”m et

higher concentration of ions to the region of lower concentration of 1ons. J

absorption is along the concentration gradients.

There are four concepts to explain the mecl

1. Outer free space theory

2. Mass flow theory

3. Jon exchange theory

4. Donnan cquilibrium

of passive absorpti

1. Outer Free Space Theory or Diffusion Theory . salitionls

Salt absorption through the intimate contact of the root system w:llllntll:: ;(:lp 7:,'1 R
called outer free space theory. The term outer free space .refcrs to lhltlz Voi:l" el s
into which the mineral ions can move by diffusion. 1t includes all primary

M




i in and out of this
intercellular spaces in the cortical tissue of the root. The ions move freely

i is ti oil solution
tissue. Because of this free diffi , the ion cc »n of this tissue and the s
will be the same.

2. Mass Flow Theory

jith the mass flow of
According to this theory, ions are absorbed by the roots along Wi

i b-
) is theory of passive a
water under the influence of transpiration. Kramer (1956) proposed this theory
sorption.

3. Ion Exchange Theory

i i m the soil

According to ion exchange theory, root absorbs cations ll]]r 1_1":57": dsf; (:bcd e
solution in exchange of its own ions. 1t is a passive absorption. T‘c 11: e
surface of the walls or membranes of root cells may be exchanged with 7 S
from external solution. For example the cation, K* of the external .-Yl"l Son e
exchanged with H” ion adsorbed on the surface of the rc?ot cells. Su:nlli_ll yi zf -
exchanged with OH" ion. There are two theories explai the
They are (a) Contact exchange theory, (b) Carbonic acid exchange theory.

i ached on
(2) Contact Exchange Theory: According to contact exchange.llleafy- the ‘Zﬁo‘:"‘: Tenbeer
the clay particles and root surface are absorbed into the root m'excllange  tightly boun d.
them. The ions adsorbed on the surface of root cells and clay particles are no dgbcIWeen the
They are oscillating within small volume of space. These ions may be exchange the oscillating
root cell membrane and clay particles if the root and clay pam.clcs are Wlthltl;l clay particle,
volume. Suppose H" is present on the root cell surface and K- is present on le 4 K to the
both the ions oscillate. This will result in the transfer of H* to the clay particle an

: ; jons dissolved in
root surface. Thus in contact exchange, the attached ions are absorbed and ions
the soil solution are not absorbed.

(b) Carbonic Acid Exchange Theory:
carbonic acid ions dissolved in the sail so, R
present in the root. Here, the dissolved jons are absorbed. The COz rel doringy Jution. It
of root cells combines with water to form carbonic acid (H2 CO;) in the so:l solutil n~be
dissociates into a cation, H™ and an anion HCO; - in soil solution. These H™ ions cai
exchanged for cations adsorb

from the clay particles may b

i , the
According to carbonic acid ﬂ@lmnge lhea;);' b
lution are absorbed by the roots in exchange of 10

: : z il solution
ed on clay particles. These cations rcleas.cd into the soil so
< adsorbed on root cells in cxchange for similar ions.
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Mode of ion abserption through carbonic acid o

Toaic exchange operates at the root end to gbsorb ions from the soi
Two of the thearies are (i) Carbon dioxide hypothesis and (i) Co
exchange hypathesis (Fig. 12.5 & 6) i
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Mode of jon absorption through confact exchange.
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4. Donnan Equilibrium: i

Donnan equilibrium is a kind of equilibrium in which the produfb' of the samepan u{
fons on two sides of the permeable membrane become same. It explains how diffezenceio "
ions can be established on two sides of a membrane. At Donnan's equilibrium, the number 0
positive ions inside equals the number of positive ions outside or vice versa. ; :

There are cc?min pre - cxis!ingpions inside the cell which cannot dlﬁ.use outside
through membrane. Such ions are called as indiffusible or fixed ions. These fixed ions may be
cations or anions. Hi , the t is p bl to both anions znfl canons Ot-‘ e
outer solution. When the cell is in contact with the soil solution containing anions and cations,
cqual number of anions and cations diffuse into the cell. If the cell contains fixed anions, to
balance the fixed anions, more cations will diffuse into the cell. In this case, there would be an
accumulation of cations inside the cell. 5 >

If there are fixed cations inside the cell, more anions will diffuse into heicell
resulting in the accumulation of anions inside the cell. Thus, the donnan egmhbn'um brings
-out the accumulation of ions inside the cell against a concentration gradient with out the
involvement of metabolic energy.




: ; i i ions i ide solution becomes
In Donnan Equilibrium the multiple of cations and anions in the outside so
equal to that present in the inside.

Passive diffusion of oris i respoase 1o (ed jons and Donoan equ
In this particular example (K'),X (Br)o = (K): X (Br):
(K)o (Br):
or =
(K, (Br)o

Donnan equilibrium is a good mechanism for accumulation jons. However it does not allow
selectivity between similar jons.

Objections to Passive Absorption A

1. The cell sap in many plants accumulates large quantitics of mincral ions against the
concentration gradient. In the alga Nitella, the cell sap 1 K™ and phospk  ions to
concentrations thousand times greater than in the pond water. This can not be explained by
diffusion or other theories of passive absorption.

2. Further, ion absorption was found to be higher even when the rate of transpiration is low.

IL Active Absorption
The absorption of ions against the concentration gradient and with the expenditure of

metabolic energy is known as active absorption, The active absorption is controlled by the
activity of the cell. It is related to boli: iration and the exp of energy.

Active absorption is similar to an uphill transport. The uptake of minerals by active
absorption is evidenced by a number of facts.

1. The diffusing sub is at a higher ion within the cell and is at a lower
concentration outside the cell.

2. The concentration of K in the cells of Nitella is 1000 times more than that of the




surrounding water.

3. The rate of absorption is too rapid which cannot be explained by passive ab

4. A number of factors which affect bolism also affect
temperature, low levels of O; etc.

5. When a plant is transferred to a salt solution, the salt up - take is increased along
with d respiration. This i d rate of respiration in salt solution is called
salt respiration.

P

E.g Low

A number of theories are proposed to explain the mechanism of active absorption as follows.
1. The carrier concept
2. Cytochrome pump theory
3. Protein - lecithin theory.

1. The Carrier Concept

According to the carrier concept, the mineral is carried into the cell by a molecule
present in the plasma membrane. The compound which carries the minerals is called carrier
molecule.

1t is formulated by Van den Honert in 1937, The carrier concept explains the mechanism
of active transport, According to the theory, the-plasma membrane is impermeable to free
ions. But some compound present in it, acts as a carrier. This carrier molecule combines with
ions to form carrier-ion-complex, which can move across the membrane. On the inner surface
of the brane this complex unbounds releasing ions into the cell. On releasing the ion, the
carrier molecule goes back to the outer surface again to pick up fresh ions. The cytochrome
pump theory and the protein-lecithin theory are proposed based on carrier concept.

FLASMA CARRICR.
MEMBRANE  COMPOUND 10N REL

NTO i

Diagrammatic representation of a model illustrating the carrier concept.
2. Cytochrome Pump Theory
! The cytochrome pump theory says that the minerals are carried into the cell by @
carrier molecule called cytochrome present in the plasma membrane, 1t is proposed by
Lundegardh and Burdstrom (1933) as a carrier concept to explain the mechanism of active
transport of minerals.

'1_'hcy believed that there was a definite correlation between respiration and ﬂ"i‘{"
gb:arptxu:n. \thp a plant is transferred from water to a salt solution, the respiration 15
increased. This increased respiration in salt solution is called salt respiration Of anion
respiration. At this time, the anion absorption is i d. Lund dh (1950) prop! d the
cytochrome pump theory based on his observations on salt Tespiration. Salt respiration and the

absorption of anions are inhibited by CO and cyanides, the inhibitors of cytochrome oxidase
of electron transport chain in mitochondria.




D ic representation of the Lundegardh’s cytochrome pump theory
This theory explains the absorption of minerals as follows: Yo ns (HY)
1 D?h)'drpogcnasc reactions on the inner side of the membrane give risc to protons (

and clectrons (¢7) P o that
- The electron travels over the cytochrome chain towards ouli:dc the mcm?rsi:-ll;‘;;e.
the Fe™ ferrous ion of the cytochrome becomes reduced Fe ™ on the oute S
- On the outer surface, the reduced cytochrome is oxidized by oxygen re
electron (¢7) and taking an anion.
- The electron thus released unites with H* and oxygen to form water.
5. The anion travels over the cytochrome chain towards inside. = leotron
6. On the inner surface, the oxidised cytochrome becomes rcduf:cd by taking ai
produced through the dehydrog iomssnddomsippinmionsed || L
As a result of anion absorption, a cation (M*) moves passively from outsil
10 balance the anion.
Demerits of cytochrome pump theory
a. Itexplains the active absorption of only anions
b. It does not explain the selective uptake of ions
¢. Ithas been found that cations also stimulate respiration.

e

w
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3. Protein - Lecithin theory 9

The protein - lecithin theory says that the minerals are carried into the cell bya U”;T ‘ber
molecule called lecithin present in the plasma membrane. This theory Was proposcd by
Bennet Clark (1956). Lecithin is a phospholipid and since it is amphoteric in nature, it cag
bind with both cations and anions. In the transport of ions, lecithin is hydrolysed an
synthesized in a cyclic manner. g

Lecithin picks up ions (both cations and anions) from the soil solution to form a lecithin
ion complex. The lecithin jon complex moves to the inner side of plasma membrane. 'Iﬂ the
inner side of the membrane the lecithin ion complex 15 split into phosphatidic acid and
choline by the enzyme lecithinase. This splitting releases the jons.

Affer releasing the ions, phosphatidic acid bines with choline to form acetyl
choline. This reaction is catalysed by choline acetylase and this reaction utilizes ATP. The
acetyl choline is converted into lecithin by the enzyme choline esterase.
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SOME OF THE MODERN CONCEPTS OF MINERAL ABSORPTION AND
UPTAKE:

Transported melecule

Channel

St

simple diffusion

%

Passive transport Primary attive transpent

(in the directicn of {against the cirzction
elactrochemical gradient) “of electrochemical gradient;

Three classes of membrane transport proteins: channels, camiers, and
pumps. Channels and ¢arriers can mediate the passive transport of solutes 207058
| (® frusi diffus i i

or facili own the solute’s gradient
of electroc as membrane pores, and their
specifiaity ies of the channel.

2 P y by hy
Cartier proteins bind the transparted malecutls on one side of the membrene and
release it on the other side. Primary active transport is crried out by pumps and
uses enengy directly, usually from ATD hydrolysis, to pump solutes against their
gradient of electrochemnical potential.

Simplified diagram showing active transport:



Change in shape
and pumping of protons
H

Transfer of

K*

15 coupled with
Shapiified plcture of sctive trunspost. Trauspost of proton across the m‘“’"“““‘ i zu':‘m boost
tensport of other cations in opposite direction, The transpoct protein @ the transport
from ATPase and thereby undergoes changes In Iis shope that are necessary

process,

Transport of ions across the cell and vacuole membranes:

\‘;Hc_\(:o-l_l : CELL WALL
; pH=S

=
ADFP;
H H*

S

s v ; ca**
Factors affecting salt absorption
L External factors

(i) Temperature: Absorption of salt is affected by change in temperature. In general, an

n in results in i d absorption of salts up to certain optimum level. At
higher temp > the absorption is inhibited. The change in the temperature also affects the
processes of diffusion.

(ii) pH: Change of PH of the soil solution affects the availability of ions to the plants.
Decrease in the pH of soil solution accel the absorption of anions but i in pH will




favour the absorption of cations. However, pH beyond the optimum level (higher or lower)
may damage the plant tissues and inhibit the salt absorption.
(iii)Light: It has no direct effect, but indi ly affecting the
so that the salt absorption is affected

(iv)Oxygen: Absence of oxygen will inhibit the active salt absorption. 2
(V)Interaction: The absorption of onc ion is influcnced by the presence of other ions in the
medium. Viets (1944) demonstrated that the absorption of potassium is affected by I.lge
presence of calcium, magnesium and other polyvalent cations in the soil solution. !ipslcln
(1978) demonstrated the interaction of several ions as competitors for binding sites on
carriers.

1+ .

and p Y

IL Internal factors

()Growth: Cell division, elongation and develop Ip p the absorption of
salt.

(i) Aging: As the root matures, it increases the surface area , which is favorable for salt
absorption.

Transport of Minerals

Both xylem and phloem take part in the transport of mineral salts. Upward movement
from roots to the shoot occurs through xylem. Both upward and downward movement from
mature leaves occur through phloem.

Translocation of salts in the xylem -

The minerals for the most part are transported in the xylem. The transport of minerals
in the xylem occurs along with the transpiration stream. Analysis of xylem sap also shows ﬂ}c
presence of large amount of dissolved salts. These include not only inorganic salts but 9:|gnmc
compounds of nitrogen and phosphorus. Such organic pounds are largely resp for
the nt of nitrogen and phosphorus.

A radioactive experiment was d d by Stout and Hoagland (1939) 11'7 prove the
upward movement of salts through xylem. The experiment was carried out on a willow Plﬂm;_
The xylem and phloem were carefully separated from cach other along a 9 inch length of
willow stem. A sheet of paraffined paper was inserted between the two tissues. Then,
potassium K* was fed to the plant via the nutrient solution. Practically, all the tracer cl:man
were found in the xylem which shows that upward transport occurred :n the xylem. Abov ;
and below the stripped area there were considerable amounts of K** in both xylem ani
phloem. This indicates the lateral transfer of salts into phloem.

Lateral transport )

Some of the minerals are transferred radially from xylem to the phloem mainly lhl_’DUﬂ;!‘h
parenchymatous cells. They are also transported to other tissues where they accumulate in the
living cells.

Translocation of salts in the phloem 3 il

Minerals arc transported through phloem also. The translocation in phloem mi:a);
occurs from the leaves just before abscission. These minerals which move out of the
before abscission are nitrogen, p ium, phosphorus, sulphur and chlorine. The moVCm_Cﬂ:
of ions in the phloem occurs both upward and downward into the younger leaves and to apica
regions of stem and root.

Meéchanism of Transl : -
The absorbed ions diffuse freely into the root across the ep:bl.ema, c?nex an rrird
reach the endodermis. Further movement is retarded by the casparian strip presen!

IS —




dodermis. The of minerals across the living tissues does not require metabol:;_
cnergy. The ions are passively translocated through the wet cell walls and plasmodﬁwﬂm
the cortex and to the endodermis. Then, the ions are released into the xylem from
endodermis. This is called symplast theory of ion uptake. o

The ion ﬁ?amp dod: ? to xyl:; 1 is an active process. I“".q‘:';

the involvement of metabolic encrgy which comes from respiration. The f:onccnuu::ergy
xylem sap remains usually greater than those of the surrounding cells. It requires extra SDie
because the ion movement from endodermis to xylem is against concentration E‘“]d“’“cm of
to special casparian strips the ions are directly diffused to xylem elements. Invo! vhcx:s Ber
special cells called rransfer cells in the movement of salts into the xylem elements
suggested by Gunning (1972). g

= The r)llaincmls gcmcring into xylem are translocated upward along ‘thc msspu;:‘::}
stream. The minerals are radially transported into phloem through the cambial cells. ome o
the minerals are still transported through phloem along with the organic solutes and o’
them accumulate in the living tissues of parenchyma.

Xs

clement

Koot har

Selematic druwing showing the apaplast and symplast {n cros-section of # root, The heavily
stippled dark ruious constitute the apoplast while the lightly stippled regions thn(l:lc the
Tamplas, The wacacls s ok pact of cibcrsystesn. The Casparian scip ereates »discontinuity i
the apoplast. Therefore, sl lons wbsorbed by roof kulrs must cross the plasma membrane

et tl, 2 or ) exterior fo the Casparian strip, thereby entering the symplast.

Transfer Cells:

The transfer cells are special cells, which take part in trans-membrane flux of solutes.
Transfer cells found in the xylem facilitate mineral absorption.

Aylem teanvicr coly,




TRANSPORT OF WATER AND MINERAL IONS IN PLANTS

From both a physiological and a structural point of view, transport activitics in the plant may
be divided into two parts.

- Transport of water and nutrients through cells. Examples of this include the movement of
water from the soil solution through root cells to the vascular system and the movement of
water from the vascular system through leaf cells to the intercellular spaces. Water moves
for only short distances through cells. Short-distance transport, which is important in cell
to cell interactions, probably takes place mostly by diffusion through plasmodesmata. In

some cases, short-distance transport is an active process requiring energy expenditure by
the cells.

=)

. Transport between roots and leaves. Long-distance movement of water and nutrients is
mainly through the xylem tracheids and vessels and the phloem sieve elements of the
vascular system. The xylem tracheids and vessels, which are dead cells, can be envisioned
as a series of water-filled tubes. In herbaceous plants the distance of water movement
through the xylem may be only centimeters while in trees the water may move through this
system over 110 meters. The aqueous phasc that lies outside of the cellular membrane (e g.
cell walls and the conducting cells of the xylem) are idered to rep the 1

POp

UPWARD TRANSPORT OF WATER AND MINERAL IONS
ASCENT OF SAP

The upward movement of water from the root towards the top of the plant is knoyy as
ascent of sap. The root is the absorbing end of a plant where water absorption is accomplished
in land plants. The acrial parts of a plant, especially the younger ones bearing leaves, consume
most of the absorbed water in transpiration. On account of this, large quantities of water pass
from the root end to the top of the plant against the force of gravity. The distance is
sometimes about 100-130 metres as in casc of plants like Eucalyptus, Sequoia, Pinys ang
outer conifers.

The rate of ascent of sap may be upto 75 cm min" for rapidly transpiring dicoys
(Huber, 1932) and upto 10 cm min™ in case of gymnosperms. It cannot be accounteq for by
cell to cell movement. The only other possibility is the passage through sieve tubes or xylem
vessels and tracheids. The fact that phloem does not take part in the conduction of water has
been known since the days of girdling experiments of Malpighi (1671). By the yeq, 1731
(Stephen Hales), it was well recognised that water passes upwards the plant lhmugh the
xylem.

MECHANISM OF ASCENT OF SAP

Cohesion-Tension or Cohesion-Transpiration Pull Theory




i Dixon
The theory was given by Dixon and Joly (1894) and further improved by

i the theory
(1914). It is also known as Dixon’s theory of ascent of sap. The main features of the

are:

@

(ii)

(iif)

()

)

Continuous Water Column: There is a continuous column ?f water fmm L:e:::_t
through the stem and into leaves. MacDougal (1936) has named it as hyd:osmu:nu};‘Suous
It is present in tracheary clements. The latter do operate separately but from a ¢
system through their unthickened areas. :
\:’ithdrawalgnf Water: Water evaporates from the surface of mesophyll cellﬂ: bgtfr:::
the intercellular spaces. The water vapours pass out of the leaf '-hm“g.'h : i—eascs the
Therefore, more water evaporates from the walls of mesophyll clelS. This inc esophyll
DPD (diffusion pressure deficit) or decreases the water potential of t_hesr: n:(,fDPD
cells. They withdraw water from the deeper mesophyll cells. It creates a Sl’ad‘cnﬁnm e
or water potential. The deeper mesophyll cells, in tumn, obtain water pon
parenchyma cells bordering the vascular tissues of the veins. Movement of wal L
Xylem to mesophyll cells and then to the intercellular spaces occurs through the a};_ “l:atcr
or water free spaces (Weatherley*, 1963). The driving force for the n.lovem:_nt ovcmed
is the DPD of water vapours present in the intercellular spaces which in turn is g0
by DPD of the external air. 5
Development of Tension or Transpiration Pull: Due to continuous \vuhdmwa} a:tf
water from the xylem by the transpiring leaf cells, the whole water column <_)f qmnl/’it is
comes under a tension or strain -, As the tension develops due to transpiratio o
known as transpiration pull. Other terms are transpiration tension and nega
hydrostatic pressure, Its value is about 20 atm. % duced
Cohesion or Tensile Strength of Water: Transpiration pull or water tension prof =
due to transpiration is unable to break the continuity of hydrostatic system because Wa
molecules have a strong cohesion force. Cohesion force is the force with w}"_Ch yales
molecules cling together through their hydrogen bonding. The value of cohcs‘?n oIS
for plant sap has been calculated to be 45-207 atm by Dixon and Joly. Due to this sml:lllg
cohesion force water column does not break though it is stretched by transpiration p! 3
Cohesion force is, therefore, also called tensile strength. The water column does no
break its connection with the xylem tube because of the adhesion force between the tyo:
Similarly the xylem tubes are strong cnough to resist collapsing when the sap containcd
in them is under tension.
Ascent of Sap: On account of the tension created by transpiration the water c91umn of
the plant is pulled up passively from below to the top of the plant like a rope. It is able to
overcome both gravitational and frictional forces.
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Tons Moving through the Root Cross Both Symplastic and Apoplastic Spaces

Ton absorption by the roots is more pronounced in the root hair zone than in the meristem and
clongation zones. Cells in the root hair zone have completed their clongation but have not yet
begun secondary growth. The root hairs are simply ions of specific epid: I cells that
greatly increase the surface area available for ion absorption. An ion that enters a root may
immediately enter the symplast by crossing the plasma membrane of an epidermal cell, or it
may enter the apoplast and diffuse between the epidermal cells through the cell walls. From
the apoplast of the cortex, an ion may either cross the plasma membrane of a cortical cell,
thus entering the symplast, or diffuse radially all the way to the endodermis via the apoplast.
In all cases, ions must enter the symplast before they can enter the stele, because of the
presence of the Casparian strip. The apoplast forms a continuous phase from the root surface
through the cortex. At the boundary between the vascular cylinder (the stele) and the cortex is
a layer of specialized cells, the endodermis. As discussed in Chapters 4and 5, a suberized cell
layer in the endodermis, known as the Casparian strip, effectively blocks the entry of water
and mineral ions into the stele via the apoplast. Once an ion has entered the stele through the
symplastic connections across the endodermis, it continues to diffuse from cell to cell into the
xylem. Finally, the ion reenters the apoplast as it diffuses into a Xylem tracheid or vessel
clement. Again, the Casparian strip prevents the ion from diffusing back out of the root
through the apoplast. The presence of the Casparian strip allows the plant to maintain a higher
ionic concentration in the xylem than exists in the soil water surrounding the roots.
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Xylem Parenchyma Cells Participate in Xylem Loading

Once ions have been taken up into the symplast of the root at the epidermis or cortex, they
must be loaded into the tracheids or vessel elements of the stele to be translocated to the
shoot. The stele consists of dead tracheary elements and the living Xxylem parenchyma.
Because the xylem tracheary clements are dead cells, they lack cytoplasmic continuity with
surounding xylem parenchyma. To enter the tracheary elements, the ions must exit the
symplast by crossing a plasma membranc a second time. The process whereby ions exit the
symplast and enter the conducting cells of the xylem is called xylem loading. The mechanism
of xylem loading has long baffled scientists. lons could enter the tracheids and vessel
elements of the xylem by simple passive diffusion. In this case, the movement of ions from
llee root surface to the xylem would take only a single step requiring metabolic energy. The
site of this single-step, energy-dependent uptake would be the plasma membrane surfaces of
fhe Toot epidermal, cortical, or endodermal cells. According to the passive-diffusion model,
1ons move passively into the stele via the symplast down a gradient of electrochemical
pot?nu?]' and then leak out of the living cells of the stele (possibly because of lower oxygen
availability in the interior of the root) into the nonliving conducting cells of the xylem.
Support for the passive-diffusion model was provided by use of ion-specific microelectrodes
:D:v‘ling ]9;1;; l; " I p of 'various ions across maize roots (Dunlop ami
. a.ta from this and other studies indicate that K*, CI, Na*, SO4*7, andNOs

:;ﬁ:]slt‘:kza:?ca:“v:ly by the cpi.dcrmal am? cortical cells and are maintained in the xylem
o e .nbolhclectmchcmlcal potential when compared with the external medium
potential in meg;n lo a:hn 19'79)- However, zone of these ions is at a higher electrochemical
movement of io::‘;:non:hm lh’c cortex or living portions of the stele. Therefore, the final
observations have led to the :nexwi :hnall ;:’ mg b]c st 'diﬁ"usion. H?wcvcr. 0!}-1171'
processes within the stele (Lii 1s final step of xylem loading may also involve active
ele (Liltige and Higinbotham 1979). Recent biochemical studies have




supported a role for the xylem parenchyma cells in xylem loading. The plasmamembranes of
xylem parenchyma cells contain proton pumps, water channels, and a varicty of ion channels
specialized for influx or efflux (Maathuis et al. 1997). In barley xylem parenchyma, two types
of cation efflux channels have been identified: K*-specific efflux channels and nonselective
cation efflux channels. These channels are regulated by both the brane potential and the
cytosolic calcium concentration (De Boer and Wegner 1997). This finding suggests that the
flux of ions from the xylem parenchyma cells into the xylem tracheary clements, rather than

being due to simple leakage, is under tight metabolic control through regulation of the plasma
membrane H+-ATPase and ion efflux channels,

The Crafts-Brayer Hypothesis

Despite lot of research on absorption and movement of mineral solutes and water in plan's;
the mechanisms of the processes remain obscure (Crafts and Broyer 1938). This process o‘
secretion (into the xylem vessels), if it may be so called, is one of the least known of al

processes in the realm of mineral translocation (Biddulph 1951).

Crafis and Broyer developed a hypothesis for lateral transfer of ions o) the
conducting clements of the xylem. Since xylem exudates commonly contain salt at 2 hlEhC;
concentration than that of the external solution, it is obvious that an active ."f“. msl;o
mechanism is operating somewhere between the external solution and the non-living .xy :hm
vessels. Evidence for this comes also from experiments showing that interference with the

- Sk 3 i and the
metabolism of the root by various means inhibits transfer of ions to the vascular tissuc
shoot.

According to Crafts and Broyer (1938), absorption of ions into the cytoplasm of comc_al “1:;'
is the sole active transport step responsible for the build-up of high xylem conccmralmgs 3
salt. According to this hypothesis, ions are actively absorbed by the cells of the corteX- :gh
in the cytoplasm they diffusc within the symplast, moving from cell to cell thro =
plasmod After reaching the stele, they leak out of the cytoplasm across the P‘"“‘;m
plasma membranes of stelar cells into the cell walls and xylem vessels. They are kept

B ip in the
diffusing back into the external solution through cell wall space by the Casparian STP
walls of the endodermis.

The cardinal feature of the hypothesis is the assumption that active msPO.n ml:; “1‘:
cytoplasm of epidermal and cortical cells represents the sole metabolic call:fcncn ;o\sing
transfer of fons into the xylem. After that, movement within the symplast is passive. 2 in the
a diffusion gradient. As a result, concentrations of salt in the xylem are lower than ﬁ.‘osc These
cytoplasm of the cortical cells, but often higher than thosc in the external solu\lol‘,‘ncnl of
conditions favour an osmotic flow of water into the xylem, resulting in the dcvcl:c xylem
root pressure. The idea that the loading of nutrients into the stellar apoplast and

vessels is a passive process still has adherents (Kohler and Raschke 2000).
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DOWN WARD TRANSPORT OF MINERAL IONS

TRANSLOCATION OF ORGANIC SOLUTES AND MINERAL IONS

The movement of organic food materials or the solutes in soluble from, from one place to
another in higher plants is called as translocation of organic solutes.

Translocation of organic solutes is essential in higher plants because:-

(i) In higher plants, only the green parts can manufacture food and it must be supplied to other
non-green parts for consumption and also for storage.

(1i) During the germination of the sceds, the insoluble reserve food material of the sced is
converted into soluble form and is supplied to the growing regions of young seedling till it has
developed its own photosynthetic system i.c., leaves.

Translocation of organic solutes always takes place from the region of higher concentration of
soluble form i.e., the supply end (source) to the region of lower concentration of its soluble
form i.e., the consumption end (sink).
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Part of a Traverse Section of 2 Root Cortex Indi:a:ir:g the Symplastic
and Apoplastic Pathways of Water Movement  After Esau (1977}

PATH OF THE TRANSLOCATION OF ORGANIC SOLUTES

Path of Downward Translocation

Downward translocation of the organic solutes takes place through phloem.
Path of upward translocation _ e luteshn
There hals’ been controversy regarding the path of upward tmnslocauunhof ;lrng::_‘lc ;f:t e
plants. Although translocation of organic solutes takes place through p 3

certain conditions it may take place through xylem.

Path of Radial Translocation i,
Radial translocation of organic solutes from pith to cortex takes place through medullary ray:

MECHANISM OF TRANSLOCATION THROUGH PH‘LOEM i A et
Various theories have been put forward to explain the of ph °°mt SR
they are not fully satisfactory. Among them Munch's (1930) hypothesis is most !

MUNCH'S MASS FLOW OR PRESSURE FLOW HYPOTHESIS

Acconding 1o this hypothesis put forward by Munch (1930) and elaborated by Craft 519383
and others, the translocation of organic solutes takes place en mass through Phlocm aloﬂg b
gradient of turgor pressure from the region of higher cone, of soluble solutes i.c., supply en
to the region of lower cone. i.c., consumption end.

Th e

¢ p! Ived in this h hesis can be lained by a simple phy§icql sy_stem as
shown in the figure. Two membranes X and Y permeable only to watcl_' and dipping in wat:lr
are connected by a tube T to form a closed system. Memt X more

sugar solution than in membrane Y. Du
solution in membrane X, water enters
increase in the turgor pressure results in
the tube T till the concentration of sugar

¢ to higher osmotic pressure of the concentrated sugar
into it so that its turgor pressure is increased. The
mass flow of sugar solution to membrane Y through
solution in both the membranes is equal.

If in the above system it could be possible to maintain continuous supply of sugars in
membrane X and its utilization or ion into insoluble form in b Y, the flow of

sugar solution from X to Y will continue indefinitely.




MEMBRANE
X

CONC, SUGAR SOLUTION WATER DILUTE SUGAR SOLUTION
Dizgram illustrating the principle of Munch's Mass Flow hypothesis.

According to Munch's hypothesis, a similar analogous system for the translocation of organic
solutes exists in plants. As a result of ph hesis, the byll cells in the leaves contain
higher concentration of organic food material in them in solublc form and correspond to
membrane X or supply end. The cells of stem and roots where the food material is utilized or
converted into insoluble form pond to b Y or ption end. While the
sieve tubes in phloems which are placed end to end corrcspond to the tube T. Mesophyll cells
draw water from the xylem of the lcaf duc to higher P and suction p of
their sap so that their turgor p is i d. The turgor p in the cells of stem and
the- roots is comparatively low and hence, the soluble organic solutes begin to flow en mass,
from mesophyll through phloem down to the cells of stem and the roots under the gradient of
turgor pressure. In the cells of stem and the roots the orgamc solutes are either consumed or
converted into insoluble form and the excess water is rel d into xylem 1
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Demerits of Munch's Hypothesis

(1) This hypothesi for the locati m only one direction at a time, although
there may be simul upward and d location of solutes.

(2) There is iderable doubt regarding the magnitude of the turgor pressure at the supply
end which may not be sufficient cnough to overcome the resistance offered by the sieve plates
in the location of solutes through sieve tubes.

(3) Turgor pressure may not always be higher at the supply end.

NN



hyp: s is based re sical assumptions and does not take into account
ypothesis is based on purely physical assump

X othe S p p g

hat whole of the translocation process is dependent upon the plant's metabolism and

nctabolic cnergy.

PHLOEM LOADING AND UNLOADING S e synthates)
\}:l m(:nuonlc_d carlier, translocation of organic solutes such d]b ,5::30(5;,(;:ﬁ}c]:})mz?c};?lsump-
takes place through sieve tube elements of phloem from supp )Id i oI sugars
tion end (or sink). But, before this translocation of sugars cou! Flh ol ekt
must be transferred from mesophyll cells to sicve tube clcmcr}ls ombc- clcl:ncnls in the leaf is
transfer of sugars (photosynthates) from mesophyll cells to sieve rst. Ctotaynibates it
called as phloem loading. On the other hand, the lﬂlf\Sf‘-'r of SUBRIS }l:or ans) is called as
sieve tube elements to the receiver cells of consumption end (i.c., sink org

phloem unloading. Both are energy requiring processes.

PHLOEM LOADING i hyll cells
As a result of photosynthesis, the sugars such EsIEusIRsD pmdufﬁd e }T;,S,T; 2):3 cells
move to the sieve tubes of smallest veins of the leaf either dlrcctly or fl‘O'-'Bms e
depending upon the leaf anatomy. Consequently, ):h;:l cﬂlrllscentmnon of sug:
sleve tubes in comparison to the surrounding mesophyll cells. ither
The movement ofpsugars from mesophyll cells to sieve tubes of phil:‘l:hme may, ?ccul; :r the
through symplast (i.e., cell to cell through pl d e te to
sugars m;{):ner:ncr tgne apoplast (i.c., cell walls outside the protoplasts) at some Pl‘;:[“‘gn ek
phloem sieve tubes. In the latter case, the sugars are actively loaded from npot?thesc cells. The
sieve tubes by an energy driven transport located in the plasmamembrane o H* symport or
mechanism of phloem loading in such case has been called as sucrose- b
port mechanism. According to this mechanism protons (W) are R e, so that
the plasmamembrane using the energy from A TP and an AT}’.::se' carrier cﬂl}s’fﬂoamw“s
concentration of W becomes higher outside (in the apoplast) than inside the cel g ‘:n tfizongh
tendency toward cquilibrium causes protons to diffuse back into the cytop! aihrou e
plasmamembrane coupled with transport of sucrose from apl‘lpli\_sl to cymplasmf ofgugzu"s
crose-H™ symporter located in the pl t The mech ofithe transfer ccific
( ) from phyll cells to apoplast is h , not known. Phlocm loading is spt
and selective for transport sugars. A
Both symplastic and F‘, pl g‘ pathways of phloem loading are used in plants but in dlffcrc;::
specics. In some species however, phlocm loading may occur through both ﬂltf path}Va}{S
the same sieve tube element or in different sieve tube elements of the same vein or in sieve
tubes in veins of different sizes. : i £
Experimental findings have revealed certain patterns in apoplastic and symplastic loading o
sugars in phloem, which appears to be related with the type of sugar transported to phloem,
type of companion cells (ordinary, transfer or intermediary) and number of plasmodcsm_afa
(few or abundant) connecting the sieve tubes (includi g the ion cells to sur
cells in smaller veins.
To some extent, phloem loading is also correlated with the family of plant, its habit (trees,
shrubs, vines or herbs) and climate such as temperate, tropical or arid climate.

PHLOEM UNLOADING

It occurs in the consumption end or sink organs (such as developing roots, tubers, repro-
ductive structures etc.) Sugars move from sieve tubes to receiver cells in the sink involving
following steps:

(i) Sieve clement unloading. In this process, sugars (imported from the source) leave sicve
elements of sink tissues.




(i»:) Short distance transport. The sugars are now transported to cells in sink by a short
q:_gluncc pathway which has also been called as post-sieve element transport.

(ii1) Storage and metabolism. Finally, sugars are stored or metabolized in the cells of the sink.
As with the phloem loading process, sucrose unloading also occurs through symplast via
plasmodesmata or through apoplast at some point en route to sink cells.

Phloem unloading is typically symplastic in growing and respiring sinks such as meristems
roots, and young leaves etc. in which sucrose can be rapidly metabolized. (Young leaves act

as sink until their photosynthetic machinery is fully developed, at which point they become
sources).

Usually, in storage organs such as fruits (grape, orange etc.), roots (sugar beet) and stems
(sugarcane), sucrose unloading is known to occur through apoplast. However, according to
Oparka (1986), phloem unloading in potato tubers from sicve clements to cortical cells is a
symplastic passive process.

Because, there are wide varicties of sinks in plants which differ in structure and function, no
one scheme of phloem unloading is available.

ASSIMILATES PARTITIONING

The products of carbon assimilation or photosynthesis such as hexoses, sucrose, starch etc.
(i-e., fixed carbon) are called as photosynthates or photoassimilates or simply as assimilates.
These assimilates are produced in green leaves of higher plants which constitute the sources.
Within various compartments of photosynthesizing cells (sources), these assimilates are (i)
metabolically utilized, (ii) stored or (iii) converted into transport sugars mainly sucrose for
export to various sinks (through phloem) such as young leaves, roots, tubers, stems, fruits and
seeds. At the sinks, assimilates are metabolically utilized and/or stored in receiver cells of
sinks. Depending upon the nature and specific requirement of the sinks, the photoassimilates
are differentially distributed in. different sinks. This differential distribution of
photoassimilates .n different sinks of plant is called as assimilates partitioning.

Usually, the amount of assimilates transported to the harvest organ is much more in com-
parison to other organs of the plant. Thercfore, transport of assimilates and their partitioning
are of great research interest in agricultural plant physiology because of their roles in crop
productivity.

Although attempts to increase photosynthetic activities of the Icaves have met with only very
little success, but the harvest index (i.e., the ratio of the harvest yield such as grains to 'lle
total shoot yield) or yields of many crop plants such as oats, barley, wheat, cotton, soybean,
peanuts ctc., has considerably been increased during recent years by sustamf:d .plant brcod}ng
efforts in selecting and developing varieties with improved transport of assimilates to edible
or economically important portions of the plant.

FACTORS CONTROLLING TRANSLOCATION AND ASSIMILATES
PARTITIONING IN HIGHER PLANTS vl et
Translocation of assimilates to different sink organs and assimilates partitioning are con-
trolled by many factors. Some of these factors are described below: -

1. Competition Among .Sink Tissues for Available Translocated Assimilates :
Competition among various sink tissues or organs such as young leaves, stems, roots, fruits
and seeds for transport sugars is an important factor in fietefmunng translocation pattern 7
in whole plant. Experiments have shown that if a smk'ls removed from a plant, there is
increased translocation of assimilates to other competing sinks. : -
Reproductive tissues such as fruits and seeds for instance, can compete with growing
vegetative tissues such as young leaves and roots. On the other hand, suddex_l and dra.snc
curtailing of sources (such as by shading all the l.cavcs except one) and }cc.cplng the sinks
intact in sugar beet and bean plants, resulted in increased supply of assimilates to young




Jeaves than to roots indicating thereby that young leaves are stronger sinks than roots in these

plants.

The sink strength i.e., the ability of the sink to mobilize photosynthates or assimilates toward

it depends on sin and sink activity:

Sink strength = Sink size x Sink activity

Sink size is the total weight of the sink tissue while sink activity is defined as the rate of

uptake of assimilates per unit weight of the sink. Sink activity is in turn governed by various

enzymes that are involved in metabolic utilization and storage of assimilates.

2. Photosynthesis and Sink Demand

Rate of photosynthesis (i.c., the net amount of carbon fixed per unit area of leaf per unit

time) is strongly influenced by sink demands. A substantial increase in sink/source ratio re-

sults in increased rate of photosynthesis in the source leaves. Rate of photosynthesis declines

when sink demand decreases or in other words sink/source ratio is decreased. Under such

condition, rate of photosynthesis is markedly inhibited especially in those plants which usu-

ally store starch instead of sucrose during the day.

It is believed that under reduced sink demand in plant, assimilates pile up in the leaves

(sources) which cause product inhibition of photosynthetic reactions.

3. Long Distance Signals Between Sources and Sinks

The signals between sources and sinks may be physical such as turgor pressure or chemi-

cal such as phytohormones (plant growth regulators).

(i) Turgor Pressure

Rapid phloem unloading results in d of turgor p! in sieve el of phloem in

sink tissues which is transmitted to the sources via interconnecting system of sieve clements.

Consequently, rapid phloem loading occurs in sieve elements of phloem at the sources which

increases their turgor and the translocation of assimilates from sources to sinks is increased.

Rate of translocation of assimilates or organic solutes would be decreased if phloem

unloading at the sinks is slow.

::1 o’;lrl;::;vl;‘i ;:::‘H‘l‘l’c’gm;_ affects transport of assimilates across the plasmamembrancs by

< $ ol proton pumping ATPase located in the membrancs.

(ii) Phytohormones or Plant Growth Regulators

Fhiy:ﬁ::‘r?:‘cc::cz‘;:rh s;z t:;‘::;dg‘b}’;m"iﬂs. cylokinins and ABA are transported throughout

might regulate source-sink relat :’: thnccs arc now accumulating that these growth ltcglgla(ors

controlling growth of sinks Scncsc: ips at least partially and affect assimilates partitioning by

studicd cascs involve rcmo'b “iZatio:ccror leaves and ol}'u:r dcvclopr'ncnml processes. The best

sugarcane stem parenchyma, from. \:h stored reserves in storage tissues such as tap roots or

sinks. Formation of these new e lh!.:y are (:.hreclcd to new, typically reproductive
reproductive sinks is itself often under the control of growth

regulators. These new sink tis .
3 sue -
which act as strong mobilizing ag:nzay In turn also synthesize and relcase growth regulators

According to Gifford

additive, synergistic o:‘::i‘l.i‘:zns (fl}?Sl), combinations of plant growth regulators may have

4 Phasmodesiata Ty effects on assimilates partitioning.

Plasmodesmata play very im, Y

including phlocm loading m;:ﬂ:’mtﬁmle In regulating all aspects of phloem translocation
o FeEh e

ences between the ng and T e
sure difference. Th?l(]; loag Plﬂs‘modgsmam' the degree ufacxlosurc dej cndgi; u on th dl“c;_
callose, which in m’:s“i': :’f SIeve pores (or sealing of pl s : fy i _";I“’cof
wranslocation, cgulated by cytoplasmic calcium level, markedly. inhibits
MINERAL ION TRANSPORTERS

Molecular Biology of Plant-Ny trient Relag;
ations



At the beginning of the 21st century, molecular research-particularly, the characterization of
DNA and protein seq s-domi biology. Molecular biologists have identified genes
coding for nutrient transport and cnzymes participating in nutricnt assimilation in a number of
organisms, and are studying the variation in, and expression of these genes. We will now
introduce the molecular biology of the major types of mineral transporters in plants, their
homology to transporters in other organisms, and the expression patterns of the genes
encoding them. The following di ion uses terms iated with it port that
were introduced in Chapter 4. To refresh the reader's memory, 2 membrane pump is a protein
that moves a solute across a membrane against its electrochemical potential gradient by
coupling this solute movement directly to the metabolic release of energy from the hydrolysis
of ATP. Pumping solutes such as protons out of the cytoplasm generates an electrochemical
gradient that can be coupled to the movement of other solutes. Integral membrane proteins
responsible for such solute movements are called carriers and channels. Carriers and channels
are classified as symports, antiports, or uniports; a symport transports a solute with another !
one, an antiport effects the movement of one solute in exchange for another one of the same |
charge, and a uniports moves a solute without an accompanying one. |

The order of the following scctions on transporters-pumps, carricrs and channels-is cations,
anions, water, and other. In the section on cations, the order roughly follows the amount of
information available.

Proton Pumps

The pumping of protons (H*) across biological membranes against their e]ech’ochemif:al
potential usually requires the hydrolysis of ATP to ADP to provide energy; thus, the [?rmvcx'ns
that transport protons in such a manner are called H*-ATPases. H™-ATPases show similarities
across a broad range of organisms. For example, the H"-ATPases of higher plants share 'mzfny |
characteristics with those of yeast: the vacuolar H'-ATPases in yeast and plants have similar
numbers of analogous subunits organized in comparable structures; yeast grow norma]l.y
when a plasma membrane H*-ATPase from a plant (Nicotiana plumbaginifolia) rcp]ace.s their |
native forms (Morsomme and Boutry 2000). Consequently, the structure and func.non of
vacuolar and plasma membranc H*-ATPases from yeast serve as models for their plant
equivalents.

Plants have multiple genes coding for plasma membrane and \'acm_)la.r H*-ATPases.
Arabidopsis, a higher plant with a very small genome, has at least five distinct gencs. ﬁ?r a
subunit (subunit c) of the vacoular H*-ATPase (Kluge et al.,2003) aAnd at least ten distinct
genes for plasmamembrane H*-ATPases (Arango et al. 2003). Different genes mfxy be
expressed in different tissues. In Arabidopsis, for example, two of the forms for subunit ¢ ?f
the vacuolar H™-ATPase arc constitutively expressed in all tissues, whereas one form 15
restricted to root and shoot apices. Also in Arabidopsis, one form of plasma mc.mbran:H -
ATPase is specific to the root hairs, another to the phloem, and another to developing seeds.

Regulation of proton pumps occurs during transcription, translation, and_ posl-!xa‘:lslz‘l:::
(Portillo 2000). Transcription-of mRNAs-for these pumps responds to cnvul-onma;r(li 1asm;
for example, salinity accelerates transcription of mRNA for both vacuolar 1-, m‘;e o
membrane H'-ATPascs. Long leader sequences in the mRNAs for plasma meml



. i activity (i.c.,
ATPases scem to regulate their translation into protein. RCgUk.IUO;I!:: cmc Pc[ha;)ys i
posttranslational regulation) occurs in many mo]ccularArchOm_ X f ]I',:sma membrane H'-
;‘h‘.'.r'“c(crucd are ll;c modifications to the carbnlxy-lcrmmal' rcv%:mn 0! i:c]udc e
ATPases that stimulate pumping. Examples of these mod|ﬁu'.mon§ cin, or the binding of
amino acids from this end, the addition of the fungal phytotoxin rus-l::l::;css, a comprehensive
certain acidic proteins called 14-3-3 protcins (Palmgren 2001). None :

framework for the regulation of proton pumps is still lacking.

Potassium Transporters Rt idence, as
The ini‘:iul t\'ldc:cc for potassium and other u-:\nsponc'rs came from I:m‘:f l'c:,:d(:ns;)oﬂ
discussed in Chapter 4. Molecular biology has revolutionized our knowledge s
and continues to do so at a rapid rate. Potassium Lraxspor‘lcrs of many typ! cs e rey
throughout a plant (Very and Sentenac 2003). They fall R three C‘:eg‘::'jbo'und e
rectifying channels that provide unidirectional passage fol'AKA+ Imiiaumen) r‘";(; i
partment, outward-rectifying channels that permit umdlrccnonfll flow K+ Sy
compartment, and high-affinity carriers that may be energized by Na* (Schachtman, 2

The inward-rectifying K* channels KAT1 (Anderson et al. 1992) and AKT1 (Scmc[r‘l:;:‘; 5::1
1992) of Arabidopsis were among the first membrane transport systems characte e
plants at the molecular level because of their similarity to K* channels ﬁ;om prokaryo el
animals (Chapter 4). 1 ingly, the h log b s finVanimslogars O:ofzhc
rectifying, although a change in a single amino acid near the C terminus (Caﬂ’f"")’I eh ot
protein) can convert them into inward-rectifying channels. In plants, dﬂma{ns nf:ar chl: s
terminus (amino end of the protein) determine inward versus outward rccnﬁcauon: a

inward-rectifying K* channels are normally formed by four identical ‘ its, but Jdin 5
Xenopus oocytes (the cells that give rise to eggs in this species of frog) \‘{llh .RNA i‘n:"ffcrfnt
mix of different K* channels produced ch: 1 d of b ions of dr

subunits that were fully functional (Schachtman 2000). This further attests to the similarities
among these channels. The genes for Arabidopsis KAT]1 and its potato homologue KST1.37°
expressed primarily in guard cells; the ch Is arc involved in I opening and closmg.
Expression of the gene for Arabidopsis AKT1 is restricted to the roots, and this Cha’“lc‘ 13
responsible, together with another transport system that is more highly inhibited by NHs™, for
Toot K absorption (Dennison et al. 2001).

Two types of outward-rectifying K* channels have been identified in Arabidopsis. One type,
typified by SKOR, is similar to the inward channels KAT1 and AKT] described above. The
gene for SKOR is expressed in root pericycle and p hyma cells, and without an
active SKOR channel confirm that it functions in release of K* to the xylem. The KCO1 chan-
nel typifies the other type of outward-rectifying K* channel in having two pores with
compositions similar to those from other organisms (Figure 10.3). Cellular Ca2* levels
modulate this channel; it closes at levels below
above 0.3 uM.

0.1 uM Ca2+ and opens completely at levels

Plants have several other high affinity K* transporters (Maser, Gierth, and Schroeder 2002;
Very and Sentenac 2003). Those of the HAK/KUP type may work in parallel with inward-



rectifying channels such as AKT] in the absorption of soil K* by roots. They are functionally
distinct from inward-rectifying channels in that moderate levels of NH4" inhibit HAK/KUP
transporters. Arabidopsis has at lcast six isoforms for HAK/KUP transporters, and low
external K™ levels stimulate expression of the genes encoding them. Fu and Luan (1998) have
characterized the transporter, AtKUP]. It effects both high-affinity and low-affinity potassium
absorption by roots (mechanism 1 and hanism 2, respectively; see Chapter 4), but the
molecular switching of this entity between conformations with different affinities is unknown.
We will see later in this chapter that a nitrate transporter also has such dual affinities, and in
that case, the switching mechanism has been identified.

Another type of high-affinity transporter is HKT1 (Schachtman and Schroeder 1994). The
gene encoding it is expressed in the root cortex and in leaf cells bordering vascular tissues
under K+ starvation. Thus, HKT1 probably serves to scavenge any K™ that leaks from cortical
cells, and to control xylem unloading of K*. When the gene encoding HKT]1 is expressed in
yeast or in Xenopus oocytes, sodium ions (Na*) may energize HKT1 via a Na*-K* symport
that couples K* import against an unfavourable concentration gradient to Na* import down a
favorable concentration gradient, but such a response to Na* has yet to be demonstrated in
higher plants.

The linkage between the H'-ATPase and high-affinity K* transport has not been
unequivocally established. Most likely there is a mechanism by which K* crosses the plasma
membrane accompanied by a H' that was previously extruded by the plasma membrane H*-
ATPase (i.e., by a symport mechanism). In all likelihood, for every two H™ extruded by the
plasma membrane H™-ATPase, one would re-enter the cell together with one K*. An antiport
mechanism (H' out, K* in) cannot be ruled out. Finally, both of these mechanisms may exist.
In any event, both are consistent with the finding, discussed in Chapter 4, that high-affinity K*

transport (into barley roots) is independent of the identity and rate of absorption of the counter
ion.

Calcium Channels and Pumps

As discussed in Chapter 8, calcium ions (Ca*) within the cells of plants and animals serve as
second messengers-that is, Ca®' is an intermediary between the perception of a primary
environmental stimulus and the organism's ultimate biological response (Rudd and Franklin-
Tong 2001). To perform this role, Ca®* in the cytoplasm is held at about 0.1 to 0.2 uM,
Whereas its concentration in the surrounding compartments (i.e., the cell wall, vacuole, rough
endoplasmic reticulum, and organelles) is about 1 mM, or 10,000 times higher.

The mode of action for Ca2* as a messenger involves a signal such as abscisic acid (ABA)
directly or indirectly opening a Ca?* channel in a membrane such as the plasma membrane,
and Ca® then entering the cytoplasm rapidly because of the high concentration gradient.
Increased Ca?* concentrations in the cytoplasm modulate the activities of many enzymes.
Often this is mediated through calmodulin, a small protein that specifically binds up to four
Ca®* (see Chapter 8, and Snedden and Fromm 2001). Calmodulins are highly conserved
among species; plant and animal forms differ by as few as 12 amino acids out of about 150.
Once Ca?* binds to calmodulin, the protein changes conformation (Figure 10.4), exposing a



i i i ther cytoplasmic
hydrophobic patch that, in turn, attaches to specific binding sxl‘cs So:inzscs) any; :hangs
proteins (¢.g., myosin V, kinesin, glutamate decarboxylase, and \Aa:;::rivcn e
their activitics. Calcium-calmodulin binding to Ca* -ATPIaécs (r e

; i 2 o
and to H'/Ca®" antiporters stimulates them to extrude calcium : :
; lles, or the cell exterior, thus restoring a low

vacuole, rough endop reticulum, org;
calcium concentration within the cytoplasm.

Calcium channels are found in all biological membranes (Whil.c, ?000).Scme are ?::;t:i
when a compartment becomes more negative (e.g., hyperpolarization of }hc c:topa certain
more positive (e.g., depolarization of the cytoplasm) than its Surmundmgsd!y S hemical
threshold. Others open in response to membrane stretching. Still others respond to i
signals such as calcium-calmodulin or inositol triphosphate (IP3). Despite cx’ e
characterization of plant Ca?* channels in the plasma membrane, tonoplast -(;,‘Icliﬁcd
membrane), and endoplasmic reticulum, the genes that code for them have yet to be iden
(White and Broadley, 2003).

5 2+

Ca**-ATPases (Ca®* pumps) universally serve to regulate low cytoplasmic Ca" lcyclhs m:::
show structural similarities across diverse species (Geisler et al., 2000). 4rab1dnpszs ;;,s 5
least 11 different Ca™-ATPases, which fall into two categories: One type (Figure 10.5), w ::)l
is common to all cellular organisms, has a strong specificity for ATP as a substrate and is ;
influenced by calmodulin; the other type, which is unique to eukaryotes and .Of mor'c mfe;‘
origin, may use GTP or ITP in addition to ATP as sub and is calmodulin-reg 5
animals, the first type is restricted to the endoplasmic or sarcoplasmic reticulum, and e
second type to the plasma membrane, whereas plants have both types in the endoplasmic
reticulum and plasma membrane.

Sodium Transporters

Plant biologists have studied sodium (Na®) transport primarily in relation to salinity tolerance
(Maser, Gierth, and Schroeder 2002), Although K* and Na® are physically similar, transport
systems in halophytes, or "salt-loving" plants, have the ability to maintain relatively l°‘z"
concentrations of Na* and relatively high concentrations of K in the cytoplasm, despite a soil
environment where the Na* to K* ratio is skewed in the opposite direction (see Chapter 11).
These transporters include inward-rcclifying K" channels that are highly selective for K* (see
Chapter 4) and Na*-H* antiporters that couple Na* efflux against a concentration gradient to
proton influx along an el ically favorat dient (Bl Id, Aharon, and Apse
2000). One Na*/H* antiporter, NHX1 from Arabidopsis, is a low-affinity transporter that
probably serves to remove Na* from the cytoplasm and store it in the vacuole (Apse et al.
l~999). NHX1 is similar in both sequence and function to Na*-H" antiporters found in yeast,
rice, ax.ld humans. Arabidopsis has at least four isoforms of this transporter. The mRNA
transcripts encoding NHX1 increase manifold in plants exposed to high salinity, and trans-
formed Arabidopsis or canola plants that over cexpress this transporter are more salt-tolerant

than wild-type plants (Zhang and Blumwald 2001).




Ammonium Transporters

Ammonium (NH:") and ammonia (NH3) readily i t in an aq
according to NHs™ <+NHj3 + H, but the reactants and products in this reaction balance at an
alkaline pH (pKa = 9.25); therefore, NH4" is the predominant form at the neutral or slightly
acidic pHs generally found in soils and within plants. The physical characteristics of NHs™ are
very similar to those of K*, and NHs™ may interfere with K* transport, as already discussed.
Root absorption of NHs", however, is not subject to K* interference (see Chapter 7,
indicating that NHs* transporters are highly selective. One of the first NHs" transporters
identified from any organism was the Arabidopsis AMTI:], which was isolated lhrol-fgh
functional complementation of yeast mutants defective in NHs™ transport; that is, expressing
this protein in the mutants restored their ability to grow at low NHs* levels (von Wiren ﬂ.a]‘
2000). Molecular biologists have found DNA sequences homologous to that encoding
AMT1:] in bacteria, yeast, rice, tomato, and animals (Sonoda et al. 2003). In fact, AMT1
transporters in plants share over 70 of their amino acid sequences.

env

Arabidopsis has at lcast five homologs of AMTI1 (von Wiren ct al. 2000). The WRNA
encoding AMT]I:1 is detected throughout the plant, and its levels vary with NHs™ mﬂu)_(,
particular under nitrogen-limited conditions (Ludewig, von Wiren, and Frommer 2002). This
transporter, when expressed in yeast mutants, has a high affinity for NHs™ with a Ke of less
than 0.5 ;xM. In contrast, the mRNAs for AMT1:2 and AMT1:3 are restricted to the roots, and
do not vary with NHs* influx. These transporters, when expressed in yeast mutants, show 100
times less affinity for NH4*, with Km values of around 40 uM.

Several others NHs" transporters have been identified through DNA sequence homology s
functional complementation of yeast mutants defective in NHs* transport. One of these froﬂ;-
Arabidopsis, AMT2, is less than 25% identical in DNA sequence with the AMTI class ©
transporters. AMT2 seems to function at relatively high levels of NH4" (1 mM). Another
NH:" transporter, SAT1, which has been isolated from soybean root nodules, does not Sh::c
any extended amino acid sequences with the AMT1 or AMT2 transporters. SAT1 presuma %
serves to facilitate movement of NHs" from the bacteria in a nodule to the host root cells-

Heavy Metal Transporters e
Plants face a "dilemma" with heavy metals. Certain ones (Cu?*, Zn?*, Mn?', Fe*", Ni R
are essential at low levels for survival, but even these-as do nonessential metals (Cd™, Pcm;
Hg™)-are toxic at higher concentrations, as is the light metal AP~ (see Chapter 3)- ?lafﬂstheir
absorb these elements at low levels from the soil and store large amounts of them )Vllh:l i
tissues. Such capabilities seem ideal for cleaning up human dumpsites contaminate! i
heavy metals, and this potential for “phytoremediation" has stimulated research °1n p 5
heavy metal transporters (Brooks 1998; Salt, Smith, and Raskin 1998; Clemens, P2 mgren,
and Kramer 2002).

Heavy metal transporters in plants fall into four distinct families: CPx-type ATPases, I:::]E[
cation diffusion facilitators and ZIP (Williams, Pittman, and Hall 2000; Hall 2002; K:Z ylated
al. 2002; Rogers and Guerinot 2002). The CPx-type ATPases involve a phosp! dy. The
intermediate and arc related to the H*-ATPases and the Ca?-ATPases discussed already-

&




t from defects in the CPx-type
w2* transport. An
to that for

human ailments Menke's discase and Wilson's 41sca.su)rgsu:6ia‘Cd s

TPases, ATP7A and ATP7B respectively, which are ass N b
: b:;Lod’ CPx-type ATPase, RANI, has a homologous amino ::“Cul' ey
}\?P'l A{:md can r;-smrc normal function to yeast mutants deficient 1

i ¢ where they
Transporters of the Nramp family were first identified in -mmr:;'“al;z;lln:;z:z:h:inccntralions‘
Jimit the replication of engulfed bacteria by contwllml:'. w:nd e e
Arabidopsis has at least six homologs of Lhc“se %Iﬂnspon’-f:ueascs Ca? seasitivity .
Expression of the Arabidopsis Nramp proteins 1n yeast 1 i o
ccumulation, and two of these, Nramp3 and 4, funcuom‘:lly CTTP e,
?numm of y;nst (Thomine et al, 2000). In Arabidopsis, F'c' dc]gn\a sttty o
expression of mRNA encoding Nramp3 and 4, and over expression of Nramp.
sensitivity and Fe** accumulation.

i h
2+ Cd*, 2+ transporters in bot
Cation diffusion facilitators (CDFs) serve as Zn™, (/s (3 al_ld Co ma"al:‘ e S
prokaryotes and cukaryotes, the best characterized members Pcnng.mam’ il
3, and -4, which effect efflux of Zn**. Two genes in Arabzdapsul h.::\cfalhc gy
; i di : functional analysis O

identity with the DNA g these porter
are in progress.

g i was
The ZIP family (Figure 10.6), which takes its name from zinc or iron regu?atcd Pr:t‘:::']::ast
first identified in iron-deficient-Arabidopsis plants (Cuerinot, 2000). Arabidopsis : 3
11 isoforms. One of these, IRT1 is induced by iron starvation, and when expresse tl:e )’Z“1:
transports-Fe*', Mn*', Zn*', or Cd*'. Three others-ZIP1, ZIP2, and ZIP?—C:m res! oc =
uptake to yeast mutants that are deficient in native Zn** transponcrs..Usmg the szu‘nlh yan
mutants, another Zn** transporter of this family, ZNT1, has been isolated fro.m el hee?
* hyper-accumulating species Thalpsi caerulescens, and from its non-accurnula(mg‘rc ati o
T. arvense (Pence et al. 2000). The ZNT1 from T. caerulescens shares 88% amm(? iu:}ll
identity with ZIP proteins from Arabidopsis. The ZNT1 is expressed at high levels in the

5 . i
roots and leaves of T. caerulescens, but not in T. arvense, thus supporting the role of thi:
transporter in Zn®* hyperaccumulation.

The transport of Fe?” was studied in classical work by Brown, Weber, and Caldwell (1967),
who used two soybean pes and their progeny. Molecular biological h has now
shown that Fe*” transport is effected by a number of proteins belonging to the Nramp, ZIP.
and other families (Curie and Briat 2003).

Nitrate Transporters
Plants exposed to chlorate (Cl05"), a chemical analogue of NOs", usually convert it to ClO3, a
toxic 1on, and dic, Resistance to Cl0y may derive from diminished Cl0;° absorption and, by

e, dir d NOs™ ab In the carly 1970's (a long time ago in molecular
years), isol of a ClO5™ mutant of Arabidopsis led to the identification of a major
class of NOs P (Oostindicr-Braal

and Feenstra 1973) now known as the
peptide transporter (PTR) or NRT1 family (Crawford and Glass 1998). Subsequently, another
class of NOs™ transporters, the nitrate and nitrite porter (NNP) or NRT2 family, was identified
via a ClOs resistant mutant of the fungus Aspergillus nidulans (Forde 2000).



Although PTR porters g lly shuttle peptides across the plasma membrane in both

prokaryotes and eukaryotes, a few closely related members .of this family serve in plant NO3 -
transport. These transporters couple unfavourable NOs™ transport-in plants, NO3™ must move
against both a charge and a i dient-to highly f ble proton port (see
Chapter 4). In plants most of the members of this family appear to be low-affinity NOs™
transporters, but one, NRT1:2 from Brassica napus, may also transport amino acids such as
histidine. Another, NRT1:1 from Arabidopsis, may show dual affinities for NO3 (K, values of
50 uM and 4 mM in Xenopus oocytes). Phosphorylation at a threonine residue switches
NRTI:1 from a low-affinity NOs™ transporter to a high-affinity one (Liu and Tsav 2003).

The NRT2 transporters from the alga Chlamydomonas reinhardiii function as high-affinity
NO" /H" cotransporters (x = 2 or 3) when expressed in Xenopus oocytes. One of these,
NRT2:1, has cqual affinity for NOs™ and NO7'; another NRT2:2 is specific to NO3’; and third
is specific to NO>™. A large number of genes encoding members of the NRT2 family
have been identified in higher plants through DNA sequence homology. Barley may have up
to ten closely related genes, whereas Arabidopsis has at least four.

Regulation of NOy- transport is an active area of research (sec Chapter 7, and C"““'f"fd ami_
Forde 2002). Exposurc of roots to NOs” strongly and rapidly induces the cxprcssmnBO
MRNAs encoding most of the NRT1 and all the NRT2 transporters (Wang et al. 2000). {
contrast, mRNAs for at least two NRT1 transporters, NRT1:2 from Arabidopsis md.NRTLh
from tomato, are constitutively expressed. Downstream products of nitrogen metabolism s“ca
as glutamine can repress the expression of genes encoding NRT2 transporters, DI h?vc d
lesser influence upon those encoding NRTI transporters. The mRNAs for both NRTI an
NRT2 transporters are more prevalent in roots than in other parts of a plant.

lated into

As we have discussed in Chapter 7, NOs~ P ed, are assimi
pter 7, NOs™ or NH4™ ions, once absorbed, them are

nitrogenous compounds. Transporters for these compounds and genes coding for
being described (Williams and Miller 2001).

Phosphate Transporters jons is
We have already noted in Chapter 9 that the concentration of phosphate in soil s}) l?ﬂ:crfacﬁ
very low and that morphological adaptations have evolved that enlarge the mot—sfﬂl ’:ctwccu
and promote its absorption. In Chapter 11 we will explore symbiotic relationshiP®

Plant roots and fungi (mycorrhizae) effective in phosphate absorption.

: both
Tumning now to the membranc transport of phosphate, it has to operate agam_:lbelow
electrochemical and cc ti di Ph o Nty atively
7.0 mainly as H2POy, or at higher pHs, as HPO4*, so that its import into 15 (negations,
charged) cell interior is to the electrochemical gradient. As for concen osol, at
¢xtemnal phosphate concentrations are in the low micromolar values, but in S tionally
millimolar concentrations. That being the case, the acquisition of phOSl’h"“= ig exeeP
demanding energetically.

phate is present at external

B for

X hanismS
As for nearly all nutrients, plants possess both high-affinity and low- affinity me:er 2002)- A
porters have

U?!akc of phosphate (Ragnoffiama 1999, Kochian 2000, and Rausch and B
high-affinity P transporter, PHO84 has been identified in yeast, and similar tran®

[\hw._




: + /pi cotransport (Smith,
been found in Arapidopsis. The mode of transport 18 pliubnbly Hl /}’;1 :: hatcpmnsponers
2002). Rausch and Bucher (2002) have enumerated and discussed the phosp:
and their phylogenetic relationships.

Sulfate Transporiers 5 in
High-affinity ls:'nll'alc (SO4*) transporters were first described by Smf‘h °;_ :l.ﬂ,(:::gss)uch
Stylosanthes hamata, a tropical legume. They isolated genes coding :und in barley
ransporters, SHSTI, SHST2, and SHST3. A fourth such gene, HVSTI, was %9 R
(Smith ct al. 1997). SHST, SHST2, and HVST! represent a subfamily °ffgcnsco Snle
H* / SO cotransporters in roots. These transporters have a h{gh affinity for fﬁ" it, SO
being 10 pM, almost precisely the value (9.5pM) determincd fo.r bighe ;m);‘_h and
absorption by barley roots forty years earlier (Leggett and Epstein 1956)'. o or
collcagues (1997) concluded that HVSTI is likely o be the transporter cffecting ©1¢ %
absorption by barley roots delineated in kinetic terms by the earlier authors (Leggcmnily
Epstein). SHST3 is expressed not only in roots but also in leaves. It codes for a lower-a! ok
SO4* transporter with a K of 100 pM. Thus the high- and low-affinity tmnsPn')ﬁcrs :u't:b =
tinct polypeptides (Smith et al. 1995). Additional members of these gene familics have bS
isolated in Arabidopsis (Takahashi et al. 1997).

‘Water Transporters

Water molecules are small and uncharged and thus were carlicr thought to move across
biological membrancs via diffusion through the lipid bilayer (sec Chapter 4). The membran®
permeability of water, however, is several times higher than expected via diffusion and
changes more rapidly than could be achieved through altering lipid composition (Tyreman ct
al., 1999). Preston et al. (1992) first demonstrated that a protein from human red blood cells
serves as an aquaporin, a membrane channel specific to water transport (Figure 10.7)-
Molecular biologists have now identified more than 150 genes-over 35 in Arabidopsis alol}c
(Javot and Maurel, 2002) ding t intrinsic proteins (MIPs) that are similar in
sequence to this aquaporin (Maurel and Chrispeels, 2001). These MIPs account for 5 to 10 of

the fotal protein in membranes and appear to be responsible for the high, rapidly changing
P bility of \; to water (Job etal. 2000).

MIPs in plants fall into three families. Members of one family are specific to the plasma
membranc (PIPs), members of another family are specific to the vacuolar membrane, or
tonoplast (TIPs), and members of a third family are similar to an MIP found in soybean
m?dul:s. but have yet to be localized in dulated species (nodule-like MIPs or NLMs).
Given the f‘livcrs:ity of MIPs, it is not surprising that the gene differs d ically
:Aml;:gn:r;::: du_ssucs. For reasons not always obvious, the highest levels of mRNA encoding
Cheak In vascular tissue, meristems, and tissues that experience rapid metabolite or

A number of MIPs from plants have

i with the functions of an in
‘S’cvcn PIPs and l‘l:rcc TIPs fronf Arabidopsis enhance water uptake when expressed in
)pus oocytes. ly Arabidopsis plants with di

d levels of PIPs




have only 30 of the membrane water permeability found in control (wi]d-typ.e) plan's‘; Dc;
phosphorylation of a spinach PIP under water stress appears to decrease its membran:
permeability to water.

Other Transporters

Using functional complementation of yeast mutants or DNA sequence homology ":‘t'l:
microbial transporters, molecular biologists have identified a large number of putather
transporters for inorganic and organic nutrients in plants. These include h’anspm'fefs for o 5
cations (Maser ct al., 2001), other anions (Barbier-Brygoo ct al., 2000; Smith, Rac 0’:;:).
Hawkesford, 2000), amino acids and peptides (Delrot, Atanassova, and Maurousset ; ue;
Ortiz-Lopez, Chang, and Bush 2000), and carbohydrates (Ward et al. 1998; Buttner and Sa e
2000; Delrot, Atan‘:;ssova. and Maurousset 2000, Lemoine 2000). Expression oflhc'Se.Pm:;':ir
In yeast mutants or Xenopus oocytes has been the principal tool for charac.tcnzmg o
transport properties. Such information is just beginning to be exploited for cmP 1fnprov3ﬂ:_oo(;
The promise to enhance yields, fertilizer efficiency, stress tolerance, bioremediation, an

value has been the proverbial-although genctically modified-carrot to lure researchers on-

TS
FACTORS AFFECTING MINERAL NUTRITION/ MINERAL UPTAKE IN PLAN
L. External factors

(i) Temperature: Absorption of mineral salt is affected by change in temperature. In ge:::ik
an increase in temperature results increase in the absorption of salts up i & Z i
optimum level. At very high temperature the absorption is considerably ‘“h‘bl.w ;]vcd
inhibition might be due to denaturation of proteins which are directly or indirectly l'r;";;sioll-
in mineral salt absorption. The change in temperature also affects the process of di hh
The rate of diffusion depends upon the kinetic energy of diffusing molecules OT
which, in turn, dependent upon temperature. i |ants.

(i) pH: Change of pH of the soil solution affects the availability of ions _‘0 C pin pH
Decrease in the pH of soil solution accelerates the absorption of anions but lnc“’:s.eghcr or
will favour the absorption of cations. However, pH beyond the optimum level (b1
lower) may damage the plant tissues and inhibit the salt absorption. thesis

(iii) Light: It has no direct effect, but indirectly affecting the transpiration and photosy™
50 that the salt absorption is affected

(iv) Oxygen: Absence of oxygen will inhibit the active salt absorption. i the

(V)Interaction: The absorption of one ion is infl ed by the pr of other wd by the
medium. Viets (1944) demonstrated that the absorption of potassium is a5e Epstein

P of calci gnesium and other polyvalent cations in the soil solution- ctitive

(1978) demonstrated the interaction of several ions (K, Cs, Li, Rb and Na) as C';:.pfor the

for binding sites on carriers. For example, K, Rb and Cs compete with one an©! they have

same binding sites. Li and Na, on the other hand, are not competitive becaus®

different binding sites.

1L Internal factors

the

mote

() Growth: Cell division, elongation and developmental processes e
absorption of salt.




o e he ce area which is favorable for s2!
I P i t
8 atures, it increases the surface B

(ii) Aging: As the root matures,

absorption.

MINERAL ION TOXICITY IN PLANTS

Fe| S 5 :
]I:::ﬁ clnsidcrcd a micro-nutrient hccuu:ﬁc onl){ SIT_IJ“ Jr:z:::ymhcsis il prodLlClW"l 01;
b growth. It plays an important role in rcspl?llon. p: i dcpcnds on the pH Jevel o
{’):::h‘:'“grccn lca\'cs' The micronutrient's availability to Planl}_;o;);on and mangancse both play
x‘l:c so?l with iron more readily available in soil with a low gcn S e baotion an

important role in plant growth and development, but 0 s plant roots.
:-l:\:::i‘;ncc of one of these micronutrients makes the o\.]\q.r eszolh are readily available to
;cnihzcrs should contain an equal ratio of manganese and iron SO
plants.

22 al
are required to aid in norm

ids from the roots, which
Iron toxicity is not common, but some plants o secn:ct"[“"::;g‘y. Iron toxicity also
Jowers soil pH. These plants can take up too much iron, lcndlrgi:crcasc antrient uptake and
can occur when chelated iron is added to soil. Cbel.’.\lcs’ help i possible. Th'c
solubility of metal micronutrients, which in mf'n xrnakc; 10:vcs s W
symptoms of iron toxicity include bronzing and stippling ‘.) Ic Lha; SR in high iron
c'auscd by the plant creating enzymes to control frc.:c rz_ldxca s e B il
levels. Some plants that are prone to iron toxicxfy include IETnv H‘b;\]ancc o
impatiens. Iron toxicity in sensitive plants can be avqndcd by c?ui:c IDEiI:h S balnsoealrano o
maintaining a pH level of 5.8 or higher and by using a fertilizer W
manganese and iron and by using iron chelates carefully.

Manganese (Mn) . 2 ctabolic and
¥ Mn is an essential micronutrient that plays a plvofal paﬂ mdm;:yb?;symhcsis or
growth processes in plants including pt hesi P an

: is also a
enzymes such as malic enzyme, isocitrate dehydrogenase, and nitrate rcdllc‘;as‘z~ ::,:craoxidc
cofactor required for multiple plant enzymes, for example, Mn dependen At
dismutase (MnSOD). Further more, manganese is involved in carbohydrate an ll. P
metabolism, synthesis of fatty acid, acyl lipids, and carotenoid as well as hormonal' acm';a .
The contribution of manganese to the functionality of photosystem II (PSIT) cspccn'ally “"S 3
the course of splitting of water molecules into oxygen and its role in the protection of P 2
from photo damage are of significant importance. Mn?* is the most stable and soluble form o

g in the soil . However, lower soil pH, less soil organic matter, and
decreased redox potential increase the availability or toxicity of Mn* to plants. Conll'iﬂ')'.m
some clements such as aluminum or copper, there is a tendency for manganese to ecasily
translocate form roots to the upper parts of plants. This mobility is the reason why symptoms
of Mn toxicity are first visible in acrial organs of plants. The appearance of visual features in
plants affected by Mn toxicity varies with the type of plant species, plant age, temperature,

and light level. The symptoms may include crinkled lcaves, darkening of lcaf veins on older
foliage, chlorosis and brown spots on aged leaves

» and black specks on the stems. Mn toxicity
has been iated with a d d CO: assimilation but unaffected chlorophyll (Chl) level
in Citrus grandis seedlings and depleted Chl content in pea (Pisum sativum L.) and soybean

e



(Glycine max L), indicating diversity among plant species in response to Mn excess.
Combined effects of excessive manganese and light on plants have received particular
attention due to interactive effects of light intensity and Mn excess on plants. In maple trecs
(dcer platanoides) leaves exposed to intense sun light had more concentrations of Mn than
shade leaves. Mn toxicity depressed shoot and root growth of rice (Oryza sativa L.) and
sunflower. However, light intensity did not play any part in exacerbating adverse effects of
Mn toxicity in cowpea (Vigna unguiculata Walp). Tt seems that the negative impacts of Mn

toxicity are alleviated or accentuated by different light levels, depending on plant variation
and tolerance.

Nickel (Ni)

Ni is a micronutrient that is required by bothhigher and lower plants in very sl:nall
amounts but its phytotoxicity is deemed to be more important than its shortage. Nibasivaron=
DtVld:m\c states but its divalent state (Ni>*) is the most stable type in the environment i
Pm“ﬁml systems. Although the role of Ni in metabolic processes of plants has not bes
identified as extensively as other elements such as Mn or Cu, it is a key factor injthe
“tivationof enzyme urease, which is needed for nitrogen metabolism. Moreover, it pla.yS- 2
?an in seed germination andiron uptake. The concentration level representing nickel t?x"nty
in plants varies greatly from 25 to 246 pg-g™! dryweight (DW) of plant tissue, depending 021':
the plant species and cultivars. Ni at excess competes with several cations, in paniculal',_ Xe
ad Zn®', preventing them from being absorbed by plants, which ultimately causes dene
of Feor Zn and results in chlorosis expression in plants. Excess nickel adversely affects
€mination process and scedling growth traits of plants by hampering the activity of the
€nzymes such as amylase and protease as well as disrupting the hydrolyzation of food storaﬁ]‘?
n geminating seeds. Plant growth parameters and attributes arealso affected by ™
loxicity M. R. Khan and M. M. Khan investigating the toxic effect of nickel anit.cobalt B3
chickpea (Cicer arietinum L.) showed that toxicity of Ni on the biomass P"Oduction w.as m:rle—
Pmno.lmced than Co and both metalsled to poor nodulation, resulting in the reduced Y;elg‘ ced
Quriny also demonstrated that Ni at the concentration 150 pg-g~! of soil severely ¢ “ ve
plant height and leaf arcain bean.Ni, especially at high concentrations, can read Vs er
through phloem and xylem vesscls, thereby translocating smoothly from the root to th‘;‘;’;f is
Pars of plants. This case of movement towards shoots is due to the pattern by Wi d Cd
distributed within the tissue of roots, which differs from some other HMs such 25 e ;n veral
50 that jtcan pass through the endodermal barrier and amass in the P°ﬁcyc]c ccHS: d‘?CZ“ed
Studies in plants including maize and cowpea have confirmed this phenomenon end mvelr the
that Nj loxi-cily can rc-sult in inhibited lateral root formation and develor’“.‘emj Mor:: w,hi‘:h
“Egl"mcmuon of Ni in root apex greatly hampers mitotic cell division inthis e bserved
‘f‘h"“;“ﬂ)’ results in growth reduction. The induction of ROS, due to Ni toxicity, ‘s:t which
Imboth agronomic and non-agronomic plants such as Jatropha curcas L. ©F ,whzi,—;nent of
Tesults in 2 widerange of physiological and biological disorders including themb i on the
cel] membrane and enzymatic imbalance.The adverse impact of toxic levels o3 i
Photosynthetic apparatus and performance is conspicuous. Sreckanth et al. xeport
loxicity can lead to reduced Chl content and interruption of electron tranSP"'r:‘ 4
Pcrflicious]y influenced photosynthetic protein complexes and the rate of s
maize (Zeq mays L.) dwindled by increasing Ni concentration.




Copper (Cu)

¢ z : jological functions
Cu is an essential micronutrient thatparticipates in F’an)_l“o,::;::ziocmgowplasls, and
of plantsincluding acting as a catalyzer of rcdnxA reaction in ml sion. However, Cubecomes
cytoplasm of cells or as an electron carrier during ?lant e t'r;:al levels. Cu exists in
u.)xic when its concentration in the tissue of pl:.mls‘nses above c;};:l T
many states insoils but is mainly taken up by plants m‘ the form :h ula;ﬂs can absorb 20-30
copper in soil is typically between 2 and 250 pg-g™' and he.al z{p d its phytoavailability
pgg'DW. But copper availability depends greatly on soil pHan and its toxicity aré
increases with declining pH. Inaddition, uptake of Cu b)’_ pla‘n!s of exposure, and
contingenton nutritional condition of plant, Cu® conc:nlratiofl insoil, lcngﬂls (Chloris gayana
genotype of a species. A plethora of research studies such as in Rhodfas g!;afw‘) and in som¢
Knuth), in clove (Syzygiwm aromaticum L.), in cucumber (Cucumis sa :_‘hu';n in the root
Eucalyptus species indicate that copper has a propensity for the accunil haracterization of
tissues with little upward movement towards shoots. Therefore, the initial ¢l toms include
Cu toxicity is the hindrance of root elongation and growth. The subsequent symg‘ e
hlorosi is, and leaf discoloration. Excess Cu can bccor.nc attached }0 u;ce ot
groups of cell membrane or induce lipid peroxidation, which results l’;l G
membrane and the production of free radicals in different plant °’gancucsan1 }:jistu;banc: of
pernicious effects, damage to the permeability of root cells and structura AU
thylakoid membranes can be mentioned. Cu attoxic levels throug'h redox Pr‘.’n let oxygen
between Cu” and Cu®” triggers the formation of reactive oxygen speciessuch as sing le. DNA,
(0*) and hydroxyl radical (HO), leading to injuries to lecul ; for 1rncc low
RNA, lipids, carbohydrates, and proteins. Decreased photosynthetic coxPp&:Ce m;icity.
quantum efficiency of PSII, and reduced cell clongation are also associated with Cu et
These trends have been observed in variouslevels of copper applied to diffcr{:nt plani .mrion
in vivostudy of bean (Phaseolus vulgaris L. cv. Dufrix), it was shown that toxuf con(:.cn o
of Cu (15 M) depleted PSIT action centers and led to photo-inhibition and dlﬁm;{nond o
repair cycle. M - the results obtained with rapeseed (Brassica napus L.) indicate e
content of chlorophylls (Chla and Chi b) as well as carotenoid was markedly dropped v .cs
this plant was exposed to 6 #mol-dm™ concentration of Cu. Seedling growth chamclens(‘w
are shown to be adversely affected by Cu toxicity. There is a significant ncgativf: correlation
between the root and shoot clongation with increasing Cu levels, Cu toxicity causc.S a
noticeable depression in seedling fresh weight in spinach (Spinacia oleracea L.). Cadmium
and Copper toxicity signifi d d8bi duction in tomato sccdling

ol ¥
(Lycopersicon esculentum Ibiza F1). Also, Cu toxicity was found to be more pmnounccd and
resulted in more induction of [

pid peroxidation in theyoung scedlings, especially at high
concentrations, than thatof Cd,

Zinc (Zn)

. Zn is an cs'scm-ial tfacc metal that despite having no redox activity is particularly
involved inmany vital Physiological events jn plants. Zin is an indispensable component of



special proteins known as zinc fingers thatbind to DNA and RNA and contributes to their
regulation and stabilization. Moreover, it is a constituent of various enzymes, for example,
oxidoreductases, transferases, and hydrolascs, as well as ribosome, and plays 2 rolein t.hAc
formation of carbohydrates and chlorophyll and rootgrowth Zinc, in divalent state (Zn"), is
the most pervasive formfound in  soil and acquired by plants. Zn
bioavailability/phytoavailability is dependent on various variables including the total Zn
concentration in soil, lime content and organic matter of soil, clay type, and presence of other
HMs, soil’s pH, and the amount of salt in the substrate. Of these, pH is the most important
fuctor influencing Zn availability and higher pH is generally associated withthe decrcaseAd
absorption of Zn by plants. Zn at high soil concentrations (150 to 300 ug-g™') is strongly toxic
and its phototoxicity, in addition to the bioavailability factors, depends on plant type and plant
development stage. Visual signs of trouble in plants as a result of Zn toxicity are reportec'l 1o
be chlorosis in young leaves duc to iron or manganese deficiency and appearance OfP“rphs'h'
redeolor n leaves due to phosphorus deficiency, which indicate that Zn?* in excess can easily
supersede other metals, especially those with similar ionic radii in the active sites ofenzymes
or transporters. Moreover, necrotic spotting between the veins in the blade of mature leaves
and inward rolling at leaf margins are attributed to Zn toxicity. Excess Zn>* in cells can
produce ROS and adversely influence integration and permeability of membrane. Zn toxiclt?’,
akin to other HMs, hampers the functionality and efficiency of photosynthetic system m
differentplant species. Excessive concentration of Zn2* reduced the content of accessory
photosynthetic pigments including Chl @ and Chl b by disturbing the absorption and
translocation of Fe and Mg into chloroplast. The elevated level of Zn2* is reported to caus_e a
decline in initial and maximum Chl fluorescence, resulting in the repression of PSII activity-
Zinc in excess is found to have genotoxic effects on plants, resulting in genetic-fe]a'ed
disorders and damages to plants. High levels of Zn (100mg-L™) in cells resulted in abnormal
chromosomes, which was followed by a sticky metaphase and premature separation of
chromosomes in bambara groundnut (Vigna subterranean). Growth parameters and structure®
of plant parts are shown to be negatively affected by Zn toxicity. Zn toxicity was found to

decrease the length of root and shoot as well as area of leaves in tomato (Solantm
Iycopersicum L).

Concentration of any particular mineral impacts overall plant growth

macroclements-broad

Growth

Iuxury consumption
deficientadequate toxic

Mineral Concentration
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