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PREFACE

Plant physiology is now considered as an essential ingredient for improv-
ing crop productivity. Since 1960s, Indian plant physiology has contrib-
uted significantly to the understanding of the basic parameters of crop
productivity under Indian conditions.

Wheat, potato, rice, rapeseed, mustard, and pulses are some of the
crops, that have received special attention. Among the cereals, wheat
recorded an increase in yield by more than two-fold and the total produc-
tion crossed the over 50-million ton mark. Although several factors have
contributed to enhancing wheat productivity, the most important from the
productivity point of view was the rise in the harvest index, which touched
50% growth. The world food production is expected to be doubled by
2050. India and China, the most densely populated countries of the world,
will need to maintain at least a 4-5% annual growth rate in agriculture
to keep pace with the growing population and sustain world food secu-
rity. For example, India supports about 17% of human and 11% of live-
stock population of the world on just 2.8% land and with 4.2% of water
resources. As per recent estimates, India will need to produce about 281
mt food grains, 53.7 mt oilseeds, 22 mt pulses, 127 mt vegetables, and 86
mt fruits by 2020-2021. The country will have to produce more quality
food with a diminishing natural resource base and changing climate.

The issues of current concern to national food, nutritional, and environ-
mental security include: diversion of agricultural land for nonagricultural
use; decreasing land holding size; declining profit margin in agriculture;
depletion of ground water, deterioration soil health and biodiversity;
increased frequency of climate-related risks, such as cyclones/tsunami,
drought and floods, cold and heat waves; contamination of soil and water
with heavy metals like arsenic, selenium and fluoride; and their cycling in
plant-animal-human-atmosphere chain.

Ever-increasing concentration of green house gases in the atmosphere,
resulting in global warming, is likely to have serious repercussions for
human beings, animals, plants, microbes, and environment. This book
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deals with understanding the physiological basis of the various plant pro-
cesses and their underlying mechanism under fluctuating environments. It
is therefore, is of great importance for sustainable crop production. Fur-
ther advances in cellular and molecular biology hold promises to modify
the physiological processes, thereby improving the quality and quantity of
major food crops and ensuring stability in yield of the produce even under
severe abiotic stress.

This book covers the latest information in the present scenario on the
physiological basis of plant productivity, abiotic stress adaptation and
management, plant nutrition, climate change and plant productivity, trans-
genic and functional genomics, plant growth regulators and their applica-
tions. It is in this context that all chapters as a collective group shall help
in tackling some of these key issues of sustainable plant production and
help evolve future strategies in overcoming challenges faced by the agri-
cultural sector as a whole. The topics covered in this book highlights the
general and provides an overview of some of the very important aspects of
physiological research by reputed scientists of the country and of abroad.
Keeping in view the vital nature of these emerging issues, this book will
provide a wide opportunity to readers to have complete information from
one source. Therefore, this book will be a useful resource for researchers
and extension workers involved in the plant physiology with other cognate
disciplines.



CHAPTER 1

POTATO PHYSIOLOGY IN RELATION
TO CROPYIELD

BRAJESH SINGH, MAHARISHI TOMAR, SOM DUTT,
PINKY RAIGOND, and B. P. SINGH

ICAR-Central Potato Research Institute, Shimla — 171001, HP, India,
E-mail: birjul6@gmail.com

CONTENTS

ADSITACE ..evviciie ettt et et er et taesabestbestbestbestbeeraesaaessbeeabessaenanens 2
L1 INtrOdUCHION. ..c.uietietieiieiieeteeiee sttt seaeseaeseaesnnesene s 2
1.2 Potential Yield of POtato ........ccceeeviieeiiiiiiieiieeee e 2
1.3 Growth of Potato Plant............ccccceevieiieiienieniesiecie e 3
1.4 PhoOtOSYNERESIS. ..cuiiiieiieiieriieciieiiesite ettt 9
1.5 Dry Matter Distribution ..........ccceecevieeeiieeiiriiieecie e evee e 12
1.6 Yield COMPONENLS.....ccueevrieriierrieiieriiesreesieesieeiresieeseeesreeseeesesesenenes 13
1.7 TeMPETALUIE ....eeeieieeiiieeiieeiee et et e et e eiteebte et eesaeeesneeesbeesneeenes 14
1.8 LA@NEieiiiiiiiiieieee et 16
1.9 RESPITALION ..eeuveeiiieiieiieieesit ettt et ste e teesreesteesteesreesrsesenenes 18
1.10 Plant Growth Regulators...........cccoceerieerienienienieniesee e 19
L.11 CONCIUSION ...vviiiiieiic et e e 21
KEYWOTAS ..ottt st sttt saaestaesaaessresssees 22

RETEIEICES ...t e s 23


mailto:birju16@gmail.com

2 Emerging Trends of Plant Physiology for Sustainable Crop Production

ABSTRACT

Potato is a highly versatile crop grown in varying environmental condi-
tions viz. plains, hills, and plateau in India. It is grown under short days
in the plains in autumn season and under long days during summers
in hills. Therefore, the pattern of growth, duration of crop as well as
the yield varies according to the environment. Besides, the potato culti-
vars differ from each other in relation to their morphological characters,
response to the environmental factors and finally in yield and the dry
matter accumulation. The present chapter deals with the physiological
factors, which determine the growth, development and finally the yield
of potato crop.

1.1  INTRODUCTION

The potato cultivars differ with each other in relation to their morphologi-
cal characters, response to the environmental factors and finally in yield
and dry matter accumulation. The biochemical reasons for such varia-
tions are not clear but it seems that genetically determined differences in
the synthesis of growth regulators such as auxins, cytokinins, gibberel-
lins; and abscisic acid play an important role and their balance at differ-
ent growth stages affect the growth and development, and therefore, the
yield of the cultivar. Because of the major influence of environment on
the potato crop, the differential yield response may be obtained even in a
single cultivar grown in different environment, due to which it is difficult
to predict the actual yield of a particular crop grown over different loca-
tions and seasons. However, a general prediction of minimum and maxi-
mum Yyields and dry matter accumulation can be worked out for specific
potato cultivar under given set of environment. The present chapter deals
with the factors, which determine the growth and development and finally
the yield of potato crop.

1.2 POTENTIAL YIELD OF POTATO

The potential yield of potato crop is influenced by many factors such as
cultivar, morphological attributes of the crop, climatic factors (sunlight,
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photoperiod, temperature, and rainfall), and edaphic factors (soil type and
availability of nutrients, etc.). The yield of any crop is dependent on the
assimilation of carbohydrates by the plant through the process of photo-
synthesis (the process by which the atmospheric carbon is assimilated in
the form of carbohydrate in the plant).

Based on climate data, the potential tuber yield for north Indian plains
is 60t/ha for 110-days crop; however, the actual yield obtained is about 20t/
ha. But, the potential yield is based on all the optimum conditions for the
growth of potato crop in practice, which is indeed difficult, though these
may be available for some period of the crop growth. This is the reason why
the full potential of any potato cultivar is not exploited in the field. If the
light intensity matches the photosynthetic saturation level throughout the
day, temperatures are conducive for plant growth, there is no biotic and abi-
otic stress for the crop growth, the soil is fertile and all the required nutri-
ents are available in sufficient quantity, then only we can get the maximum
potential yield of the potato crop. Unfortunately, such growing conditions
are not available and at every location there may be one or more physiolog-
ical constraints, limiting the potential yield of the crop. These constraints
are beyond the control of the cultivator, still there may be scope for improv-
ing the growth conditions through avoidance of any kind of nutrient, biotic
and abiotic stresses and betterment of cultural practices for the superior
stand and crop growth in particular location, so that the maximum achiev-
able yield and dry matter is harvested from the potato crop.

1.3 GROWTH OF POTATO PLANT

Potato is a highly versatile crop and is grown in varying environmental con-
ditions. Potato crop is cultivated both in plains and hills in India and the
environmental conditions in these areas have immense differences. Mostly,
the potato crop is grown under short days in plains and under long days in
hills and therefore, the pattern of growth, duration of crop as well as the
yield of crop varies in these areas. It is normally cultivated as a vegetatively
propagated crop and the basic material used for multiplication, is potato
tuber, which is used as seed for planting in the fields. It can also be grown
through true seeds (TPS) obtained from fruits, but the area under TPS cul-
tivation is still meager at present in India. The potato tuber seed has several
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eyes (growing points) on it and it may be planted as such (having all the eyes
on one tuber) or as cut seed (cutting tuber in few pieces, where every piece
contains one or more eyes) depending on the feasibility of the cultivator and
economics involved in the cost of seed. At optimum physiological age these
eyes develop into hairy structures called sprouts, which have apical meri-
stem and are capable of growing into potato plant. The potato plant with its
root and shoot (stem and leaves) system grows during the crop season and
at the time of tuber initiation it produces stolons which grow underground
and finally bulk at their terminal ends in the form of tuber (Figure 1.1). A
major amount of photosynthate is translocated to these tubers at the time of
bulking and the photoassimilate is stored in tubers in the form of starch and
other biochemical constituents. Under appropriate conditions (mainly long
days), potato plants produce flowers, fruits, and seed (TPS) as well. After
full maturity the tubers are harvested and they may be either used for con-
sumption or stored as seed. If they are to be used as seed, they are stored till
the next crop season, during this period the stored photoassimilate in tuber
helps to sustain its living processes (respiration and germination in the next
season). Through these phases the life cycle of a potato plant is completed.

FIGURE 1.1 Dormant tuber, sprouted tuber, potato crop, stolon formation and
tuberization, and mature tubers of potato.
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1.3.1 SPROUT

Freshly harvested potato tubers do not sprout even if they are given the
appropriate conditions, because they have dormancy duration or rest
period of few weeks. Every potato cultivar has specific dormancy duration
and in Indian cultivars generally this duration varies from 6 to 8 weeks.
The dormancy duration is determined by the physiological age and the
balance of endogenous growth regulators, which are further influenced by
the environmental interactions. As soon as the tubers attain proper physi-
ological age and the dormancy period is terminated, the buds on the tubers
develop into sprouts. The temperature and humidity at which the tubers
are stored play a key role in sprouting behavior and it has been well docu-
mented that the temperatures ranging from 18-20°C, high humidity and
darkness are most appropriate conditions for sprout growth.

Each sprout consists of three parts viz. base, middle portion, and apical
tip. The roots arise from the base of the sprouts and at the time of tuber ini-
tiation the stolons are also formed from the base. The middle portion of the
sprout gives rise to the stem and the apical part contains the meristematic
tissue, which provides growth and differentiation in the potato plant. Mor-
phologically, the pigmentation of sprout may vary from white to green,
pink, red, violet or purple depending on the cultivar. This pigmentation
is caused by anthocyanin and if the sprouts are exposed to light they may
also develop chlorophyll pigmentation.

The sprouting behavior of Indian cultivars has been extensively stud-
ied. The temperature, humidity and gaseous environment under which the
sprout growth takes place and the soil and climatic conditions in which the
potato crop is raised have good bearing on the sprouting behavior. Very
low (5°C or below) and high (30°C and above) temperatures are known
to reduce sprout growth. Similarly low levels of humidity (30% or below)
reduce the sprout growth. However, increase in the CO, concentration
upto 15% has been found to reduce the dormancy duration and enhance
the sprout growth to a great extent at 20-25°C temperature. A potato culti-
var when grown in short days enhances sprout growth early in comparison
to when grown in long days. The levels of fertilizers applied to potato crop
also influence the sprout growth. Based on the studies related to hormonal
control of sprout growth it was observed that ABA (abscisic acid) inhibits
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the sprout growth and initiation and maintains tuber dormancy (Figure
1.2). While on the other hand Cytokinins are associated with dormancy
break and sprout growth initiation. Seed potatoes are sometimes treated
with Gibbberellin (GA), which is a growth stimulating substance and has
an important role in regulating sprout growth and tuber dormancy (Figure
1.2). Thus, the sprout growth pattern besides being a cultivar characteristic
is dependent on various factors, which determine the potato plant stand at
later stages.

1.3.2 SHOOT

It is a well-known fact that large sized tubers produce more stems than
small sized tubers, though the cultivar differences exist due to their genetic
constitution and environmental interactions. The potato crop when grown
in hills produces taller stems in comparison to when grown in plains. Simi-
larly, the number of leaves per plant are more in hills under long days than
under short days. The leaf abscission is also initiated early under short
days than long days. The number of stem and leaves per plant are impor-
tant as they influence the final yield of the potato crop and good amount of
work has been done in India for establishing their role in crop productivity.

The leaves are sites for photosynthetic activity and more number of
photosynthetically active leaves are desirable for better productivity of the
crop. Defoliation at different levels has shown that the lower and upper
leaves contribute more towards the dry matter production. The leaf inser-
tion angle is also important for light reception on to the leaves and it has
been found that full grown potato plants intercept as much as 95% of the
incident radiation and most of it is intercepted by the top half of the plant.

| Cytakinin [sensithdty] ‘l‘l

| anscisic acld [dormancy induction and maintenarsa) '1 AhECsE .-..i.:l_

Deep Dormancy Shallow Dormancy Sprouting

Darmancy progression time

FIGURE 1.2 Hormonal regulation of tuber dormancy: An overview.
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If the light interception is increased towards the lower layers as well, it
is likely that more photosynthate will be translocated to the sink, as it is
closer to the lower leaves.

The increased leaf area index (LAI) has been found to increase the
yield but increasing LAI beyond a certain level has not been found ben-
eficial because of the increase in the area of unproductive leaves. It is the
early stage of plant growth when LAI plays an important role in increas-
ing the photosynthetic efficiency and if plant achieves higher LAI at ini-
tial stage and also maintains it for the longer duration, the final yield is
positively influenced. Thus the potato plants should have more number of
photosynthetically active leaves for a longer duration of crop growth for
achieving higher productivity.

1.3.3 ROOT

The root development is initiated early and before plant emergence from
the soil. The potato root system is mainly confined to the top 20-30 cm of
soil and sometimes goes beyond this layer. Adventitious roots develop at
the base of developing sprouts. In general potatoes have a highly branched
and fibrous root system and is mainly concentrated in the upper soil profile.
The roots have been classified into basal roots (arising from stem), stolon
roots (from stolons), junction roots (from the joint of stem and stolon), and
tuber roots (from the tuber bud base). As far as water and nutrient absorp-
tion is concerned the basal and junction roots are more important. It has
generally been found that the early maturing cultivars have shallow root
system, whereas the late maturing cultivars have deeper roots. For the bet-
ter productivity of the potato crop it is desirable that the plants have good
root system for proper absorption of water and nutrients from the soil.

1.3.4 STOLON

The stolons are modified lateral shoots that arise from the nodes at the
base of the shoots below the soil. They have elongated internodes, small-
scale leaves, hooked tips and chlorophyll is absent in them. The first sto-
lons form at the basal nodes on the stem (near the mother tuber) and then
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develop with an upward progression. The terminal part of the stolons
accumulates partitioned dry matter and swells in form of bulbous structure
called tuber. Its initiation is favored by darkness and high humidity.

1.3.5 TUBER

A potato tuber is a modified stem possessing leaves and axillary buds.
The end of the tuber where it joins stolon is called as the heel end or stem
end while the other end is called the rose or bud end. The eyes present on
tubers are the nodes of modified stem and contain axillary buds and scale
leaf. Potato tubers originate from stolons and its initiation is referred as
tuberization when the stolon starts expanding radially due to cell division
and cell enlargement. During this growth process dry matter is translo-
cated from the foliage to the growing tubers.

The number of tubers per hill is a varietal characteristic and the tuber-
ization is influenced by several environmental factors like moisture, tem-
perature and nutrient availability. The moisture stress is known to affect the
growth of the tubers adversely and it decreases the yield of the potato plant.
The night temperature of about 18—20°C has been found optimum for bal-
anced growth of the tubers and temperatures beyond it adversely affect the
process of tuberization. Application of nitrogen fertilizer has been found
effective in increasing the number and size of the tubers up to optimal level.

Tuberization is majorly controlled by photoreceptors, which includes
phytochromes (PHYA and PHYB). The action of PHYB has been found
to have a central role in controlling tuber formation. At molecular and
genetic levels a number of proteins and transcription factors are involved
in controlling tuberization by a complex signaling mechanism. Among
these proteins (StSP3D and StSP6A4) which have a very important role in
floral and tuberization transition. StCO (CONSTANS) is found to repress
the tuberization process in a photoperiod dependent manner. All these pro-
teins work together in a specific consortium like manner for regulating the
tuberization process.

Figure 1.3a shows regulation of tuberization by sucrose transporter
StSUT4. Accumulation of StCO and StSP6A mRNA is affected by StSUT4
in a photoperiod-dependent manner. StSUT4 induces StCO accumulation
under long day condition which in turn inhibits StSP6A accumulation and
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FIGURE 1.3 (a) Regulation of tuberization by sucrose transporter StSUT4 [4],
(b) StSP6A mediated regulation of tuberization in potato [4].

hence results in no tuberization. On the other hand under short day condi-
tions StSUT4 inhibits StCO accumulation and hence StCO mediated inhi-
bition of StSP6A is prevented thus leading to tuberization.

Figure 1.3b shows StSP6A mediated regulation of tuberization in
potato. StCO represses StSP6A under long day conditions. PHYB is
suggested to have a role in modulation of this repressor activity. When
transferred to short days StCO activates StSP6A gene expression in the
leaves. This signal is amplified by an auto-relay mechanism during trans-
port which is partially mediated by StCO. StSP6A activation in leaves and
stolons promotes tuber formation.

1.4 PHOTOSYNTHESIS

Potato is majorly grown as a short day crop in India as short duration
crop (80-110 days) and the yields are low. In some parts the yields are
high, where the potato is grown as a long duration crop. The longer dura-
tion of crop enables the production of more total dry matter per unit
land area by the photosynthetic apparatus of the plant and this is the
reason for higher productivity of the potato crop under long duration.
Besides the crop duration, appropriate growth conditions are required
for the proper growth and development of the potato plant that is avail-
able for only a short duration. Therefore, the cultivation of potato crop
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for a longer duration in the plains is a limitation and it has to be grown
only for a short duration, which finally results in the low productivity
potential of the potato crop.

1.4.1 UNIT RATE

The unit rate of photosynthesis may be described as the amount of car-
bon dioxide fixation per unit leaf area, per unit time under saturated light
intensity by the potato leaf. It is often termed as the light-saturated net
photosynthetic rate (P, ).

More than 90% of the dry weight of potato plant is derived from the
photosynthetically fixed carbon dioxide. The potato crop has C3 photosyn-
thetic metabolism and the P, is greatly influenced by the genetic and cli-
matic factors. The peak photosynthesis occurs during the forenoon (10 a.m.
to 1 p.m.) whereas, during the mid afternoon a depressionin P, _is observed
even when the conditions are favorable. This phenomenon is known as the
diurnal variation in the net photosynthetic rate. The rate of photosynthesis
is generally higher in tuberized potato plants, which is believed to be due
to the presence of an active sink. However, it is generally observed that the
P is more in young plants and it decreases with the age of the crop.

1.4.2 GENETIC VARIATION

The potato genotypes differ with respect to their photosynthetic efficiency
and this information can be utilized during potato breeding for a higher
photosynthetic and productivity potential in potato crop. The P though
varies among the genotypes, it does not correlate well with the potato
yield. This shows that the photosynthetic rate per unit leaf area is not the
sole determinant of final yields. The rate of photosynthesis per unit ground
area by the whole canopy for the full season as well as the partitioning
of the assimilate to the tubers is more important for the estimation of the
yield. However, higher P, is an essential feature towards higher yields
and therefore, breeders must identify the parental lines with higher P
and other desirable traits and then breed to combine these attributes for
better productivity of the potato crop.
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1.4.3 CO, REQUIREMENT

Potato like other C3 plants is influenced by the availability of CO, in the
atmosphere. With the increased CO, concentration in the atmosphere the
entry of primary substrate for photosynthesis into the sub-stomatal cavity
is enhanced and it results in increased biomass productivity and yield. At
present the CO, concentration in atmosphere has reached to the level of
approximately 400 ppm from the pre-industrial level of about 280 ppm. It
has been established that production of C3 plants is increased by 10-40%
by doubling the CO, concentration. Work on potato has not shown such a
great increase in yield on increasing atmospheric CO, but root zone CO,
enhancement in potatoes has been found to increase the dry matter upto
maximum of 25%. The CO, thus can be termed as a limiting factor for
photosynthesis in potato plant and it is likely that the increase in atmo-
spheric CO, will positively effect the potato yield, provided the other fac-
tors do not become limiting.

1.4.4 WATER REQUIREMENT

The efficiency of conversion of light into dry matter is not much influ-
enced by water stress. However, prolonged drought results in a decline in
minimum and maximum fluorescence, indication premature senescence
and a decline in the chlorophyll light-harvesting complex. Therefore, reg-
ular supply of irrigation is desirable for effective photosynthetic rate of the
potato crop. The work on Indian cultivars has shown that removal of irri-
gation for two consecutive days reduced the P, by 32-84% as compared
to the control plants watered daily. The leaves of stressed plants had 0.3 to
0.5 MPa lower water potential and 61-86% lower stomatal conductance
than control.

1.4.5 TEMPERATURE REQUIREMENT

The temperature is known to influence the process of photosynthesis and
the optimum range of temperature varies between 15 to 30°C for P, .
Beyond 30°C temperature the P declines substantially. The stomatal
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conductance has been found to reach at a maximum level by 24°C tem-
perature and remains at this level for up to 30-35°C temperature. The tem-
peratures lower than 15°C result in low P, which may be due to the
lower activity of the photosynthetic apparatus involved in the process.

1.4.6 LIGHT REQUIREMENT

Most of the Indian potato cultivars achieve maximum photosynthetic rate
between 500 and 800 photosynthetically active radiation incidental (PAR1).
The reduction in light intensity may reduce the tuber yields adversely in
potato plant. The interception of light by the canopy plays major role in
achieving P, and penetration of light to the whole canopy if increased,
may result in higher P, . The stomatal conductance is also influenced by
the light intensity and is directly correlated with it. The leaves on the upper
canopy, which receive more light, have greater stomatal conductance at
a given light intensity than the shaded lower leaves and also have higher
P than the lower ones.

1.5 DRY MATTER DISTRIBUTION

The dry matter produced as a result of photosynthetic process in utilized
by the plant for its growth and developmental processes. For better tuber
yields it is important that a substantial part of the assimilated carbon is
translocated to the tubers and rest of it is utilized by the other parts. It
has been found that under short days more dry matter is partitioned to
the tubers whereas under long days more dry matter is partitioned to
the foliage. The proportion of the total dry matter in the tubers increase
with maturity and it has been documented that accumulation of dry mat-
ter is more in shoots till the initiation of tuber enlargement phase and it
declines afterwards due to accumulation of more dry matter in the tubers.

The dry matter distribution in plant parts is dependent on the source-
sink interaction. This sink may be either haulms or tubers and the capac-
ity to attract the photoassimilate by the sink is known as sink strength.
The stronger sink thus will attract more photosynthate than the weak sink.
The sink strength also influences the rate of photoassimilation and it has
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been found that after tuberization the sink strength of the tuber increases
and as a result the rate of photosynthesis also increases. Generally, before
tuber initiation the major part of the photoassimilate is translocated to the
haulms for growth and development processes and after the tuber initia-
tion a substantial amount of assimilate is partitioned to the tubers. It has
been demonstrated that at 52 days the dry matter accumulation in leaf of
a potato cultivar was 54% and decreased to about 10% by 80 days of crop
growth, thereby showing greater partitioning of dry matter to the tubers
rather than the haulms at maturity.

1.6 YIELD COMPONENTS

The yield in potato plant is dependent on genotypic, phenotypic and envi-
ronmental factors. The morphological factors are important as most of the
physiological processes involved in yield formation of plant depend on
them. Therefore, it is pertinent to mention the desirable traits of the plant
parts in the yield formation.

1.6.1 STEM NUMBER

The number of stem produced per tuber is influenced by the genetic con-
stitution, tuber size and environment. It is desirable that a potato tuber seed
gives rise to more number of stem per tuber so that more foliage is sup-
ported on it, thereby producing more photoassimilate for growth, develop-
ment, and yield. It is a well-known fact that large size tubers bearing more
number of eyes give rise to more number of stems. The environmental
factors influence the growth of stem and the taller stem are produced in
hills than in plains. The temperature also influences the growth of stem
and these influences have been found to vary with the cultivars.

1.6.2 LEAF AREA

For better productivity of the potato plant it is desirable that the plant
should have higher leaf area per unit land area, so that higher photosyn-
thetic activity can be taken up in the given area and more dry matter is
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produced. The increase in leaf area at initial growth stages and its mainte-
nance over a longer duration of crop growth has been found to be favorable
for larger yields in Indian potato cultivars. The potato cultivars attaining
higher LAI at early stages have shown higher harvest index and yield. It
has been widely proven that leaf area has positive correlation with the
yield in potato crop, and thus, quick achievement of high LAI and its con-
tinuation for longer duration is beneficial for increased productivity.

1.6.3 LEAF AREA DURATION

The leaf area duration is another parameter for estimation of plant growth
and expected yield. It has been documented that effective participation
of leaves for longer duration in the process of photosynthesis results in
higher productivity. The leaves having low efficiency act as sink rather
than source for the dry matter accumulation and are detrimental for the
productivity. Hence, the more number of photosynthetically active leaves
for the overall duration of the crop are desirable for increased productivity.

1.6.4 TUBER NUMBER AND TUBER SIZE

For better productivity of the potato plant more number of tubers with
bigger size is important. The tuber development is influenced by vari-
ous environmental factors and after initiation, tubers require appropriate
growth conditions for bulking. When the potato plant is healthy and active
a large amount of photosynthate produced in foliage is translocated to the
tubers and the bulking takes place with the growth in size of the tuber. The
strong tuber sink influences the photosynthetic accumulation positively
and thus more number of tubers cause an increase in the accumulation
process. The ultimate result is higher yields with more number of tubers
and bigger size.

1.7 TEMPERATURE

All the growth processes of a plant are influenced one way or the other
by the prevailing temperatures under the provided conditions. The
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temperature if is not optimum (low or high) to the growth requirement of
the potato plant it hampers the processes of plant growth, development and
yield production. The effect of temperature on the plant growth and yield
are discussed here.

1.7.1 PLANT GROWTH

The potato plant growth initiates with the sprouting in seed potatoes and
ends with the production of tubers in the next crop. The dormancy and
sprout growth of seed tubers are temperature dependent to some extent
and it is established that dormancy duration is shortened and the sprout
growth is enhanced between 18-20°C storage temperature. The tempera-
tures above or below this level are not that favorable for the dormancy
breaking and sprout growth.

Once the sprouting takes place the temperature of soil becomes
important factor for the further growth of sprouts and root system. It has
been found that soil temperature of about 20°C is favorable for the plant
emergence and development of root system in potato. The shoot growth
is slow at lower temperatures (10°C or so) and is optimum at 20°C in
Indian potatoes. The number of stems per hill increase with increase of
temperature from 20°C day/10°C night temperature to 30°C day/20°C
night temperature. The leaf area is similarly affected by temperature as
the number of stems. The life span of the potato crop increases with tem-
perature under long days but under short days it is adversely affected.
The optimum temperature for rate of stem elongation is above 25°C
whereas, for leaf characteristics it is relatively low (20°C). The specific
leaf area is positively correlated with temperature upto 30°C, but for the
individual leaf size and longevity of leaves the optimum temperature is
around 20°C. For induction of flowering, the optimum temperature range
is 16-28°C.

1.7.2 YIELD

The yield of the potato crop is a result of photoassimilate production in the
plant through the process of photosynthesis. The optimum temperature for
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gross photosynthesis in potato plant ranges between 24 to 30°C whereas
for net photosynthesis it is less than 25°C. Though the plant response
to photosynthesis is a genetic character and plants have adaptive capac-
ity, but higher temperatures reduce rate of photosynthesis as a result of
accelerated senescence, chlorophyll loss, reduced stomatal conductance
and inhibition of dark reaction. The partitioning of dry matter is greatly
influenced by the temperatures and it has been found that in heat sensi-
tive cultivars high temperatures result in more starch accumulation in the
leaves and low rate of its translocation to the tubers than in tolerant geno-
types. High temperature strongly reduces the harvest index in potatoes.
Thus, as temperature increases the tubers contribute proportionally less
to the total dry matter yield of the potato plant while the stem and leaves
contribute more.

The stolon initiation is strongly influenced by temperature. It has been
documented that the stolon development is delayed though the numbers
of stolons increase by high temperature. Higher temperatures stimulated
the stolon initiation, its growth and branching but delay tuberization
resulting in more stolons and more potential tuber sites, but less number
of sizeable tubers. The tuber initiation is delayed, impeded or even inhib-
ited at higher temperatures, particularly at high night temperatures (above
22°C). Higher temperatures also reduce the tuber bulking and thus the
final yield of the potato plant is decreased at higher temperatures.

1.8 LIGHT

The light is one of the most crucial factors influencing the potato plant
growth and the basic production system (photosynthesis). The light inten-
sity though effects only the process of photosynthesis and thereby final
yield, the photoperiod (light availability period) greatly influences almost
all the growth and developmental phases of potato plant. In India potato
crop is majorly grown in the North Indo-Gangetic plains under short days
(less than 12-hour photoperiod), whereas, in some parts it is grown during
long days (more than 12-hour photoperiod). Under such circumstances
the growth and development of potato plant shows difference as discussed
further.
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1.8.1 PLANT GROWTH UNDER DIFFERENT PHOTOPERIODS

Like temperature, the photoperiod also influences most of the growth and
developmental processes in potato plant (Table 1.1). The effect of pho-
toperiod during storage of seed tuber is small, but after the dormancy is
broken, photoperiod may have a significant effect. At lower temperatures
the long photoperiods (above 12 hours) increase the number of stems per
hill while at higher temperatures both the long and short photoperiods
stimulate formation of more number of stems per hill. The number of
leaves is generally more under long days that under short days in any
specific cultivar. The life span of the entire shoot is increased by long
days in comparison to short days and therefore, the crop duration of a
particular cultivar is less under short days and more under the long days.
The leaf area increases rapidly under short days and the specific leaf area
is generally more in comparison to the long days. The overall influence of
photoperiod on growth shows that long photoperiods stimulate the devel-
opment of haulm by increasing branching and number of leaves per stem,
but reduce leaf size and specific leaf area.

TABLE 1.1 Effect of Increased Photoperiods on Selected Crop Characteristics [12]

Effect on Response

Sprout length Reduced at pre sprouting

Stem branching Increased

Number of leaves Increased in first level of main stems only
Life span of shoots Increased

Leaf characteristics Specific leaf area and leaf size decreased
Photosynthesis Delayed

Stolon initiation Delayed

Tuber initiation Small and inconsistent

Tuber growth Decreased

Tuber number Increases when season is long enough as growth cycle

increases
Tuber yield
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1.8.2 YIELD

Short photoperiods increase the rate of dry matter production per unit of
intercepted light and the rate of photosynthesis per unit leaf dry wt. The
production of total dry matter is influenced as per the influence of photope-
riod on already described processes. The short day conditions are known to
increase the daytime assimilate transport with higher harvest index whereas,
the harvest index is reduced under long days. During the early phases of plant
development stolon initiation is stimulated by short days, while is delayed
by long days. The overall influence of photoperiod on stolonization shows
that under long days more number of long stolons with more branches per
stolon are formed, thus having more potential sites for tuber development.
Tuber initiation, however, is favored by short photoperiods, though it is a
variety dependent character. Under Indian conditions four cultivars when
planted under both SD and LD conditions showed tuberization in all the
four cultivars under SD, while only one cultivar tuberized under LD. Some
other experiments also proved that the potato has a short day requirement
for tuberization. The leaves are the sites for photoperiodic reception and
the tuberization stimulus is transferred from here. It has been found that
several days SD cycle is required to produce the tuberization stimulus. Once
this requirement is fulfilled the plant exposed to long days produces higher
yields. The number of tubers is usually higher under long days, though the
growth rate of individual tubers is slow in comparison to short days.

1.9 RESPIRATION

Respiration is a physiological process that sustains cellular life in which
the organic substitute is broken down to produce energy, which is used in
the biosynthetic events needed for growth and development. It is a gaseous
exchange process where the tissue takes up the oxygen and CO, is evolved
out in the atmosphere. The respiration in potato takes place both in tubers
and plants.

The respiratory rate of dormant potato tuber is extremely low. The
thick periderm of the tuber acts as a barrier for gaseous exchange and the
gaseous concentration inside the tuber is normally different from outside
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environment. The rate of respiration in potato tuber increases after wound-
ing or slicing which may be a result of increase in the number of mito-
chondria in the cells.

Just after the harvesting the respiratory rate of potato tuber is gen-
erally high and then falls off rapidly. The rate of respiration is high in
immature tubers than the mature tubers. Following this initial decrease,
respiratory activity during storage at constant temperature changes little
with time until sprouting begins, when there is an increase in respiration
rate. At the whole plant level the rate of respiration in potato is like any
other plant and the plant organs utilize the accumulated carbohydrate as
substrate for generating energy to meet their requirement of growth and
metabolism.

1.10 PLANT GROWTH REGULATORS

The growth and developmental processes of potato like any other plant
are directed by the plant growth substances in one way or the other.
These plant growth regulators either act as hormones or they effect the
biosynthesis or the action of plant hormones. The first kind of PGR’s
are called primary regulators, whereas, the second kind as secondary
regulators. The primary growth regulators include auxins, gibberrellins,
kinins and abscissic acid and examples of secondary growth regulators
are chlorocholine chloride (CCC), maleic hydrazide (MH), dormins, etc.
These regulators do not operate in isolation but their ratios at particular
stage influence the growth stimulus and accordingly the plants respond
to these stimuli. Thus the interactions between these primary and second-
ary growth regulators (be it antagonistic, additive or synergestic) results
in growth and development of the plant parts individually or as a sys-
tem. The internal hormonal balance can be influenced by external factors
and this is how the environment interferes with the expression of genetic
information into metabolic activity and, by that, in the form and func-
tion of the plant. Apart from nutritive effects and from direct influences
on enzymatic functions, this influence upon the hormonal balance is one
of the major effects of the environment in the growth and development
of the plant, on which a great deal of our cultural techniques are uncon-
sciously being based. In potato plant various growth and developmental
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processes depend on such hormonal balance and are influenced by the
surrounding environment. Here we shall deal with a general profile of
balance of these regulators during some important stages of potato plant
growth and tuberization.

1.10.1 PLANT GROWTH

Once the tuberization is over in potatoes, the plants are harvested after
maturity and the seed tubers are stored till the next season planting.
During this transition period various activities take place in tubers. The
tubers remain dormant for quite some time depending on their genetic
constitution and the environment under which they are stored. The dor-
mancy break is induced by the hormonal regulation and it has been
found that the content of ABA decreases in the peels of potato tubers at
the termination of their dormancy period. On the other hand gibberellic
acid is known to induce the dormancy break in potatoes, which means
that at the time of dormancy break GA/ABA ratio is increased. Auxins
however, have not been shown to influence dormancy itself but influ-
ence only sprout growth after dormancy break. Cytokinins like gibberel-
lins are generally considered to be growth promoters, and are capable
of breaking dormancy when used as external treatment. After the dor-
mancy period is over the sprouts emerge and elongate and this process
is thought to be affected positively by gibberellins. The roots are formed
from the base of sprouts and auxins play an important role in the devel-
opment of root system in potatoes. Gibberrellins, auxins, and cytokinins
in combination influence the growth of potato plant and each process
requires a particular set of balance of these growth regulators. The flow-
ering in potatoes in induced by 6 weeks GA application.

1.10.2 YIELD

It is generally believed that the specific tuber forming stimulus respon-
sible for tuberization may be related to a cytokinin since application of
cytokinins have shown tuber induction and starch accumulation in in-
vitro grown potato stolons. This is further strengthened by the presence
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of high levels of cytokinins in the stolon tips and newly initiated tubers.
GA on the other hand inhibit tuber formation and cause elongation of
stolons. Natural tuberization is inhibited by ethylene as well, and it does
not even allow stolons to elongate. ABA stimulates the tuberization pro-
cess. Studies in India on application of exogenous ABA could not induce
tuberization in potato. However, it is widely believed that higher ABA/
GA ratio is important for tuberization stimulus and once this stimulus is
obtained, higher cytokinin activity helps in rapid cell division for tuber
growth in potato. The overall sequence for the role of PGR’s may be
that GA promotes stolon formation, IAA helps in cell enlargement in the
subapical region, ABA causes cessation of apical growth and cytokinin
helps in cell division at later stages of development of the young tubers.
Jasmonic acid also plays a role during tuber initiation in potatoes. Appli-
cation of various plant growth substances has been found to increase the
yield components in potato. The number of tubers per plant has been
found to increase with the application of auxins (IBA at 10 ppm con-
centration). Plant growth regulators (such as auxins and cytokinins) are
also known to increase the proportion of medium and large sized tubers
in potatoes and consequently the number of small sized tubers is less.
However, such results are not uniform and in general the attempts to
increase the potato yield through application of growth regulators have
not yielded consistent results.

1.11 CONCLUSION

The yield in potato plant is dependent on genotypic, phenotypic, and envi-
ronmental factors. The morphological factors are important as most of
the physiological processes responsible for tuber yield depend on them.
Therefore, it is pertinent to mention the desirable traits of the plant parts
in the yield formation.

The number of stems produced per tuber is influenced by the genetic
factors, seed tuber size, and environment. It is desirable that a potato
seed tuber gives rise to more number of stem so that more foliage is sup-
ported by it, thereby producing more photoassimilate for growth, devel-
opment and yield. It is a well-known fact that large size tubers bearing
more eyes give rise to more number of stems. For better productivity of
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the potato plant it is desirable that the plant should have higher leaf area
per unit land area, so that higher photosynthetic activity can be taken up
in the given area and more dry matter is produced. The increase in leaf
area at initial growth stages and its maintenance over a longer period
of crop growth is favorable for higher yields in potato. The cultivars
attaining higher LAI at early stages have shown higher harvest index
and yield. The leaf area duration is another parameter for estimation of
plant growth and expected yield. It has been established that effective
participation of leaves for longer duration in the process of photosyn-
thesis results in higher productivity. The leaves having low efficiency
act as sink rather than source for the dry matter accumulation and are
detrimental for the productivity. Hence, the more number of photosyn-
thetically active leaves for the overall duration of the crop are desirable
for increased productivity. Similarly, for better productivity of the potato
plant, more number of tubers with bigger size is important. When the
potato plant is healthy and active, a large amount of photosynthate pro-
duced in foliage is translocated to the tubers leading to growth in size of
the tuber. The strong tuber sink influences the photosynthetic accumu-
lation positively and thus more number of tubers cause an increase in
the accumulation process. The ultimate result is higher yields with more
number of tubers and bigger size.

KEYWORDS

4 )
* physiology
* potato

* tuberization

o vyield

* photosynthesis
* growth

* productivity




Potato Physiology in Relation to Crop Yield 23

REFERENCES

10.
11.

12.

13.

. Basu, P. S., & Minhas, J. S. (1991). Heat tolerance and assimilate transport in differ-

ent potato genotypes. Journal of Experimental Botany. 42, 861-866.

. Burton, W. G. (1989). The Potato. Longman Scientific and Technical, New York,

USA. 742p.

. Turnbull, C. G. N. & Hanke, D. E. (1985). The control of bud dormancy in potato

tubers. Measurement of the seasonal pattern of changing concentrations of zeatin-
cytokinins, Planta. 165, 366-376.

. Dutt, S., Manjul, A. S., Raigond, P., Singh, B., Siddappa, S., Bhardwaj, V., Kawar,

P. G, Patil, V. U., & Kardile, H. B.(2017). Key players associated with tuberiza-
tion in potato: potential candidates for genetic engineering. Crit Rev Biotechnol. 37,
942-957.

. Ewing, E. E. (1981). Heat stress and tuberization stimulus. American Potato Journal,

58,31-49.

. Ezekiel, R., & Bhargava, S. C. (1993). The influence of photoperiod on the growth

and development of potato: a review. Plant Physiology and Biochemistry. 20, 63—72.

. Harris, P. M. (1992). The Potato Crop. Chapman and Hall, London, UK, 909p.
. Jeftrey C. Suttle, & Julie F. Hultstrand (1994). Role of Endogenous Abscisic Acid in

Potato Microtuber Dormancy. Plant Physiol. 105, 891-896.

. Jeffrey C. Suttle. (2004). Physiological Regulation of Potato Tuber Dormancy. Amer

J of Potato Res. 81,253-262.

Li, P. H. (1985). Potato Physiology. Academic Press, London. 586p

Minhas, J. S., & Singh, B. (2003). Physiology of crop growth, development and
yield. In: The Potato-Production and Utilization in Sub-Tropics. Khurana, S. M. P.,
Minhas, J. S., Pandey, S. K. (eds.), Mehta Publishers, New Delhi, pp. 292-300
Struik, P.C. & Ewing, E. E. (1995). Crop physiology of potato (Solanum tuberosum):
responses to photoperiod and temperature relevant to crop modelling. In: Haverkort,
A.J., & MacKerron, D. K. L. (Eds.), Potato Ecology and Modelling of Crops under
Conditions Limiting Growth. Kluwer Academic Publishers, Dordrecht, pp. 19—40.
Sukumaran, N. P. (1993). Studies on photosynthesis in relation to potato yields. In:
Advances in Horticulture, Vol. 7. Chadha, K. L., & Grewal, J. S. (eds.), Malhotra
Publishing House, New Delhi, India, pp. 375-382.

. Van Loon, C. D. (1986). Drought, a major constraint in potato production and possi-

bilities of screening for drought resistance. In: Potato Research of Tomorrow. Pudoc,
Wageningen, The Netherlands, pp. 3-55.



Taylor & Francis
Taylor & Francis Group

http://taylorandfrancis.com



http://taylorandfrancis.com

CHAPTER 2

PHYTOCHROME: PHYSIOLOGY,
MOLECULAR ASPECTS, AND
SUSTAINABLE CROP PRODUCTION

BANDANA BOSE,' BHAWNA PANT," RAJESH K. SINGHAL,'
MAHESH KUMAR," and SANANDA MONDAL?

'Department of Plant Physiology, Institute of Agriculture Sciences,
Banaras Hindu University, Varanasi — 221005, India, E-mail:
bbosebhu@gmail.com

“Plant Physiology Section, Department of ASEPAN, Institute of
Agriculture, Visva-Bharati, Sriniketan — 731236, India

CONTENTS
ADSITACT et eeeees 26
2.1 INtrOdUCTION.....ooiiiiiiiieee e eeeeeeeeeeees 26

2.2 Phytochrome: Structure, Functional Domain, Physiological
Response, Gene Family, Pips, and Activation of

Light RESPONSE.....cviiiiiiiiiiiiiieie ettt 27
2.3 Phytochrome in Crop Sustainability ...........cccceeeviriirenciieenieerieens 36
2.4 Biotic and Abiotic Stress Tolerance..........cccooeeeeverereerieneneeenne 40
2.5 Photo Morphogenesis and TropiSm ..........ccceeeeeveevvereenieneeneene. 41
2.6 CONCIUSION ..ottt e e 42
K@YWOTIAS ..ttt st staesraesneesseeees 42


mailto:bbosebhu@gmail.com

26 Emerging Trends of Plant Physiology for Sustainable Crop Production

ABSTRACT

Plants utilize several families of the photoreceptors to fine-tune growth
and development over a large range of environmental conditions. Among
them Phytochrome is one of the families of photoreceptors or pigment
sensitive to light in the red and far-red region of the visible spectrum. Phy-
tochrome display both unique and overlapping roles throughout the life
cycle of plants, regulating a range of the developmental processes from
seed germination to maturation. The chapter summarizes the structure,
interconvertable forms, phosphorylation, functional domain, interact-
ing proteins, and physiological responses of phytochrome. Furthermore,
it describes the role of phytochrome in various physiological processes
occurring in plants such as flowering, shade avoidance, and sustainable
crop production.

2.1 INTRODUCTION

Plants are particularly sensitive to the environmental changes because
they are sessile in nature. Light is one of the most important environ-
mental cues, controlling plant development throughout their life cycle,
from seed germination to floral induction. The importance of light sig-
nals in regulation of plant growth has been documented before centuries.
Indeed, Darwin himself provided a detailed observations of the develop-
mental processes occurring following emergence of a dark-grown (etio-
lated) seedling into the light, in a book written with his son, Francis, ‘the
power of movement in plants’ [1]. In this chapter, the authors recorded
important roles of light throughout the development of plant. Phyto-
chromes are red- and far-red-sensing photoreceptors that sense the quan-
tity, quality, and duration of light all over the entire life cycle of plants.
The detection of physiological response such as the germination of
lettuce seeds, promoted by the red (R) light and repressed by subsequent
far-red (FR) light lead to the discovery of phytochrome [2]. Phytochromes
were first detected in 1959 by investigators at the USDA Plant Industry
Station in Beltsville, MD [3]. Phytochrome is a blue protein pigment with
a molecular mass of about 250 KDa. It occurs as a dimmer made up of
two subunits. Each subunit consists of two components: a light absorbing
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pigment — referred as chromophore; and a polypeptide chain — referred as
apoprotein. Both chromophore and apoprotein are combined and formed it
as holoprotein, which is functional. For sensing red light—depleted (shade)
and red light—enriched (full sun) conditions, plants use phytochromes,
large (120 kD) proteins that posses the covalently linked linear tetrapyr-
role (bilin) chromophore phytochromobilin.

Plant phytochromes (Phy family) are members of a more widespread
family of photo-sensors that are found in cyanobacteria (cyanobacterial
phytochromes Cphl and Cph2) as well as in purple and nonphotosyn-
thetic bacteria (bacteriophytochromes; BphP) and even in fungi (fungal
phytochromes; Fph family) [4-6]. Three discrete apoprotein-encoding
genes (PHYA-PHYC) are conserved within angiosperms [7]. In the
model species Arabidopsis thaliana, five genes (PHYA-E) encoding phy-
tochrome apoproteins have been sequenced and characterized [8, 9]. The
isolation of separate null mutants in all five phytochromes has facilitated
the construction of multiple, higher-order mutants, deficient in a variety
of phytochrome combinations. An analysis of both individual and mul-
tiple phytochrome-deficient mutants has subsequently provided a refined
picture of phytochrome functions throughout plant development. Phyto-
chrome physiology, biochemistry, molecular aspect, and role in sustain-
able crop production are discussed in this chapter.

2.2 PHYTOCHROME: STRUCTURE, FUNCTIONAL DOMAIN,
PHYSIOLOGICAL RESPONSE, GENE FAMILY, PIPS, AND
ACTIVATION OF LIGHT RESPONSE

2.2.1 PHYTOCHROME INTERCONVERSION

Phytochrome, present in a red light absorbing form is referred to as Pr; it
is blue in color (inactive form) and it is converted by red light to far red
light absorbing form Pfr(active form), which is blue-green in color. The
phytochrome chromobilin alone cannot absorb red and far red light. Light
can be absorbed only when the polypeptide is covalently linked with phyto-
chromobilin to form holoprotein. Phytochromobilin is synthesized inside
plastids and exported to cytosol where it attaches to apoprotein through
thio-eather linkage to a cystein residue. Its assembly is autocatalytic.
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Phytochromes have two relatively stable, spectrally distinct, and inter-
convertible conformers: an R-absorbing Pr form and a FR-absorbing Pfr
form [10]. The Pfr form is considered to be the active form because many
physiological responses are promoted by R light. The ability of a given
phytochrome is absorbed red and far-red light stems from its bound phyto-
chromobilin, which undergoes a reversible photoisomerization at the C15-
C16 double bond in response to red light (666 nm) and far-red light (730
nm) [11, 12]. Isomers of phytochromobilin are presented in Figure 2.1.

2.2.2 LIGHT INDUCED CONFORMATIONAL CHANGES IN
PHYTOCHROME

Members of the extended family of phytochrome proteins share a common
N-terminal photosensory core, with three blocks of homology sometimes
referred to as P2, P3, and P4 [13]. Phytochrome C-terminal domains medi-
ate the transmission of photo sensory signals perceived by the N-terminal
region to signal transduction pathways within the cell. This region typically
contains a histidine kinase—related domain that has been shown to confer
ATP-dependent protein phosphotransferase activity in several cases [14-21].

While bacterial and cyanobacterial phytochromes typically employ
classical two-component phosphotransferrylase, the mechanism of

s el Pfr (Trans isomer)
Pr (Cis Isomer) | __670nm Red Light

(Inactive form) | (Active form)

730nm far Red Light

Dark Reversion

FIGURE 2.1 Photochemical property of phytochromes, two isomers of phytochromobilin;
(Pr chromophore) and (Pfr chromophore) (Adapted and modified from Ref. [12]).
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plant phytochrome signaling appears considerably more complex,
involving light mediated nuclear translocation and regulation of tran-
scription factor function [22-24]. The C-terminal regulatory domains
of plant phytochromes have been shown to mediate homo dimeriza-
tion and light-modulated nuclear targeting, both of which are required
for signal transmission [25]. Signaling by plant phytochromes also
involves protein—protein interactions with the N-terminal part of the
protein [26, 27].

2.2.3. PHYTOCHROME: AUTOPHOSPHORYLATING PROTEIN
KINASE

Phytochromes are dimeric chromo-proteins covalently linked to tetra-
pyrrole chromophore phytochromobilin, and exist as two photo-inter
convertible species, red-light absorbing Pr and far-red-light absorbing
Pfr forms. Phytochromes are biosynthesized as the Pr form in the dark,
and are transformed to the Pfr form upon exposure to red light. This
photo activation of phytochromes induces a highly regulated signaling
network for photomorphogenesis in plants [28, 29]. In recent times,
phosphorylation and dephosphorylation have been suggested to play
significant roles in phytochrome- mediated light signaling [30, 31], for
example; a few phytochrome-associated protein phosphatases have been
shown to act as positive regulators of phytochrome signaling [32, 33].
However, functional role of phytochrome phosphorylation stay behind
to be explored. Phytochromes are known as auto phosphorylating ser-
ine/threonine protein kinases [15, 34]. The N-terminal extension (NTE)
of phytochrome is functionally important for providing autophosphory-
lation sites. The NTE is required for the full biological activity of phyA
[35], and serine-to-alanine substitutions in the NTE region have been
shown to result in increased biological activity [36]. In bacterial phyto-
chrome, the input domain receives the red light signal and transmitted
to sensor protein which autophosphorylate the histidine (Figure 2.2).
This phosphorylated sensor protein phosphorylates the response reg-
ulator protein at an as parted. The phosphorylated response regulator
stimulates the process.
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N- Terminal domain Hinge region C-Terminal domain

FIGURE 2.2 General overview of phytochrome structure in plants. (NTE: N-terminal
extension; HKRD: Histidine kinase related domain; PAS, GAF: c¢cGMP stimulated
phosphodiesterases; PHY: Phytochrome; PRD: Phytochrome related domain) [Adapted
and modified from Ref. [29]).

2.2.4 FUNCTIONAL DOMAINS IN PLANT PHYTOCHROMES

All plant phytochromes can be divided into an N-terminal photosen-
sory (signal input) domain and a C-terminal dimerization and signal
output domain. The N-terminal photosensory domain further divided
into four consecutive sub domains called P1(NTE), P2(PAS), P3(GAF)
(cGMP stimulated phosphodiesterases), and P4(PHY) (Phytochrome)
(named sequentially from the N terminus). The P4 domain has been
suggested to directly interact with the D ring of the chromophore to
maintain its extended linear conformation in the Pr form and to stabi-
lize the Pfr form. The PAS, GAF, and PHY domains share a common
core fold defined by a central, antiparallel p sheet with the strands
in the order of 2—1-5-4-3 and a connecting element between strands
2 and 3 containing an o helix. Although the overall spatial arrange-
ment of these three domains is linear in a beads-on-a-string fashion and
they are closely integrated via the NTE of the PAS domain, a highly
unusual knot [37], and an arm extending from the PHY core domain
[38-39]. Whereas, the C-terminal domain may be divided into two
subdomains: the PAS-A and PAS-B domains, and the histidine kinase-
related domain (HKRD), which belongs to the ATPase/kinase GHKL
(gyrase, Hsp90, histidine kinase, MutL) super family [40]. The PAS
domain is named after three proteins in which it occurs: Per (period
circadian protein), Arn (Ah receptor nuclear translocator protein), and
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Sim (single-minded protein). The HKRD lacks a critical histidine resi-
due, and thus may be an evolutionary remainder rather than an active
histidine kinase [41].

Among the N-terminal subdomains, the P1 domain is uniquely pres-
ent in plant phytochromes, whereas the P2(PAS), P3(GAF), and P4(PHY)
domains are also found in phytochrome-like proteins of various origins.
Among the C-terminal subdomains, the PAS-A and PAS-B domains are
unique to plant phytochromes, whereas HKRDs are also found in phyto-
chrome-like proteins (Figure 2.2).

2.2.5 PHYSIOLOGICAL RESPONSES MEDIATED BY
PHYTOCHROMES

Phytochrome responses have been subdivided into different classes
based on the radiation energy of light that is required to obtain the
response. These include low fluence responses (LFRs), very low flu-
ence responses (VLFRs), and high irradiance responses (HIRs). LFRs
are the classical phytochrome responses with R/FR reversibility.
VLFRs are not reversible and are sensitive to a broad spectrum of light
between 300 to 780 nm. HIRs require prolonged or high-frequency
intermittent illumination and usually are dependent on the fluence rate
of light. The light signals can be perceived by different plant photo-
receptors: phytochromes (red light (R)/far-red light (FR) photorecep-
tors), cryptochromes (blue light/UV-A photoreceptors), and UV-B
photoreceptor(s). These pigments convert light signals into biochemi-
cal signals later transduce through largely unidentified pathways into
molecular and physiological changes that modulate growth and devel-
opment. Usually there are three ‘modes of action’ of phytochrome have
been described: (i) very-low-fluence responses (VLFR); (ii) low-flu-
ence responses (LFR) and (iii) high-irradiance responses (HIR). Very-
low proportions of phytochrome as Pfr (Pfr/P) are sufficient to induce
VLFR whereas higher levels of Pfr/P are necessary to induce LFR.
Since VLFR are very sensitive to Pfr, exposure to long-wavelength
far red’ is sufficient to obtain and even saturate this type of effect.
LFR occur between Pfr/P typical of FR and R and are therefore R/FR
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reversible. Dual responses to Pfr/P are observed when both VLFR and
LFR are available.

Dual responses have been observed for seed germination [42—44], pro-
motion of coleoptile growth [45], inhibition of mesocotyl growth [45-46],
cotyledon unfolding [47], anthocyanin synthesis [48], glutamate synthase
activity [49], and greening [S0-52]. With the exception of seed germi-
nation and the shade-avoidance response, which are controlled solely by
phytochromes in Arabidopsis [53], other physiological processes, includ-
ing seedling development and floral induction, are controlled by intercon-
nected networks of both phytochromes and cryptochromes (Figure 2.3)
[54-57].

2.2.6 PHYTOCHROME GENE FAMILY STRUCTURE AND
FUNCTIONS

In the model species Arabidopsis thaliana, five discrete phytochrome-
encoding genes, PHYA-PHYE, have been isolated and sequenced [58]
and Phytochromes A, B and C are conserved among angiosperms. Phyto-
chromes A, B, C and E are evolutionarily divergent proteins, sharing near
46-53% sequence identity, while PHYD encodes an apoprotein that shares
80% sequence identity with PHYB. Molecular phylogenetic analysis sup-
ports the occurrence of four major duplication events in the evolution of
phytochrome genes (Figure 2.4). An initial duplication is believed to have
separated PHYA (light labile in the far-red light absorbing (Pfr) form) and
PHYC (light stable in the Pfr form) from PHYB/D/E (all light stable in the
Pfr form). The subsequent separation of PHYA from PHYC and PHYB/D
from PHYE resulted in three sub families: A/C, B/D and E [59].

2.2.7 PHYTOCHROME-INTERACTING PROTEINS

It is established that phytochrome molecules are in fact induced to translo-
cate from the cytoplasm to the nucleus for photo activation, thereby poten-
tially rendering a second messenger pathway. From several laboratories
data, using phy—-glucuronidase (GUS), phy—green fluorescent protein
(GFP) fusions, and immune cytochemical localization procedures, point
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FIGURE 2.3 Relationship between red light (R) and far red light (FR) response,
reciprocity, reversibility, phytochrome family and their functions (Adapted and modified

from Ref. [55]).

toward that full-length phytochromes are initially present in the cytosol in
their inactive Pr conformer, but subsequent to photo conversion to the active
Pfr conformer, the photoreceptor molecules are induced to translocate into
the nucleus. Some phytochrome-interacting proteins are needed for the
nuclear/cytoplasmic partitioning of phytochromes. In eukaryotes, proteins
larger than 40 kD must be actively transported into or out of the nucleus
through nuclear pore complexes, with the help of transport proteins such
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FIGURE 2.4 Evolutionary relationship among phytochrome genes in dicotyledonous
plants. Phylogenetic analysis has revealed PHYA and PHYC to share a common ancestry,
with PHYB, PHYD and PHYE forming a distinct subgroup (Adapted and modified from
Ref. [6]).

as importins and exportins [60, 61]. Phytochrome dimmers are approxi-
mately 240 kD in size so they require interacting proteins for their nuclear
localization. At first the absorption of light by phytochromobilin occurs
which photoisomerizes and accompanying structural changes that expose
the N-terminal domain. Then FHY or FHL binds to the exposed N-terminal
domain. Translocation of PHYA-FHY-1 complex into the nucleus via the
NLS of FHY 1 occurs. Binding of FHY-1 is required only for PHYA, PHYB
does not require the function of FHY 1 or FHL because the C-terminal of
PHYB contains NLS (nuclear-localization signal). The Pfr form of PHYB
might be functionally equivalent to the PHY-FHY 1/FHL complex [62, 63].

Under certain light condition some phytochrome-interacting proteins
modulate the signaling output of phytochrome. The Pfr form is the bio-
logically active form of phytochrome, it is expected that some proteins
are to interact with the Pfr form and control its output activity by either
changing its concentration or by modulating its ability to transmit signals
to downstream components. The phytochrome output activity can also be
modulated either by changing its affinity for its downstream component or
by altering its transmitting activity.

Arabidopsis response regulator 4 (ARR4) specifically inhibits the dark
reversion of PHYB, whereas constitutive photomorphogenic 1 (COP-1)
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ubiquitinates the Pfr form of PHYA. ARR-4, which binds to PHYB and
stabilizes the Pfr form, was the first identified phytochrome interacting
protein that modulates the output activity of phytochrome. ARR-4 binds
to the N-terminal end of PHYB. The binding of ARR-4 inhibits the dark
reversion of PHY B in both yeast and plants. COP-1 binds to PHYA and
decreases PHYA output activity by decreasing the total PHY-A concentra-
tion, phytochrome associated phosphatase 5 (PAPP-5) binds to both PHYA
and B and preferentially dephosphorylate Pfr form. The dephosphoryla-
tion of phytochromes by PAPP 5 increases their affinity for the interacting
proteins nucleoside diphosphate kinase 2 (NDPK-2) and PIF-3 increases
the stability of PHYA (Figure 2.5).

2.2.8 ACTIVATION OF LIGHT RESPONSES BY PHYTOCHROMES
(PHY) AND THEIR INTERACTING PROTEINS

The light responses are repressed in the dark, because negative components
such as phytochrome interacting factors (PIFs)/PIF-3 like proteins inhibit
light responses where as positive components such as long hypocotyle in
FAR-Red-1 (HFR1), long hypocotyle 5 (HY5) and long after FAR-red
light (LAF-1) are degraded by the nuclear localization constitutive photo-
morphogenic-1 (COP-1). Upon irradiation, the Pfr forms of phytochrome
initiate cytosolic light responses by binding cytosolic interacting protein
such as phytochrome kinase substrates and enter the nucleus with PHYA

Degradation

DARK REVERSION
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Pr - > Pfr - — =
FR light I: @(: (arPS)
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FIGURE 2.5 Modulation of phytochrome output activity (Adapted from Ref. [29]).
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(with FHY-1 and FHL) and without PHYB. In the nucleus the Pfr form
activates the degradation of PIFs/PILs through unidentified E, ubiqutin
ligase and inhibits COP-1 by the exclusion of it from the nucleus. Owing
to decrease levels of negative components and increase levels of positive
components, light responses are initiated (Figure 2.6).

2.3 PHYTOCHROME IN CROP SUSTAINABILITY
2.3.1 RESOURCE ALLOCATION AND BIOMASS PRODUCTION

It was found that phytochrome controls carbon allocation and biomass
production in the developing plants [64]. Phytochrome mutants have a
reduced CO, uptake, yet over accumulate daytime sucrose and starch.
Phytochrome depletion alters the proportion of day-night growth. In
addition, phytochrome loss leads to sizeable reductions in overall growth,

Pt

| Redlight o _ 7 pHSl_:}
\— r i N
FR light Phosphorylation it
Cytoplasm
—
MNucleus
Red light
Pro | «— | Pfr
FR |lFt|"|t

P
o HER1 } ~ ™™,
'('\FES-) E3 Ub Ilgase COP1 — '-\EI-I\"S___’,I
1 [ CMF_:[\

\.?fL}h b .r:r'r; h-.h_

\.I'—~q

it e 1‘_m:pm_ it
"-&/ ps LAT:L:] B

Inhibition of [_Pmreasume _]
light responses -

Activation of light

FIGURE 2.6 Activation of light responses by phytochrome and their interacting protein
(Adapted from Ref. [29].
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dry weight, total protein levels, and the expression of cellulose synthase-
like genes. Furthermore, the growth-retarded phytochrome mutants are
reported to be less responsive to growth-inhibiting abiotic stresses and
have elevated expression of stress marker genes. In nature, this strategy
may be activated in phytochrome-disabling, vegetation-dense habitats to
enhance survival in potentially resource-limiting conditions.

2.3.2 FLOWERING

Phytochromes sense light signals and mediate diverse developmental
processes. In many plants, the timing of floral initiation is regulated by
the daily cycle of photoperiod. Plants in which flowering is accelerated
by short days (short-day plants, SDP) generally flower in the autumn
to finish reproduction before the adverse temperatures of winter. Plants
in which flowering is accelerated by long days (long-day plants, LDP)
generally flower in late spring, thus promoting seed set in a more favor-
able climate. The roles of individual photoreceptors in mediating flow-
ering responses have been largely inferred from the mutant analyses.
Two common experimental approaches for studying the regulation of
floral initiation are manipulation of day length using day extension and
night break light treatments [65]. In day extension experiments, light
of low fluence rate is applied at the end of a short-day photoperiod. In
night break experiments, a light exposure is given in the middle of a
long night, thus mimicking long-day (LD) conditions. In rice, all three
phytochrome genes—OsphyA, OsphyB, and OsphyC—are involved
in regulating flowering time. It was investigated that role of OsPhyA
by comparing the osphyA:osphyB double mutant to an osphyB sin-
gle mutant. Results indicated that OsPhyA influences flowering time
mainly by affecting the expression of OsG/ under SD and Ghd7 under
LD when phytochrome B is absent. They also demonstrated that far-red
light delays flowering time via both OsPhyA and OsPhyB [66].

In Arabidopsis plant, genes of five pathways control both flowering and
time of flowering. Autonomous pathway and vernalization pathway, gene
inhibit FLC (flowering locus C, a floral repressor), and the FT (flowering
locus T, it alters flowering time) gene, which can activate AP1 (APETALA
1) gene. Perhaps, both diurnal and photoperiodic pathways can activate
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FT directly. GA pathway activates AP1 gene directly or by the activa-
tion of SOClgene. Finally, AP1 and LFY genes are interchangeable form
and regulates flowering in plant systems. Recently, analysis of FT gene is
found to be quite encouraging in inducing flowering in transgenic Popu-
lous species [67]. Role of Diurnal clock, automated pathway, vernalization
pathway/photoperiodic pathway and GA pathway in respect to flowering
are summarized in Figure 2.7.

2.3.3 SEED GERMINATION STIMULANTS

Karrikins (KART1) are a class of seed germination stimulants identified
in smoke from wildfires. Microarray analysis of imbibed Arabidopsis

FIGURE 2.7 Representation of genetic pathways (photoperiodic, light quality,
vernalization, autonomous, and GA), regulating flowering time in Arabidopsis. (LHY:
late elongated hypocotyl, ZTL: zeitlupe, ELF3: early flowering, CCA1: circadian clock
associated 1, FLC: flowering locus C, AP1: APETALA 1, FT: flowering locus T, timing
of cab expression 1 (TOC1), APRR: arabidopsis pseudo-response regulator, LFY: leafy,
LD: luminidependence; FCA: flowering time control protein, SOC1: suppressor of
overexpression of constants, VRN1&2: vernalization) (Adapted and modified from Ref.

[67]).
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thaliana seeds was performed to identify transcriptional responses to
KARI before germination. Karrikins enhance light responses during
germination and seedling development in Arabidopsis thaliana [68].
It was showed that Arabidopsis DET1 (de-etiolated 1) degrades HFR1
(hypocotyl in far red 1) but stabilizes PIF1 to precisely regulate seed
germination [69].

2.3.4 SHADE AVOIDANCE

In recent years, the concept of shade avoidance has provided a func-
tional meaning to the role of the phytochrome photoreceptor family in
mature plants in their natural environment, and the question of which
of these phytochromes is responsible for shade avoidance reactions has
inevitably been raised. It is now fully accepted that shade avoidance
reactions are all initiated by a single environmental signal, the reduc-
tion in the ratio of red (R) to far-red (FR) radiation (i.e., R: FR) that
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FIGURE 2.8 Schematic representation of the shade-avoidance response in seedlings of
dicotyledonous plants, such as Thale cress (4rabidopsis thaliana). In sunlight, at a high R:FR,
photo morphogenesis is mediated by phytochromes [Adapted and modified from Ref. [70]).
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occurs within crowded plant communities [70]. Figure 2.8 showed that
in presence of sunlight R/FR ratio is near to 1.2 while in shade this ratio
is very less (0.2). In shade condition inactivation of phyB gene convert
pfr to pr, which can further activate PIF. These PIFs regulate phytohor-
mones like IAA, BR and GA, which in turn regulate the plant growth
and development.

2.4 BIOTIC AND ABIOTIC STRESS TOLERANCE

It is well-documented that phytochromes can control plant growth and
development from germination to flowering. Additionally, these photo-
receptors have been shown to modulate both biotic and abiotic stresses.
Role of phytochrome in abiotic stress are discussed in the following
subsections.

2.4.1 DROUGHT TOLERANCE

Some observations have lead to a possible relationship between phytochromes
and drought stress being raised, since there is evidence that phytochromes are
involved in the control of leaf transpiration, germination of dormant seed
and ABA metabolism. Ref. [71] showed that a member of C-repeat/dehy-
dration responsive element-binding factor (CBF/DREBI1) of transcription
factor family, associated with promoters of drought-responsive genes, was
repressed by a phytochrome-interacting factor (PIF7) in 4. thaliana.

2.4.2 HIGH AND LOW TEMPERATURE STRESS

It was concluded that phyA and phyB function antagonistically to regu-
late cold tolerance that essentially involves FR light-induced activation of
phyA to induce ABA signaling and, subsequently, JA signaling, leading to
an activation of the CBF pathway and a cold response in tomato plants [72].
It was reported that a family of Small Auxin UP RNA (SAUR) genes that
are expressed at high temperature in a PIF'4-dependent manner and promote
elongation growth [73].
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2.4.3 HIGH LIGHT STRESS

In recent studies, PIFs are found to be involved in the prevention of
photo-oxidation in A4. thaliana [74]. 1t is suggest that PIF1 and other
PIFs in transducing light signals to regulate PSY (phytotine synthetase)
gene expression and carotenoid accumulation during daily cycles of light
and dark in mature plants [75]. An important strategy allowing seedling
survival during early development is the photo protection promoted by
anthocyanin accumulation in hypocotyls and cotyledons [76]. It is prob-
able that phytochrome plays a role in these responses either through the
induction of phenylalanine ammonia-lyase (PAL) or chalcone synthase
(CHS), both of which play a crucial role in the anthocyanin biosynthesis
pathway [77].

2.4.4 HERBIVORE DEFENSE

It has been pointed out that phyB inactivation triggers shade avoidance
syndrome (SAS) responses and results in lower levels of constitutive
defenses; phyB inactivation represses JA-induced direct defense; phyB1
and phyB2 plants support greater herbivore damage than WT plants; phyB
inactivation changes the blend of VOCs (volatile organic compounds)
emitted by JA-induced plants; phyB inactivation increases the attractive-
ness of JA-induced plants to the mirid predatory bug M. pygmaeus [78].

2.5 PHOTO MORPHOGENESIS AND TROPISM

Phytochrome has an important role in phototropism and gravitropism in
plant. Interaction of different photoreceptors like phytochrome, crypto-
chrome, phototropin regulate photomorphogenesis and tropism in plant
[79]. The role of phytochrome A (phyA) and phytochrome B (phyB)
in phototropism was investigated by using the phytochrome-deficient
mutants phyA-101, phyB-1 and a phyA/phyB double mutant [80]. Study
on Arabidopsis thaliana (L.) showed that phy C, D, E plays an impor-
tant role in tropisms in light grown seedlings and inflorescence stems
[81-84].
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2.6 CONCLUSION

This chapter summarizes the structure, interconvertable forms, light
induced changes, activation, functional domain, and gene family of phy-
tochrome interacting proteins thoroughly. It also includes role of phyto-
chrome gene family in various developmental processes of plants starting
from seed germination, hypocotyls elongation, seedling de-etiolation,
photo morphogenesis, and shade avoidance to flowering. Finally the role
of phytochrome in crop sustainability and various abiotic/biotic stresses
is also taken into consideration. However, literature suggested that this
vast area of stress effect has been managed by the plants through the cross
talking between various hormones, metabolic pathways and phytochrome
action via up and down regulation of various genes in plants. Therefore,
future challenge in phytochrome research will be to find out more detailed
information about various phytochrome genes network and the related
proteins, which can be helpful to Plant Scientists in plant improvement
programme, in this climate change scenario.
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ABSTRACT

Heavy metal toxicity is one of the abiotic stresses that cause deleterious
health effects both in animals and plants. Owing to their higher reactivity
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they directly affect growth, development, senescence and energy synthesis
process. The signaling network eventually leads to transcriptional acti-
vation of metal-responsive gene to combat the stress. Sorghum is one of
the most important staple foods for the world’s poorest and most food-
unsecured people across the semi-arid tropics. Root system of Sorghum
vulgare is fibrous in nature, which leads to accumulation of metals more in
the root. But interestingly, grains of the plant remain free from contamina-
tion because transfer and transportation ratios remain low for the metals
within the plants under field condition.

3.1 INTRODUCTION

Due to rapid industrial development and urbanization, there is high emis-
sion of toxic ions into environment [28]. The soil is primary recipient of a
myriad of waste products and chemicals. Heavy metals contamination of
soils results from the application of phosphate fertilizers, sewage, sludge
and wastewater effluents. The signaling responses of heavy metals stress
comprises of a signal transduction network which is activated by sens-
ing of heavy metal and synthesis of stress related proteins and signal-
ing molecules. This signaling network eventually leads to transcriptional
activation of metal-responsive gene to combat the stress [25]. There are
a number of signal transduction pathways that converge on synthesis
of stress-related genes and their cross talk, ROS signaling and mitogen
activated protein kinase (MAPK) phosphorylation cascade. The metal-
dependent gene expression, particularly to Cd, Pb, Al, and Zn may be
regulated on multiple levels which involve direct action on DNA, chro-
matin modifications, transcription, RNA processing, translation and post-
translational events. The metal- dependent modulation of gene expression
has not received much attention of investigation, through most of such
study been focused on the gene or the protein products that confer plant
to tolerance to metals. The recent advancements in the field of transcrip-
tomics, proteomics and metabolism have widened over knowledge on
metal response in plants. Genes induced by metal stress are classified into
two classes: (a) gene encoding for protein gives direct protection against
metal stress such as detoxifying enzymes and other functional proteins;
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and (b) regulating gene expression and signal transduction i.e., transcrip-
tion factors and kinases.

3.2 METAL RECEPTORS

Receptor like protein kinase mediates perception of extracellular signals.
For instance, in barley, gene coding for lysine motif receptor like kinase
(HvLysMR1) was shown to be induced by Cr, Cd and Cu during leaf
senescence [31]. Similarly, a putative receptor protein kinase was involved
in signaling of Cd by rice roots.

3.2.1 CA-CALMODULIN SYSTEM

The expression of HvLysMR1 is also mediated by Ca level. Ca™ signal-
ing features in responses to a number of abiotic stress signaling. Heavy
metals modify the stability of Ca channels thereby increasing calcium
flux into the cell. Studies have demonstrated that certain metals like Ni,
Cd causes disbalance in intracellular calcium level and thus interfere
with calcium signaling by substituting Ca in calmodulin regulation [11].
Cadmium and Cu induce calcium accumulation in rice roots [45]. Ca™
acts as a secondary messenger interacting with calmodulin to initiate the
signal leading to down regulation of genes associated with heavy metal
transport, metabolosim and tolerance. Similarly, Ca calmodulin is also
involved in the response to other heavy metal toxicity, like Ni and Pb;
transgenes tobacco expressing NtCBP4 (Nicotiana tabacum calmodulin-
binding protein) tolerate higher levels of Ni*? but are hypersensitive to
Pb*?, indicating foe exclusion of Ni*? but the accumulation of more Pb*
than wild-type plants [3].

3.2.2 ROLE OF ROS AND MAPK CASCADE
Cadmium produces reactive oxygen species (ROS) directly via the fen-

ton and Haber-weiss reaction, while indirectly by inhibiting anti-oxidant
enzymes. H,O, levels increased in response to Cd and Cu treatment in
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Arabidopsis [2, 9, 16, 41], besides Hg treatment in tomato and in response
to Mn toxicity in barley [5]. Similarly, the treatment of tobacco cells and
Scots Pine Mots with Cd and lupine roots with lead caused H,O, production
[30, 33]. The oxidative brust in tobacco due to Cd was shown to be medi-
ated by calmoduline and/or calmoduline-dependent protein. ROS are able to
induce anti-oxidant defence mechanism directing via antioxidant responsive
element (ARE) found in promoter region of such gene: one such gene is
from CAT1 (CATALASE1) whose gene expression was upregulated during
Cd toxicity [38]. Cytosolic ascorbate perioxidase such as APX1 & APX2 as
well as plastidic iron superoxide dismutase (FSD1) are activated by H,O,
and affected by metal stress [38]. ROS are known to activate scavenging
mechanism via redox-sensitive transcription factor or via activation of kinase
cascades which subsequently activate transcription factors that trigger gene
transcription [37]. MAPKSs are one of the largest families of serine-threonine
kinases in higher plants that transduce extracellular signals regulating cel-
lular processes. The MAPK pathways are activated in response to Cd [15],
Cu [45] and iron stress. MAPK cascade is a well-known response in plant
subjected to both biotic and abiotic stress. At the end of the cascade of phos-
phorylation, MAPKS phosphorylated different substrate in different cellu-
lar compartments, thus it allows transduction of information to downstream
targets. Cd and Cu activated four different MAP kinase (SIMK, MMK2,
MMK3 & SAMK) in alfalfa [15]. Cd also induced ATMEKKI1 in kinase
in Arab [40] and OsMAPK2 in rice [45]. Scientist [45] reported that Cd
and Cu-inducedd MAPK activation required involvement of Calmoduline
dependent protein kinase (CDPK) and phosphatidyl-inositol 3-kinase (PI3
kinase); this reflects that Cd and Cu signaling pathway induce ROS produc-
tion as well as calcium accumulation. These signaling pathways eventually
converge in the regulation of transcription factors that activate genes needed
for stress adoption particularly the genes that activate metal transporters and
biosynthesis of chelating compounds.

3.2.3 PHYTOHORMONE SIGNALING

Plant hormones assume a critical role in the adaptation to abiotic stress since
there is a regulation of hormone (plant growth regulator) synthesis in the
presence of heavy metals. The signaling pathways involving ABA, SA and
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auxin participate in response to metals; cis-DNA regulatory elements were
detected in metal-induced genes [40]. Similarly, auxin-responsive mRNA
was detected in Cd-treated Brassica plants [10]. Cd and Cu activate synthe-
sis of ethylene by up-regulating ACC synthase expression and activity. These
heavy metals also shown to induce accumulation of Jasmonic acid in Phase-
olus plant [29, 32, 35, 36]. SA protected the barley roots from lipid perioxid-
aion caused by Cd tocxicity [27]. The transcription activation of SAMT gene
associated with SA synthesis was detected in pea plants subjected to Hg.

3.2.4 NITRIC OXIDE SIGNALING

Nitric oxide (NO) is an important signaling molecule influencing plant
development process and defense response [6]. Cd-treated soyabean cells
have been shown to release NO, thus demonstrating role of NO in alleviat-
ing heavy metal induced stress [23]. There was NO accumulation observed
in plastids of Arabidopsis cells exposed to Fe; NO acts denovostream of Fe
and upstream of P2A-type phosphatase to promote the increase of mRNA
coding for Ferritin (4tFerl) [4] (Table 3.1).

3.3 GENES CONTROLLING METAL-DEPENDENT
TRANSCRIPTION

The transcription profiling of plats treated with Cd, Pb and Zn indicate

for the existence of metal-induced transcription factors [24]. Cd-induced
transcripts for bZIP (basic region leucne zipper), Myb and zinc finger

TABLE 3.1 Examples of Genes and Proteins Induced in Plants by Heavy Metals

Genes/proteins induced Metal involved References
Ish, gsh2, grl-glutathione metabolic genes Cu, Cd [42]

PR-1 protein caused by SA, TMV Cu [44]
OsMSRMK2-multiple-responsive MAPKgene  Cu, Hg, Cd [1]

induced by elicitor, drought, H,0,, ABA

CSAP-Cd-stress associated 51kDa protein Cd [28]

HSP Hg [7]
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transcription factors were detected in Arabidopsis thaliana, and Bras-
sica juncea [10, 39]. The multiple MYB genes of Arabidopsis not only
expressed in response to Cd but also salinity stress and phytohormones
like ABA, GA, IAA, JA, SA and ethylene. The Cd-induced bZIP transcrip-
tion factor-OBF5) in Arabidopsis binds to promoter region of glutathione
transferase gene-GST6, which is induced by auxin, SA and oxidative stress
[39]. In another study, it was demonstrated that Zn treatment of Arabi-
dopsis induced transcription fators-bHLH, while the expression of other
transcription factor —-WRKY and GATA-type decreased in the presence of
excess of Zn [9, 16, 26, 29, 36]. It is likely that ROS plays significant
role in activating metal-induced transcription factor in plants. Organism
like yeast and animals posses specific metal-induced transcription factor
(MTF), which bind to metal responsive element (MRE) present in promot-
ers of metal-responsive genes [13]. The cis-acting elements associated with
MRE are found within promoters of a few plants genes inducing metallo-
thionein-like genes [31, 33]. There are two cis-DNA elements reported in
plants to be functional in metal response: the iron-dependent regulatory
sequences (IDRS) mediates iron-regulated transcription of genes related to
iron acquisition, and the other one identified within the promoter region of
PvSR2 gene from Phaseolus vulgaries [33], PvSR2 gene encodes a heavy
metal stress related protein whose expression is strongly stimulated by Cd,
As, Hg and Cu [46]. Apart from the effect of heavy metal on transcrip-
tion of specific genes, there also affect the transcription process indirectly
by substitution of Zn in RNA polymerase or in Zn-requising transcription
factors [34]. Several metals such as Mn, Ni, Mg, Cu, Co, Cd, Pb bind to
DNA directly causing conformational changes [8]; these changes impair
the genes present within the DNA region affecting the transcription related
events. For instance, Cr stress altered gene expression in animal cells by
forming chromium-DNA adducts and Cr-DNA crosses links, thereby dis-
turbing the transcription activator complexes [40]. Such metal induced to
damage to DNA have been reported in Cd-treated soyabean, tobacco, broad
bean [12, 38], Pb-treated lupine and Al-treated barley. Heavy metals are
also known to alter DNA repair processes; process; Cd interaction with
with DNA inhibiting mismatch repair in yeast and human cells. This inac-
tivation of DNA repair machinery restricts DNA to exhibit its basic coding
function in plants.
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3.4 CHROMATIN MODIFICATION

The chromatin structure can be influenced by position of nucleosomes on
DNA through ATP dependent remodeling complex. Such re-positioning
of nucleosomes to other part of DNA exposes the binding site resulting
in gene expression. Induction of transcripts homologous to coding for
ATP-dependent chromatin remodeling (SWI/SNF) and putative histone
deacetylase (PDAC) was detected in Cd-treated Brassica plant [10] as
well as Al-treated Saccharum species, indicating for the metal-induced
chromatin modifications in plants. The chromation modification can also
be manifested by post-translational modification of histone protein such
as acetylation, methylation, phosphorylation and ubiquitination (Figure
3.1). Instances are known whereby chromation modification was effected
by replacing major histone proteins with their variants [14]. Ni and Cu
inhibit histone acetylation via action of HAT (histone acetyltransferases)
enzyme, which is linked to silencing of gene expression [17, 43]. Besides,
the post-translational process involving microRNA plays a key role in
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FIGURE 3.1 Schematic representation of modulation of gene expression in plants
subjected to heavy metal (Source: drawn by the author, unpublished, 2016).
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regulation of at least one plant metal-dependent gene, i.e., Cu, Zn-SOD
[42] (Figure 3.1).

3.5 HEAVY METAL CHELATION IN THE CYTOSOL

Morton and Drew [47] gives the word “chelate,” subsequent from the
Greek term chela, meaning “great claw” of the lobster or other crusta-
ceans. The word chelate suggests the approach in which an organic com-
pounds “clamps” onto the cationic elements, which it chelates. In order for
a compound to be called a true chelating agent, it must have certain chemi-
cal characteristics. This chelating compound must consist of at least two
sites capable of donating electrons (coordinate covalent bond) to the metal
it chelates. For true chelation to occur the donating atoms(s) must also be
in a position within the chelating molecule so that a formation of a ring
with the metal ion can occur. The term sequestered deals additional with
the accomplishment of chelation or complexing, not the actual chemical
understanding or meaning. The term “complexed” originates from combi-
nations of minerals and organic compounds that do not gather the guide-
lines of a true chelate.

There are five categories of compounds that are usually diverse with
minerals and used in agricultural foliar and soil applied applications:

1. Synthetic chelates

2. Ligno sulfonates

3. Humic or fulvic acids

4. Organic acids

5. Protein (amino acids)

3.5.1 SYNTHETIC CHELATING AGENTS

The most ordinary form is EDTA that is typically worn in agricultural
mineral formulations as the disodium salt of EDTA. Synthetically che-
lated minerals among the strongest forms of chelation used in com-
mercial agricultural applications. Usually used forms of minerals are:
calcium EDTA, magnesium EDTA, zinc EDTA, manganese EDTA, and
copper EDTA. Forms of synthetic iron chelates diverge rather, according
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to the circumstance in which they are utilized. One of the accepted forms
is iron EDDHA (ethylenediamine [di(o-hydroxyphenyacetic) acid]). The
efficiency of artificial chelating agents for foliar application, it is rec-
ognized that in a nutrient solution it is necessary to have an surplus of
overall mineral in relation to chelating agent so that the chelating agent
does not participate for the mineral with the plant (Table 3.2).

3.5.2 LIGNO SULFONATES

Ligno sulfonates are measured to be a water soluble and non-toxic poly-
mer. Polymer typically means that the molecule is reasonably large.
Lignin, a most important polymeric constituent of woody tissues in
higher plants, is composed of repeating phenyl propane units and usu-
ally amounts to 20-30% of the dry weight of wood. It is a consequence
of the pulp and paper industry. The lignin resulting from soft woods
is dissimilar that from hardwoods, consequently, their reactivity differs
fairly. Ligno sulfonates and mineral combinations are fairly frequently
referred to as sequestered or complexed. With all the obtainable sites
on the lingo sulfonate molecule, it is very probable that there would be
2 or 3 obtainable to make a true chelate; though, the size of molecule

TABLE 3.2 Advantages and Disadvantages of EDTA

Advantages Disadvantages

EDTA chelates are extremely stable EDTA is a synthetic compound, not
and can be speckled with just about any formed by plants.

phosphate containing fertilizer at basically

any pH.

EDTA is incredibly resistant to microbial ~ Synthetic chelating agents can compete

degradation; consequently it remains quite  with the plant for a mineral. EDTA is

constant in soils. known for its strong affinity toward cal-
cium and although debatable, some think
that because of its insistence in a plant,
it is probable that a zinc EDTA foliar ap-
plied, could be winning for zinc, but the
EDTA could fight for calcium once in the
plant.

Source: Refs. [18-20].
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to number of potential chelate sites makes these molecule incompetent
chelators. Even though it is likely to make extremely effectual mineral
formulations from lingo sulfonate, the majority of commercially utilized
sources of this material are not formulated for effectual foliar uptake
(Table 3.3).

3.5.3 HUMIC OR FULVIC ACIDS

In foliar applications, the fulvic acids in NUE amino minerals may not
play a straight role in accessibility and movement of minerals in the plant.
Though, they accomplish act as plant stimulants and perhaps precursors to
plant hormones (Table 3.4).

TABLE 3.3 Advantages and Disadvantages of Ligno Sulfonate

Advantages Disadvantages

The best advantage of lingo based miner- ~ The main disadvantage of lingo sulfonate

als is its lower cost. for foliar application is the size of the
molecule. There are many different grades
of lignin and thus different molecular
weights. Some are as high as 21,000.

Another advantage is the polymer is With proper sulfonation, lower MW lignin
biodegradable and supportive of soil sulfonates do exist.
microorganism.

Ligno sulfonate also has surfactant prop-
erties.

Source: Ref. [22].

TABLE 3.4 Advantages and Disadvantages of Humic Acid and Fulvic Acid

Advantages Disadvantages

Humic and fulvic acids are price effectual  In foliar applications humic has a definite
compounds to adjoin to foliar and soil disadvantage of being too large in size
applied minerals

When they are “small” adequate to ef- In trace mineral mixtures humic molecules
ficiently move into the plant, they can be inclined to resolve out in the container,
provide a valuable resource of precursors ~ mostly due to their molecular size and of
to significant plant chemicals their reduced suspension of these complex

colloids in water at low pH

Source: Refs. [18-20].
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3.5.4 ORGANIC ACIDS

These compounds are one of the two groups of compounds that are essen-
tial for the transportation and solubility of divalent elements in plants. The
organic acids can be called “anionic organic acids” because of their nega-
tive charge. One such organic acid in agriculture is citric acid. Although
organic acids do not directly chelate monovalent elements, they are associ-
ated in plant systems by loosely held ionic attractions.

In foliar applications, these anionic organic acids play an important role
in converting cationic minerals into nonionic compounds for increased
leaf penetration and movement into plant. Plants have the ability to manu-
facture many types of organic acids such as: citric, malic, fumaric, suc-
cinic, and others. Some of these acids are utilized to transport minerals in
the plant. Other are excreted the roots to solublize and take needed miner-
als into the plant system. NUE amine minerals contain a group of these
natural organic acids, derived from a fermentation process (Table 3.5).

3.5.5 PROTEIN (AMINO ACIDS)

Amino acids are the second type of natural compounds that plants pro-
duce to solublize and translocate minerals. Plants manufacture these

TABLE 3.5 Advantages and Disadvantages of Organic Acid

Advantages

Disadvantages

Organic acids are one of the usual systems
a plant utilizes to solublizing and translo-
cate minerals.

The groups of organic acids in NUE
Amino minerals have been proven in field
demonstrations to be more effective in
correcting mineral deficiencies on some
crops than mineral applications without
these compounds.

By neutralizing the charge of minerals,
organic acids create mineral uptake ad-
ditional effective.

Commercially produced individuals or-
ganic acids are quite expensive compared
to some other chelating and complexing
agents

Compared to synthetic chelating agents
and some amino acids chelating com-
pounds organic acids chelates form
weaker bonds with minerals, particularly
at rising pH levels.

Source: Refs. [18-21].
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compounds to make mineral biologically available in the cell. Even
when unchelated or uncomplexed minerals are sprayed on plants, the
mineral must combine with an organic compounds such as an amino
acids before the plant can effectively utilize it. As with organic acids,
amino acid compounds also play a role in mineral uptake into plant tis-
sue, because of the increase permeability effect of the amino acid on the
cuticle (Table 3.6).

Inside the cell, heavy metal ions that are not instantly necessary met-
abolically may attain toxic concentrations and plant cells have evolved
various mechanisms to store excess metals to stop their participation in
unwanted toxic reactions. If the toxic metal concentration exceeds a cer-
tain threshold inside the cells, an active metabolic process contributes to
the production of chelating compounds. Specific peptides such as PCs and
MTs are used to chelate metals in the cytosol and to sequester them in
specific sub-cellular compartments. A large number of small molecules are
also involved in metal chelation inside the cells, including organic acids,
amino acids and phosphate derivatives.

3.5.6 PHYTOCHELATINS

PCs are the best-characterized heavy metal chelators in plants, particu-
larly in the context of Cd tolerance. PCs are a family of metal-binding

TABLE 3.6 Advantages and Disadvantages of Amino Acids

Advantages Disadvantages

Amino acids are one of the natural Enzymatically hydrolyzed protein is
systems a plant utilizes to translocate and ~ expensive to produce.
utilize minerals.

The groups of amino acids in NUE The actual combination of properly
Amino minerals have been proven in field prepared amino acid/peptide compounds
demonstrations to be more effective in and minerals is not 100% complete with
correcting mineral deficiencies on some simple tank mix procedures.

crops than mineral applications without
these compounds.

By neutralizing the charge of minerals,
amino acids make mineral uptake more
effective.

Source: Refs. [18-21].
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peptides with the general structure (y-Glu-Cys) Gly (n = 2 — 11). They
are present in plant and fungi. The cysteine thiol groups allow PCs to
chelate metals and form complexes with a molecular weight of 2.5-3.6
kDa. PCs are synthesized in the cytosol and then transported as com-
plexes to vacuole. Their synthesis is fast activated in the presence of
heavy metals such as Cd, Cu, Zn, Ag, Hg and Pb. Synthesis involves
the chain extension of GS by PCS a constitutively expressed cytosolic
enzyme whose activity is controlled post-translationally because the
metal ions chelated by PCs are required for enzyme activity. Due to
their metal likeness, PCs are thinking to be involved in the homoeo-
stasis and trafficking of essential metals such as Cu and Zn and in the
detoxification of heavy metals, but they do not seem to be involved
in Hyperaccumulation. Confirmation has been reported for the role of
PCs in heavy metal tolerance. They have a clear function in the reply of
plants and yeast to Cd, e.g., they are induced rapidly in Brassica juncea
following the intracellular accumulation of Cd, thus protecting the pho-
tosynthetic apparatus despite a decline in transpiration and leaf expan-
sion. In addition, the Cd compassion of various 4. thaliana mutants
correlated with their ability to accumulate PCs. Cd and Cu treatment
also induces the transcription of genes involved in the synthesis of GS,
the precursor of PCs.

3.5.7 METALLOTHIONEINS AND FERRITINS

MTs have been established in many organisms, even though the MTs
in plants differ considerably from those found in mammals and fungi.
As they contain mercaptide groups they are able to bind metal ions.
In plants, MTs are induced by a variety of abiotic stresses but are also
expressed during development. In wheat and in rice, MTs are induced
by metal ions, such as Cu and Cd and by abiotic stresses such as tem-
perature extremes and nutrient deficiency. Plant MTs sequester surplus
of metals by coordinating metal ions with the multiple cysteine thiol
groups and have particular affinity for Zn*? and Cu*. MTs possibly have
diverse functions in response to dissimilar heavy metals and could also
contribute in additional antioxidant defense mechanism and plasma
membrane repair. Ferritins are ever-present multimeric proteins that can
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store up to 4500 iron atoms in a central cavity. Animal ferritins can also
store other metals, including Cu, Zn, Cd, and Al, whereas plant Ferritins
has only been exposed to store Fe. Plants ferritins are synthesized in
responses to various environmental stresses, including photoinhibition
and iron overloading. Ferritins are therefore a front-line defense mecha-
nism against free iron-induced oxidative stress. The chief function of
plant ferritins is not to store and release iron, as previously reported, but
to scavenge free reactive iron and prevent oxidative damage.

3.5.8 ORGANIC ACIDS, AMINO ACIDS, AND PHOSPHATE
DERIVATIVES

Organic acids and amino acids can attach heavy metals and may conse-
quently be deployed in reaction to metal toxicity. Organic acids such as
malate, citrate and oxalate confer metal tolerance by transporting metals
through the conducting tissue xylem and sequestrating ions in the vacu-
ole, but they have multiple additional roles in the cell. Citrate, which is
synthesized in plans by enzymes citrate synthase, has an elevated ability
for metal ions than malate and oxalate and even though its principle role
in chelate Fe™. It also has a strong affinity also for Ni*? and Cd*2. Malate
is a cytosolic Zn-chelator in zinc-tolerant plants. Amino acids and deriva-
tives are capable to chelate metals conferring to plants resistance to toxic
levels of metal ions. Histidine is measured the most important free amino
acids in heavy metal metabolism. Due to existence of carboxyl, amino
and imidazole groups, it is a flexible metal chelator, which can confer Ni
tolerance and enhance Ni transport in plants when supplied in the growth
medium, possibly reflecting its normal role as a chelator in root exudates.
Phytate (myo-inositol hexabisphosphate) is the standard form of preserve
phosphorous in plants and is frequently localized in the roots and seeds.
The molecule comprises six phosphate groups, which permit the chela-
tion of multiple cations, including Ca*?, Mg*, and K*, but also Fe, Zn*,
and Mn*2, The allocation of phytates and its capacity to chelate multi-
ple metal species propose it could be mobilized as a detoxification strat-
egy. Extraction methods are mainly based on the ratio of a given reagent
(extractants) to a given weight of soil sample, and on the chemical feature
of the extractants, i.e. with or without chelating agent. Some extractants
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commonly extract a wide range of soil elements while others are applied
for single elements. Amount of Pb extracted were poorly correlated with
soil physicochemical properties, irrespective of the type of extractants.
The multiple regression analysis established for EDTA gave the best fit.
The accessibility to plants of soil elements is ruled by more than a few
natural factors such as soil reaction, soil physicochemical properties, tem-
perature and climate. Redundant side reactions can be made more selec-
tive for specific elements using complexions.

3.6 CONCLUSION

Plants have evolved miscellaneous resources to support physiologi-
cal concentrations of essential metal ions and to decrease contact to
non-essential heavy metals. A number of method are ubiquitously since
they are also essential for universal metal homeostasis and they reduce
injure caused by eminent concentration of heavy metals in plants
by detoxifications, consequently conferring tolerance to heavy met-
als stress. Many plants naked to lethal concentrations of metal ions
effort to avoid or decrease uptake into root cells by restricting metal
ions apoplast, binding them to the cell wall or to cellular exudates,
or by inhibiting long distance convey. If this fails, metals before in
the cell are addressed using a choice of storage space and detoxifi-
cation strategies, counting metal transport, chelation, trafficking and
sequestration into the vacuole. When these tackle are worn-out, plants
turn on oxidative stress protection mechanisms and the amalgamation
of stress-related proteins and signaling molecules, such as heat shock
proteins, hormones and reactive oxygen species. When metal ions are
accumulated in surplus within the cytosol, plants have to take away
them in order to diminish their toxic belongings. Plants react to high
intracellular concentrations of metal ions by means of efflux pumps
either to export the ions to the apoplast or to compartmentalize them
within the cells. The major storage compartment for metal ions is the
vacuole, which in plants accounts for up to 90% of the volume. A num-
ber of families of intracellular transporters concerned in this procedure
have been recognized in plants and yeast and they come into view to
be extremely discriminating. The reply to heavy metal stress involves
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a complex signal transduction system that is activated by sensing the
heavy metal and is characterized by the production of stress-related
proteins and signaling molecules and lastly the transcriptional com-
mencement of precise metal-responsive genes to offset the stress. The
relevant signal transduction passageway includes the Ca-calmodulin
system, hormone, ROS signaling and the mitogen-activated protein
kinase (MAPK) phosphorylation cascade. Dissimilar signaling path-
ways may be used to respond to dissimilar heavy metals.
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ABSTRACT

Renewable resources provide a suitable platform to many sustainable
developments as they have ability to grow again and again. The utili-
zation of renewable raw materials is taking the advantage of synthetic
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potential of nature built-in-design for biodegradability and low toxicity
towards human being. Today, due to interdisciplinary approaches through
research and technological innovation in synthetic chemistry, biosciences
and engineering, it is possible to architect the specialty biomaterials from
the spectrum of nature. Among different renewable resources vegetable
oils obtained from the seeds of various plants represents a promising
class of raw materials for chemical industries, owing to their universal
availability, sustainability, biodegradability and excellent environmental
credential. The vegetable oils are triglyceride of fatty acids. The fatty
acids constitute about 94-96% of the total weight of the one mole of the
vegetable oils and largely govern the properties. The fatty acid composi-
tions of vegetable oils mainly vary with the plants; however, climatic
conditions, environments and growing conditions are also responsible for
notable variations. In present chapter efforts have been made to discuss
the various physicochemical characterizations of vegetable oils and infer-
ence of the results. The spectral characterizations of vegetable oils are
highlighted. Characteristic IR bands for the different functional groups
present in triglyceride oils and its derivatives are summarized in tabular
form. Position of signals, their integral values and splitting patterns in
"H-NMR spectra are very useful to assign the fatty acids in the particular
vegetable oil. The § values in ppm for different types of protons present
in the vegetable oils and their derivatives are provided. Several processes
for the epoxidation of vegetable oils including enzymatic have been high-
lighted in view to optimize the various parameters like type of catalyst,
temperature, molar ratios of the reactants. The direct and indirect utiliza-
tions of epoxidized oils in development of different practicable materi-
als as a precursor of renewable resource for various industrial arenas are
provided. In addition to these, materials derived from vegetable oils with
antimicrobial properties also enlightened at the end of the chapter.

4.1 INTRODUCTION

The use of materials derived from the spectrum of nature is becoming
important due to both environmental and sustainability. The sustainable
development means development that meets the need of present without
compromising the ability of future generations to meet their own needs [1,
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2]. The conservation and management of renewable resources for the devel-
opment through environment friendly routes is the main focus of interest [3,
4]. Renewable resources can provide a suitable platform to many sustain-
able developments as they have ability to grow again and again. Further-
more their productions can increases whenever required by more cropping
of particular species. The utilization of renewable raw materials is taking the
advantage of synthetic prospective of nature built-in-design for biodegrad-
ability and low toxicity towards human being. From the time of immemorial
plants have been wieldy used for a variety of industrial developments, curing
of ailments in addition to their non-ignorable contribution to environmental
balance [5, 6]. Copious agriculture based materials have been utilized to
design the bio-based recipes of colossal utility. Some common examples of
renewable raw materials used as precursors of different valuable bio-based
materials are starch, cellulose, cashew nut shell liquid (CNSL), lignin, chi-
tosen, lactic acid, bagasses, wool fiber, proteins, vegetable oil, and many
others [4, 6-9]. Among these bio-based resources vegetable oil is chiefly
focused by the academicians and scientist due to their universal abundance
at low cost, superb environmental credentials and functionalities [10—12].
Now-a-days oil bearing plantation is being raised and modified genetically
for use in different areas like folk medicines, biodiesel, cosmetics, com-
posites and polymeric resins. Vegetable oils are triglycerides of fatty acids
basically extracted from the different parts of plants and have been utilized
by human being for the ancient time in medicines, edible and non-edible
purposes [5, 13, 14]. The fatty acid compositions of vegetable oils mainly
vary with the plants; however, climatic conditions, environments and grow-
ing conditions are also responsible for variations [1, 5, 15]. The fatty acids
constitute about 94-96% of the total weight of the one mole of the vegetable
oils. Among the different fatty acids some of them are saturated and some are
unsaturated. The saturated fatty acids do not have the double bonds between
carbon-carbon. Unsaturated fatty acids have one or more than one double
bonds between carbon-carbon. Furthermore, double bonds are conjugated
or isolated. If double bonds and single bonds are arrange in alternate ways
then systems are called conjugated where as if double bonds are separated
by two or more than carbons then systems are called isolated (Figure 4.1).
The nature of fatty acids present in the vegetable oils largely gov-
erns the properties and plays the pivotal role in the different applications
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FIGURE 4.1 Hydrocarbon chain of different fatty acids: (a) saturated, (b) conjugated,
and (c) isolated.

[16]. A general structure of the triglyceride oil and common fatty acids
comprising different vegetable oils depicted in Figure 4.2(a and b). Veg-
etable oils have been used as a binder or additive in paints and coatings
for the many centuries, even in the days of cave paintings [2]. Oils alone
do not fulfill the desirable properties and hence to value addition they
are further modified according to requirements and service conditions
[17]. Triglyceride oil has built in various functionalities and reactive site

O R
0

",

, .-J"-\.__
;07 TR,
4

{ o
D...-—’ -H""Rj

FIGURE 4.2A  General structure of triglyceride R;, R, R, are fatty acid hydrocarbons
either same or different.
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for derivativzations. These include carbon-carbon double bonds (C=C),
allylic carbons, ester linkages, a-carbons with respect to the ester group
[7, 18]. Some common modifications such as vinylation, acrylation, male-
inization, epoxidation, urethanation and by using the vegetable oils as
precursors of many others bio-based polymers [1, 16, 19]. The bio-based
materials derived from vegetable oils have got enormous applications not
only in industrial arena like paints, coatings, adhesives, laminates, pack-
aging but also used in pharmaceuticals and bio-medicals [20].

4.2 PHYSICOCHEMICAL AND SPECTRAL CHARACTERIZATION

Vegetable oils can be characterized by physicochemical analyses like
specific gravity, refractive index, solubility, viscosity, acid value, iodine
value, soponification value, and peroxide values. lodine value of the oil
is defined as the mg of I, consume for the double bonds of 100 gram of
the sample under specified conditions. It can be easily measured analyti-
cally by treating the oil sample with an excess of ICI, followed by addition
of KI to ensure the liberation of equivalent amount of L. The librated I,
can be easily measured analytically by titrating against standard solution
of hypo, using freshly prepared starch as an indicator. The iodine value
directly provides information about the degree of unsaturation. Higher the
iodine value means higher the unsaturation, whereas lower iodine value
indicates the lower unsaturation in the oil samples. Triglycerides oils are
alienated into three categories on the basis of iodine values; non-drying,
semi-drying and drying. Triglyceride oils with iodine values less than 90
are generally known as non-drying, the triglycerides with iodine values in
between 90—130 termed as semi-drying, whereas vegetable oil with iodine
value more than 130 are commonly known as drying oil [3, 16]. lodine
values of some vegetable oils are provided in Table 4.1 [5, 11, 20, 21].

The acid value of the vegetable oil defined as mg KOH/NaOH con-
sume by one gram of oil sample to complete neutralization. It can be eas-
ily measured analytically by the titration of the oil samples against the
standard solution of alcoholic KOH/NaOH using acid base indicator like
phenolphthalein. An acid value provides the information about the acidity
or free fatty acids presents in the vegetable oil under study [20].
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TABLE 4.1 lodine Values of Some Common Vegetable Oils

S. No. Vegetable oil Iodine value
1. Linseed oil 182.0

2 Soybean oil 128.8

3. Safflower oil 134.7

5. Sunflower oil 133.0

6 Pogamia glabra seed oil 82.0

7 Castor oil 84.2

Soponification value of the vegetable oil defined as the number of mg
KOH or NaOH required to completely soponify the one gram of sam-
ple. It can be measured by soponification of vegetable oil with the known
excess amount of KOH or NaOH and then excess of KOH/NaOH titrated
back with the standard solution of oxalic acid to evaluate the KOH/NaOH
consume. It is useful to point out the average molecular weight or chain
length of fatty acids constituting the vegetable oil. Higher the soponifica-
tion value means short chain fatty acids, whereas lower the soponification
value indicates the fatty acids of longer chain length [20].

Peroxide value requires for detecting the freshness or rancidity of the
vegetable oils. The densities of vegetable oils are lower than water, ranges
from 0.8-0.96 gm cm', they float over water layer. These characteristics
of vegetable oils directly influence the properties of end products obtained
from them. For example alkyd resins formulated using vegetable oils of
high iodine value have the air drying properties and can form film lonely
at ambient temperature, whereas alkyds derived from vegetable oils of low
iodine values cannot cure at room temperature.

Fourier transform infrared (FT-IR) spectroscopy is a power full tool to
find out the functional groups present in the organic compounds within very
short time by using a minute quantity of the samples. The different functional
groups like hydroxyl, epoxy, double bonds, carbonyls, and many others show
the characteristic absorption bands in the FT-IR spectrum. The curing behav-
ior or the functional group responsible for the cross-linking can also be inves-
tigated by taking the spectrum before and after the curing [22]. Characteristic
absorption bands for some common functional groups present in the vegeta-
ble oils and materials derived from them are listed in Table 4.2 [16, 20, 23].
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TABLE 4.2 Characteristic Absorption Bands for Common Functional Groups in FT-IR

Spectra
S.No. Absorption bands (cm™)  Functional groups
1. 3680-3100 O-H, stretching
2. 3400-3250 N-H, stretching
3. 2960-2850 C-H, aliphatic ethyl, methylene, methane (with
a weak shoulder about 2960 cm™ due to termi-
nal methyl group
4. 1870-1600 Carbonyl group (of ester, aldehyde, ketone,
carboxylic acid, amide)
1100-1300 -C(=0)-0-C Stretching vibration of ester
1640-1670 -C=C- (uncojugated), stretching
970-990 Conjugated unsaturated double bonds in eleo-
stearic acid
1342-1266 C-N (stretching vibration)
1375-1465 C-H bending vibration

Nuclear magnetic resonance (NMR) is another useful technique to
investigate the structural feature of the compounds. Position of signals,
their integral values and splitting patterns are very useful to assign the
fatty acids in the particular vegetable oil. The & values in ppm for differ-
ent types of protons present in the vegetable oils and their derivatives are
provided in the Table 4.3 [23, 24, 25]. Fatty acids composition of linseed

TABLE 4.3 'H-NMR Chemical Shift Values for Different Types of Protons
S.No. 'H chemical shifts (3-ppm)  Functional groups
1. 5.3-5.6 -CH=CH-CH,-R
2. 6.4-8.0 Ar-H (protons attached to aromatic rings)
4. 4.0-5.3 -CH,-OCH,COR, -CH-OCH,COR
5. 1.5-3.0 -CH,-CH=CH-
6. 3.0-4.2 -CH-O-CH,-
7. 2.0-2.5 -CH,-C=0
8. 1.2-14 Chain -CH -
9. 0.7-1.0 -CH,
10. 2.5-3.1 Protons attached to epoxy carbons
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oil was investigated by using the characteristic peaks of different methyls
and methylene groups and their ratios [24, 25].

Gas chromatography is also used to investigate the fatty acids compo-
sitions of various vegetable oils. The triglyceride oils are transformed to
monomethyl ester through the trans-estrification reaction with methanol
using KOH as a catalyst. Fatty acids identification was made by compar-
ing the retention time for each peak with the standard samples of fatty acid
methyl esters.

4.3 MODIFICATION OF VEGETABLE OIL
4.3.1 EPOXIDATION

The vegetable oil can be chemically modified to more reactive and ver-
satile through the epoxidation (Figure 4.3). As the epoxy groups are
more reactive due to ring strain, consequently can be utilized as precur-
sors for many practicable recipes [26, 27]. Numerous processes have
reported for the epoxidation of vegetable oils such as epoxidation with
peracids, enzymatic epoxidation, metallic catalyzed epoxidation and
many others [16, 20, 28]. Peracid epoxidation performed industrially
at large scale. In this process peracid synthesized in-situ by reacting
carboxylic acid with concentrated hydrogen peroxide (H,O,) in pres-
ence of certain inorganic acids like HCI, H,SO,, HNO,, H,PO,, etc. It
has been reported that epoxidation using acetic acid as oxygen carrier
is more suitable than formic acid and H,SO, is the more effective inor-
ganic acid [29].

W
CHyCOOH + Hals = = CHyCOODOH

H*

“CH=CH»~C00H + CHyCOO0H Ep— s D e G O0OH

Unsaturated fatty acid Peracid Epoxy

FIGURE 4.3 Reaction scheme for epoxidation.
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Epoxidation of soybean oil containing about 52% linoleic acid using
H,0O, as oxygen carrier and catalytic amount of formic acid was reported
by Saremi et al. [30]. Soybean oil is used as polymerizable monomers in
a radiation curable system due to its environmental friendly character and
lower cost as compared to petrochemical based chemicals. They claimed
that high molar ratio of H,O, compared to unsaturation (H,0,: C=C) about
1:1.7 is required to achieve to highest percentage of epoxy contents.

The progress of reaction was monitored by determination of iodine
values and epoxy equivalents at regular intervals. The iodine value and
epoxy equivalent both decreases on progress of reaction. The lower
value of epoxy equivalent indicates that higher the number oxirane rings,
whereas low epoxy equivalent means lower the epoxy groups in the given
compound [31].

The epoxy equivalent can be analytically measured by titrating the
samples against the standard solution of HBr or by pyridinium chloride
methods [32, 33]. Aerts and Jacobs [34] use the 'THNMR spectroscopy
to quantify the yield of epoxidation of methyl oleate, methyl linoleate,
sunflower, and safflower oils. Investigated results were further verified
by comparing with GC. Reaction yield was determined by evaluating the
integral values of disappearing and appearing groups before and after the
epoxidation. They found that peak area at 6 = 2.01 ppm due to —-CH -CH =
CH-CH ~ decreases where as new signals appears at 6 = 1.50 ppm due to
CH,-CHOCH-CH, and at & = 2.90 ppm due to -CHOCH-.

Goud et al. [35] reported the epoxidation of Mahua oil using H,O, and
glacial acetic acids and also claimed for the improvement in economic
value by the epoxidation. They also optimized the various parameters like
type of catalyst, temperature, molar ratios of the reactants.

4.3.2 ENZYMATIC METHOD

Enzymatic method for epoxidtion of vegetable oil is supposed to be
friendlier to the environment. The immobilized lipase from Candida
antartica was use as catalyzed chemo-enzymatic epoxidation. The
parameters affecting the lipase activity and operational lifetime dur-
ing the chemo-enzymatic epoxidation of fatty acids were investigated
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[28, 36]. Optimization of chemo-enzymatic epoxidation of soybean oil
was investigated [37]. It has been reported that the rate of reaction was
affected by the amount of lipase biocatalyst in addition to other param-
eters like temperature, concentrations of the components [38]. The lipase
is remarkably stable under reaction conditions and can be reused about
15 times effectively [38].

4.3.3 UTILIZATION OF EPOXIDIZED OILS

Now-a-days epoxidized vegetable oils are used as natural plasticizers
and are also claimed for eco-friendly due to their low toxicity and low
migration. Universally accepted definition of a plasticizer is the sub-
stance incorporated in a material to increase its flexibility, workability,
practical utility or extensibility. Numerous epoxidized vegetable oils like
castor oil, sunflower oil, linseed oil, soybean oil and many others have
been successfully utilized as plasticizers in many industrial formulations
[39,40].

Epoxidized vegetable oils are used as precursors for many practi-
cable materials, such as epoxy groups easily react with the carboxyl
groups of acrylic acid to yield acrylated epoxidized oil (Figure 4.4). The
acrylated epoxidized oil has several prospective of polymerizations.
They can polymerized itself or copolymerize with other vinyl mono-
mers like styrene.

Linseed oil epoxy undergoes trans hydroxylation and used a polyol for
the polyurethane syntheses. Polyol obtained in the previous step reacted
with toluylene diisocyante (TDI) in different ratios to yield a series of
polyurethane resins. The resulting polymers were characterized by physi-
cochemical analyses. The structural elucidation and formation of new

o ODCCH=CH:
eeetOH [ =revmeeCHH + CHy=CH-CO0H - . wewe O GOOH
OH
Epoxy Acrylic ackd Acrylated ppoadized vegeiable il

FIGURE 4.4 Acrylation through epoxy.
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moieties while the synthesis of the polymer was carried out by using IR
and '"HNMR spectral data’s. Polyurethane obtained through this route used
as a corrosion protective coating materials cured at ambient temperature.
They claimed that the coated samples show good physic-mechanical and
weather resistance performances [41].

Vegetable oil based epoxies embedded with long hydrophobic hydro-
carbon chain and hence shows the good flexibility and corrosion pro-
tection abilities especially in aqueous and acidic environment. However,
films of these aliphatic epoxies show the poor toughness and low load
bearing performances. To improve these properties of linseed oil based
epoxy blended with acrylic polymers like polystyrene and poly (methyl
methacrylate) in different ratios. These polymers are classified as hard
and brittle polymers [42]. The polyblends of linseed oil epoxy with

O HaOMH* OH
o0 CH—— CH wree CH—CH
OH
Epoxy
Hydroxy
/OCN-R-NCO
/' (Diisocyanate)
4
OOCNH-R-NCOQ
s ?H CH
OCN-R-NHCOO

Polyurethane

FIGURE 4.5 Urethanation through epoxy.
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polystyrene and poly(methyl methacrylate) were found to homogenous
and no phase separation was reported in cold and hot conditions. These
are further claimed that no chemical changes occur during the blending
as functional groups like epoxy groups, double bonds remain the constant
for the same amount of linseed oil epoxy used in polyblends. This was
also confirmed by the authors’ using differential scanning calorimetric
(DSC) and IR analyses. They found that polyblends systems show the
single gloss transition temperature (7¢) a characteristic single-phase sys-
tem. They reported that linseed oil epoxy turned into rigid mass by addi-
tion of only a small amount of these polymers (about 16.0% w/w) [31].
In another report it has been estimated that paints developed from these
materials cured with melamine formaldehyde (MF) resin reduce the cost
of epoxy paints about 20%. Furthermore linseed oil epoxy synthesized
from sustainable resource cut down the use of raw materials derived from
petrochemicals [43].

4.4 VEGETABLE OIL BASED POLYMERS WITH ANTI-
MICROBIAL ACTIVITY

The vegetable oils and vegetable oil based polymers show the potential
applications in making coatings, paints, adhesives, packaging materials
and other industrial appliances. In addition to these several vegetable oils
and numerous polymers derived from them reported to show the remark-
able antimicrobial activities [44]. Antimicrobial properties of Moringa
oleifera was overviewed and concluded that oil extract of Moringa ole-
ifera resist the growth of P. Aeruginosa [45]. Antimicrobial activities of
Moringa oleifera seed oil, pre-polymer N,N,-bis (2-hydroxyethyl) Mor-
inga oleifera oil fatty amide (HEMA) and final polyesteramide (MOPEA)
were investigated against Gram-positive organisms and Gram-negative
organisms by Siyanbola et al. [46]. They claimed that HEMA and MOPEA
both sow good inhibitive properties MOPEA in particular. Urethane modi-
fied boron filled polyesteramide of soybean oil was developed by reacting
boron filled polyesteramide of respective vegetable oil with tolylene-
2,4-di-isocyanate (TDI) in variable wt% ratios. The developed urethane
modified polymers were characterized by physic-chemical analyses like
hydroxyl value, iodine value, acid value, refractive index, viscosity,



82 Emerging Trends of Plant Physiology for Sustainable Crop Production

structural elucidation of the polymers was made by FT-IR, "H-NMR and
BC-NMR spectral data’s. The anti-bacterial and anti-fungal activities of
these polymers were investigated by the measurement of the size of clarity
of zone of the inhibition in nutrient media. The boron containing urethane
modified polyesteramide resins were screened for their antibacterial activ-
ity against E. coli, Pseudomonas sp. and Staphylo-coccus sp. in nutrient
agar media. Antifungal activities of the polymers were investigated on
Candida albicans and Mucor sp. It has been reported that urethane modi-
fied boron filled Polyesteramide resins were inhibit the microbial growth.
Furthermore polymer obtained by 8 wt% loading of TDI showed the high-
est anti-microbial activity [47]. Cadmium incorporated castor and soybean
oil based polyesteramides were synthesized using poly(condensation)
polymerization between N,N -bis-2-hydroxy ethyl fatty amides of these
vegetable oils, Cd(OH), and sebasic acid. The developed polymers were
tested for biological activities in vitro against several pathogenic fungi
and bacteria to evaluate their inhibiting potential. It was reported that the
tested polymers much more effective against fungi than bacteria, which
are responsible for causing candidiasis (a disease that varies from superfi-
cial mucosal to life threatening systematic disorders) [48].
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ABSTRACT

Protein kinases play important role in signal transduction as well as par-
ticipate in regulatory functions during different conditions throughout the
phyla. These are subfamily of serine/threonine kinases which plays pivotal
role as metabolite sensors which constantly checks balance of demand and
supply of energy by metabolically active cells. Among all protein kinases,
sucrose nonfermenting-1 related kinase-1 (SnRKs) acts as metabolic sensors
in plants. These kinases are evolutionary conserved in all eukaryotes from
budding yeast (SNF1) to mammal (AMP activated protein kinase — AMPK).
Plant SnRKs regulates transcriptional and metabolic programming of cells to
promote tolerance against biotic and abiotic stress partially through the gen-
eral repression of anabolism and an induction of catabolic processes. SnRKs
divided in to three subfamilies: SnRK 1, SnRK2, and SnRK3. SnRK1 kinases
act as a central regulatory component to control metabolism for example car-
bohydrate, lipid and fatty acid uptake and regulation. It is well established
that SnRK2 and SnRK3 cannot fulfill SnRK1 function hence they having
similarity in target reorganization. SnRK1 generally functions as heterotri-
meric complex having a-catalytic subunit and B,y-regulatory subunits. Some
aspects for the role of SnRK1 kinase that control the fundamental issues
have yet remained elusive. In this chapter, we will discuss about the struc-
tural, functional as well as regulatory aspects of SnRK1 and its upstream and
downstream components along with its role in pathogen defense response.

5.1 INTRODUCTION

In natural environment, plants face different factors such as biotic and
abiotic stresses. In response to stress, plants activate different signaling
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pathways rather than normal singling cascade to regulate homeostasis
to overcome the stress condition. There are different types of signaling
mechanisms get activated throughout the life of plants. One of the most
important consequences of signaling event mechanisms is phosphoryla-
tion/dephosphorylation of downstream proteins. It is recognized as regu-
latory mechanism for certain proteins[1]. These events (phosphorylation/
dephosphorylation) regulate the cell signaling cascades of different cells.
It regulates many protein activities at different time points of life cycle.
Kinases are enzymes that transfer phosphate group form one molecule to
other molecule. Eukaryotic protein kinase transfer y-phosphate via ATP
to amino acid of the molecule, which in case of serine/threonine kinase,
transfers to terminal hydroxyl (~OH) group of amino acid serine and/or
threonine.

This chapter will discuss about some basic groups of protein kinases
and its role in living system. It will focus our view through some basic
structure and mechanism of SnRK1 in plant system and role of SnRK1
during stress conditions.

5.2 HISTORICAL DEVELOPMENTS AND CLASSIFICATION

The study of protein kinases has a long history over 60 years. It is esti-
mated that 1 to 3% functional eukaryotic genes are responsible to code
protein [2]. Budding yeast, Saccharomyces cerevisiae has nearly 113 pro-
tein kinase genes. Thale Cress, Arabidopsis thaliana has about 1000 and
human has almost 518 [1]. These kinases have been classified into five
major families depending upon sequence similarities. Here, we will dis-
cuss plant protein kinases are based on Hanks and Hunter rule [3].

AGC group: AGC group name is given after finding of the protein
kinase A (PKA), protein kinase G (PKG) and protein kinase C (PKC). It is
basically serine/threonine kinase. It is cyclic nucleotide dependent kinases
and calcium dependent kinases family (PKA, PKG, and PKC). This is
regulated by secondary messengers like cyclic AMP or lipids. It contains
60 member in the family [4].

CaMK group: This group has calcium/calmodulin dependent kinase
and SNF1/AMPK families. Members of these families are activated when
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there is increase in the concentration of intracellular Calcium (Ca*™), which
transfer phosphate group from ATP to Ser/Thr kinase to other protein. At
the downstream signaling, they are involved in the regulation of transcrip-
tion factor, resulting in modulation of gene expression [5].

CMGC group: This group is most conserved group almost being
present in all types of eukaryotes. This group named after the finding of
kinases involved in splicing and metabolic processes, growth kinases,
stress responsive kinases and cyclin dependent kinases (CDK). It hav-
ing nine different family members. It involves families of CDK (Cyclin
Dependent Kinases), MAPK (Mitogen Activated Protein Kinase), GSK-3
(Glycogen Synthase Kinase-3) and CKII (Casein Kinase II) [6].

Conventional PTK group: The name is based on protein tyrosine
kinase (PTK). These types of kinases exclusively use tyrosine residue
rather than Ser/Thr residue for phosphorylation of proteins. This involves
Non-membrane spanning protein-tyrosine kinases and membrane span-
ning protein-tyrosine kinases. There are nine non receptor PTK and thir-
teen receptor RTK (receptor tyrosine kinase) have been defied till date [7].

Other group: It is a family of protein kinase, which are not involved in
above four groups. This group includes RLKs (receptor like kinase), RTKs
(receptor tyrosine kinases), CTR1 (constitutive triple response 1) [8], Tsl
(thymidylate synthase kinase I) protein kinases.

Apart from the metabolic regulation in healthy plants, these protein
kinases are also involved in stress signaling pathways, for example, glyco-
gen synthase kinase (GSK3), mitogen activated protein Kinase (MAPK),
calcium dependent protein kinase (CDPK), SNF-1 related protein kinase
[9]. There are many kinases which are exclusively present in plants but
absent in other eukaryotes. These kinases are therefore responsible for sig-
naling pathways exclusively executed in plants. On the other hand, SNF-1
(yeast sucrose non-fermenting kinase-1), AMPK (mammalian AMP acti-
vated protein kinase) and SnRK1 (SNF-1 related protein kinase) related
protein kinases are highly conserved serine/threonine kinase ubiquitously
present in all eukaryotes.

Alderson et al. first time reported the presence of SnRKI1 in rye
endosperm from cDNA library in 1991, which showed 48% amino acid
sequence identity with AMPK and SNF-1. It encoded 57.7 KDa protein
with 570 amino acid residues. SnRK1 was the first plant protein kinase for
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which molecular and biochemical studies were done together. SnRK 1 have
conserved catalytic domain showing maximum similarities with mamma-
lian AMPK and yeast SNF-1. They are closely related to CDPK group of
kinase family [10]. The SNF-1/AMPK/SnRK are ortholog of each other
and act as greatly conserved metabolic sensor throughout eukaryotic pro-
tein kinase family [11].

Yeast SNF-1 having a fundamental role when, there is shift from fer-
mentative to oxidative conversion in response to decrease level of glucose.
They partly activate repressive gene which are responsible for utilization
of alternative carbon sources [12]. In yeast (Saccharomyces cerevisiae)
SNF1 is basically require for adaptation during glucose starvation. It
directs cells to use an alternative carbon source. It controls biosynthesis of
carbohydrate as well as autophagy in response to recycle the macromol-
ecules and organelle [13].

Mammalian AMPK act as an energy saving regulator and transcrip-
tional controller during starvation condition [11]. It regulates whole energy
metabolism as well as glucose homeostasis via modifying the process like
glucose uptake of muscles, production of insulin and its secretion, body
lipid management and apatite [14]. In plants, SnRKs regulates metabo-
lism during biotic and abiotic stress. AMPK in mammals implements as an
energy saving program via direct enzyme regulation and energy control.
They regulate the synthesis of fatty acids and cholesterol synthesis.

SnRK family is classified in to three different families: SnRK1, SnRK2,
and SnRK3 [3]. All three are plant specific serine/threonine kinase. SnRK1
is divided into two sub groups: SnRK1a and SnRK1b [15]. They are key
regulators of glucose metabolism. Further, SnRK2 is divided into three
groups on the basis of its regulation by abscisic acid. It regulates the
response of abiotic stress as well as abscisic acid dependent plant devel-
opment [9]. SnRK3 regulates via WPK4 gene. This gene is regulated by
light cytokinins, nutrition deprivations, salt tolerance, salt overly sensitive
2 (SOS2) and sucrose [1]. There is no evidence of idleness between differ-
ent SnRK families. SnRK2 and SnRK3 do not set off the SnRK1 deletion
mutation phenotype. Depending upon some target reorganization similarity,
it was suggesting that SnRK2 and SnRK3 arose by duplication of SnRK1
in plants. During plant evolution, they diverged rapidly and involved in
regulation of new demand for stress signaling with metabolic signaling.
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5.3 STRUCTURE OF SNRK1 COMPLEX

The SnRK1 protein kinases are highly conserved throughout the eukary-
otes and showing similarities with SNF1 of yeast and mammalian AMPK.
They having a, B and y heterotrimeric subunits [11].

The o subunit is catalytic subunit and is composed of two parts. One
subunit is kinase domain and other is regulatory domain. Kinase domain
located at the N-terminal half of the protein. Threonine 175 residue is the
conserved domain in the activation loop. Thr175 require phosphoryla-
tion by upstream kinase to bestow kinase activity. The kinase domain has
canonical fold among 11 sub-domains [12]. They also contain the activa-
tion loop, which called as T-loop. Regulatory domain contain ubiquitin
associated domain (UBA), which may propose to mediate interaction with
ubiquitinated proteins|[ 16]. These kinases also possess KAI (kinase associ-
ated I) domain, which is responsible for interaction with regulatory sub-
unit and upstream phosphatase.

The B subunit provide scaffold to keep a and y subunit together. The
v-subunits are characterized by N-terminus and cystathione-beta-synthase
repeats (Batman domains). They can bind with adenosine derivatives. The
SnRK1 activation is depends upon phosphorylation of conserved T-loop
by upstream kinases. All though there is no evidence of how phosphory-
lation state is affected by cellular energy level [17]. SnRK1 activity is
altered by specific phosphatase.

The vy subunit act as direct regulators to regulate the SNF-1 kinase
activity [18]. The y domain contains four cystathonine synthase domain
(CBS). Scott et al. reported the function of y subunit on carbohydrate
metabolism. It required for the formation of heterotrimeric complex with
B and a subunit.

Figure 5.1 shows domain subunit structure SnRKI1 in arabidopsis
thaliana (Thale cress). SnRK1 consist of three subunits viz. a, f and y. The
a-subunit possess conserved phosphorylation sites, kinase domain, Kinase
associated domain (KA1) autoregulation and inhibitory domain (UBA).
The B subunit contains starch binding domain and association with the
SNF1 complex (ASC) domain. The § subunit interacts with the o subunit
at KA1 domain and binds to y subunit at ASC domain. The y subunit con-
tains multiple cystathionine B-synthase (CBS) domains.
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FIGURE 5.1 Domain subunit structure SnRK1 in arabidopsis thaliana (Thale cress).

5.4 REGULATION OF SNRK1 KINASE

SnRK1 activates through phosphorylation of a conserved Threonine!” in
the T-loop of catalytic subunit [19]. There are many protein kinases that
regulate via phosphorylation, which is apparently require suitable align-
ment of ATP to regulate its interaction with catalytic lysine [20]. During
the studies in total cell extracts of plants, there is no significant difference
found in phosphorylation level of activation loop between control and stress
condition. These studies suggest that there may be involvement of another
phosphorylation domain present to control the activity during stress.

5.5 UPSTREAM KINASE

By sequence comparison, complementation and phosphorylation assays,
it is implicated that GIRK1/2 (SnAK1/2) act as upstream kinase in plant.
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SnAKs can autophosphorylate and subsequently start phosphorylation cas-
cade downstream to activate SnRK1a in vivo. SnAK autophosphorylates
at T'53/T"*residue for their activation and inactivation. On the other hand,
as a negative feedback, they are inhibited via phosphorylation of SnRK
on T-loop at S?°/S?!. The occurrence SnAKs as SnRK1 upstream kinase
leftover to assess only because of their function in plants is to an overlap
between expression of SnAK and phosphorylation of SnRK1in shoot api-
cal meristem. CIPK1 (calcineurin B-like-interacting protein kinase 1) is
also one of the proteins that may act as upstream kinase of SnRK1. Like-
wise, LKBI1, there is no requirement of Ca* for their regulation. Although
they are also insensitive to CaMPK specific inhibitor STO-609 [21].

5.6 UPSTREAM PHOSPHATASE

There are also some evidence tells that PP2A-like phophatase, ABI1 and
PP2C phosphatase dephosphorylate and inactivate plant SnRK1 in vitro
[22]. PP2C are well-known regulators for ABA pathway. They regulate the
repression of ABA with SnRK2 and by blocking ABA receptor. There are
reports of some other pps, which interact with SnRK 1. But the functional
significance of their interaction is unknown. PP2C, PP74 interact through
SnRK 102 in vitro. Furthermore, PTP (protein tyrosine phosphatase), KIS1
was also reported to interact with SnRK1a2. This phosphatase was also
able to dock CBM domain, which allows binding to starch in vivo as well
and also, identified as a component, which is responsible for starch over
accumulation for the sex4 mutant.

5.7 ROLE OF SNRK1 IN METABOLIC STRESS

SnRK1, as SNF1 and AMPK plays a role during starvation condition
(metabolite stress or darkness) in plants. SnRK1 act as an important
mediator molecule during cross talk between stress tolerance and meta-
bolic response of tissue against biotic or abiotic stress. Figure 5.2 summa-
rize multifunctional role of SnRK1 during stress response and metabolic
regulation in plants. There is some study on Physcomitrella, suggest that
SnRK 1 mutants impaired their ability to mobilize starch reserve during
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darkness. SnRK1 also required for expression of different genes that are
responsible to regulate low level of sugar. They are also responsible for
reallocation of carbon in response to herbivory. In this way, their role in
stress response is well established.

Role of SnRk1 on metabolite is notoriously difficult, because no result
has been achieved influentially to cater the role of SnRK in metabolism
directly. Yet there is report of modulation of glucose and sucrose metabo-
lism by SnRK 1. There are some evidences suggest that glucose 6-phosphate
inhibit SnRK 1 while 5’-AMP and trehalose 6-phosphate (T6P) interact and
activate it. 5’AMP modulates the phosphorylatin of SnRK1 by regulating
its activity. Thus, the homeostatic level of sucrose is sensed by SnRKI1,
which ultimately allows cell to regulate sucrose signal transduction.

5.8 SNRK1 REGULATE STORAGE CARBOHYDRATE
BIOSYNTHESIS

SnRK1 can be activated through high glucose/sucrose ratio. In addition to
starvation, it could be incorrect to tell that SnRK1 only involve in starvation
related regulation [4]. In plants, SnRK1 is also required for starch biosynthe-
sis. SnRK1 is also activates ADP-glucose phosphorylase via sucrose depen-
dent redox activation [17]. There are also some evidences that SnRK 1 regulate
carbon during storage pathway to starch for glycolytic pathway. During sev-
eral study inhibitions of SnRK1 via antisense mechanism lead to developmen-
tal abnormalities in pollen grain as well as total loss of starch accumulation
and viability. There is also evidence of expression of SnRK1 concur starch
accumulation in rice and Sorghum. SnRK1 also control the genes that control
the sucrose synthase and ADP-glucose ribosylase (Figure 5.2).

5.9 ROLE OF SNRK1 IN VIRUS DEFENSE

Geminiviridae is the second largest family of the plant viruses after Poty-
virus. They infect economically important crops such as vegetables, pulses
and ornamental crops. It is reported that geminivirus order many signaling
cascades during infection to propagate the copy number of it. In response
to defense, plant activates many defense related pathway to overcome and
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Srerol synthesis

FIGURE 5.2 Multifunctional role of SnRK.

control the homeostasis of plants. Geminivirus interfere with this plant
defense system by interacting with SAMDCI1 and ADK cycle to suppress
the plant methyl cycle. Hao et al. reported that AL2 and L2 protein of gemi-
nivirus enhanced the susceptibility and increase the viral infectivity. They
showed that AL2 and L2 inactivate the SNF1 kinase. Where increase in
the level of SNF1 kinase enhance the resistance to the plant. This study
indicate that amendments arbitrated by SNF1 kinase in the system may
enhance the dieses tolerance in plants [23]. Remorins are proteins exclu-
sively present in the plant, first time reported as plasma membrane protein
[24]. It is positive regulator of Geminivirus by interacting with SnRK1[25].
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Geminivirus rep interacting kinase (GIRK1) a phylogenetically related to
SnRK1 kinase shows interaction with SnRK 1. GIRKs unambiguously bind
with SnRK1 catalytic subunit and phosphorylate threonine residue [21].
This study shows that interaction of SnRK1 with GIRK may function as a
signaling cascade to provide metabolic requirement during infection.

5.10 CRITICAL DISCUSSION

In plants, SnRK1 kinase function as heterotrimeric compound, in which o
subunit as catalytic subunit and B, y as regulatory subunit. This SnRK1 is
controlled by phoshorylation mechanism. Alteration of certain regulatory
processes during starvation condition is regulated by SnRK1 and direct a
new way for various anabolic and catabolic pathway during developmen-
tal and stress tolerance in plants.

5.11 SUMMARY

Over the 60 years’ study, the full mechanism, activity and control of
SnRK1 protein kinases is yet to be elucidated. There are many upstream
and downstream molecules which controls complex mechanism of SnRK1
activation. Because SnRK1 complex itself shares very interactive net-
work, it will be trustworthy to say its pivotal role in essential metabolic
mechanisms and cell’s vital functions. They involved in normal growth as
well as stress responsive conditions fundamental life processes in plants.
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ABSTRACT

This chapter deals with B-vitamins, which is involved in various physi-
ological processes of plants, viz. participation in nutrient uptake, seed
germination, vegetative growth, crop productivity in the improvement
of vegetables, cereals, leguminous, aromatic oil crop, and particularly
sugarcane crop. However, our understanding of the mode of B-vitamin
action in plant is lagging far behind the level of understanding of the
phytohormone action. The role of vitamins in some areas of plant physi-
ology including vernalization, photoperiodism, phytohormone action,
biological nitrogen fixation, and enzymatic action has still not been
studied completely so far. The possibility of commercial exploitation of
vitamins in agricultural domain particularly vitamin B, (pyridoxine) in
sugarcane crop improvement has also been discussed with soil applied
rice bran and seed-sett pyridoxine soaking with improved cane yield
and quality.

6.1 INTRODUCTION

The problem of vitamins started with man from him. All the progress
accomplished in this domain contributes to a better understanding of
the problem in general and ultimately to human well being. It can no
longer be doubted that vitamins are essential factors for the growth of
plants. They are regulators for metabolism and serve to establish chemi-
cal reactions between the various organs of a complex plant. The need
of vitamins is due to a loss of the ability to synthesize them. When this
condition prevails the plant reacts like a heterotrophic animal. The reac-
tions of plant and animal cells are similar, for the fundamental functions
of vitamins are the same in the two kingdoms. The only aspects that dif-
fer are the morphological expressions to which the vitamin deficiency
gives rise.
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Funk in 1912 was the first to isolate an amine from rice husk and pol-
ishing that alleviated the symptoms of the disease “beriberi.” He also pro-
posed the generic term “vitamine” for it [1, 2] dropped the terminal “¢” of
“vitamine” because many of the compounds of this group were not amines.
The term “vitamin” coined by him was accepted by later vitaminologists [3]
classified all vitamins into two groups: (i) the fat soluble, and (ii) the water-
soluble vitamin. The fat soluble vitamin included A, D, E, and K, while water
soluble vitamin covered B and C. Morton [4] defined vitamin as: (a) organic
compounds; (b) components of natural food but distinct from carbohydrates,
fats or proteins; (c) present in normal food in extremely small concentration;
(d) essential for normal health and growth; (e) causing specific deficiency
symptoms when absent or not properly absorbed from the diet; and (f) not
synthesized by the host. Therefore, they must be obtained exclusively from
the diet, (distinction between vitamin and hormone). It is interesting to note
that among the diverse living beings, only plants are capable of synthesizing
vitamins. Animals depend directly or indirectly upon plants for their require-
ments of these essential dietary components. Ironically, the physiological
roles of vitamins in plants are not as clearly understood as in animals. How-
ever, synthesis, distribution, translocation and function of B-vitamins were
investigated to some extent in plants during the first half of the present cen-
tury after aseptic cultivation of excised plant parts became possible. These
studies indicated to the most B-vitamins are synthesized in leaves and were
subsequently translocated to the site of action via the phloem. These have
been proved to be indispensable for growth and differentiation of excised,
particularly roots. These facts led to the establishment of B-vitamins as plant
hormones and encouraged agricultural scientists to test them for augment-
ing the performance of various crops. Bonner and Bonner [5], and Aberg [6]
presented excellent reviews, dealing with synthesis, distribution and trans-
location of these vitamins in plants and with their role in vitro-cultivation of
excised organs including stem cutting. However, these reviews did not cover
literature pertaining to the role and utility of the B-vitamins in crop improve-
ment. With this brief background our review of literature presents status of
most important and relevant research work done on pre-sowing, soaking and
foliarly applied B-vitamins with soil applied rice bran (a natural source of
pyridoxine) on different crop plants giving emphasis on sugarcane crop has
been categorized as given in the following sections.
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6.2 ROLE OF THE B-VITAMINS
6.2.1 THIAMIN

Thiamin was first isolated in pure form by Jansen and Donath in 1926 and
its empirical formula (C ,H N, OSCl,) was proposed by Williams in 1936
[7]. Thiamin has two-ring system, a pyrimidine and a thiazole, which are
united by a methylene bridge. It is found in the form of thiaminepyrophos-
phate (TPP) which functions as a co-enzyme in several enzymatic reactions
in which an aldehyde groups are transferred from donor to an acceptor.

.
C =
c G+ ./~ =C— CH,CH,OH
= 5, My
N c” Ha |
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Thiamin

6.2.2 RIBOFLAVIN

Osborne and Mendel in 1913 first recognized this vitamin in milk, which
promotes growth. In 1933, riboflavin was isolated in pure form by Ellinger
and Koschara; and Kuhn, Gyorgy and Wagner-Jaur-egg. The structure of
riboflavin was established by Kuhn and Karrer in 1935 [7]. Riboflavin has
the empirical formula C _H, N, O,. It is a component of two closely related
co-enzyme, flavin mononucleotide (FMN) and flavin adenine dinucleo-
tide (FAD). They functions as tightly bound prosthetic groups of a class
of dehydrogenases known as flavoproteins or flavin dehydrogenases. The
isoalloxazine ring of the flavin nucleotides serves as transient carrier of a
pair of hydrogen atoms removed from the substrate molecule in the reac-

tions catalyzed by these enzyme [1].
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6.2.3 PANTOTHENIC ACID

In 1933, R.J. Williams found that naturally occurring compound of
unknown chemical composition, stimulates the growth of yeast. Later,
in 1938, its chemical nature was worked out by him. Kuhn and Wieland
in 1940 synthesized the pantothenic acid. It has the empirical formula
C,H,,O.N. Pantothenic acid is a component of co-enzyme A, which is a
transient carrier of acyl groups in enzymatic reactions involved in fatty
acid oxidation, fatty acid synthesis, pyruvate oxidation and biological
acetylations. The chemical mechanism by which co-enzyme A carries acyl
groups was established by F. Lynen in 1951. He isolated an “active” form
of acetate from yeast and showed it to consist of a thioester of acetic acid

with thiol or sulfhydryl group of co-enzyme A [1].
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6.2.4 NIACIN (NICOTINIC ACID)

In 1912-14 Funk and Suzuki isolated nicotinic acid from yeast and rice
bran, but failed to recognize its vitamin character. Elvehjem and Woolley in
1937, identified it as the nutritional factor preventing black-tongue in dogs
and pellagra in man. Nicotinamide is the amide form of nicotinic acid. In
1937, Fouts et al. [ 7] reported the first successful treatment of human pellagra
with nicotinamide. Nicotinic acid and nicotinamide has empirical formula
C,H.,O,N and C. H.ON,, respectively [7]. Nicotinamide is component of two
related co-enzymes, nicotinamide adenine dinucleotide (NAD) and nicotin-
amide adenine dinucleotide phosphate (NADP). These two co-enzymes are
also referred to as pyridine co-enzymes or pyridine nucleotides, since nico-
tinamide is a derivative of pyridine. The pyridine nucleotides function as the
co-enzymes of a large number of oxidoreductases, collectively called as pyr-
idine-linked dehydrogenases. They act as electron acceptors during the enzy-
matic removal of hydrogen atoms from specific substrate molecules. One
hydrogen atom from the substrate is transferred as a hydride ion to the nico-
tinamide portion of the oxidized forms of the coenzymes (NAD and NADP)
to yield the reduced coenzyme (NADH" and NADPH", respectively) [1].
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6.2.5 PYRIDOXINE

First in 1932 Ohdake isolated a compound of the formula C;H, O,N. HCI
from rice polishing, but failed to recognize its vitamin character. Gyorgy
was the first to define vitamin B, as distinct entity in 1934. Later on isola-
tion of the pure crystalline vitamin B, was done independently by various

research workers namely, Lepkovsky and coworkers in 1939 [7]. Vitamin
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B, groups includes three closely related compounds viz. pyridoxine,
pyridoxal, and pyridoxamine. The active form of vitamin B, is pyridoxal
phosphate, which also occurs in its amino form pyridoxamine phosphate.
Pyridoxal phosphate serves as the tightly bound prosthetic group of a num-
ber of enzymes catalyzing reactions of amino acids. The best common of
these are transminations reaction in which an amino group of a-amino acid
is reversely transferred to a-carbon atom of an a-keto acids [1].
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6.2.6 BIOTIN

In 1927, Boas found that certain foods contain an organic substance which
protects against egg-white toxicity. In 1931, Gyorgy recognized the neces-
sity of an egg-white injury factor (vit. H) for man. In 1935, Kogl was the
first to isolate it in pure form and in 1942 its chemical structure was given
by Duvigneaud [7]. Biotin has empirical formula (C, H O,NS). It con-
tains fused imidazole and thiopene rings. Biotin is the active component
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of biocytin. Biotin is transient carrier of carbondioxide during the action
of certain carboxylating enzymes, e.g., Propionyl CoA carboxylase and
acetyl-CoA carboxylase [1].
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6.2.7 FOLIC ACID

Pfiffner in 1943 reported the isolation of a compound, which was active
for Lactobacillus casei and which promoted growth and hemoglobin for-
mation in chick. This factor was designated “vitamin B,” because of its
relation to the chick nutrition. Later on in 1945, Pfiffner announced that
this active compound is present in yeast and yeast extracts [8]. Folic acid
has three major compounds; glutamic acid, P-amino benzoic acid and
Pteridine derivatives. Folic acid does not act as co-enzyme itself, but it is
enzymatically reduced in the tissues to tetrahydrofolic acid (FH,), which is
the active co-enzyme form of this vitamin. FH, functions as an intermedi-
ate carriers of 1-carbon groups in a number of complex enzymatic reac-
tions in which -CH,, -CH,-, -CH=, -CHO, -CH=NH groups are transferred
from one molecule to another [1].
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6.2.8 VITAMIN B,, (CYANOCOBALAMINE)

It is discovered by George Minot and William Murphy in 1926 and iso-
lated in crystalline form in 1948 by E.L. Smith and by E. Rickes and K.
Folkers. Its empirical formula is C;H, O, \N,,.PCO. It is the precursor of
coenzyme B ,. Vitamin B, is unique among all the vitamins in that it con-
tains not only a complex organic molecule but also an essential trace ele-
ment, cobalt. Vitamin B , is called cyanocobalamine because it contains
a cyano group attached to the cobalt. Enzymes requiring co-enzyme B,
have a common denominator the ability to carryout the shift of a hydrogen
atom from one carbon atom to an adjacent one, in exchange for an alkyl,

carboxyl, hydroxyl, or amino group [1].
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6.3 SOIL APPLICATION: RICE BRAN

As the aim of all agro-physiological research is to increase economic yield
of crop plants. One way to achieve this objective is to devise techniques
for the most efficient-utilization of the input including growth regulators,
irrigation fertilizer, and of the vitamins tested, pyridoxine was noted to
have the best effect on root growth. Since then these researches have been
diversified to investigate the practical implication of various physiologi-
cal processes in cereals, legumes and oil crops enabling them to utilize the
costly input more efficiently and thus pave the way for higher productivity
and improved quality of the produce [10—12]. For sugarcane, this tech-
nique could be of added practical significance as soil-applied rice bran
(a natural source of pyridoxine) besides giving pyridoxine shot/prime for
growth of root would not only result in higher water and nutrient uptake
but also conserved more water at formative stage (shoot emergence + til-
lering) which probably helped plants to tiller profusely [13, 14]. It had
become abundantly clear in the early forties that besides plant hormones,
e.g., auxins, gibberellins, etc. growth promoting substances included
another set of heterogeneous organic compounds (vitamins) with varying
modes of action. These compounds are required in small amount only,
and in a more or less unchanged form participate at various stages in the
labyrinth called metabolism. However, knowledge of the vitamin require-
ment of plants had to wait the development of organ and tissue culture
techniques because, although whole plants are capable of synthesizing
them, their organs cannot do so separately. Thus, within the intact plant,
by virtue of their translocation from the site of synthesis to that of action
in plants [5, 15]. Nevertheless, detailed consideration of the effect of these
compounds on intact plants remained unduly neglected, under these dis-
mal circumstances the conclusions drawn by Ref. [6] in this review are
no doubt remarkable. He opined that “normal green plants can certainly
grow well without any external vitamin application, but it is “naturally not
excluded that certain plants or certain developmental stages may contain
slightly sub-optimal vitamin amounts and therefore, may be stimulated by
further addition.” For more than two decades of the role of B- vitamins in
plants has attracted sporadic attention. These studies have indicated that
various physiological processes, e.g., nutrient uptake, seed germination,
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photosynthesis, as well as chlorophyll and protein synthesis, depend more
or less on the availability of the B-vitamins. However, in-depth investiga-
tion is required so as to ascertain their exact modes of action in plants. The
effect of rice bran (a natural source of pyridoxine) has been worked out to
a very little extent so far [13, 14, 16-25].

6.4 B-VITAMINS AND PLANT PHYSIOLOGY

B-vitamins constitute a heterogeneous group of varied organic compounds
that are designated for simplification as B, (thiamine), B, (riboflavin),
nicotinic acid (niacin or pellegra preventive, i.e., PP factor) pantothenic
acid, B, (pyridoxine), biotin, folic acid and B, (cyanocobalamine). These
vitamins act as coenzymes whose functions in microorganisms and ani-
mals are well understood and are included in various standard textbooks
of biochemistry [1]. Earlier, it was believed that in higher plants also vita-
mins operate by playing similar to their established roles in other organ-
isms [5]. However, this view has been elaborated to a great extent in the
light of research conducted during the last three to four decades. It has
now been fairly established that in plants, B-vitamins act not only as coen-
zymes and phytohormones [5, 6] but also play a regulatory role in various
physiological processes [9—12, 26] observed that thiamine, riboflavin and
nicotinamide promoted respiratory activity in one-leaf seedlings of wheat,
oats, and barley. lijima [27, 28] also noted that foliar spray of thiamine
increased respiration in kidney beans, potatoes and sweet potatoes. The
respiratory quotient was found to be unity indicating that thiamine pro-
moted the catabolism of carbohydrate. Moreover, leaf applied thiamine
was also reported to enhance sugar and starch content and C/N ratio in
stems.

Some members of B-vitamins are reported to be involved in chloro-
phyll synthesis. For example, Ref. [29] found that spray of 50 mg/L vita-
min B2 checked the decomposition of chlorophyll (caused by foliar spray
of 20 mg/L gibberellic acid). The treatment also increased the chlorophyll
content in sugarbeet. Similarly, exogenous application of pyridoxine in
solution culture promoted chlorophyll content in wheat and pea seedling
raised from pyridoxine deficient seeds [30]. Besides [31], working with
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thiamine deficient albino mutant tomato plants, made a systematic study
with regard to the role of thiamine in chlorophyll synthesis. They applied 2
mg thiamine with 10ml water twice a week to the leaves. The treated plants
showed normal chlorophyll formation: but their progeny remained albino.
Interestingly, when the albino plants were provided with and aminolevu-
lenic acid and prophobilinogen (chlorophyll precursors), the plants did
not assimilate these compounds into chlorophyll, suggesting that thiamine
deficiency impaired chlorophyll synthesis before the formation of pyrrole
rings. Further, supply of thiamine precursore, viz. thiazole and pyrimidine,
individually or in combination showed that mutant plants responded only
to pyrimidine, indicating impairment of its synthesis. On the other hand,
vitamim B, has been noted to stimulate the development of chloroplast
[32]. However, working with seedlings of early and late maturing varieties
of groundnut opined, on the basis of close relationship between contents of
B-vitamins and chlorophyll, that all the B group vitamins may be related
to chlorophyll synthesis [33]. However, this cause and effect relationship
needs to be substantiated with direct experimental proof.

There are reports showing participation of B-vitamins in pho-
tosynthesis. Foliar spray thiamine solution was noted to enhance photo-
synthesis in kidney beans and cabbage [34]. Contrary to this, riboflavin
application promoted photorespiration and inhibited photosynthesis by
50 to 70% [35]. However, pyridoxal phosphate proved to be an effective
stimulator of photosynthetic electron transport in isolated chloroplast [36].
Similarly, in Ref. [37] it is observed in vivo stimulation of '*CO, fixation
in chloroplasts isolated at two vegetative and two reproductive stages from
cluster bean plants administered foliar spray of thiamine [200 mg/L), ribo-
flavin [50 mg/L) and folic acid [100 mg/L) at 15 and 30 days after sow-
ing. Moreover, isolated chloroplasts from non-treated cluster bean plants
also showed enhanced "“CO, fixation when they were incubated in vitro
with the above B-vitamins at concentration ranging from 0.1 to 20 mg/L.
However, there was a marked difference between in vivo and in vitro
"*CO, fixation as far as vitamin doses were concerned. Thus, whereas iso-
lated chloroplasts exposed to '*CO, in vitro responded most when vitamin
concentration was below 5 mg/L, similarly obtained chloroplasts showed
maximum fixation of '*CO, when the concentration of vitamins adminis-
tered in vivo was as high as 50 to 200 mg/L. Of the vitamins tested, niacin
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proved the most effective and folic acid, the least. The authors presumed
that these vitamins were indirectly involved in *CO, fixation via increas-
ing endogenous level of certain phytohormones.

The other investigations revealed the participation of the vitamins in
amino acid and protein synthesis. Williams et al. [38] established that bio-
tin stimulated aspartic acid synthesis. Similarly riboflavin mediated the
incorporation of '“C into serine, tryptophan and tyrosine and reversed the
chloramphenicol inhibited protein synthesis partially in green (Phaseo-
lus radiatus L.) seedlings [39, 40]. Subsequently, Ref. [41] suggested that
B-vitamins enhanced protein synthesis either at transcriptional or transla-
tional level.

Regulation of enzyme activity by B-vitamins is well established [1].
Present researches have thrown light on their influence on some new
enzyme systems [9—12]. Foliar spray of 50 mg/L thiamine, riboflavin, and
nocotinic acid restored the activities of peroxidase and carbonic anhydrase
inhibited by 2,4-dichlorophenoxy acetic acid in oats and beans. How-
ever, riboflavin was the most effective in restoring enzyme activity while
nicotinic acid proved least effective [42]. Inclusion of biotin, niacin and
pyridoxine in nutrient solution promoted the activity of succinic dehydro-
genase in root and shoot of 4d old seedlings of Phaseolus radiatus [40].
Moreover, [43] observed an increase in o.-amylase activity in green gram
seedlings as a result of treatment with a low dose of riboflavin and high
dose of thiamine. They opined that these vitamins probably mimicked the
role of gibberellic acid.

The response of stomata to B-vitamins has recently bean studied in clus-
ter bean by Ref. [44]. Or the vitamins tested, pantothenic acid increased the
stomatal index and frequency at early vegetative stage. On the other hand,
pyridoxine and, thiamine were the most effective for stomatal index and
frequency, respectively at the last stage of reproductive growth. Riboflavin
affected the opening of stomata to the maximum extent at early hours of
the day during entire period of plant growth. However, a peak in stomatal
opening was observed with all vitamins especially from 9.00 h to 21.00
h. The concluded that these vitamins presumably enhanced endogenous
levels of phytohormones, particularly cytokinins, leading to increased cell
division and differentiation as well as starch hydrolysis. The former action
seemed to be reflected in increased stomatal index and frequency and the
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latter, in the opening of stomata. Schneider et al. [9] reported that pyridox-
ine is a cofactor for many enzymatic reactions, especially those involved
in amino acid metabolism.

6.5 B-VITAMINS AND NUTRIENT UPTAKE

Absorption of nutrients against their concentration gradient in plants is
closely associated with various physiological processes. This act, com-
monly known as “accumulation.” is primarily accomplished by certain
carrier proteins, running across the cell membrane, at the expense of meta-
bolic energy [45]. Since B-vitamins regulate various processes of metabo-
lism, including release of energy via respiration, synthesis of proteins etc.
[26-28, 41, 46], these vitamins may, therefore, help in the absorption of
nutrients from the soil solution. However, critical studies on this aspect
are meager.

Kudrev and Pandey [47] noted that spraying with thiamine or pyridox-
ine accelerated uptake of nitrogen in wheat plants from seedling stage to
ear emergence but did not alter the general trend. Similarly, pyridoxine
treatment to seeds for 1-3 h also increased the nitrogen and phosphorus
content in 2d old seedlings of cotton. However, this increase was more in
the presence of potassium dihydrogen orthophosphate than that of super-
phosphate [48]. Dimitrova Russeva and Lilova [49] studied the effect of
application of thiamine, pyridoxine and nicotinic acid on the uptake of
nitrogen and phosphorus by Mentha piperita in nutrient solution and in
soil. The uptake of nutrients was increased by the application of these
vitamins, phosphorus responding particularly to single application of nic-
otinic acid and double application of others. Pandey [50] performing a
sand culture experiment, noted greater uptake of nitrogen in wheat as a
result of application of vitamin B, separately or in combination with indol
3-acetic acid. Gopala Rao and Raghava Reddy [51] studied the compara-
tive efficacy of B-vitamins in sodium, potassium, calcium and phosphorus
uptake in one-week-old Vigna radiata seedlings. Thiamine and biotin were
ineffective in phosphorus uptake, but riboflavin, pyridoxine and panto-
thenic acid facilitated the uptake of all the nutrients studied. However,
pyridoxine, nicotinic acid and pantothenic acid particularly exhibited
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more influence on potassium and phosphorus uptake than on that of the
other two nutrients. In an extensive study for two years, [52] reported that
soaking lentil seeds for 12 h and mung bean seeds of 4 h in 0.3% pyridox-
ine solution enhanced leaf nitrogen, phosphorus and potassium content at
vegetative, flowering and fruiting stages of the two crops. Moreover, foliar
spray of 0.2% pyridoxine solution at flowering stage increased the content
of these nutrients in leaves (estimated at fruiting stage) of both crops. He
assumed that treatment with vitamins, particularly pyridoxine might have
facilitated the uptake of these nutrients by increasing the permeability of
the root cell membrane. Alternatively, they might have behaved like coen-
zymes of certain carrier proteins, which are considered to be responsible
for transporting the nutrients across the membrane. These assumptions,
however, need experimental verification and present new research dimen-
sions in vitaminology. Houshmandfar et al. [10] in order to study the effect
of seed pyridoxine-priming and different nitrogen levels on corn (Zea
mays L. var. Sc 704), a field experiment was conducted during 2007 at
corn cultivation season in Saveh region of Iran. The experiment was laid
out in a split-plot design with tree nitrogen levels included total applica-
tion of 80 (control), 130 and 180 kg N ha™ as urea in the main plots and
tree seed pyridoxine-priming treatments included 0 (water-soaked con-
trol), 100 and 200 mg/L in subplots in three replications. Pre-sowing seed
treatments with pyridoxine were applied for eight hours duration. Leaf
area index (LAI) and total dry matter (TDM) were calculated from 30™ to
105™ day after sowing (DAS). Both pyridoxine and nitrogen treatments
showed significant positive effects on yield and yield components such
as grain yield, number of grains per ear, number of grains per row, and
protein content of grain. Pyridoxine concentration of 200 mg/L with a total
application of 180 kg N/ha produced maximum value of growth and yield
parameters. The experiment was set up to investigate that how seed pyr-
idoxine-priming treatment and different nitrogen levels affected growth
and yield characteristics of corn plant. Pyridoxine-priming and nitrogen
fertilizer improved growth parameter consist of LAI and TDM, yield and
yield components such as grain yield, protein content of grain, and number
of grains per ear. The higher growth and yield characteristics in the treated
plants could be resulted in an advanced nutrient uptake related to nutri-
ent bioavailability. An increase in N application could enhance nitrogen
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bioavailability, which helped in nitrogen uptake. It is also could be viewed
as a function of better root growth as pyridoxine acts as a root growth fac-
tor. An increase in root growth also could enhance nutrient uptake, which
helped in the proliferation of the leaf. Improvement of leaf proliferation
is clear from increased leaf surface shown by LAI resulting into enhanced
TDM. Higher nutrient uptake and translocation of nitrogen in plant also
could subsequently lead to enhanced amino acid and protein synthesis.
Similar high nutrient uptake in Mentha piperita, Brassica juncea and Triti-
cum aestivum treated with pyridoxine have also been reported by other
workers. Pyridoxine concentration of 200 mg/L with a total application of
180 kg N/ha produced maximum value of grain yield and protein content.
In conclusion, these results have practical implications in that pre-sowing
seed treatment with pyridoxine solution could enhance the availability of
nitrogen to the crop, and could ensure the production of more nutritious
corn grain yield. Seed pyridoxine-priming is a simple economical way to
improve the quality and quantity of corn yield.

6.6 B-VITAMINS AND SEED GERMINATION

The seed is the originator of the next generation and, therefore, contains
adequate quantities of reserve food, minerals and growth regulators to
sustains life until the emerging seedling becomes self sufficient. How-
ever, impaired partitioning of photosynthates and other substances dur-
ing seed formation results in low germinability of seeds. Generally, it has
been observed that low content of growth regulators in seeds severely
reduces germination, which is improved by soaking the seeds with these
substances. lijima [27] achieved augmented seed germination in kidney
bean, maize and radish by soaking their seed for 24 h in 0.01 ppm thia-
mine solution. However, old seeds of these crops showed much higher%
germination in response to thiamine treatment. Aizikovick [53] also noted
that treating rice seeds with vitamin B, and B, resulted in high rate of seed
germination under field conditions. Orcharov and Kulieva [48] observed
a slight improvement in the germination in cotton as a result of soaking
its seeds for 1-3 h in 0.1% pyridoxine solution. On the other hand, [54]
found that niacin at a concentration of 250 ppm had no effect on seed
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germination. Serebryakova [55] treated seeds of Rosa cinnamonea with
solutions of nicotinic acid or vitamin B,. The emergence of seedlings was
noted to be 43 and 53% more in 0.01% nicotinic acid and 0.02% vitamin
B, solution, respectively. In addition, [56] applied seven different B-vita-
mins to two cultivars of Capsicum through seed soaking and secured high
seed germination rates coupled with improved seedling growth. Soaking
of rose seeds in nicotinic acid, vitamin B, and B, promoted germination by
43, 51, and 30%, respectively, over the control, Triticale exhibited remark-
able improvement in seed germination under field conditions on receiving
exogenous supply of 0.2% pyridoxine solution through seeds [57].

The above studies indicate that seed treatment with B-vitamins trig-
ger some unknown physiological processes which subsequently influence
germination in various crops. It is well established that commencement
of seed germination results in the enzymatic breakdown of reserve food
material (carbohydrates, fats, and proteins). Therefore, it is of paramount
importance to study the response of various hydrolytic enzymes, particu-
larly amylases, lipases and proteases to the application of vitamins. Neel-
mathi et al. [58] observed early induction of axillary shoots in sugarcane
has been obtained by using MS medium supplemented with riboflavin 10
mg/L along with growth regulators BAP [0.25 mg/L), NAA [0.5 mg/L),
and kinetin [1.07 mg/L). Lowest level of riboflavin (mg/L) with the com-
bination of 2.0% sucrose induced higher frequency of multiplication.

6.7 B-VITAMINS AND VEGETATIVE GROWTH

Bonner and Greene [59] observed the vitamin requirement of slow and
fast growing plants under green house conditions. The slow growing spe-
cies of plants, e.g., Aleurites, Bougainvillea, Arbutus, Eucalyptus, and
Comellia, responded to thiamine supplied with Hoagland’s solution in
sand culture. After two months, it was recorded that shoot length became
double compared to the respective control. Similarly, root system of the
treated plants also exhibited luxuriant growth. But fast growing species
of annual plants, like pea, radish, and tomato, showed no response to the
vitamin treatment. They also noted considerable amount of vitamin B, in
the applied organic manure that might have exerted beneficial effect on
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plant development. In another study, addition of 0.1 mg vitamin B, with
nutrient solution favored dry matter accumulation in plants cultivated in
sand or soil. Moreover, carrot seedlings, receiving this vitamin on alter-
nate days for a year, showed higher growth rate than the control. Simi-
larly Cosmos, Poa, and Brassica (with low endogenous level of vitamin
B,), responded positively to the vitamin treatment, white tomato and pea,
possessing high content of the vitamin in their leaves, proved to be non-
responsive. Analysis of responsive and non-responsive varieties of pea
leaves also revealed that the former varieties possessed only half of the
vitamin content noted in those of the latter, suggesting vitamin B, level
in leaves to provide a reliable criterion B, for deciding whether or not
to treat the plants with this vitamin for the improvement of their perfor-
mance [59]. Hitchcock and Zimmerman [60] observed a beneficial effect
of thiamine on aster plants. Weekly treatment with this vitamin produced
taller plants with higher fresh weight than control plants receiving only
tap water.

Murneek [61] conducted two parallel experiments on tomato dill, Rud-
beckia, cosmos and ornamental peppers in pots under greenhouse condi-
tions. The plants were grown on poor and rich soils, as judged by the
quantity of organic matter present. Of these plants, cosmos proved to be
highly responsive to the application of vitamin B, and tomato was totally
non-responsive. In the parallel experiment, in place of vitamin B, the same
species were supplied with leaf mold that contained appreciable quantity
of vitamin B,. The composition of soil of each pot in both experiments was
in the ratio of 1/3 loam: 1/3 sand 1/3 mold. Supply of vitamin B, exerted
a conspicuous beneficial (though variable) effect on these plants. Roots
were noted to be particularly influenced resulting in beneficial effect on
the entire plant body. Spreading of 1/2 to 3/4 inch (1.27 to 1.90 cm) leaf
mold on the soil surface proved good, and sometimes yielded better results
than those with vitamin B, as leaf mold might have also provided other
organic stimulants. He further concluded that in agricultural practices suc-
cess with vitamin B, and other growth regulators would seems to depend
largely upon the types of soil and fertilizer used. Mariat [62] applied vita-
min B, at the rate of 2.6 mg/L with symbiotic-jillied and sugared Knop’s
solution and compared the performance of treated cattleya orchid seed-
ling with those receiving no vitamin. He observed that 42% of the total
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seedlings receiving the vitamin produced leaves in three months, while
only 3% of untreated seedlings could do so.

Brusca and Hass [63] found 0.01 and 0.02 g/plant of vitamin B, and
0.02 g/plant vitamin B, added to the nutrient solution stimulated the
growth of citrus plants. They observed that application of vitamin B, and
B, enhanced height, leaf number, fresh and dry weight of pea, broad bean,
beet and wheat in pot culture. The effect of both vitamins was most pro-
nounced on beet and the least, on pea. For example, these vitamins at 0.01
mg/L increased the leaf number by 25% in beet seedlings.

Mel’ Tser [64] reported interesting results in field trials on two spring
wheat cultivars (Krasnozernaya and Remo) receiving 0.01% nicotinic
acid solution through seed treatment. The vitamin stimulated the growth
of Krasnozernaya at the early stage and that of Remo at the late stage.
In general the number of florets/spikelet was increased in both cultivars.
Orcharov and Kulieva [48] noted two to three fold increase in leaf area
of cotton seedlings receiving 0.01% pyridoxine solution for 1.3 h as pre-
sowing treatment.

Vergnano [65] applied vitamin B, and B, (at the rate of 0.01) mg/L
with nutrient solution) to Colutca arborescens, Hedera helix, and Rosa
cuttings in sand culture. These vitamins induced rooting in the latter two
plants. Treated plants of Rosa also produced more buds and leaves with
broader leaf blades that the controls. Similarly, enhanced growth of root,
stem, leaf, umbel and fruit in Ammi visnaga was obtained as a result of
seed treatment with 50 mg/L thiamine [66]. Contrary to the above find-
ings, the authors of Refs. [67-72] did not observe any growth stimulat-
ing effect of vitamin B, B,, and nicotinic acid on various horticultural
crops, including tomato, lettuce, cosmos, mustard, radish, cauliflower,
musk melon, pepper, rutabagas, snap beans, and summer squash. Likely,
it seems that the varieties of crops tested by them contained sufficient
amounts of endogenous vitamins, and therefore, did not respond to the
exogenous supply of the vitamin. Sajjad and Samlullah [12]. In one field
experiment conducted according to simple randomized block design on
mustard (Brassica juncea L.) Var. Varuna to establish the most suitable
concentration for soaking of mustard seed in thiamine hydrochloride
solution of concentration that is 0.01, 0.02, 0.03, 0.06, 0.09, and 0.12%
on the performance of mustard. The parameter such as plant dry weight,
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leaf area, leaf area index (LAI), crop growth rate (CGR), relative growth
rates (RGR), and net assimilation rate (NAR) were calculated from 40
to 120 days sowing (DAS), Yield and its components such as number of
pods per plant, 1000 seed weight, yield; biological yield, harvest index
and oil yield were measured at harvest. In general soaking of seeds in
0.03% of thiamine hydrochloride solution was found to be the best in
comparison to any other concentration of the treatment for most of the
parameter studied. In growth parameters, leaf area, plant dry weight
showed significant results at the early stages of sampling (that is, 40-80
DAS). CGR also followed the same trend; however, RGR and NAR did
not follow the same at any stage of the sampling. Yield parameter like
the pod number per plant, biological yield and seed yield as well as oil
yield registered significant result. Thus it was concluded that soaking of
mustard seeds in 0.03% thiamine hydrochloride ensured better growth
and yield. Judicious application of fertilizers can improve the produc-
tivity of the crop. However, application of large quantities of inorganic
fertilizers has disadvantages too. On one hand, it increases burden on our
already exhausted foreign reserves for importing these fertilizers and on
the other hand it cause pollution hazards too. As B-vitamins are known
to be involved in various physiological activities of the plants, it can be
concluded that growth and yielding ability of mustard could be improved
by pre-sowing seed treatment with economical dilutions of aqueous thia-
mine solution and fertilizer requirement of mustard variety could be cut
down.

6.8 B-VITAMINS AND CROP PRODUCTIVITY

Review of literature in earlier sections clearly points out a pleiotropic role
of B-vitamins, establishing that treatment with these substances modifies
various physiological processes. As crop performance at harvest is the
manifestation of these processes, it is not beyond expectation to amelio-
rate crop productivity by administering B-vitamins to the seeds or to the
seedlings at the beginning. The findings discussed below bear testimony
to this hypothesis. Kjelvick [73] studied the effect of soaking vegetable
seeds for 24 h in nicotinic acid on their yield performance. He observed
that yield of radish and outdoor cucumber was enhanced by this treatment.
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Aizikovick [53] also reported 2% increase in rice yield as a result of pre-
sowing seed treatment with vitamin B, and B,. Similarly, soaking of pea
seeds in 0.01% vitamin B, solution enhanced seed yield by 15% [74].
Dimitrova Russeva and Lilova [49] observed the effect of application of
thiamine, pyridoxine and nicotinic acid on Mentha piperita. Nicotinic
acid enhanced the essential oil yield, as did two applications of thiamine,
whereas pyridoxine reduced it.

In a field trial, [75] investigated the effect of soaking wheat seeds for
12 h in 0.005. 0.05, and 0.5% nicotinamide solution. Grain yield was
enhanced from 16.7 g/ha in the control to 21.9, 18.8, and 14.5 g/ha by the
application of 0.0005 and 0.05% nicotinic acid and 0.5% of nicotionamide
treatment, respectively, while it was reduced to 14.3 g/ha due to 0.5%
nicotinic acid application. Further, the grain so produced possessed 89.2,
100.2, 96.3, 87.9, and 89.3 mg protein g dry grain, respectively, as com-
pared with 82.7 mg in the control It indicated that only treatments with
nicotinic acid improved the grain quality.

Polyanskaya and Kuvadov [76] reported an increase in the number
of both plant bolls, boll weight and cotton yield as a result of soak-
ing cotton seeds in nicotinic acid before sowing. In another study, seed
treatment with nicotinic acid resulted in early maturation of two cul-
tivars of Capsicum accompanied by high yield, but other B-vitamins
proved ineffective in this regard [56, 77] studied the effect of thiamine
and nicotinic acid on tomato under field conditions. Plants grown from
vitamin treated seeds produced 23.1 to 30.2% higher yield than the con-
trol plants.

Kulieva et al. [78] investigated the response of melon and watermelon
to vitamin treatments under laboratory and field conditions. Seeds of these
plants received various concentrations ranging from 0.01 to 0.0001% of
thiamine, nicotinic acid, pyridoxine or cyanocobalamine. Number and
weight of fruit at 45 and 90 days was noted to be increased by thiamine
(0.001%), cyanocobalamine (0.0001%) or nicotinic acid (0.0001%). Seed
treatment with 50 mg/L thiamine solution also promoted fruit growth and
increased the concentration of total hormones and their main components,
khallin and visnagin in Ammi visnaga [66]. Similarly, vitamin B, enhanced
ascorbic acid formation by 50% and B, and nicotinic acid, by 25% in
young rose plants, which were, raised form the seeds treated with vitamin
B,, B, or nicotinic acid.
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6.9 FOLIAR APPLICATION OF B-VITAMINS

Compared to seed treatment, less attention has been paid to the study of
spray of B-vitamins on standing crops. However, in most of the cases,
foliar application of the vitamins improved growth performance, which
was subsequently manifested in enhanced economic yield of various
crops. The available literature is reviewed below.

Ilijima [79] observed a beneficial effect of spraying thiamine solution
on the leaves of sweet potatoes. Foliar application of 1 ppm vitamin solu-
tion (at the rate of 2 mL/plant at intervals of 10 d) increased the number
and length of roots accompanied by high percentage of large storage roots.
The fresh weight of stems and leaves was also increased by the treatment.
Moreover, spraying was more effective in the first half than in the second
half of the growing season. Cajlahjan [80] noted that vitamin B, applied
to plants by vacuum infiltration or spray promoted flowering in perilla and
maize, but nicotinic acid proved to be ineffective. Besides, combination
of thiamin spray with acidic chemicals or with urea resulted in high yield
responses of various garden crops; but in the presence of alkaline chem-
icals, the vitamin spray curtailed their yield [81]. Boukin [82] reported
growth-stimulating effect of nicotinic acid or thiamine spray on beans,
tobacco tomato, mulberry and carrot. Application of 0.001% solution of
these vitamins promoted leaf growth in general and enhanced root yield
more than 50% in carrot. Galachalova et al. [83] observed that spray of
thiamine enhanced grain yield of a cultivar of wheat containing low con-
tent of seed thiamine.

Popova et al [84] sprayed the pistils of Capsicum annum just after
pollination with thiamine, riboflavin, pyridoxine and nicotinic acid in
various combinations. The vitamins increased fruit set and number of
seeds fruit, shortened the growing period and increased plant height in
F, generation. All the vitamins, except riboflavin, caused earliness in
the F,. Arsen’eva [85] investigated the effect of physiologically active
substances, including B-vitamins (thiamine, nicotinic acid, and pyridox-
ine) and vitamin combination and completion of flowering, flower size
and color and shoot growth in lilac, hydrangea and spiraea. The spray of
vitamins was given during reproductive organ differentiation and floral
bud development. Among these plants lilac gave the best response for
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parameters studied to 100 mg pyridoxine spray, while a mixture of thia-
mine, nicotinic acid and vitamin at the concentration of 100 mg/L proved
optimum for spiraea.

Et-kholy and Saleh [86] sprayed Matricaria chamomilla with 10 mL
solution each of thiamine and vitamin C [25, 50, 100, and 150 ppm) at
30 and 45 after transplantation. Of these, 150 ppm of either thiamine or
vitamin C significantly increased the number of flowers and head pro-
duction/plant by 47.22 and 56.60%, respectively, in first growing sea-
son over the control; but essential oil and chamazulene percentage in
treated plants remained unaltered. However, the total average yield of
these economically important ingredients was increased by the appli-
cation of 50 ppm of either of these vitamins. It had become abundantly
clear in the early forties that besides plant hormones, e.g., auxins, gib-
berellins, etc., growth promoting substances included another set of
heterogeneous organic compounds (vitamins) with varying modes of
action. These compounds are required in small amounts only, and, in a
more or less unchanged form, participate at various stages in the laby-
rinth called metabolism. However, knowledge of the vitamin require-
ment of plants had to wait the development of organ and tissue culture
techniques because, although shole plants are capable of synthesiz-
ing them, their organs cannot do so separately. Thus, with the intact
plant, by virtue of their translocation from the site of synthesis to that
of action in plants. B-vitamins conform to the definition of hormones
in plants [5, 15]. Nevertheless, detailed consideration of the effect of
these compounds on intact plants remained unduly neglected. Under
these dismal circumstances the conclusions drawn by [6] in his review
are no doubt remarkable. He opined that “normal green plants can cer-
tainly grow well without any external vitamin application, but it is nat-
urally not excluded that certain plants or certain developmental stages
may contain slightly suboptimal vitamin amounts and, therefore, may
be stimulated by further additions.” For more than two decades, study
of the role of B-vitamins in plants has attracted sporadic attention.
These studies have indicated that various physiological processes, e.g.
nutrient uptake, seed germination, respiration, photosynthesis as well
as chlorophyll and protein synthesis, depend more or less on the avail-
ability of the B-vitamins. However, in depth investigations are required
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so as to ascertain their exact modes of action in plants. Kodendara-
maiah and Gopala Rao [44] suggested that B-vitamins participate in
plant growth and development indirectly by enhancing the endogenous
levels of various growth factors such as cytokinins and gibberellins.
However, this assumption needs verification by monitoring the change,
if any in the concentration of various endogenous growth regulators in
response to the application of the B-vitamins. The risk could be simpli-
fied by using labeled vitamins to probe their involvement in various
processes. The involvement of B-vitamins in the expression of genes
particularly during seed germination, is also a definite possibility that
may be investigated by separating and identifying proteins (gene prod-
ucts) by gel electrophoresis after treating seeds or other plant organs
with the vitamins. A comparison of the protein pattern of the treated
parts with that of the control could be expected. Zanjan and Asli[11]
made objective of this study to evaluate the effects of seed Pyridoxine-
priming duration on germination and early seeding growth character-
istics of two wheat genotypes included inbred lines of PBW-154 and
PBW-343. The experiments were carried out with completely random-
ized design (CRD) with five seed priming treatments in three replica-
tions. The seed priming treatments included three Pyridoxine-priming
duration treatments consist of 6, 12, and 24 h were compared with the
unsoaked seed control and hydro-priming with distilled water for 12 h.
The Pyridoxine concentration of 200 mg/L prepared in distilled water
was used as Pyridoxine-priming media. Seed Pyridoxine-priming
treatments improved seed germination and early seeding growth traits
included germination percentage, coleoptiles, and radicle length, seed-
ing dry matter accumulation, mean germination time (MGT), germina-
tion index (GI), vigor index (VI), and time to 50% germination (T, )
of both genotypes. Seed pyridoxine-priming duration of 12 h produced
maximum value for most of the germination and early seedling growth
characteristics of wheat inbred lines of PBW-154 and PBW-343. These
results have practical implications in the pre-sowing seed treatment
with pyroxene solution could enhance the seed germination and early
seedling growth characteristics of wheat plant. It has been established
that pyridoxine is required for root development, which can positively
influence the early seedling growth. Seed soaking application of graded
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aqueous pyridoxine solutions increased the dry matter accumulation of
mung bean. Pyridoxine requirement for optimum performance of mus-
tard cultivars of PK-8203 and Varuna were 0.05% and 0.0125%, respec-
tively. Seed pyridoxine-priming duration of 12 h produced maximum
value for most of the germination and early seedling growth charac-
teristics of wheat inbred lines of PBW-154 and PBW-343. In conclu-
sion, these results have practical implications in that pre-sowing seed
treatment with pyridoxine solution could enhance the seed germination
and early seedling growth characteristics of crops. Seed pyridoxine-
priming is a simple economical way to improve the seedling establish-
ment of wheat plant. Seed priming is an important factor influenced
germination and early seedling growth of annual crops. The effects of
seed priming on crops are dependent on the complex interaction of fac-
tors such as priming substance, plant genotype, and priming duration.
Germination and seedling establishment are influential stages, which
affected both quality and quantity of crop yields. We have investigated
that how seed pyridoxine—priming duration influenced seed germina-
tion and early seedling growth characteristics of two wheat genotypes.
Seed pyridoxine-priming treatments improved seed germination and
early seedling growth traits of both genotypes. The increment in seed
germination and early seedling growth due to seed priming treatment
is also in conformity with the findings of others. Priming of wheat
seed using polyethylene glycol or potassium salts (K,HPO, or KNO,)
resulted in accelerated seed germination. A significant enhancement
in seed germination and seedling growth characteristics of wheat was
through the hydro-priming of seeds for 24 h. The three early phases
in seed germination are [1] imbibition, [2] lag phase, and [3] protru-
sion of the radicle through the testa. Generally, priming affects the lag
phase and causes early DNA replication increased RNA and protein
synthesis and greater ATP availability. Furthermore, pyridoxine is a
cofactor for many enzymatic reactions, especially those involved in
amino acid metabolism.
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6.10 B-VITAMINS AND SUGARCANE CROP

Sugarcane is one of the world’s economically most important cultivated
crop [87]. It is the chief source of centrifugal sugar in the world and it
contributed nearly 60% world sugar production [88]. It is one of the
most important cash crops of tropics and sub-tropics in India. It plays a
pivotal role in both agricultural and industrial economy of our country.
India is one of the largest producers of sugar and is in neck-to-neck
race with Brazil for first position. The Indian share in sugar production
is about 13% of the world and 41% of Asia [89]. In India, sugarcane
is grown under different agro-climatic conditions and occupies about
22% area (4.4 m ha) of the GCA with an average productivity of 68.2
t/ha [90]. The area under sugarcane cultivation in Uttar Pradesh (U.P.)
alone is about 48% of India. But from the productivity point of view it
is lagging behind. It has two main reasons one is the agro-climatic con-
ditions, which is not up to the desired level and second one is the lack
of cane production technology management. As far as planting technol-
ogy is concerned in Punjab, Haryana, and Western U.P., the majority
of farmers mostly prefer late planting i.e. sugarcane cultivation after
wheat crop harvesting. Specially, in Western U.P. about 60% area is
covered under this process which adversely affect the productivity of
sugarcane due to poor tillers formation on account of early monsoon
rains and moreover the emergence of plenty of weeds. It had been estab-
lished that 32 to 35% deterioration in yield is due to late planting adap-
tation against autumn and spring planting. Sundra [91] reported that
summer planted crop gives very low yield, particularly due to poor ger-
mination and tillering because of extremely high temperature coupled
with moisture stress. The cane productivity declines by 30 to 50% if
planting is delayed upto end of April or early May [92, 93]. It is also
well known that the autumn (October) planted cane yields 20% more
than the spring (February—March) planted cane, and matures earlier but
it needs 30% more time. In fact, the first Green Revolution, though
mostly unsung, took place in sugarcane in 1920s, when the new inter-
specific hybrids (Saccharum officinarum x S. spontaneum) starting with
cultivar ‘Co205’ — yielded 2% times more than the traditional canes
(varieties belonging to S. barberi and S. sinense, mostly used for sugar
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making). This success of new hybrids may be gauged from the fact that
within 10 years number of sugar mills in India rose from 20 in 1920
to 110 in 1933-34. The architect of this unsung revolution, Dr. T.S.
Venkataraman, the then Director of Sugarcane Breeding Centre, Coim-
batore, was knighted in 1942 by the then imperial government. Today,
the cultivated sugarcane is no longer S. officinarum but a Saccharum
hybrid complex involving different species of saccharum and allied
genera. The process of producing cane hybrids using S. officinarum, as
female parent is called ‘Nobilization of Sugarcane.” The Coimbatore-
breed hybrid canes (popularly known as ‘co-canes’) supported the sugar
industries of different countries including those of the United States of
America, South Africa, and many others. In India, before the advent of
these hybrids more than 80% sugar was produced in the states of Indo-
Gangetic plains. The development of hybrids gradually increased the
cane cultivation in the tropical states. Sugarcane is considered a tropi-
cal plant and grows well in that environment. Thus, tropical states with
longer growing period of sugarcane always have more cane yield than
the subtropical states, where the growing period for sugarcane is shorter
due to climatic extremes (very high temperature during the formative
phase and very low temperature during the maturity phase). The natural
disparity may be minimized through appropriate agronomic interven-
tions. Hence, the choice of a suitable cultivar, season and adoption of
viable crop management strategies play a decisive role in augmenting
sugarcane production.

The ultimate economic product of sugarcane is not the seed but the
sugar, which is stored in the stalk and cannot be seen by naked eye.
Sugarcane maturity, therefore, cannot be judged by the considerations
applicable to grain crops. Accumulation of sugar in the stalk begins
soon after completion of elongation phase when glucose produced dur-
ing photosynthesis is not utilized mainly for further growth but stored
largely in the stalk as sucrose. When concentration of this sucrose
exceeds 16% and juice purity increase over 85% the cane is said to be
mature. The prime concern of the plant in the early stages is growth as
opposed to sugar storage. As the plant advances in age, the rapid growth
processes tend to slacken as water and nitrogen reserves are depleted. As
the growth declines, less of the sugar produced each day is diverted in
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building new tissues and more is stored as sucrose. Ripening is the pro-
cess of sugar accumulation. It is the culmination or perfection of matu-
rity. It is a stage of growth when the sugar content is at its best in the
stalks. Agronomically, it is based upon the appearance of internodes no
longer subtended by green leaves and a parallel accumulation of sucrose
in each successive internode towards a common higher value. The two
process run parallel and are complementary to each other depicting the
metabolic transformations of biological molecules associated with sugar
accumulation [94].

Considerable work with various aspects on the metabolism of ripening
and maturity in sugarcane has been done by different workers [95-110]
but the effect of vitamins also having catalytic and regulatory functions
on metabolic aberrations during ripening and maturity of sugarcane crop
seems to be the neglected aspect.

The function of different vitamins in animals can be easily studied,
by merely removing a particular vitamin from the diet. This study is,
however, difficult in plants, since they synthesize vitamins themselves
but the concentration level may not be enough to carry out regulatory
and other biochemical processes at optimum level, therefore, externally
applied vitamins to plants increase growth and yield potential in differ-
ent crop plants [5, 6, 13, 14, 21-25, 111, 139]. Moreover, [59] main-
tained that a plant would respond to exogenous supply of the vitamins
only if its endogenous vitamin levels were low. The hypothesis has been
confirmed in the authors laboratory were highly encouraging for pep-
permint crop [21, 22]. With the new high yielding different genotypes of
sugarcane available for research, the present author decided to test these
from the point of view of growth characters and correlations between
biochemical alterations under the influence of soil applied rice bran (a
natural source of pyridoxine) along with pyridoxine soaked sett on rip-
ening and maturity of sugarcane cultivars, since, the growth and stor-
age are reciprocally related presumably because of competition for the
available photosynthate [112]. It may not be out of place to mention here
that work done at Shahjahanpur, during the last two decades or so on
these important aspects of the applied physiology of cereals, oil crops,
medicinal, and sugar crops under the supervision of Professor Dr. Abbas
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and others has yielded valuable results [5, 6, 13, 14, 20-25, 111-128,
144, 145].

A field experiment was conducted during [2011-2012] to study the
effect of different doses of soil-applied rice bran (0, 10, 20, 40 and
60 kg/ha), T, T,, T,, T,, T, respectively, along with pre-sowing 0.03%
pyridoxine soaked setts (T,) with ten sugarcane varieties namely CoS
8436 (V,), CoS 95255 (V,), CoSe 96268 (V,), CoSe 98231(V,), CoSe
01235 (V,), CoS 01424 (V), CoSe 95422 (V,), UP 097 (V,), CoSe
92423 (V,) and CoS 96275 (V) on growth (Cane length, fresh and dry
weight/plant), leaf biochemical components (acid and neutral inver-
tases) during various growth stages (pre-monsoon, post-monsoon,
early ripening, late ripening, and maturity) of growth and develop-
ment, including cane yield and juice quality (Brix, pol %, sucrose
content, purity) at harvest. The experiment was based on a factorial
randomized design, each treatment replicated thrice. Thus, different
doses of soil-applied rice bran together with basal fertilizer dose were
supplied in soil before placing the pyrogallol sterilized setts. A uniform
basal dose of 150 kg N, 60 kg P, and 80 kg K/ha was applied to each
bed. Nitrogen was given in [1/3 + 1/3 + 1/3] split doses as top dress-
ing. Urea, Monocalcium superphosphate and muriate of potash were
used as perspective sources of N P K. The growth characteristics leaf
biochemical analyses at different stages and cane yield as well as juice
quality at harvest were studied. The first five sugarcane varieties (CoS
8436, CoS 95255, CoS 96268, CoSe 98231 and CoSe 01235) harvested
one month before (at 330 days) due to early maturation as compared to
the remaining five varieties.

It was observed that increasing levels of soil-applied rice bran as
well as 0.03% pyridoxine sett-soaking significantly increased cane
length, fresh and dry weight gradually at every stage of development
till harvest in sugarcane as compared to control [139], Tables 6.1-6.15.
Such results are well expected as the beneficial effects of rice bran in
other crops with various aspects have also been noted by [16—-19] and
in sugarcane, recently, by the author himself [13, 14, 139]. Similarly,
the better effect of soil-applied rice bran may be attributed besides sup-
plying water soluble natural pyridoxine also conserved more water at
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formative stage (shoot emergence + tillering) which probably helped
plants to tiller profusely and abundant nutrient availability [13, 14].
Similarly, pyridoxine having positive impact on physiological and bio-
chemical pool of the crop plants corroborates [9-12]. The soil-applied
rice bran @ 60 kg/ha before planting proved toxic for cane yield and
proved less effective. The next best treatment was soil-applied 40 kg/ha
rice bran (T,). The above observed positive impact may be associated
with higher nitrate reductase activity [111]. Presumably, the vitamin is
involved in synthesis of nitrate reductase or alters the permeability of
cell membrane or enhance the activity of carrier proteins by acting as
coenzymes, thus favoring nutrient uptake. The conclusions drawn by
[6] in his review are no doubt relevant. He opined that “normal green
plants can certainly grow well without any external vitamin application,
but it is naturally not excluded that certain plants or certain develop-
mental stages may contain slightly sub-optimal vitamin amounts and
therefore, may be stimulated by further additions. In addition, probably
pyridoxine participates in plant growth and development indirectly by
enhancing the endogenous levels of various growth factors [37]. Thus,
it has been established that pyridoxine participate in diverse physiologi-
cal processes and seem to be pleiotropic in its action [12].

Sugarcane variety CoSe 92423 (V,) produced highest cane yield of
106.73 t/ha followed by UP 097 (V,) with 99.05 t/ha (Table 6.26) due
to highest positive association with cane length, fresh and dry weight at
every stage of growth and development by the growth parameters asso-
ciative impact of the treatments till harvest, Tables 6.1-6.15. It is quite
understandable as species of a genus, and even varieties of a species, dif-
fer under the same environmental conditions, in their utilization of inputs
[129, 130]. The variety CoS 8436 (V) gave lowest cane yield due to infe-
rior values for cane length, fresh and dry weight at all stages till harvest,
Tables 6.1-6.15.

Foliar biochemical components may be regarded as mini imitation
of the concentration levels present in the stem tissues. Hence, the foliar
biochemical analyses for various components might become a biochemi-
cal parameter indicating their status at different growth stages and their
associations with sucrose, ripening, maturity and cane yield etc. would
be highly valuable. From the results of foliar biochemical analyses, it
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TABLE 6.1 Effect of Soil-Applied Rice Bran And Pre-Sowing Pyridoxine Soaking
of Setts on Length/Cane (cm) at Pre-Monsoon (120 days) in Sugarcane
(Sachharum officinarum L.)

Varieties Soil-applied rice bran (kg/ha) 0.03% Mean
0(T) 10(T) 20(T,) 40(T) 60 (T) Pyridox-
ine (T))
Soaking

CoS8436 126.60 136.30 14530 154.30 141.60  156.40 143.42
)

CoS 136.60 138.60 14230 169.30  166.30 17130  154.07
95255(V,)

CoS 96268  140.60 152.00 156.00 16230  165.60 16530  156.97
V)

CoSe 98231 141.00 155.60 172.60 184.60  170.60 189.90  169.05
)

CoSe 13430 158.00 178.00 191.00 179.00 19500  172.55
01235(V,)

CoS 01424  117.00 129.00 144.00 183.00 171.00 188.80  155.47
Vo

CoSe 95422 15030 168.60 173.30 187.00 163.00 189.90 172.02
V)
UP 097 (V,) 120.00 133.00 149.00 185.60 168.60  188.80 157.50
CoSe 92423 153.00 161.00 189.60 199.60 182.00  199.80 180.83
Vo)
CoS 96275  118.00 13530 153.60 156.00 143.60  165.00 145.25
Vi)

Mean 133.74 146.74 160.37 177.27 165.13  181.02
CD at 5% F-value

Treatments 5.14 *

Varieties 6.63 *

Treatments x Varieties  16.25 *

Mean of three replicates.

* — Significant.

can be concluded that It was interesting to note that the first five variet-
ies (CoS 8436, CoS 95255, CoS 96268, CoSe 98231, and CoSe 01235)
matured and therefore, harvested one month earlier to final harvesting
due to early maturation signals in all the respective foliar (acid and
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TABLE 6.2 Effect of Soil-Applied Rice Bran and Pre-Sowing Pyridoxine Soaking
of Setts on Length/Cane (cm) at Post-Monsoon (210 days) in Sugarcane
(Sachharum officinarum L.)

Varieties Soil-applied rice bran (kg/ha) 0.03% Mean
0(T) 10(T) 20(T,) 40(T) 60(T) Pyridox-
ine (T))
Soaking

CoS8436 (V) 170.60 181.00 193.00 203.30 191.60  205.60 190.85
CoS 95255(V,) 206.60 216.60 268.60 308.30 296.00  309.40 267.58
CoS 96268 206.60 215.60 241.60 29330 25930  295.50 251.98
vy

CoSe 98231 213.30  221.00 241.60 251.60 247.00 256.50 238.50
V)

CoSe 21830 217.00 25330 271.60 258.60 275.00 248.97
01235(V,)

CoS 01424 20830 24330 265.00 280.60 25530 285.00  256.25
(Vo)
CoSe 95422 226.60 239.30 261.00 27530 261.00 285.00  258.03
V)
UP097(V,) 25130 26430 29130 305.60 295.00 307.30  285.80
CoSe 92423 24830 267.30 291.00 311.00 306.00 315.10  289.78

Vo)
CoS 96275 200.30 221.30 247.00 275.00 270.30 280.50 249.07
(V)
Mean 215.02 228.67 25534 277.56 264.01 281.49
CD at 5% F-value
Treatments 9.66 *
Varieties 12.47 *
Treatments x Varieties 30.56 NS

Mean of three replicates.

* = Significant, NS = Non-significant.

neutral invertases) analysis Tables 6.16—6.25. And cane traits as well as
in juice quality [13, 14], Tables 6.26—6.31. The 0.03 % pyridoxine sett-
soaking (T,) as well as 40 kg/ha soil- applied rice bran (T,), a natural
source of pyridoxine, may be regarded as a promoter to the metabolic
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TABLE 6.3 Effect of Soil-Applied Rice Bran and Pre-Sowing Pyridoxine Soaking
of Setts on Length/Cane (cm) at Early Ripening (270 days) in Sugarcane (Sachharum
officinarum L.)

Varieties Soil-applied rice bran (kg/ha) 0.03% Mean
0(T) 10(T) 20(T) 40(T) 60(T,) Pyridox-
ine (T))
Soaking
CoS8436 205.00  250.00 245.00 255.50 254.50 259.90 244.98
V)
CoS 310.00 325.00 329.00  345.00 340.00 358.00 334.50
95255(V,)
CoS 96268 301.00 310.00 325.00 346.00 330.00 350.00 327.00
vy
CoSe 98231  260.00 270.00 275.00 281.00 271.00 285.00 273.67
v,
CoSe 250.50  260.00 265.00 269.90 260.50 270.50 262.73
01235(V))
CoS 01424  270.00  280.00 289.50  290.00 279.90 295.50 284.15
(Vo

CoSe 95422 24550  269.90 27550  281.00 265.00 298.90  272.63
V)

UP 097 (V,) 26550 27550 285.50 289.50 280.00 31050  284.42
CoSe 92423 28550  291.50 295.50  309.90 301.50 33030  302.37

Vo)
CoS 96275 250.50  268.80 275.00  285.00 280.00 285.30 274.10
(V)
Mean 26435  280.07 286.00 29528 286.24 304.39
CD at 5% F-value
Treatments 5.77 *
Varieties 7.45 *
Treatments x Varieties 18.25 NS

Mean of three replicates.

* = Significant, NS = Non-significant.

labyrinth providing a strong organic impact on metabolic centers for
accelerating ripening and maturity, quality as well as cane yield and juice
quality in sugarcane crop. Mishra and Gupta [131]; Thangavelu and Chi-
ranjivi Rao [132]; Alexander [140]; Das and Prabhu [141]; Sachdeva et
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TABLE 6.4 Effect of Soil-Applied Rice Bran and Pre-Sowing Pyridoxine Soaking
of Setts on Length/Cane (cm) at Late Ripening (330 days) in Sugarcane (Sachharum
officinarum L.)

Varieties Soil-applied rice bran (kg/ha) 0.03% Mean
0(T,) 10(T,) 20 40(T,) 60(T,) Pyridox-
(T) 1ne(T6)
Soaking
CoS8436 225.00 280.00 275.00 280.00 280.00 285.00 270.83
V)
CoS 340.00 345.00 340.00 369.00 360.00 375.00 354.83
95255(V,)
CoS 96268  321.00 330.00 346.00 375.00 350.00 380.00 350.33
vy
CoSe 98231  295.00 299.00 299.50 301.15 298.00 310.00 300.44
v,
CoSe 280.00 285.00 288.00 290.00 285.50 295.00 287.25
01235(V))
CoS 01424  315.50 320.00 355.00 360.00 350.00 365.00 344.25
V)
CoSe 95422 280.00 285.00 285.00 290.00 280.50 300.50 286.83
V)
UP 097 (V,) 295.00 305.50 350.00 359.50 360.00 340.50 335.08
CoSe 92423 320.00 331.50 345.50 360.00 340.00 380.00 346.17
v,)
CoS 96275  280.00 285.00 289.10 293.50 290.00 298.00 289.27
(V)
Mean 295.15 306.60 317.31 327.82 319.40 33290
CD at 5% F-value
Treatments 9.18 *
Varieties 11.85 *
Treatments x Varieties 29.04 NS

Mean of three replicates.

* = Significant, NS = Non-significant.

al. [142]; Gopala Rao and Negi Reddy [143] also reported that in the
early part of season had higher amount of reducing sugars and at opti-
mum maturity the reducing sugar was minimum. Similarly, [13, 14, 139]
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TABLE 6.5 Effect of Soil-Applied Rice Bran and Pre-Sowing Pyridoxine Soaking
of Setts on Length/Cane (cm) at Maturity (360 days) in Sugarcane
(Sachharum officinarum L.)

Varieties Soil-applied rice bran (kg/ha) 0.03% Mean

0(T) 10(T,) 20(T,) 40(T) 60(T) Pyridox-
ine (T))
Soaking

CoS8436 - - - - - - -

V)

CoS - - - - - - -
95255(V,)

CoS 96268 - - - - - - -

vy

CoSe 98231 - - - - - - -

vy

CoSe - - - - - - -
01235(V))

CoS 01424  332.00 344.60 367.00 375.00 365.00 381.20 360.80
(Vo)

CoSe 95422 301.60  309.30  323.30 339.00 337.00 351.00 326.87
V)

UP097 (V,) 32830 35500 360.00 391.00 381.00 398.50 368.97
CoSe 92423 341.00 351.60 386.60 413.30 370.00 419.60 380.35
Vo)

CoS 96275  301.60 31330 331.30 355.60 342.60 365.50 334.98
(V)

Mean 160.45 16738 176.82 18739  179.56  191.58

CD at 5% F-value

Treatments 6.29 *

Varieties 8.12 *

Treatments x Varieties 19.89 *

Mean of three replicates.

* = Significant.

noted a decrease in the total sugars and starch content during ripening
and maturity under the influence of soil-applied rice bran and pyridoxine
sett-soaking, indicated that starch, like sugars is an alternate reservoir
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TABLE 6.6 Effect of Soil-Applied Rice Bran and pre-Sowing Pyridoxine Soaking of
Setts on Fresh Weight/Cane (gm) at Pre-Monsoon (120 days) in Sugarcane (Sachharum
officinarum L.)

Varieties Soil-applied rice bran (kg/ha) 0.03% Mean
0(T) 10(T,) 20(T) 40(T) 60 (T) .Pyrldox-
ine (T))
Soaking

CoS8436 (V) 14.00 19.10 21.20 30.10  29.30 35.00 24.78
CoS 95255(V,)  23.10 2400 2990 59.80  38.10 60.00 39.15
CoS 96268 (V,) 13.80 16.50 5940  63.00  38.20 69.90 43.47
CoSe 98231 (V,) 2630 3430 50.00 61.00 55.60 70.00 49.53
CoSe 01235(V,) 2640 31.50 3250 97.00  82.80 99.80 61.67
CoS 01424 (V) 1590 1870 1930  36.10  38.60 45.50 29.02
CoSe 95422 (V) 29.10 31.00 59.10 84.60  38.60 95.50 56.32
UP 097 (V,) 16.80 21.80 4450 66.00  44.00 68.00 43.52
CoSe 92423 (V) 20.60 30.80 37.10  65.60  44.10 76.90 45.85
CoS 96275 (V) 1530 18.40  26.10 31.00  36.30 41.90 28.17

Mean 20.13 24.61 3791 5942  44.56 66.25
CD at 5% F-value

Treatments 1.60 *

Varieties 2.06 *

Treatments x Varieties 5.06 *

Mean of three replicates.

* = Significant.

of carbohydrate for energy and these may be treated as a (biochemical
traits) signal for attaining maturity.

In addition, there was an increase in acid invertase activity upto
early ripening (270 days) stage and a sharp drop in the last final two
stages under the influence of 0.03% pyridoxine sett-soaking (T,) fol-
lowed by 40 kg/ha soil-applied rice bran (T,), (Tables 6.16-6.25)
showing its positive association with maturation and an important trait
for assessing ripening and maturity in sugarcane crop. Further, there
was a significant gradual increase in neutral invertase activity not only
with the progress in age but also due to impacts received from 0.03%
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TABLE 6.7 Effect of Soil-Applied Rice Bran and Pre-Sowing Pyridoxine Soaking of
Setts on Fresh Weight/Cane (gm) at Post-Monsoon (210 days) in Sugarcane (Sachharum

officinarum L.)
Varieties Soil-applied rice bran (kg/ha) 0.03% Mean
0(T,) 10(T,) 20(T,) 40(T,) 60(T) Pyridox-
ine (T))
Soaking
CoS8436 (V,) 175.10 184.00 211.00 301.60 272.50 315.00 243.20
CoS 25530 290.00 367.60 483.60 410.60 490.50 382.93
95255(V,)
CoS 96268 237.50 273.30 368.30 424.30 342.00 449.30 349.12
vy
CoSe 98231 201.50 259.00 330.10 361.00 350.60 390.50 31545
v,
CoSe 23230 277.00 357.60 431.60 400.60 490.50 364.93
01235(V))
CoS 01424 237.50 346.00 37530 403.30 376.80 480.50 369.90
(Vo
CoSe 95422  212.30 299.60 341.60 38230 222.80 405.60 310.70
V)
UP097 (V,)  279.00 285.00 393.30 499.10 44430 499.50 400.03
CoSe 92423  355.30 365.00 439.10 555.60 397.80 580.90 448.95
v,)
CoS 96275 227.90 299.30 307.30 35530 351.10 391.60 322.08
(V)
Mean 241.37 287.82  349.12 419.77 35691 449.39
CD at 5% F-value
Treatments 8.83 *
Varieties 11.40 *
Treatments X Varieties 27.93 *

Mean of three replicates.

* = Significant.

pyridoxine sett-soaking (T,) as well as 40 kg/ha soil-applied rice bran
(T,) (Tables 6.21-6.25) showing its higher level closely associated
with ripening and maturity and readiness of the crop for harvest (Table

6.26).
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TABLE 6.8 Effect of Soil-Applied Rice Bran and Pre-Sowing Pyridoxine Soaking of
Setts on Fresh Weight/Cane (gm) at Early Ripening (270 days) in Sugarcane (Sachharum
officinarum L.)

Varieties Soil-applied rice bran (kg/ha) 0.03% Mean
0(T,) 10(T) 20(T) 40(T) 60(T) Pyridox-
ine (T))
Soaking

CoS8436 (V) 192.70 217.60 286.00 351.60 305.80 365.60 286.55
CoS 95255 (V,) 307.50 311.60 456.00 421.00 360.50 455.20 385.30
CoS 96268 (V,)  303.30 373.30 392.50 404.80 385.80 410.70 378.40
CoSe 98231 (V,) 265.10 320.00 363.60 490.00 359.00 495.00 382.12
CoSe 01235 (V,) 288.30 372.60 462.60 496.60 489.00 525.00 439.02
CoS 01424 (V,) 448.60 463.60 51930 672.30 65430 699.00 576.18
CoSe 95422 (V) 345.10 387.00 403.00 412.50 453.30 501.10 417.00
UP 097 (V,) 328.30 39430 45830 582.60 54330 599.10 484.32
CoSe 92423 (V,) 412.10 445.00 529.00 663.30 631.60 715.20 566.03
CoS 96275 (V,)) 430.00 495.00 499.30 562.60 622.50 690.50 549.98

Mean 332.10 378.00 436.96 505.73 480.51 545.64
CD at 5% F-value

Treatments 8.65 *

Varieties 11.17 *

Treatments x Varieties 27.36 *

Mean of three replicates.

* = Significant.

It is also well known that acid invertase frequently exhibit a relation-
ship with cell expansion [133, 143], in any developing organelle sug-
gesting that hydrolysis of sucrose to hexoses may provide the substrate
necessary for growth. On the other hand, the spatially separated neutral
invertase functions towards controlling the hexose pool size in the mature
cells [134, 135, 143].

Regarding juice quality parameters, it may be observed that, brix, pol
(%), sucrose (%), and purity (%), (Tables 6.27—6.31) were negatively asso-
ciated with the cane yield (Table 6.26) with respect to CoSe 92423 (V) the
highest yielder (recorded lowest values for these traits) and CoSe 95422
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TABLE 6.9 Effect of Soil-Applied Rice Bran and pre-Sowing Pyridoxine Soaking of
Setts on Fresh Weight/Cane (gm) at Late Ripening (330 days) in Sugarcane (Sachharum
officinarum L.)

Varieties Soil-applied rice bran (kg/ha) 0.03% Mean
0(T,) 10(T) 20(T) 40(T) 60(T,) Pyridox-
ine (T )
Soaking

CoS 8436 (V) 28550 310.00 315.00 451.50 355.00 495.00 368.67
CoS 95255 (V,) 375.00 430.00 590.00 610.00 510.00 601.00 519.33
CoS 96268 (V,) 360.00 385.50 485.00 499.50 480.50 570.00 463.42

CoSe 98231 301.00 356.00 495.00 510.00 401.00 620.00  447.17
V)

CoSe 01235 (V,) 355.00 410.50 490.00 501.30 390.50 51550  443.80
CoS 01424 (V,) 47200 498.00 49930 595.60 565.00 675.00  550.82

CoSe 95422 385.00 409.10 468.00 595.00 485.00 660.50 500.43
V)
UP 097 (V,) 510.00 550.00 580.00 695.00 670.50 720.00 620.92
CoSe 92423 495.00 560.00 630.00 780.00 799.00 801.00 677.50
Vo)
CoS 96275 (V,) 455.00 499.50 510.00 601.50 531.30 679.00 546.05
Mean 399.35 440.86 506.23 583.94 518.78 633.70

CD at 5% F-value
Treatments 9.99 *
Varieties 12.90 *
Treatments x Varieties 31.61 *

Mean of three replicates.

* = Significant.

(V,) and CoS 96275 (V) as well as CoS8436 (V) recorded relatively
higher values (Table 6.26). Also, between stalk weight and juice sucrose
(%) [13, 14, 139] has also been noted by [136, 137].

It may be concluded that all the quality characters (Tables 6.27-6.31)
starts almost significantly favoring from early ripening (270 days) and
continued to do so till February/March (the harvest) irrespective of the
varieties and their maturity groups under the influence of 0.03% pyridox-
ine sett-soaking (T,) and 40 kg/ha soil-applied rice bran (T,). Since the
temperature in the plains of Northern India start declining from October
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TABLE 6.10 Effect of Soil-Applied Rice Bran and Pre-Sowing Pyridoxine Soaking
of Setts on Fresh Weight/Cane (gm) at Maturity (360 days) in Sugarcane (Sachharum
officinarum L.)

Varieties Soil-applied rice bran (kg/ha) 0.03% Mean
0(T) 10(T) 20(T) 40 60 (T Pyri-
(T) doxine
4
(T
Soaking

CoS 8436 (V)
CoS 95255 (V)
CoS 96268 (V)
CoSe 98231 (V,) - - - - - - -

CoSe 01235 (V,) - - - - - - -

CoS 01424 (V,) 517.00 559.60 595.60 70930 671.30 780.80  638.93
CoSe 95422 (V) 411.60 51600 586.30 706.60 595.00 78550  600.17
UP 097 (V) 640.80 644.00 667.00 828.30 83830 910.00  754.73
CoSe 92423 (V,) 590.00 660.00 779.00 93330 912.30 980.00  809.10
CoS 96275 (V,) 465.10 590.60 676.00 736.60 644.10 810.00  653.73

Mean 262.45 297.02 330.39 391.41 366.10 426.63
CD at 5% F-value

Treatments 11.28 *

Varieties 14.56 *

Treatments x Varieties 35.67 *

Mean of three replicates.

* = Significant.

onwards and by this time the growth of the cane is almost completed and
glucose start converted into sucrose. The rate of sugar accumulation within
the cane stalk is much faster in early maturing varieties as compared to late
maturing varieties [13, 14, 138, 139].
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TABLE 6.11 Effect of Soil-Applied Rice Bran and Pre-Sowing Pyridoxine Soaking of
Setts on Dry Weight/Cane (gm) at Pre-Monsoon (120 days) in Sugarcane (Sachharum

officinarum L.)
Varieties Soil-applied rice bran (kg/ha) 0.03% Mean
0(T,) 10(T) 20(T,) 40(T) 60(T,) Pyridox-
ine (T))
Soaking
CoS 8436 (V) 2.616 3.713 4213 6216 6.110 6.300 4.861
CoS 95255 (V,) 4610 4710 5210 11910 4313  11.990 7.124
CoS 96268 (V,) 2910 3.310 10310 13.416 11.010 13.500 9.076
CoSe 98231 (V,) 5413 6910 10.116 12410 11.013 12.950 9.802
CoSe 01235(V,) 4416 6.616 7310 19410 15410 19.480 12.107
CoS 01424 (V) 3.113 3910 4.600 6.713 7.713  8.900 5.825
CoSe 95422 (V) 5416 5513  9.613 13713 6.510  14.960 9.288
UP 097 (V,) 3.513 4.116 9.110 16.213 8513  16.560 9.671
CoSe 92423 (V,)  4.013 6313  7.616 13310 9.016  16.990 9.543
CoS96275(V,) 2716 3.713 6316 8916 7.513  10.300 6.579
Mean 3.874 4.882  7.441 12.223 8712  13.193
CD at 5% F-value
Treatments 1.40 *
Varieties 1.85 *
Treatments x Varieties 4.55 *

Mean of three replicates.

* = Significant.

TABLE 6.12 Effect of Soil-Applied Rice Bran and Pre-Sowing Pyridoxine Soaking of
Setts on Dry Weight/Cane (gm) at Post-Monsoon (210 days) in Sugarcane (Sachharum

officinarum L.)
Varieties Soil-applied rice bran (kg/ha) 0.03% Mean
0(T,) 10(T) 20(T) 40(T) 60(T) Pyridox-
ine (T))
Soaking
CoS 8436 (V) 34.62  37.12 42.60 60.51  54.62 63.50 48.83
CoS 95255 (V,) 5L.12  57.61 73.31 91.31  75.00 97.00 74.23
CoS 96268 (V,) 46.81 5431 74.01 85.01  68.51 91.30 69.99
CoSe 98231 (V,) 4022 51.71 66.12 7412 70.01 76.50 63.11
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TABLE 6.12 (Continued)

CoSe 01235 (V,) 46.62 5551 72.31 8791  81.12 89.90 72.23
CoS 01424 (V) 4731 68.62 74.61 81.12  75.11 89.30 72.68
CoSe 95422 (V) 43.12  60.01 68.51 75.81  64.71 83.50 65.94
UP 097 (V,) 54.81 57.01 78.31 99.11  83.80 109.90 80.49
CoSe 92423 (V) 67.01  71.01 89.31 112.00  79.80 115.00 89.02
CoS 96275 (V) 45.62 61.01 66.62 83.81  70.51 89.00 69.43

Mean 4772 57.39 70.57 85.07 72.32 90.49
CD at 5% F-value

Treatments 4.06 *

Varieties 5.24 *

Treatments x Varieties 12.84 NS

Mean of three replicates.

* = Significant.

TABLE 6.13 Effect of Soil-Applied Rice Bran and Pre-Sowing Pyridoxine Soaking of
Setts on Dry Weight/Cane (gm) at Early Ripening (270 days) in Sugarcane (Sachharum
officinarum L.)

Varieties  Soil-applied rice bran (kg/ha) 0.03% Mean
0(T) 10(T,) 20(T) 40(T) 60(T,) FPyridox-
ine (T )
Soaking

CoS8436  38.616 44.013  56.110 70310  64.113  73.000 57.694
V)

CoS 81313 98313  124.116 161.616 150.616 169.900  130.979
95255(V,)

CoS 96268 75.616 94.116 115.010 140.501 117.716 165500  118.077
V)

CoSe 53.116  63.813 72616  81.116 73.110 89.900  72.279
98231 (V,)

CoSe 59.010 73.616 94313  120.116 101.500 143.000  98.593
01235 (V)

CoS01424 82.616 87.000 118.616 122.813 103.913 139.570  109.088
(Vo

CoSe 106.116 115.813 122.116 143313 132.313 150.000  128.279
95422 (V)

UP 097 106.116 135.116 170.510 176.010 169.116 186.600 157.245
(Vy)
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TABLE 6.13  (Continued)

CoSe 121.116 130.813 165.010 191.813 185.010 201.500 165.877
92423 (V,)

CoS 96275 108.300 117.010 133.010 165.510 145.110 189.900 143.140
(V)

Mean 83.194 95962  117.143 137.312 124.252 150.887

CD at 5% F-value

Treatments 3.61 *

Varieties 4.67 *

Treatments x 11.44 *

Varieties

Mean of three replicates.
* = Significant.

TABLE 6.14 Effect of Soil-Applied Rice Bran and Pre-Sowing Pyridoxine Soaking of
Setts on Dry Weight/Cane (gm) at Late Ripening (330 days) in Sugarcane (Sachharum

officinarum L.)

Varieties Soil-applied rice bran (kg/ha) 0.03% Mean

0(T) 10 20(T,) 40(T) 60 (T,) Pyridox-
(T) ine (T))
Soaking
CoS 8436 (V) 46.60 5350 61.30  76.30 67.10  79.10 63.98
CoS95255(V,) 8345 99.95 13230 167.00 153.10 171.30 134.52
CoS 96268 (V,) 7670  96.30  118.01 14430 121.90 160.90 119.69
CoSe 98231 (V,) 5550 6690 7530  84.30 7830  91.30 75.27
CoSe 01235 (V,) 61.30 7580 98.80 131.30 105.10 142.10 102.40
CoS 01424 (V,) 83.70 9230 126.60 129.80 108.60 146.90 114.65
CoSe 95422 (V) 108.10 119.30 131.00 146.70  135.80 156.60 132.92
UP 097 (V,) 107.75 131.10 169.30 199.90 188.70 205.60 167.06
CoSe 92423 (V) 123.70 138.90 171.90 199.95 173.70 215.30 170.58
CoS 96275 (V,,) 87.10  119.90 136.60 169.30  148.90 196.60 143.07
Mean 83.39  99.40 122.11 144.89 128.12 156.57
CD at 5% F-value

Treatments 5.57 *

Varieties 7.19 *

Treatments X Varieties 17.61 *

Mean of three replicates.
* = Significant.
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TABLE 6.15 Effect of Soil-Applied Rice Bran and Pre-Sowing Pyridoxine Soaking of
Setts on Cane Dry Weight/Cane (gm) at Maturity (360 days) in Sugarcane (Sachharum

officinarum L.)

Varieties Soil-applied rice bran (kg/ha) 0.03% Mean

0(T) 10(T) 20(T, 40(T, 60(T) Pyridox-
ine (T))
Soaking

CoS 8436 (V) - - - - - -

CoS 95255 (V,) - - - - - - -

CoS 96268 (V,) - - - - - - -
CoSe 98231 (V,) - - - - - -
CoSe 01235 (V,)) - - - - - - -

CoS 01424 (V) 10330 115.00 139.60 148.00 134.10 165.20 134.20
CoSe 95422 (V) 109.00 121.30 13530 166.60 137.10 16520 139.08
UP 097 (V,) 114.60 143.50 199.10 103.60 189.60 215.50 160.98
CoSe 92423 (V) 150.10 139.00 192.00 200.60 178.30 260.55 186.76
CoS 96275 (V,) 106.00 119.95 136.60 188.10 149.60 199.90 150.03
Mean 5830 63.88  80.26 80.69  78.87  100.64

CD at 5% F-value

Treatments 7.33 *

Varieties 9.47 *

Treatments x Varieties 23.20 *

Mean of three replicates.

* = Significant.

TABLE 6.16 Effect of Soil-Applied Rice Bran and Pre-Sowing Pyridoxine Soaking
of Setts on Leaf Acid Invertase at Pre-Monsoon (120 days) in Sugarcane (Sachharum
officinarum L.) (units/mg protein)**

Varieties Soil-applied rice bran (kg/ha) 0.03% Mean
0(T,) 10(T,) 20(T,) 40(T,) 60(T) Pyridox-

ine (T)

Soaking
CoS 8436 (V) 030 033 0.34 0.36 0.38 0.40 0.35
CoS 95255(V,) 042 044 0.43 0.46 0.49 0.49 0.46
CoS 96268 (V,) 036  0.38 0.39 0.40 0.40 0.42 0.39
CoSe 98231 (V) 040 042 0.44 0.43 0.46 0.48 0.44
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TABLE 6.16 (Continued)
CoSe 01235(V,) 035 038 0.39 0.40 0.44 0.45 0.40
CoS 01424 (V) 046 047 0.49 0.52 0.52 0.55 0.50
CoSe 95422 (V)  0.48 0.50 0.53 0.55 0.56 0.58 0.53
UP 097 (V,) 0.45  0.49 0.51 0.54 0.58 0.59 0.53
CoSe 92423 (V,) 049  0.51 0.53 0.53 0.54 0.56 0.53
CoS 96275 (V,))  0.42 0.44 0.46 0.48 0.50 0.49 0.47
Mean 041 0.44 0.45 0.47 0.49 0.50
CD at 5% F-value
Treatments 0.0067 *
Varieties 0.0086 *
Treatments x Varieties 0.0213 *

Mean of three replicates.

* = Significant **= where unit stands for the amount of enzyme required to invert 1 u
mole of sucrose in 1 hour at 37 C.

TABLE 6.17 Effect of Soil-Applied Rice Bran and Pre-Sowing Pyridoxine Soaking
of Setts on Leaf acid Invertase at Post-Monsoon (210 days) in Sugarcane (Sachharum

officinarum L.) (units/mg protein)**

Varieties Soil-applied rice bran (kg/ha) 0.03% Mean
Pyridoxin
0(T) 10(T,) 20(T,) 40(T,) 60 (T (%’6) gzak_e
ing
CoS 8436 (V) 042 044 0.48 0.50 0.52 0.52 0.48
CoS 95255 (V,) 049  0.50 0.53 0.54 0.53 0.54 0.52
CoS 96268 (V,) 0.45 0.48 0.49 0.50 0.52 0.55 0.50
CoSe 98231 (V,) 0.49  0.52 0.51 0.54 0.59 0.60 0.54
CoSe 01235 (V,) 049  0.53 0.55 0.58 0.61 0.64 0.57
CoS 01424 (V,) 052  0.54 0.56 0.59 0.60 0.65 0.58
CoSe 95422 (V) 0.55 0.58 0.60 0.62 0.65 0.66 0.61
UP 097 (V,) 0.54 0.60 0.62 0.63 0.68 0.70 0.63
CoSe 92423 (V) 0.56  0.65 0.69 0.70 0.72 0.79 0.69
CoS 96275 (V,)) 0.50  0.54 0.56 0.59 0.62 0.66 0.58
Mean 0.50 0.54 0.56 0.58 0.60 0.63
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TABLE 6.17 (Continued)

CD at 5% F-value
Treatments 0.0103 *
Varieties 0.0133 *
Treatments x Varieties 0.0327 *

Mean of three replicates.
* = Significant.

**= where unit stands for the amount of enzyme required to invert 1 u mole of sucrose in
1 hour at 37 C.

TABLE 6.18 Effect of Soil-Applied Rice Bran and Pre-Sowing Pyridoxine Soaking
of Setts on Leaf Acid Invertase at Early Ripening (270 days) in Sugarcane (Sachharum
officinarum L.) (units/mg protein)**

Varieties Soil-applied rice bran (kg/ha) 0.03% Mean
0(T,) 10(T) 20(T, 40(T, 60(T) Pyri-

doxine

Ty

Soaking
CoS 8436 (V) 021 0.25 0.28 0.30 0.29 0.32 0.28
CoS95255(V,) 020 034 0.36 0.40 0.41 0.43 0.36
CoS 96268 (V,) 028 0.31 0.36 0.39 0.40 0.44 0.36
CoSe 98231 (V,) 030  0.35 0.38 0.38 0.40 0.42 0.37
CoSe 01235 (V) 029  0.30 0.33 0.36 0.38 0.40 0.34
CoS 01424 (V) 032 033 0.36 0.39 0.39 0.41 0.37
CoSe 95422 (V,) 029 0.31 0.33 0.36 0.37 0.64 0.38
UP 097 (V,) 035 0.38 0.40 0.41 0.39 0.42 0.39
CoSe 92423 (V,) 034 038 0.39 0.42 0.44 0.46 0.41
CoS96275(V,) 032 035 0.36 0.38 0.36 0.38 0.36
Mean 029 0.33 0.36 0.38 0.38 0.43

CD at 5% F-value

Treatments 0.0056 *
Varieties 0.0072 *
Treatments x Varieties 0.0178 *

Mean of three replicates.
* = Significant.

**= where unit stands for the amount of enzyme required to invert 1 u mole of sucrose in
1 hour at 37 C.
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TABLE 6.19 Effect of Soil-Applied Rice Bran and Pre-Sowing Pyridoxine Soaking
of Setts on Leaf Acid Invertase at Late Ripening (330 days) in Sugarcane (Sachharum
officinarum L.) (units/mg protein)**

Varieties Soil-applied rice bran (kg/ha) 0.03% Mean
0(T) 10(T,) 20(T,) 40(T) 60 (T, f%’sigzzikn_e
ing
CoS 8436 (V) 0.06  0.06 0.05 0.03 0.03 0.02 0.04
CoS 95255 (V,) 0.09  0.06 0.04 0.02 0.02 0.02 0.04
CoS 96268 (V,) 0.09  0.06 0.03 0.02 0.02 0.01 0.04
CoSe 98231 (V,) 0.08  0.04 0.03 0.03 0.01 0.01 0.03
CoSe 01235 (V,) 0.06  0.03 0.02 0.03 0.02 0.02 0.03
CoS 01424 (V) 0.11 0.10 0.09 0.06 0.04 0.04 0.07
CoSe 95422 (V.) 0.09  0.06 0.07 0.05 0.04 0.03 0.06
UP 097 (V,) 0.10  0.08 0.08 0.06 0.05 0.04 0.07
CoSe 92423 (V) 0.10  0.08 0.05 0.04 0.02 0.01 0.05
CoS 96275 (V,,) 0.08  0.06 0.04 0.04 0.03 0.02 0.05
Mean 0.09 0.06 0.05 0.04 0.03 0.02
CD at 5% F-value
Treatments 0.0012 *
Varieties 0.0015 *
Treatments x Varieties 0.0038 *

Mean of three replicates.
* = Significant.

**= where unit stands for the amount of enzyme required to invert 1 u mole of sucrose in
1 hour at 37 C.

TABLE 6.20 Effect of Soil-Applied Rice Bran and Pre-Sowing Pyridoxine Soaking
of Setts on Leaf Acid Invertase At Maturity (360 days) in Sugarcane (Sachharum
officinarum L.)

Varieties Soil-applied rice bran (kg/ha) 0.03% Mean
0(T) 10(T, 20(T,) 40(T, 60 (T) Pyridox-
ine (T
Soaking

CoS 8436 (V) - - - - - - -
CoS 95255 (V) - - - - - - -
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TABLE 6.20 (Continued)

CoS 96268 (V,) - - - - - - -
CoSe 98231 (V) - - - - - - -
CoSe 01235 (V) - - - - - - -
CoS 01424 (V,) 0.050 0.040  0.030  0.02. 0.020  0.010 0.030
CoSe 95422 (V) 0.080 0.060  0.040 0.020 0.010 0.010 0.037
UP 097 (V,) 0.060 0.060 0.040 0.030 0.020  0.020 0.038
CoSe 92423 (V) 0.040 0.040  0.030 0.020 0.010 0.010 0.025
CoS 96275 (V,,) 0.060 0.060  0.020 0.020 0.010 0.010 0.030

Mean 0.029  0.026 0.016 0.010 0.007 0.006
CD at 5% F-value

Treatments 0.0011 *

Varieties 0.0015 *

Treatments x Varieties 0.0037 *

Mean of three replicates.
* = Significant.

**= where unit stands for the amount of enzyme required to invert 1 u mole of sucrose.

TABLE 6.21 Effect of Soil-Applied Rice Bran and Pre-Sowing Pyridoxine Soaking of
Setts on Leaf Neutral Invertase at Pre-Monsoon (120 days) in Sugarcane (Sachharum
officinarum L.) (units/mg protein)**

Varieties Soil-applied rice bran (kg/ha) 0.03% Mean
0(T) 10(T) 20(T) 40(T) 60(T) }’yrldox-
ine (T))
Soaking

CoS 8436 (V) 0.190 0.160  0.140  0.100  0.100 0.080 0.128
CoS 95255 (v,) 0.140 0.120  0.130  0.100  0.090 0.080 0.110
CoS 96268 (V,) 0.170 0.140 ~ 0.120  0.100  0.090 0.060 0.113
CoSe 98231 (V,) 0.150 0.150  0.140  0.120  0.100 0.080 0.123
CoSe 01235 (V,) 0.120 0.100  0.100  0.080  0.080 0.060 0.090
CoS 01424 (V,)  0.060 0.040  0.040  0.030  0.030 0.020 0.037
CoSe 95422 (V) 0.100 0.080  0.060  0.050  0.040 0.030 0.060
UP 097 (V,) 0.120 0.100  0.060  0.040  0.020 0.062 0.067
CoSe 92423 (V) 0.150 0.120  0.110 ~ 0.090  0.080 0.060 0.102
CoS 96275 (V,)) 0.140 0.120  0.100  0.080  0.060 0.030 0.088
Mean 0.134 0.113 0.100  0.079  0.069 0.056
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TABLE 6.21 (Continued)

149

Treatments

Varieties

Treatments X Varieties

CD at 5%
0.0046
0.0060
0.0148

F-value

*
*

*

Mean of three replicates.

* = Significant.

**= where unit stands for the amount of enzyme required to invert 1 u mole of sucrose in

1 hour at 37 C.

TABLE 6.22  Effect of Soil-Applied Rice Bran and Pre-Sowing Pyridoxine Soaking of
Setts on Leaf Neutral Invertase at Post-Monsoon (210 days) in sugArcane (Sachharum

officinarum L.) (units/mg protein)**

Varieties Soil-applied rice bran (kg/ha) 0.03% Mean

0(T) 10(T) 20 40 60 (T, Pyridox-

Ty (1) ine (T,)
Soaking
CoS 8436 (V) 025 022 0.20 0.19 0.16 0.14 0.19
CoS 95255 (V,) 0.14  0.12 0.10 0.08 0.08 0.06 0.10
CoS 96268 (V,) 027 024 0.20 0.16 0.12 0.11 0.18
CoSe 98231 (V,) 025 0.25 0.24 0.22 0.16 0.13 0.21
CoSe 01235(V,) 022 0.20 0.20 0.18 0.15 0.16 0.19
CoS 01424 (V) 0.16 0.12 0.11 0.09 0.06 0.06 0.10
CoSe 95422 (V,) 024 022 0.20 0.21 0.18 0.16 0.20
UP 097 (V,) 030 024 0.21 0.19 0.14 0.12 0.20
CoSe 92423 (V,) 035 0.30 0.26 0.22 0.20 0.19 0.25
CoS 96275 (V) 034 031 0.25 0.21 0.17 0.11 0.23
Mean 025 022 0.20 0.18 0.14 0.12
CD at 5% F-value

Treatments 0.0074 *
Varieties 0.0096 *
Treatments x Varieties 0.0236 *

Mean of three replicates.

* = Significant.

**= where unit stands for the amount of enzyme required to invert 1 u mole of sucrose in

1 hour at 37 C.
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TABLE 6.23  Effect of Soil-Applied Rice Bran and Pre-Sowing Pyridoxine Soaking of
Setts on Leaf Neutral Invertase at Early Ripening (270 days) in Sugarcane (Sachharum
officinarum L.) (units/mg protein)**

Varieties Soil-applied rice bran (kg/ha) 0.03% Mean
0(T,) 10(T, 20(T,) 40(T,) 60(T) FPyridox-

ine (T))

Soaking
CoS 8436 (V) 0.29 0.32 0.35 0.39 0.41 0.43 0.37
CoS 95255 (V,) 0.21 0.26 0.29 0.32 0.34 0.36 0.30
CoS 96268 (V,)  0.35 0.39 0.41 0.45 0.46 0.48 0.42
CoSe 98231 (V,) 0.28 0.30 0.34 0.36 0.36 0.39 0.34
CoSe 01235(V,) 0.26 0.30 0.34 0.37 0.39 0.40 0.34
CoS 01424 (V) 022 0.29 0.31 0.38 0.42 0.44 0.34
CoSe 95422 (V.) 0.30 0.36 0.41 0.44 0.48 0.52 0.42
UP 097 (V,) 0.35 0.40 0.42 0.46 0.52 0.56 0.45
CoSe 92423 (V,) 0.44 0.46 0.50 0.55 0.59 0.65 0.53
CoS 96275 (V,) 0.40 0.42 0.46 0.49 0.52 0.55 0.47
Mean 0.31 0.35 0.38 0.42 0.45 0.48

CD at 5% F-value

Treatments 0.0077 *
Varieties 0.0100 *
Treatments x Varieties 0.0245 *

Mean of three replicates.
* = Significant.

**= where unit stands for the amount of enzyme required to invert 1 u mole of sucrose in
1 hour at 37 C.

TABLE 6.24 Effect of Soil-Applied Rice Bran and Pre-Sowing Pyridoxine Soaking of
Setts on Leaf Neutral Invertase at Late Ripening (330 days) in Sugarcane (Sachharum
officinarum L.) (units/mg protein)**

Varieties Soil-applied rice bran (kg/ha) 0.03% Mean
Pyridoxine
0(T 10(T,) 20(T,) 40(T,) 60(T Y
(T) (T) (T) (T) 60 (T (T.) Soak-
ing
CoS 8436 (V) 0.32 0.34 0.38 0.40 0.44 0.45 0.39

CoS 95255 (V,) 0.26 0.29 0.32 0.34 0.38 0.40 0.33
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TABLE 6.24 (Continued)
CoS 96268 (V,)  0.39 0.43 0.46 0.49 0.52 0.56 0.48
CoSe 98231 (V,) 0.33 0.38 0.39 0.42 0.44 045 0.40
CoSe 01235 (VS) 0.34 0.34 0.36 0.40 0.46 0.48 0.40
CoS 01424 (V) 0.31 0.35 0.39 0.42 0.44 0.49 0.40
CoSe 95422 (V,) 0.35 0.40 0.44 0.49 0.53 0.58 0.47
UP 097 (V,) 0.40 0.45 0.49 0.54 0.56 0.60 0.51
CoSe 92423 (V,) 0.46 0.50 0.52 0.60 0.68 0.72 0.58
CoS 96275 (V) 0.41 0.44 0.46 0.49 0.55 0.65 0.50
Mean 0.36 0.39 0.42 0.46 0.50 0.54
CD at 5% F-value
Treatments 0.0080 *
Varieties 0.0103 *
Treatments x Varieties 0.0254 *

Mean of three replicates.

* = Significant.

**= where unit stands for the amount of enzyme required to invert 1 u mole of sucrose in

1 hour at 37 C.

TABLE 6.25 Effect of Soil-Applied Rice Bran and Pre-Sowing Pyridoxine Soaking
of Setts on Leaf Neutral Invertase at Maturity (360 days) in Sugarcane (Sachharum
officinarum L.) (units/mg protein)**

Varieties Soil-applied rice bran (kg/ha) 0.03% Mean
0(T,) 10(T, 20(T) 40(T,) 60(T) Pyridox-

ine (T))

Soaking
CoS 8436 (V) - - - - - - -
CoS 95255 (V,) - - - - - - -
CoS 96268 (V,) - - - - - - -
CoSe 98231 (V,) - - - - - - -
CoSe 01235 (V) - - - - - - -
CoS 01424 (V) 042 044 0.49 0.50 0.53 0.55 0.49
CoSe 95422 (V) 045 044 0.50 0.54 0.59 0.63 0.53
UP 097 (V) 0.49 0.51 0.55 0.59 0.62 0.65 0.57
CoSe 92423 (V) 0.52  0.60 0.64 0.69 0.70 0.75 0.65
CoS 96275 (V,,) 0.48  0.50 0.53 0.59 0.65 0.69 0.57
Mean 024 025 0.27 0.29 0.31 0.33
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TABLE 6.25 (Continued)

CD at 5% F-value
Treatments 0.010 *
Varieties 0.013 *
Treatments x Varieties 0.032 *

Mean of three replicates.
* = Significant.

**= where unit stands for the amount of enzyme required to invert 1 u mole of sucrose in
1 hour at 37 C.

TABLE 6.26 Effect of Soil-Applied Rice Bran and Pre-Sowing Pyridoxine Soaking of
Setts on Cane Yield (t/ha) at Harvest in Sugarcane (Sachharum officinarum L.)

Varieties Soil-applied rice bran (kg/ha) 0.03% Mean
0(T) 10(T,) 20(T) 40(T) 60(T) _Pyrldox-
ine (T))
Soaking

CoS 8436 (V) 50.00 53.30 61.60 72.30 71.00  78.50 64.45
CoS 95255 (V,)  73.30 83.30 103.30 104.60 101.00 105.50 95.17
CoS 96268 (V,)  70.60 8430  91.00 96.60 94.60  99.80 89.48
CoSe 98231 (V,) 56.30 66.60  83.60 103.30  95.60 105.50 85.15
CoSe 01235 (V,) 52.60 6030  78.00 96.60 93.60  99.90 80.17
CoS 01424 (V,)  72.00 83.60 9530 101.30  99.00 105.50 92.78
CoSe 95422 (V) 58.00 68.00  75.30 101.00  98.30 110.00 85.10
UP 097 (V,) 83.60 9230  92.00 111.60  99.80 115.00 99.05
CoSe 92423 (V) 87.60 9630 10630 120.60 106.50 123.10 106.73
CoS 96275 (V,)) 60.30 76.00  80.50 103.60  103.00 110.10 88.92

Mean 66.43 7640  86.69 101.15 96.24 105.29
CD at 5% F-value

Treatments 3.81 *

Varieties 4.92 *

Treatments x Varieties 12.06 *

Mean of three replicates.
* = Significant.
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TABLE 6.27 Effect of Soil-Applied Rice Bran and Pre-Sowing Pyridoxine Soaking of
Setts on Brix Obtained (% ) in Sugarcane (Sachharum officinarum L.)

Varieties Soil-applied rice bran (kg/ha) 0.03% Mean
0(T,) 10(T,) 20(T) 40(T) 60(T,) Pyridox-

ine (T))

Soaking
CoS 8436 (V) 20.63  20.47 19.84.  19.62 19.00 19.85 19.49
CoS 95255 (V,) 20.03 19.52 19.58 19.50  20.41 20.41 20.11
CoS 96268 (V,) 19.42  19.73 2042  21.26 19.98 21.30 20.85
CoSe 98231 (V,) 18.00 1830 18.40 19.40 19.20 19.60 19.40
CoSe 01235 (V,) 19.50 19.70 19.65 20.00 19.90  20.30 20.07
CoS 01424 (V) 1956  19.99 19.53 19.90 19.58 19.95 19.81
CoSe 95422 (V) 21.27 2148 19.10  21.15 20.16  21.30 20.87
UP 097 (V,) 19.74  19.65 19.90 19.95 19.92 20.30 20.06
CoSe 92423 (V,) 18.09  19.55 19.43 19.93 19.90  20.10 19.98
CoS 96275 (V,) 2030  20.80 19.89 19.68  21.08 21.40 20.72
Mean 19.65  19.92 19.54  20.04 19.91 20.45

CD at 5% F-value

Treatments 0.48 *
Varieties 0.62 *
Treatments x Varieties 1.53 *

Mean of three replicates.

* = Significant.

TABLE 6.28 Effect of Soil-Applied Rice Bran and Pre-Sowing Pyridoxine Soaking of
Setts on Brix Corrected in Sugarcane (Sachharum officinarum L.)

Varieties Soil-applied rice bran (kg/ha) 0.03% Mean
0(T,) 10(T, 20(T, 40(T, 60(T,) ll;yefg‘:)"
Soaking
CoS 8436 (V) 20.72  20.66  20.07 20.81 19.19 19.95 20.23
CoS 95255 (V) 2022 19.71 19.77 19.69  20.60  20.65 20.11
CoS 96268 (V) 20.61 1992  20.61 2145 20.17 21.55 20.72
CoSe 98231 (V,) 18.19 18.49 18.59 19.59  19.39  20.05 19.05
CoSe 01235 (V,)  19.69 19.89 19.84  20.19 20.09  20.50 20.03
CoS 01424 (V) 19.82  20.25 19.79  20.16 19.84  20.10 19.99
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TABLE 6.28 (Continued)

CoSe 95422 (V)  21.46 21.67 19.29 2134 2035  21.65 20.96
UP 097 (V,) 1993 1984  20.09  20.14  20.11 20.65 20.13
CoSe 92423 (V)  18.18 19.74 19.62  20.12 20.09 2045 19.70
CoS 96275 (V,) 2049 20.99  20.09 19.87 2127  21.95 20.78

Mean 19.93  20.12 19.78 20.34  20.11 20.75
CD at 5% F-value

Treatments 0.34 *

Varieties 0.44 *

Treatments x Varieties 1.09 *

Mean of three replicates.
* = Significant.

TABLE 6.29 Effect of Soil-Applied Rice Bran and Pre-Sowing Pyridoxine Soaking of
Setts on Pol (%) in Sugarcane (Sachharum officinarum L.)

Varieties Soil-applied rice bran (kg/ha) 0.03% Mean
0(T,) 10(T, 20(T,) 40(T,) 60(T) Pyridox-
ine (T))
Soaking

CoS 8436 (V) 75.20 75.00 7120 70.10  69.20  70.30 71.83
CoS 95255 (V,) 7221 6930  69.40 6930  73.80 71.30 70.89
CoS 96268 (V,) 69.70 71.00 7440  76.60  73.00  77.60 73.72
CoSe 98231 (V,) 63.00 63.20  63.60 68.80 68.10 69.10 65.97
CoSe 01235 (V,) 6850 6920 6890  72.00 7190  73.10 70.60
CoS 01424 (V,) 7140 7400 7130  73.60 71.50 7430 72.68
CoSe 95422 (V) 78.10 7850  69.40  76.00 7430  76.70 75.50
UP 097 (V,) 70.00 69.40 7190  72.00 72.00 73.10 71.40
CoSe 92423 (V) 63.20 69.30  69.10  70.60  70.50  71.30 69.00
CoS 96275 (V,,) 74.60 76.80 7290 7220 7540  76.30 74.70

Mean 70.59 7157  70.21 72.12 7197 7331
CD at 5% F-value

Treatments 1.16 *

Varieties 1.50 *

Treatments X Varieties 3.69 *

Mean of three replicates.
* = Significant.
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TABLE 6.30 Effect of Soil-Applied Rice Bran and Pre-Sowing Pyridoxine Soaking of
Setts on sucrose (%) in Sugarcane (Sachharum officinarum L.)

Varieties Soil-applied rice bran (kg/ha) 0.03% Mean
0(T,) 10(T, 20(T, 40(T,) 60(T) Pyridox-

ine (T))

Soaking
CoS 8436 (V) 18.05 18.00 17.15 1690 16.73 16.95 17.30
CoS 95255 (V) 17.39  16.71 16.74 16.71 17.73 16.99 17.05
CoS 96268 (V,) 16,81 17.12 17.88 18.37 1758 17.85 17.60
CoSe 98231 (V,) 1529 1530 1540 1659 1646 16.70 15.96
CoSe 01235 (V) 1652 1669 16.62 1734 1732 17.30 16.97
CoS 01424 (V) 1722 17.82 1719 17.73 1724 17.85 17.51
CoSe 95422 (V.) 1872 18.79 16.78 1823 17.89  17.85 18.04
UP 097 (V,) 16.88  16.74 17.10 17.34 17.34 17.60 17.17
CoSe 92423 (V,) 1534 1671 16.66 17.01 1698 17.30 16.67
CoS 96275 (V) 1793 1841 1756 1740 18.08 17.90 17.88
Mean 17.02 1723 1691 1736 1734 1743

CD at 5% F-value

Treatments 0.30 *
Varieties 0.39 *
Treatments x Varieties 0.96 *

Mean of three replicates.

* = Significant.

TABLE 6.31

Setts on Purity in Sugarcane (Sachharum officinarum L.)

Effect of Soil-Applied Rice Bran and Pre-Sowing Pyridoxine Soaking of

Varieties Soil-applied rice bran (kg/ha) 0.03% Mean
0(T,) 10(T, 20(T,) 40(T,) 60(T) ll;yefg‘:)"
Soaking
CoS 8436 (V) 87.11 87.12 8545 8421 87.18 86.80 86.31
CoS 95255 (V,) 86.56 84.77 84.67  84.86 86.06 85.90 85.47
CoS 96268 (V,) 81.56 8584  86.75  85.64 87.15 86.60 85.59
CoSe 98231 (V,) 84.05 82.74 82.84  84.68 84.89 84.90 84.02
CoSe 01235 (V,) 83.90 8391 8377  85.88 86.21 86.30 85.00
CoS 01424 (V,) 86.88 83.00 86.76  87.95 86.90 87.30 87.30
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TABLE 6.31 (Continued)

CoSe 95422 (V) 87.23 86.70  86.98 85.43 87.91 86.77 86.84
UP 097 (V,) 84.70 8437  85.71 86.09 86.22 86.55 85.61
CoSe 92423 (V,) 84.37 84.65  84.51 84.54 84.51 84.80 84.56
CoS 96275 (V,)) 87.50 87.70  87.45 87.56 85.00 87.10 87.05

Mean 8539 85.58 8549 85.68 86.20 86.30
CD at 5% F-value

Treatments 0.79 NS

Varieties 1.02 *

Treatments x Varieties 2.50 NS

Mean of three replicates.
* = Significant, NS = Non-significant.
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ABSTRACT

Metalloids are the group of elements that have physical and chemical prop-
erties in between metals and nonmetals. This group consists of arsenic (As),
boron (B), silicon (Si), germanium (Ge), antimony (Sb), and tellurium (Te).
Certain other elements, such as selenium (Se), are sometimes added to the
list of metalloids. Arsenic, boron, selenium and antimony are known to cause
toxicity in plants at higher concentrations. Natural occurrence and anthropo-
genic activities have led to widespread contamination of these metalloids in
many parts of the world. Plants growing in these areas are exposed to vari-
ous forms of metalloid species depending on the redox potential and pH of
the soil. Toxic metalloid species cause yield reduction in crops. Moreover,
consumption of these contaminated crops exposes a large section of the
human population to potential metalloid poisoning. Thus, developing met-
alloid tolerance and reducing its concentration in edible parts of crops are of
critical importance. A thorough molecular understanding of the mechanisms
of metalloid uptake, transport, toxicity, and tolerance in plants will help in
development of metalloid tolerant and safe plants that can sequester metal-
loids in non-edible plant tissues. Significant advancement has been made in
the identification and characterization of genes and proteins responsible for
uptake, movement and tolerance of metalloids within plants. In this chapter,
we provide an overview of these findings and their application in develop-
ment of transgenic plants with enhanced metalloid tolerance and ability to
restrict metalloids in non-edible plant parts.

7.1 INTRODUCTION

Metalloids are the elements group that have physical and chemical char-
acteristics intermediary between metals and non-metals. Elements such
as arsenic (As), boron (B), silicon (Si), germanium (Ge), antimony (Sb),
and tellurium (Te) are generally considered as metalloids. Although met-
alloids are considered as non-metal, selenium (Se) is commonly desig-
nated as metalloid due to similarity of its aqueous chemistry with those of
arsenic and antimony [1]. Both natural sources such as erosion of metal-
loid bearing rocks, weathering and anthropogenic activities such as min-
ing, discharge of industrial waste, smelting of metalloid containing ore,
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fertilizers, sewage sludge, fly ash, fossil fuel combustion especially coal,
irrigation with metalloid contaminated water contribute to metalloid con-
tamination of soil [2]. However, the contribution of natural sources to met-
alloid in soils and atmosphere is small in comparison to metalloid from
human activity. Arsenic, antimony, boron, and selenium are usually found
in the soil solution as either charged ions or un-dissociated (uncharged)
molecules depending on the pH and the redox potential of the soil. Plant
roots can take up bioavailable form of metalloids species along with ben-
eficial elements from the soil. Metalloids are generally of intermediate
size and therefore their uptake and transport were at first thought to occur
by means of passive diffusion but over past decades numerous evidences
prove that there are certain transporters present in the cell facilitating influx
and efflux in cells [3]. Various forms of metalloid are taken up selectively
through different pathway and transport mechanism.

Arsenic and antimony are non-essential element and has emerged as
serious health issues for animals and threats to plant growth and develop-
ment. Arsenic has been categorized as class I carcinogen by the Interna-
tional Agency of Research on Cancer [4]. In plants, high concentrations
of arsenic may start a sequence of reactions that lead to growth inhibition,
disruption of photosynthetic and respiratory systems, and stimulation of
secondary metabolism [5]. Plants seem to be highly tolerant to antimony,
in comparison to animals. However, high concentrations of antimony can
lead to inhibition of growth and photosynthesis, reduction in the uptake of
essential elements and synthesis of cellular metabolites. Low concentra-
tions of boron and selenium are beneficial for human, animal and plants.
In spite of a significant role of boron in plants, excess of boron causes
considerable reduction in the yield of plants. Boron at high concentration
reduces vigor, particularly of shoots, delays development causes leaf burn
(chlorotic and necrotic patches in older leaves), chlorosis starting at the leaf
tip and margins of mature leaves and decreases number, size and weight
of fruits [6-9]. Although not essential, selenium is regarded as a beneficial
element for higher plants at low concentration (1-10 uM), as it stimulates
growth [10]. However, excess selenium is toxic to plants and shows the
symptoms of chlorosis, stunted root growth, reduced biomass and wither-
ing of leaves and reduced photosynthesis efficiency due to damaged photo-
synthesis apparatus [11].
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Plants, during evolution have become adapted for adverse situations by
developing several distinct mechanisms for survival and defense system.
Plants ability to survive in adverse stress condition is known as tolerance.
Distinct tolerance mechanism exists for metalloid toxicity among different
plant genotypes. The common defense strategies used by plants to allevi-
ate the toxic effects of metalloids and increase survival ability are: efflux
of the toxic metalloid, vacuolar compartmentalization, production of anti-
oxidants, methylation, etc. Accumulation of metalloids in plants causes
high exposure of these metalloids to humans and ruminants through intake
with food, feed and fodder. Mechanistic insights into the pathways of toxic
metalloid uptake, toxicity and tolerance can help in the development of
metalloid excluding and/or tolerant crop plants with reduced concentra-
tion of metalloids in edible parts, thus limiting human and animal health
risks.

7.2 TOXIC METALLOIDS IN SOILS

Metalloids occur naturally in soil. Both pedogenic and anthropogenic
processes contribute to the high concentration of metalloids in the soil.
Arsenic and antimony has no known function in living organisms whereas
boron and selenium is beneficial for living organisms at low concentra-
tion. At high concentrations, all these metalloids become toxic to living
organisms. Metalloids exist under the form of various chemical species
depending on several factors including pH and the redox potential of soils.
These species differ in bioavailability, mobility, toxicity, biotransforma-
tion and physicochemical behavior. Toxic metalloids (arsenic, boron, sele-
nium and antimony), their concentration in Earth’s crust, anthropogenic
sources, current use, and speciation in soil are listed in Table 7.1.

7.2.1 ARSENIC (AS)

Arsenic, a naturally occurring ubiquitous element of earth’s crust is placed
in the group VA of periodic table. It possesses the properties of metalloids
and is extremely toxic. Arsenic contamination of soil and water is among
the major global problems. It has emerged as serious health issues for
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animals’ as well as one of the potent threats to plant growth and develop-
ment. It has been categorized as class I carcinogen by the International
Agency of Research on Cancer [5]. According to World Health Organiza-
tion [12], arsenic concentration typically range from 0.2—40 mg/kg in non-
contaminated soil while in contaminated soils, it is as high as 100-2500
mg/kg. The arsenic contamination is more prominent in South and South
East Asia river deltas including the mining areas of India, China, Vietnam,
Chile, Bangladesh, Mexico and Hungary. In the present scenario, the aver-
age concentration of total arsenic present in soils of West Bengal ranges
from 105.4 to 1500 mg/kg [13].

Arsenic contamination in soil could be due to natural processes such as
erosion of arsenic bearing rocks and weathering and anthropogenic activi-
ties such as mining, discharge of industrial waste, smelting of arsenic con-
taining ore, fossil fuel combustion especially coal, irrigation with arsenic
contaminated water and the use of arsenic based pesticides, herbicides and
fertilizers [14]. Currently, arsenic is used commercially and industrially as
alloying agents in the manufacture of lasers, semi-conductors and transis-
tors, processing of glass, paper, wood preservatives, metal adhesives, pig-
ments, textiles, and ammunition. They are also used in the hide tanning
process and, to a limited degree, as pesticides, feed additives and medicines.
All these processes contribute to arsenic pollution. The phyto-availability
and phyto-toxicity of arsenic depends upon several factors. One of the
important factors is the speciation of arsenic. The pH, redox potential, clay
content, presence of other ions and soil microorganisms result in different
forms of arsenic. Arsenic exists in four different oxidation states of -3, 0, 3,
and 5. It is commonly distributed throughout Earth’s crust, most frequently
as arsenic sulfide or as metal arsenates and arsenides. In aerobic environ-
ments, As (V) is dominant, usually in the form of arsenate (AsO,*) in vari-
ous protonation states: H,AsO,, H,AsO > and HAsO,*. Under reducing
environments, As(IIl) dominates and exist as arsenite (AsO,*), and its pro-
tonated forms H,AsO,, H ,AsO,", and HASO32*. Organic forms of arsenic
such as methylarsinic acid [MMA; (CH,)AsO,H,)] and dimethylarsinic
acid [DMA; (CH,),AsO,H] also exist. Each form has different interaction
with environment and biological system. Inorganic forms are most toxic
and among serious threats to animal health and plant growth. Toxic con-
centrations of arsenic can lead to poor seed germination, inhibition in root
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and shoot growth, wilting and necrosis of leaf margins, chlorosis, nutrient
deficiencies and biomass inhibition in plants [ 15]. Since, few decades, arse-
nic toxicity and its interaction with different plant genotypes has remained
major thrust area of research. Several investigations are conducted to reveal
the mechanisms of arsenic toxicity, transport and tolerance in plants.

7.2.2 BORON (B)

Boron (B) is a widely occurring essential micronutrient metalloid in the
earth’s crust and belongs to group IIIA in the periodic table. It is referred
to as an orphan of the periodic table because its chemical properties are
very different from other elements such as Al or Ga in this group [16]. It
is the 51* most common element and is found at an average concentration
of 8 mg/kg (approximately 0.0008%) in the earth’s crust. Boron toxic-
ity can occur in soils where high concentration of boron has accumulated
naturally, due to use of fertilizers and irrigation waters high in boron [7,
17-20]. Many boron-containing chemicals including boronic acids and
borohydrides are commonly used in the synthesis of organic compounds.
Boron is also used as rocket fire igniter and in manufacture of borosili-
cate glasses, pyrotechnic flares, flame retardant, medicines, etc. Among
all plant mineral nutrients, boron is unusual as it is generally taken up as
an uncharged molecule, boric acid (BA) at physiological pH by the root
from the soil. More than 90% of the boron in plants is found in cell walls,
forming borate ester cross-linked rhamnogalacturonan Il (RG-II) dimers,
which is essential for the cell wall porosity and tensile strength. In spite
of its great importance in plants, high concentration of boron toxicity lim-
its crop productivity in different regions of the world. Plants exposed to
toxic levels of boron show root and shoot growth inhibition, reduced root
cell division, lower leaf chlorophyll content and photosynthesis, decreased
lignin and suberin levels and altered cellular metabolism [7, 21, 22]. Plant
growth is inhibited by boron in the concentration range of 1-5 mM in the
soil solution [8]. Boron toxicity is a considerable problem in semi-arid
areas in the world including Mediterranean countries, Turkey, California,
South Australia, and Chile. Boron toxicity in arid soils is often confounded
with the associated problems of salinity.
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7.2.3 SELENIUM (SE)

Selenium, a metalloid micronutrient belongs to group VIA of periodic
table along with sulphur and tellurium. Low concentration of selenium
is essential nutrient for humans and animals, and beneficial for plants,
archaea, bacteria green algae, and some other microorganisms. However,
excess selenium is toxic [11, 23, 24]. Chemical properties, valence shells,
electronic structures and atomic radii of selenium is similar to sulphur or
tellurium. The Earth’s crust contains an average selenium concentration
of 0.05 and 0.09 ppm [25]. High concentrations of selenium are found
in volcanic rock (upto 120 ppm), sand stones, uranium deposits and car-
bonaceous rocks. It is rarely seen in elemental form (Se0). Soil selenium
concentrations are typically in the range 0.01-2 mg/kg with a world aver-
age of 0.4 mg/kg [26]. Extremely high concentration of selenium has been
found in organic rich soils derived from black shales in Ireland (1200 mg/
kg), England (3.1 mg/kg) [27] and volcanic soils of Hawaii (6-15 mg/
kg) [28]. Main sources of selenium in Earth crust includes elenide associ-
ated with sulfide minerals [29], coal (coal combustion generate selenium
dioxide), and volcanic emissions. Anthropogenic emission sources of
atmospheric selenium include coal and oil combustion, selenium refining
factories, base metal smelting and refining, mining and milling operations,
and end-product manufacturers (e.g., some semiconductor manufactur-
ers). Now a day’s selenium is frequently used in paint, glass manufactur-
ing, oil refinery, metallurgy, pigment production, electricity generation,
and lately medicine, which contribute to selenium pollution [30]. Impor-
tant properties of elements, e.g. their bioavailability and toxicity, depend
on their chemical form or speciation. Selenium occurs in four redox states,
Se(VI) SeO,> selenite, Se(IV) SeO,* selenite, Se(0) elemental Se, Se(-
IT) selenide and HSe hydrogen selenide. Based on thermodynamic con-
siderations, alterations in pH and redox conditions may cause shifts in
equilibrium distributions between molecular forms. Selenide and elemen-
tary selenium are favored in a reducing environment, selenite in a slightly
oxidizing environment and selenate (analogous to sulfate) in an oxidiz-
ing environment. In humid regions and acid soils, the prevailing form is
selenite, which is firmly adsorbed on sesquioxides and clay minerals and
thus not readily available to plants [31]. Selenate is the dominant species
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of selenium in alkaline soils under well-aerated conditions. This form is
neither adsorbed nor form insoluble salts and thus is readily available to
plants [32]. Malformed selenoproteins and oxidative stress are two distinct
types of stress that drive selenium toxicity in plants and could affect cel-
lular processes in plants that have yet to be thoroughly explored. Selenium
toxicity in plants shows the symptoms of chlorosis, stunted root growth,
reduced biomass and withering of leaves and reduced photosynthetic effi-
ciency due to damaged photosynthesis apparatus [11]. Plants growing in
high selenium containing soils, accumulate toxic levels of selenium in
food, feed and fodder [33].

7.2.4 ANTIMONY (SB)

Antimony is non-essential, potentially carcinogenic metalloid [34]. Natu-
ral occurrence of antimony in in the Earth’s crust is as low as 0.2—0.3 mg/
kg [35]. Background concentrations of antimony in soils range between
0.3 and 8.6 mg/kg [36, 37]. In general, they are below 1 mg/kg [38].
Higher concentrations are usually related to anthropogenic sources. Impor-
tant anthropogenic sources of antimony in the environment are emissions
from vehicles (where it is used as a fire-retardant in brake linings), waste
disposal and incineration, fuel combustion, metal smelters, and shooting
activities [39, 40]. Reuse of material from mining dumps also causes severe
antimony contamination of agricultural land and residential areas [41].
Antimony is widely used and is the ninth most mined element. It is used
in many industries such as production of semiconductors, infrared detec-
tors and diodes, manufacture of lead storage batteries, solder, sheet and
pipe metal etc., fire-retardant formulations for plastics, rubbers, textiles,
paper and paints, explosives, pigments, antimony salts and ruby glass [39].
Antimony compounds have been used as medicines mainly in the treat-
ment of two parasitic diseases, leishmaniasis and schistosomiasis. It exists
in four oxidation states, +5, +3, 0, and —3, with the pentavalent and the
trivalent being the most abundant forms. The trivalent state is more toxic
than the pentavalent state. In the environment, antimony usually occurs
as Sb(III) (antimonite) and Sb(V) (antimonate) in reducing and oxidizing
conditions, respectively. In soils, Sb(II) is oxidized within hours to Sb(V)
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[42]. Sb(IIT) is more toxic than Sb(V). In its trivalent form, antimony may
have a level of genotoxicity similar to trivalent arsenic [43]. Soil mineral
composition, its pH and redox potential, as well as phosphate fertilizer or
EDTA supplies are among the factors influencing antimony mobility and
availability to plants [44—47]. Moreover, clear differences in the ability
to absorb, transport and tolerate antimony exist among species [48, 49].
Antimony can persist in the environment and bioaccumulate in organisms.
Little fact is known about the biochemical effects of antimony; however,
there is assumption that its mode of action is similar to that of arsenic.
Antimony can damage plants, including growth retardation, inhibition of
photosynthesis and decrease in the uptake of certain essential elements
and decreases in the synthesis of certain metabolites. The excessive accu-
mulation of antimony can be toxic to plants and can inhibit their growth.
The levels of 5-10 mg/kg antimony in plant tissues have been suggested to
be excessive or toxic [50]. In the past, soil contamination by antimony has
been neglected as it mostly exists as a co-contaminant of more toxic ele-
ments such as lead or arsenic but it has become environmental problem of
much concern in recent years, because of increasing mining and industrial
use. A potentially important antimony exposure pathway of humans and
animals to antimony in areas with contaminated soils is through food and
feed plants [51]. Therefore, to minimize the health risks of antimony, it is
necessary to control the level of antimony in the plant.

7.3 METALLOIDS UPTAKE AND TRANSPORT MECHANISMS IN
PLANTS

Metalloids such as arsenic, antimony, boron, and selenium uptake and
transport was initially believed to occur via passive diffusion but now it is
well known that there are certain transporters, which facilitate influx and
efflux in cells [3]. Figure 7.1 shows the transporters involved in uptake and
transport of arsenic, boron, selenium and antimony. A better understand-
ing of mechanism of metalloid uptake by plants and transporters involved
in metalloids uptake from soils will help in development transgenic plants
with less metalloid accumulation in their plant parts. Roots are primarily
responsible for absorption in plants and xylems translocate arsenic from
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FIGURE 7.1 Transporters involved in uptake of metalloids in higher plants. In plant cells
phosphate transporters (PHT1) play role in As(V) uptake whereas plasma membrane intrinsic
protein subfamily (PIPs), Nodulin26-like intrinsic protein subfamily (NIPs) are involved in
As(IIT) uptake. NIP transporters are also involved in uptake of arsenite, antimonite and
boric acid/borate (BA). BOR is a boric acid/borate transporter for xylem loading and boron
distribution within shoots. Selenate is taken up via sulphate transporters (SUT).

the root to the shoot and redistribute it in different tissues. Redox potential
and pH determine metalloid solubility in soil. Various forms of metalloid
species are available to plants from the soil. These forms are taken up
selectively through different pathway and transport mechanism.

Plant species differ in their ability to accumulate and tolerate arse-
nic. Arsenic hyperaccumulator Chinese brake fern (Pteris vitatta) accu-
mulated 20 times greater arsenic concentration than slender brake fern
(Pteris ensiformis), a non-arsenic hyperaccumulator [52]. In another
comparative study, castor plant (Ricinus communis) showed more arse-
nic than buckwheat (Fagopyrum esculentum) [53]. In case of arsenic,
the most prevalent form in aerobic soil is arsenate (AsV). In plants,
uptake kinetics of As(V), follow the Michaelis-Menten kinetics suggest-
ing the involvement of a transporter [54, 55]. The Km value for As(V)
has been reported to be 0.0157 mM in rice plants. As(V) is a chemical
analog of phosphate with regards to membrane transport. The uptake
mechanism involves co-transport of phosphate or As(V) and protons,
with stoichiometry of at least 2H" for each H,PO, or H,AsO, [56]. The
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oxyanion chemical structure of As(V) shows structure and chemical
similarity with inorganic phosphorous and is thus readily taken up by
phosphate transporters. As(V) has been shown to compete as a substrate
for phosphate uptake system in a wide variety of plant species includ-
ing non-hyperaccumulator plants such as Arabidopsis, rice and hyperac-
cumulator plants such as Chinese brake fern [57]. Asher and Reay [58]
presented the first evidence of competitive inhibition of As(V) uptake
by phosphate in plants. Among the nine high-affinity Pi transporters
(Phtl;1-Phtl;9) encoded in Arabidopsis thaliana, Phtl1-5 and Pht7—-9
are known to be induced in roots under Pi-deficient conditions [59].
Shin et al. [60] demonstrated two high-affinity Phtl isoforms AtPhtl, 1
(Pi transporter 1;1) and AtPhtl 4, in A. thaliana, which promote and
enhance the uptake of As(V) from soil with both low or high concentra-
tions of Pi. Mutation and overexpression studies have indicated the role
of Pi transporters in arsenic uptake. The null mutants of pht/ moderately
tolerate arsenate; while the double mutants of phtl, pht4 are among sig-
nificant arsenate tolerant. On the contrary, plants that overexpress the
Phtl have shown to be arsenate-sensitive [61]. Phtl;5 transporter in A.
thaliana promotes the translocation of both Pi and As(V). Mutation of
Phtl;5 resulting in loss of Phtl;5 mitigate As(V) toxicity in plants [62].
Overexpression of AtPht1,7, which is specifically expressed in reproduc-
tive tissues of Arabidopsis, enhances As(V) accumulation [63]. AtPht1;8
and AtPht1;9, acquire Pi in the root [64]. AtPHFI (Pi Transporter Traf-
fic Facilitator 1), an endoplasmic reticulum (ER)-localized protein has
been shown to have an effect on the localization of Phtl; ] transporters
and As(V) tolerance in plants [65]. Like, AtPHF1, OsPHF affect the
localization of Phtl; 1 transporters in Oryza sativa . Mutations in these
ER localized protein affected the transport of OsPhtl;1 from the ER to
the plasma membrane and thus decreased Pi and As(V) uptake [66, 67].
Role of several WRKY transcription factors in As(V) influx has also
been demonstrated. WRKY6 and WRKY45, regulate the expression of
AtPhtl;1 and hence modulate As(V) uptake [68, 69]. In O. sativa, high
affinity transporter OsPht1;8, transcription factor OsPHR2 (Pi starvation
response 2) which regulates the expression of OsPhtl;8 and a consti-
tutively expressed high-affinity Phtl transporter located in the plasma
membrane OsPhtl; 1, have been shown to be involved in arsenic uptake
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[67, 70-72]. In the flooded and anaerobic soil, As(IIl) is predominant
form and hence Pi transport pathway is a minor route for arsenic uptake.
At neutral to acidic pHs, the As(III) exist as a small uncharged molecule
with a diameter of approximately 411 pm [73]. As(IIl) uptake in plant
follows Michaelis-Menten kinetics suggesting that As(I1I) transport is an
active process [54, 74, 75]. Rice, pea (Pisumsativum) and wheat plants
shows Km values of 0.18, 0.34, and 0.51 mM, respectively, for As(I1I)
[76]. Plant aquaporins, membrane channels that transport water and
small neutral molecules, have been shown to participate in the transport
of As(III) [77, 78]. Several NIPs (nodulin 26-like intrinsic proteins (NIP;
subfamily of plant major intrinsic proteins; MIPs) protein are involved in
As(IIT) uptake in roots of 4. thaliana (NIP5; 1 and NIP6,1) and O. sativa
(NIP2;1) [79]. These protein channels are also involved in the uptake
of other metalloids such as boron and antimony. N/P2:] transporter, an
important physiological silicon (Si) influx transporter also named as
OsLsil in rice, is involved in a major transport pathway responsible for
As(IIT) uptake by root [73]. Zhao et al. [80] confirmed that Lsi/ plays a
role in arsenite efflux also in rice roots exposed to arsenate. The molecu-
lar mechanisms that regulate the pore selectivity of NIPs are still poorly
understood [81]. Another plasma membrane intrinsic proteins (PIPs), a
family of aquaporins, OsPIP2;4, OsPIP2;6 and OsPIP2;7, have been
shown to be involved in influx and efflux of As(III) through plasma mem-
brane [82]. Also once absorbed into the roots of plants, As(V) is reduced
to As(IIl) through arsenate reductase and then transported to shoot were
its accumulation occur or is sequestered into the vacuoles. Presence of
trace amount of organic arsenic species i.e. MMA and DMA in soils has
been attributed to the use of arsenic containing pesticides and herbi-
cides and methylation of inorganic arsenic by microorganisms [83, 84].
MMA and DMA enter plant roots using the same entry route as glycerol,
which is transported into plant cells by aquaporins [85]. NIP proteins
uptake MMA and DMA in undissociated form. However, their uptake
mechanism is not clearly understood and very little is known about this.
In rice, OsNIP2; 1 is the major transporter for diverse uncharged arsenic
species. Rice mutant lacking OsLsil showed 80% and 50% decrease in
concentration of MMA and DMA, respectively, compared with the wild

type [86].
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Initially, general opinion was that the uptake of boron is a passive dif-
fusion mechanism across lipid bilayers depending on the formation of
boron complexes within the cell wall and plant water fluxes [16]. How-
ever, recent studies show that boron transport is an active process. Boron is
absorbed by root and then it is translocated to the above ground plant parts.
Typha latifolia, Phragmites austalis, and Lemna spp. accumulate high
concentration of boron in their tissues. Usually, roots accumulate more
boron than leaves and stems. Boron absorption by plants is influenced by
various environmental factors including pH, the type of exchangeable ions
present in the solution, amount of organic matter in soil and non-soil envi-
ronments. One of the most important parameter affecting boron uptake is
pH value. Plant uptake increases with decreasing pH because boric acid
[B(OH),] pre-dominates in the solution rather than borax [B(OH),]. Boric
acid exists as uncharged molecule at physiological pH and thus can pass
directly across phospholipid bilayers. Aquaglyceroporins, the channel-
like proteins further accelerate boron bi-directional movement of boron.
Boron is transported from roots to stems and leaves into the xylem through
the transpirational stream of water. Due to this an increased transpiration
results in higher boron uptake. Phloem has also been shown to plays a
role in mobility of boron into the plants. Inhibition of boron uptake by
metabolic inhibitors and cold treatment in roots suggested active uptake
of boron [87, 88]. BOR1 from A. thaliana is a boric acid/borate trans-
porter involved in xylem loading and boron distribution within shoots. The
borl-1 mutant was found to be defective in boron translocation from roots
to shoots and showed severe shoot growth inhibition and fertility reduction
under boron-deficient conditions. In contrast to wild type A. thaliana, no
preferential distribution of boron to young leaves was observed in borl-1
mutant [89]. Over expression of BOR! led to enhanced shoot growth and
fertility under low boron conditions. It has been proposed that BORI may
be involved in directing boron from the xylem to phloem for preferential
delivery to young leaves. In rice, growing under boron-limited conditions,
OsBORI has been shown to be involved in the efficient uptake of boron
into root cells [16, 90].

NIP5;1, (NIP subfamily) has been identified as boron transporter
involved in efficient boron translocation under boron-deficient condi-
tions [91]. Its mRNA is up-regulated under boron-limited conditions and
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a boron-deficiency tolerant plant was produced by increasing the expres-
sion of NIP5;1. NIP5;1 mutants showed severe reduction in growth of
both roots and shoots under boron-limited conditions. NIP6;1, a gene like
NIP5;1 is also present in the plasma membrane and expedites boric acid
uptake into oocytes. In contrast to, NIP5;1 which is permeable to both
boric acid and water, NIP6;1 does not show water channel activity [16].
NIP6;1 mutant lines showed defects in the expansion and low boron con-
centrations in young leaves under boron limitation. Strong NIP6;1 pro-
moter activity was observed in the phloem region at nodes of the stem. It is
proposed that NIP6;1 participates in xylem-phloem transfer for enhanced
allocation of boron into young growing tissues [16]. Sutton et al. [92]
showed the importance of HvBotl and HvNIP2;1 in uptake of boron in
barley. Over-expression of tonoplast aquaporin AtTIP5;1 (OxAtTIPS;1)
and AtBOR4 gene considerably enhanced the tolerance of Arabidopsis to
boron. Differential expression of these transporters can result in plants
tolerant to high boron concentrations in the soil. The over-expression of
tonoplast aquaporin A¢TIP5;1 (OxAtTIP5,; 1) gene considerably enhanced
the tolerance to boron in Arabidopsis. Over-expression of AtBOR4, one of
a six paralogues of At#BOR1, also provides tolerance to high boron concen-
trations in plants (3 mM). Expression of genes encoding for various boron
transporters are finely regulated by boron availability in the environment
for boron homeostasis. Altered expression of these transporters can lead
to production of plants tolerant to stress produced by high boron in the
environment.

Selinium uptake by plants is affected, by various factors such as pH,
EC, temperature, soil organic matter, cation exchange capacity, nutrient
balance, and concentration of other trace elements [93]. Selenium occurs
naturally as Se* (selenide), Se’(elemental selenium), Se,O,> (thioselenate),
SeO,* (selenite), and SeO,* (selenate) [94]. Selenate is the abundant form
of selenium in oxic soils and selenite is dominant in anoxic environments.
Selenium is chemically similar to sulfur. The dominant forms of selenium
and sulphur available to plants are sulphate, selenite, and selenite. Plants
root mainly take selenate from soil but selenite and organic selenium com-
pounds are also taken up readily [95-97]. Selenate absorption in plants
from the soil solution is an active process. It competes with sulphate for
absorption by roots due to their chemical similarity and transport of both
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anions occurs via sulphate transporter(s) in yeast [98, 99]. Transport of
both selenate and sulphate occurs across the plasma membrane of root epi-
dermal cells against their electrochemical gradients, which is driven by the
cotransport of 3 protons for each ion [99, 100]. Selenate can be reduced
to selenite, which can undergo further reduction to selenide (Se™?). SeO, *
taken up by roots is also rapidly transformed to other forms, including sele-
nomethionine (SeMet) and selenomethionine Se-oxide hydrate (SeOMet),
but commonly into unknown and water-insoluble forms. In chloroplast the
chemical reduction of SeO, *to SeO, *and further conversion of SeCys
occurs, while in cytosol the production of SeMet and methylation of SeMet
takes place. Plants take up selenium from soil mainly in the form of sele-
nite via sulphate transporters and metabolized via the sulphur assimilation
pathway. Plants possess high affinity and low affinity transporters that are
localized in root epidermal and cortical cells [101]. From plant, first sulfate
transporter genes were isolated from Sylosanthes hamate, a tropical for-
age legume through functionally complementing selenate resistant mutant
yeast that were defective in sulphate transport [102]. The high affinity
transporter, with a Km for sulfate of approximately 9 uM, is expressed
absolutely in roots and is thought to be the primary transporter of sul-
phate from the soil [99, 103]. On the other hand, the low affinity transport-
ers, which are expressed in leaves and roots, exhibit a Km for sulphate of
approximately 100 pM and are postulated to be involved in both uptake of
sulphate from the soil solution into roots and intracellularly from the apo-
plast into the symplast. The selenate resistant A. thaliana sel mutants were
found to contain lesions in the sulphate transporter gene Sultrl:2 char-
acterized as being expressed in the root cortex, root tip and lateral roots,
suggesting that this transporter mainly participates in importing sulphate
and selenate from the soil into the root [99]. These results provide strong
evidence to support selenate uptake via high-affinity sulphate transporters
in plants. When plants are treated with mixtures of sulphate and selenate,
the concentration ratio of sulphur:selenium in plant tissues rarely matches
the concentration ratio in the rhizosphere solution [96, 104—106]. Parker et
al. [106] provided evidence that selenium non-accumulators discriminate
against selenate uptake relative to sulphate, whereas selenium hyperaccu-
mulator species preferentially absorb selenium over sulphur. This implies
that either the sulphate transporters in selenium hyperaccumulating and
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non-accumulating plants have different characteristics and these proteins
are selective for selenate relative to sulphate in the hyperaccumulators or
that hyperaccumulators have additional selenate transporters. Most of the
selenium transport in selenite-fed plants was found to be in the form of
selenate or as an unknown selenium compound, the relative proportions
of these two forms varying both with time and with external selenite con-
centration. Asher [95] suggested metabolic involvement in the uptake and
long distance transport of selenium supplied as selenite.

As chemical properties of arsenic and antimony are similar, it is expected
that they share uptake, transport and tolerance mechanisms. In Arabidop-
sis, NIP1 transporters participate in uptake of both arsenite and antimonite
[107]. Two hypothesis have been proposed regarding Sb(V) transport in
plants (i) antimonite Sb(V) enters root symplasm likely via anion trans-
ports such as those that transport CI” or NO,~ with low selectivity; and ii)
antimonite Sb (III) has been proposed to enter the xylem through apoplastic
pathway. Unlike As(V), uptake of Sb (V) was not reduced with addition of
phosphate (V) in maize or sunflowers [108] therefore it was concluded that
antimony do not use phosphate transporter to enter plant roots. Tschan et al.
[108] suggested that this could be because of the different structures of their
pentavalent oxyanions. Arsenate (AsO, °) is tetrahedral while Sb(OH), is
octahedral [109]. Linear uptake of antimony by plants further suggested
that another selective pathway or nonselective apoplastic pathway exist for
antimony uptake [110]. At low external concentrations, antimony enters
root symplasm likely via anion transporters of low selectivity, such as CI-
or NO,". When external concentrations are 2-3 orders of magnitude higher
than internal concentration, Sb(V) can overcome an electrical potential
difference across the membrane and can be taken up passively by plants.
Antimony uptakes by roots as well as translocation of the element to leaves
were more significant when antimony was added to soil together with arse-
nic. This result suggested that the two metalloids utilizes different uptake
pathway and that the alteration in membrane integrity by arsenic may be
responsible for increased permeability and thus concentration of antimony
in plants [111, 112]. The uptake of antimony in plants depends on various
factors such as phyto-availability of antimony in soils, antimony specia-
tion, pH, plant species, soil oxidation/reduction potential and coexisting
ions in the soil [44, 46, 47, 113, 114]. Moreover, clear differences in the
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ability to absorb, transport and tolerate antimony exist among species [48].
At physiological pH, Sb(III) exist mainly as Sb(OH),, which is structurally
similar to As(OH), and glycerol. Sb(IIT) has been shown to compete with
As(I1I) in plants suggesting that Sb (III) uptake in plants occurs passively
through aquaporins and therefore is affected by water stream [76]. Sb(III)
influx into rice roots is substantially faster than Sb(V) [115]. Rice and
Lolium perenne L. show a high affinity for Sb(I1l), whereas Holcus lanatus
L. has a high affinity for Sb(V) [115]. In rice roots, although Sb(IIl) was
more efficiently taken up compared to Sb(V), however, most of the anti-
mony was accumulated as Sb(V) in roots. It is possible that considerable
amount of Sb(III) has been converted to Sb(V) in rice plants [115]. On the
contrary, Okkenhaug [116] reported higher amount of Sb(III) in terrestrial
plants from an active antimony mining area and suggested that reduction
of pentavalent to trivalent antimony form occurred after plant uptake. Rice
accumulated the highest antimony in the roots, followed by the stems and
leaves. Rice is ineffective in translocating either Sb(III) or Sb(V) as the
highest TF is 0.51. However, translocation of Sb(V) is ~3—4times higher
than Sb(IIl) suggesting that Sb(V) is more mobile than Sb(III). Plant cell
walls are considered key storage compartment for antimony in rice [115].

7.4 MECHANISMS OF METALLOID TOXICITY IN PLANTS

Toxicity due to excess metalloids in soil is a significant agricultural prob-
lem, which reduces crop yield in various parts of the world. Moreover,
dietary intake of edible parts of the plants growing in metalloid contami-
nated soil is potential risks for human and animal health. Therefore, under-
standing the mechanisms of metalloid toxicity in plants is necessary for
development of metalloid tolerant transgenic plants. Figure 7.2 shows the
mechanisms of metalloid toxicity in plants.

Higher concentrations of arsenic has been shown to cause adverse
effects on various key metabolic processes in plants such as photosyn-
thesis, respiration, carbohydrate metabolism [117], nitrogen metabolism
[118], phosphate metabolism [119], thiol metabolism [120, 121], RNA
and protein metabolism [122] which leads to poor growth, reduced yield,
and often death of plant [123, 124]. When arsenic non-tolerant plants are
exposed to toxic concentrations of arsenic, they show toxicity symptoms
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FIGURE 7.2 Mechanisms of metalloid toxicity in plants.

such as poor seed germination, marked reduction in root and shoot growth,
decrease in plant height, decrease in tillering, inhibition of leaf formation,
wilting and necrosis of leaf margins, chlorosis, nutrient deficiencies, bio-
mass inhibition, lower fruit and grain yield, and sometimes death [15]. At
high level of arsenic concentration, the process of photosynthesis is halted
due to disorganization and damage of chloroplast membrane.

This affects CO, fixation rate and photosystem II (PSII) function [125].
The toxic effect of arsenic is greatly influenced by its nature. Studies on
different plant species provides inconsistent phytotoxicity order of arsenic
speciation indicating that arsenic interacts in a different way with differ-
ent genotype and the existing nutrients [126]. Different forms of arsenic
have distinct toxicity mechanism. Among the inorganic form, the arsenite
is the most toxic. At cellular level, it shows high binding affinity towards
the sulthydryl groups present in the aminoacid cysteine. Thus, binding of
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arsenite with thiol groups of protein and enzyme and its cofactor results
in disruption of protein structure and protein-protein interactions hence,
many key metabolic processes in the cell get adversely affected [127].
Another important mechanism of arsenic toxicity is phosphate replace-
ment from major central metabolic pathway. The oxidized arsenic form
arsenate, being structure and chemical analog of phosphorous, substitutes
inorganic phosphorous Pi from critical cellular and biochemical process.
Initially it hijacks phosphate transporter while entering into plant roots,
further in cell signaling it disrupts phosphorylation/dephosphorylation by
replacing phosphate which cannot be revert back. Moreover, As(V) moves
across inner mitochondrial membrane of plants through the Pi transloca-
tor [128] and the dicarboxylate carrier [129]. It is also known to pass
through Pi transporters ATPHT family found on golgi and plastid [130].
Few enzymes use As(V) directly as substrate over Pi as most Pi liberating
reactions are of irreversible nature [131]. Thus, it can compete with phos-
phate during phosphorylation reactions, leading to the formation of AsV
adducts that are often unstable and short-lived. The production and quick
auto hydrolysis of As(V)-ADP results in a futile cycle that disengage pho-
tophosphorylation and oxidative phosphorylation and results in decrease
in the ability of cells to produce ATP and carry out normal metabolism
[126]. Arsenic leads to excessive formation of ROS such as superoxide
anion, hydroxyl radicals, hydrogen peroxide and lipid peroxide due to
glutathione depletion and lipid peroxidation, consequently leading to cel-
lular damage [132—134]. Lipid peroxidation reflects decreased membrane
stability in arsenic sensitive plants [135]. Different plant species shows
considerably different response when exposed to different arsenic con-
centration. For example the most common studied plants for arsenic, P.
vittata (arsenic hyperaccumulator) and P. ensiformis (non-arsenic hyper-
accumulator), especially at arsenic exposure of 267 uM when evaluated
P. ensiformis shows higher arsenic-induced oxidative stress in plants than
P. vittata [52].

Boron toxicity affects various processes in plants. Plants exposed to
toxic levels of boron show reduced growth of roots and shoots, reduced
root cell division, lower leaf chlorophyll contents and photosynthetic
rates, decreased lignin and suberin levels and altered metabolism [7, 21,
22]. The toxicity of boron appears mainly due to its ability to form strong
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complexes with metabolites that have multiple hydroxyl groups in the
cis-conformation such as ribose. Boron can bind compounds with two
hydroxyl groups in the cis-configuration. Although the physiological
basis for boron toxicity is not clear, three main cause have been proposed
(1) alteration of cell wall structure; (ii) metabolic disruption by binding to
the ribose moieties of molecules such as adenosine triphosphate (ATP),
nicotinamide adenine dinucleotide (NADH) or nicotinamide adenine
dinucleotide phosphate, (reduced form) (NADPH); and (iii) reduced cell
division and growth by binding to ribose (free sugar or within RNA)
[136]. Although boron can bind cis hydroxyls present on the ribose moi-
ety of the energy-carrying molecules ATP, NADH, and NADPH, up to
approximately 50 mM boron, photosynthesis and respiration has been
shown to be largely insensitive [8]. Cell division and expansion are also
inhibited only in the high concentration range of 1-5 mM boron [§]. In
the case of boron toxicity, the cellular alterations in root meristems are
related to a reduction of mitotic activity and modifications of the expres-
sion patterns of key core cell cycle genes [137]. Quantitative RT-PCR
analysis revealed that expression of the negative cell cycle regulators
WEEI and SMR4 were enhanced considerably after 24 h of boric acid
treatment. WEE1 codes for a kinase protein and is transcriptionally acti-
vated upon the termination of DNA replication or DNA damage, inhibit-
ing growth of plant by arresting dividing cells in the G2-phase of the cell
cycle [138]. Recently, boron toxicity mechanism has been suggested to
involve breakage in DNA double-strand and probably blockage of repli-
cation triggered by a genotoxic stress caused by boric acid [139]. Boron
has also been shown to inhibit one step of in vitro pre-mRNA splicing
reaction [140], suggesting that boron toxicity is mainly because of dis-
ruption of RNA splicing [22]. A global expression analysis demonstrated
that boron toxicity induces the expression of genes related with abscisic
acid (ABA) signaling, ABA response and cell wall modifications, and
represses genes that code for water transporters. These results indicate
that boron toxicity cause a decrease in water and boric acid uptake, trig-
gering a hydric stress response that causes root growth inhibition. High
supply of boron can lead to over production of ROS, which in turn causes
oxidative damage by peroxidation of lipid and accumulation of hydrogen
peroxide in leaves [141, 142].
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The toxic effects of selenium in plants are well documented and
include stunted root growth, reduced biomass, chlorosis and reduced pho-
tosynthetic efficiency. It also disturbs the uptake and distribution of essen-
tial elements such as Ca, K, Na, Cu, Mg, Fe, Mn, and Zn from soil. In
general selenite is more toxic to plants than selenate [143]. The toxicity
of both selenate and selenite to most plants can be associated to three fac-
tors: (i) rapid absoption of selenate and selenite from the soil by roots and
translocation to other parts of the plant; (ii) conversion of these anions into
organic forms of selenium by metabolic reactions; and (iii) interference of
organic selenium metabolites with cellular biochemical reactions because
of their similarity to essential sulphur compounds. Incorporation into pro-
teins of the amino acid analogues selenocysteine and selenomethionine,
instead of equivalent sulphur amino acids cysteine and methionine results
in small, but significant, changes in the biological properties of a selenium-
substituted protein and is considered to be the main cause of selenium
toxicity. The deformed selenoproteins hypothesis asserts that selenium
toxicity occurs when at RNAcys inadvertently binds to selenocysteine
instead of cysteine during translation to form non-specific and toxic sele-
noproteins. Brown and Shrift [144] first demonstrated that selenocysteine
can be misincorporated into nonspecific selenoproteins in Vigna radiata.
Selenium enhances the accumulation of ROS and thereby induces oxida-
tive stress in plants [145]. Both, selenate and selenite have been reported
to induce oxidative in plants. Compared to Se-hyperaccumulator Stanleya
pinnata, (higher glutathione content), Stanleya albescens plants showed
enhanced superoxide and hydrogen peroxide accumulation when treated
with selenate [146]. Glutathione is a tripeptide that plays important roles
in plant cells including signaling and maintenance of cellular redox sta-
tus in plants [147]. In fact, glutathione reduction is linked to disturbance
of auxin homeostasis and reduced growth of root [148]. In Arabidopsis
plants, levels of glutathione declined in both a dose- and time-depen-
dent manner due to selenite treatment [149]. Arabidopsis mutant with a
knockout in APR2, the dominant APR isozyme that completes sulphate
reduction and probably mediates selenate reduction as well showed ele-
vated levels of selenate, which decreased the content of glutathione and
increased the accumulation of superoxide. ROS lead to damage of cel-
lular components such as membranes and proteins. For example, Triticum
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aestivum seedlings treated with 100 mM selenate had a two- to three-fold
increase in lipid peroxidation compared with control [150]. Compromised
membrane integrity was observed in Hordeum vulgare (barley) along with
increased activity of ROS-scavenging enzymes, including SOD, CAT
and APX [151]. Selenate treatment is also likely to oxidize proteins in
plants [152]. Similarly, increased activity of ROS-scavenging enzymes
has also been reported in selenium-treated Ulva species [153]. Selenite
treatment also led to accumulation of ROS such as hydrogen peroxide,
superoxide, increased lipid peroxidation and cell mortality in plants [154,
155]. Further, oxidative stress can also be induced by inorganic selenium
metabolites that are generated by the process of reduction of selenite to
selenocysteine. and accumulation of selenoproteins which results in gen-
eration of superoxide due to damage and leakage in electron transport of
mitochondria and the chloroplast [156]. The non-enzymatic reduction of
selenite mediated by glutathione generates selenodiglutathione, which has
been shown to be more toxic than selenite and capable of inducing mito-
chondrial superoxide [157].

Antimony in high concentrations can be toxic to plants and can inhibit
their growth. It can cause growth reduction, inhibition of photosynthe-
sis, reduction in the uptake of certain essential elements like Ca, Na and
decrease in the synthesis of certain metabolites in plants [158-161, 162].
Relatively low antimony concentration in the medium (5 mg kg anti-
mony) significantly influenced root and shoot biomass of sunflower [163].
Antimony toxic mechanisms, in particular for its toxicity to plant root
growth, are unclear. In its trivalent form, antimony may have a level of
genotoxicity similar to trivalent arsenic [43]. However, Yang found no sig-
nificant difference in the toxicity of Sb(IIl) and Sb(V) on root and shoot
growth of rice grown in pots [159]. Antimony accumulation in the shoots
is not required for phytotoxicity growth of barley was depressed in sand
cultures at concentrations of 50—100 mg/L antimony in solution, although
antimony was below the detection limit in the shoots (<2 mg/kg) [164].
When the antimony concentrations in the fronds of Cyrtomium fortunei,
Cyclosorus dentatus, and Microlepia hancei reached 10.2 mg/kg, 27.2 mg/
kg and 53.3 mg/kg, respectively, the total biomasses of these plants were
observed to decrease by 12.5%, 38.3%, and 35.0%, respectively [165].
Decrease in the concentrations of essential plant nutrients and significant



Mechanisms of Metalloid Uptake, Transport, Toxicity, and Tolerance 191

increase in concentration of antimony correlate well with a decline in root
and leaf biomass. The increase in antimony concentration led to significant
decrease in Ca concentration in all plants parts. Calcium plays very impor-
tant role in cell; it has structural role in plant cell walls and membrane, it
can act as counter cation for anions in the vacuoles, and an intracellular
messenger in the cytosol [166]. It has been suggested to function directly
in various aspects of photosynthesis [167]. The concentration of K in the
leaves of seedlings grown in presence of 100 and 150 mg/Lof antimony
was lower (P < 0.05) compared to the K content in the leaves of the control
plants. A decrease in plant K concentration has been reported to suppress
of photosynthesis. K deficiency may be characterized by reduced plant
growth with yellowing of the leaf edges [168, 169]. In seeds, a significant
decrease in Ca and Na contents was registered after treatment of seedlings
with 150 mg/L of antimony. Antimony concentration of 50 mg/L showed
a considerable decrease in concentrations of K, Cu, and Pb in the roots.
Higher antimony concentrations led to reduced Ca and Na content in the
roots. Antimony led to decline in photosynthesis, transpiration, and con-
tent of photosynthetic pigments. This suggests that in spite of relatively
low mobility of antimony in root-shoot system, antimony significantly
alters physiological status in shoot and decreases plant growth. In addi-
tion, size of intercellular spaces in leaf decreased making leaf tissue more
compact [163]. Antimony negatively influenced the content of chlorophyll
a (chla) and chlorophyll b (chlb), which resulted in the decrease of total
chlorophylls content in sunflower [163]. It was found that antimony could
cause oxidative stress, increase the peroxidation of membrane lipids and
stimulate antioxidant defense system in plants [161, 165, 170].

7.5 METALLOID TOLERANCE MECHANISMS IN PLANTS

During evolution, plants have become adapted for harsh environment
resulting in development of several distinct mechanisms for survival
and defense system. Plants capability to survive in adverse stress con-
dition is known as tolerance. Metalloid tolerance varies greatly in toler-
ant and sensitive varieties of a plant. These differences have been used
to reveal the tolerance mechanism for metalloid toxicity in plants. The
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common defense mechanisms used by plants to alleviate the toxic effect
and increase survivility percentage are efflux of the toxic metalloid, com-
plexation with phytochelatins, glutathione, and polyhydroxy metabolites,
compartmentalization in vacuole and cell wall, production of antioxidants,
methylation, etc. (Figure 7.3). A greater understanding of mechanisms to
withstand toxic amount of metalloids in soils will help in development
of metalloid tolerant transgenic plants. A brief description of tolerance
mechanisms operating in response to metalloid toxicity in plants is given
in this section.

7.5.1 EFFLUX MECHANISM

Efflux is a general detoxification mechanism in plants. In case of arsenic,
majority of detoxification starts from reduction of As(V) into As(Ill) by
arsenate reductase enzyme. It is then removed from cell cytosol through
efflux mechanism or sequestered in vacuole. In arsenic hyperaccumula-
tor plant P. vittata, ACR3 and ACR3;1, arsenate reductase gene encode
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FIGURE 7.3 Mechanisms of metalloid tolerance in plants.
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similar protein to arsenite effluxer of yeast ACR3. Lack of ACR3 expres-
sion but not ACR3;1, resulted in an arsenite-sensitive phenotype which
indicated that ACR3 play an important role in arsenic tolerance in P. vit-
tata [171]. NIP proteins which is responsible for As(IIl) uptake have been
proposed to have bidirectional functional role in transport. NIP proteins
from A. thaliana(NIP5;1), L. japonicus (NIP6:1) and O. sativa (NIP2;1
and NIP3;2) have role in both influx and efflux of arsenite in cell [172].
Arsenic efflux by NIP was demonstrated to be coupled with electrochemi-
cal potential gradient of protons generated by the plasma membrane H'-
ATPase [173]. However, uptake was more favored compared to efflux.
The Lsil transporter of silicon also mediates efflux of As(IIl) in rice
through intercellular transport [73]. Logoteta et al. [174] observed that
arsenite efflux is not adaptively increased in the tolerant phenotype of H.
lanatus and suggested that efflux of arsenite could be a basal tolerance
mechanism to reduce cellular arsenic in both tolerant and non-tolerant
phenotypes. Tolerance to boron toxicity in plants has been associated with
decreased accumulation of boron [8, 136]. BOR1, a boron transporter has
been shown to be actively involved in the efflux of boron. Homologues of
A. thaliana BOR1 play important role in tolerance of high boron in other
plant species. Reid [175] identified boron-tolerance genes that encoded
boron-efflux transporters in wheat and barley. He cloned HvBor2 genes
from barley and Tabor2 from wheat which were strongly upregulated in
roots of tolerant cultivars, and virtually undetectable in sensitive cultivars.
Sutton et al. [92] performed a quantitative trait locus (QTL) analysis of
two barley cultivars differing in their tolerance of high boron, and detected
BOR1 homologue in the mapped region. Bot] mRNA was detected in both
roots and shoots, but was more in roots. The tolerant cultivar possesses
multiple copies of Botl and has greater amounts of Botl mRNA than the
susceptible cultivar. BOR1 homologues not only decrease boron uptake by
roots as a primary boron tolerance mechanism, but also redistribute excess
boron in leaves to confer further tolerance of high boron. In boron tolerant
cultivars, Reid and Fitzpatrick [9] observed lower boron concentrations
in leaf protoplasts, suggesting different partitioning of boron within the
shoot. It is suggested that boron transporters export toxic boron out of cells
into the apoplast and alleviate boron toxicity symptoms in the cytoplasm
of leaf cells. Better antimony exclusion has also been suggested to be an
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important mechanism to alleviate antimony toxicity. In fact an 4. capil-
laries ecotype with low capacity to efflux antimony did not perform well
on antimony-rich mine soil, while the ecotype from the mining area effi-
ciently restricted antimony transport to the shoots [176]. Antimonite has
been suggested to be the state of antimony being extruded from the cell
therefore, reduction of antimonate to antimonite in plants is very impor-
tant. Integral membrane protein ArsB catalyzes the efflux of antimonite
and, therefore, provides resistance against the toxic effects. ArsB forms a
complex with the catalytic subunit ArsA and shows ATP-dependent activ-
ity. The efflux of antimonite is then coupled to an electrochemical gradient
via proton exchange [176]. In spite of being arsenic analog, antimony is
not hyperaccumulated and visual symptoms of injury was not observed in
in P. vittata. It was observed that it possess efficient Sb(III) uptake and
efflux ability, however, translocation and transformation capability of this
plant was limited [177].

7.5.2 COMPLEXATION

Complexation of metalloids by phytochelatins, glutathione and polyhy-
droxyl metabolites are important detoxification strategy applied by plants
in response to metalloid toxicity. Phytochelatin (PC) involvement in the
detoxification of metalloids, such as, As, Se and Sb is well-documented
[178—181]. Phytochelators are metal complexing short thiol rich peptides
synthesized non translationally using glutathione as substrate by gluta-
mate, cysteine, and glycine residues condensation in three sequential
enzymatic reactions [182]. Higher concentration of PCs was synthesized
in rice roots on exposure to arsenic toxicity [183]. PCs-AsllI as well as
GSH-As(IIT) complex was transported and sequestered into vacuole. The
PCs-AslII complex is stable in acidic environment thus its sequesteration
into vacuole is important for complete detoxification of As [184]. In Arabi-
dopsis, the PC-deficient mutant was significantly more sensitive to As(V)
than in the wild type [185]. Phytochelatins are believed to play an impor-
tant role in antimony tolerance also [186]. Antimonite has strong affinity
to sulphydryl groups and therefore forms complexes with phytochelatins
and gets neutralized in plants. When PCS genes from the fission yeast
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Schizosaccharomyces pombe (SpPCS) and Triticum aestivum (TaPCSI)
were expressed in the strains of S. cerevisiae, antimonite hypersensitivity
of the ycfl mutant was totally suppressed. This suggested the involve-
ment of PCs in antimonite resistance in this mutant [187]. However,
buthionine-[S,R]-sulphoximine (BSO), (an inhibitor of PC synthesis)
treatment did not enhance the susceptibility of clover to antimony toxic-
ity suggesting no role of phytochelatins in the high antimony tolerance of
clover [170]. In A. thaliana also, PCs do not significantly affect selenite
detoxification. The wild-type of A. thaliana and its mutants (glutathione
deficient Cad 2—1 and phytochelatins deficient Cad 1-3) when separately
treated with varying concentrations of selenite and arsenate indicated that
GSH and PCs affect arsenate detoxification but only GSH affects sele-
nium detoxification. Selenium glutathione-complex prevents the produc-
tion of detrimental selenopeptide [179]. Metallothionein gene plays role
in selenium homeostasis, which in turn increases selenium tolerance in
sugarcane [188]. qRT-PCR analysis indicated increase in expression of
MT gene in leaf tissue with an increase in selenium supply. Polyhydroxyl
metabolites such as malic acid, fructose, glucose, sucrose and citric acid
can bind boron and this has been proposed as an important boron tol-
erance mechanism in plants [189]. Summed shoot concentration of the
potentially boron-binding polyhydroxyl metabolites in Arabidopsis was
found to be low in comparison to Thellungiella halophila, an A. thaliana-
related ‘extremophile’ plant, generally found in B rich environment. In
Thellungiella, boron-binding polyhydroxyl metabolites was over twofold
higher than [B]int, and thus likely to allow appreciable 1:2 boron-metabo-
lite complexation in the shoot.

7.5.3 COMPARTMENTALIZATION

Compartmentalization is an important means for detoxifying metalloids in
plants. As(III)-PCs complex has been shown to be transported and seques-
tered into vacuole. The As(IIT)-PCs complex is stable in acidic environment
thus its sequesteration into vacuole is important for complete detoxifica-
tion of arsenic [184]. In-depth studies resulted in identification of vacu-
olar transporter, which is a remarkable achievement in understanding the
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tolerance mechanisms by Song et al. in 2010. He identified that ABCC
(ATP Binding Cassette C) transporter of Mg-ATP dependent ABC fam-
ily localized in tonoplast of vacuole plays important role in transporta-
tion across vacuolar membrane. PC synthesis and their complexation
to As(Ill) are coordinated to the transport of the As(III)-PC complex to
the vacoule subcellular compartment through the activity of two mem-
bers of a subclass of ATP binding cassette (ABC) transporters: ABCC1
and ABCC-2. A novel vacuolar transporter named OsABCCl, is recently
identified, is responsible for transportation of As(III)-PCs across the tono-
plast [190]. The osabccl knockout study in Arabidopsis plants exhibited
that OsABCC1 has similar functions to AtABCC1 and AtABCC2. Plants
which lack OsABCC1 were unable to transport PCs into vacuoles. Addi-
tional, arsenic transporters were also identified to participate in tono-
plast transport. As described earlier PvACR3, a well characterized ACR3
As(IT) efflux protein localized in P. vittata tonoplast shows the ability to
sequester arsenic into vacuoles. P. vittata, an arsenic hyperaccumulating
plants showed enhanced uptake of As(V) and efficient As(III) transporta-
tion into vacuoles by PvACR3 compared to non-hyperaccumulating plants
[191]. P. vittata with non-functional PvACR3 exhibit an As(I1I)-sensitive
phenotype [171].

Binding of antimony to cell wall has been suggested an important tol-
erance mechanism in plants in response to toxic concentrations of anti-
mony. The cell walls are mainly composed of polyose(including cellulose,
hemicellulose and pectin) and protein, providing carboxyl, hydroxyl,
amino groups and aldehyde groups that can bind antimony and restrict its
transport across the cytomembrane. Ficus tikoua shows a great tolerance
for accumulating antimony. The concentrations of antimony were found
to be higher in the roots of this plant than those in the stems and leaves,
suggesting the excellent ability of this plant to accumulate antimony in
roots [192]. Almost all the antimony was found to be bound to the root
cell wall of F. Tikoua. With exposure to increasing concentrations of anti-
mony in the solution, the proportion of antimony in the cell wall fraction
increases, whereas the proportions of antimony in the cytoplasmic organ-
elle and cytoplasmic supernatant fraction decreases suggesting that the
cell wall functions as a barrier, protecting the protoplast from antimony
toxicity [192].
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7.5.4 ANTIOXIDANTS

It is now well-accepted fact that metalloids trigger the production of ROS
which lead to the establishment of oxidative stress in plants [193—-195].
Moreover, during oxidative stress, overproduction of ROS such as super-
oxide radical and hydroxyl radical which are strong oxidizers of lipids,
proteins and nucleic acids causing membrane damage and in some cases
cell death [196]. Plants possess antioxidants defense mechanisms com-
prising of enzymatic and non-enzymatic antioxidants to combat the oxida-
tive stress caused by overproduction of ROS. Among these, superoxide
dismutase (SOD) dismutates O, to O, and which are further oxidized to
molecular oxygen and H,O by peroxidases (POX), catalase (CAT) and
ascorbate-glutathione pathway enzymes like ascorbate peroxidase (APX)
and glutathione reductase (GR) [193]. A tripeptide glutathione (y-glutamyl-
cysteinyl-glycine) is an abundant compound in plant tissues. It exists in
both reduced (GSH) and oxidized (GSSG) states. GSH has the ability to
regenerate ascorbic acid via the ascorbate-glutathione cycle and therefore
plays a key role in antioxidative defense system [197]. Higher scavenging
capacities of enzymic and nonenzymic antioxidants are considered to be
responsible for metalloid tolerance in plants. Various antioxidant enzymes
guiacol peroxidase (GPX), ascorbate peroxidase (APX), and superoxide
dismutase (SOD) showed enhanced activity in presence of high concen-
tration of As(V) in high arsenic accumulating cultivars compared to low
arsenic accumulating cultivars and this has been suggested to protect a
plant from the metalloid toxicity [198-200]. Ansari et al. [194] showed
that high concentration of arsenic inhibits growth and causes oxidative
stress and that the AsA-GSH cycle play key role in cellular defense against
arsenic in Brassica juncea (L.). Under high boron supply also, activity of
antioxidative enzymes increases and play a crucial role in conferring toler-
ance to boron stress in plants [195, 201-205]. In the roots of chickpea cul-
tivar Gokce, better protection from boron-stress-induced oxidative stress
compared to sensitive Kiismen cultivar was due to enhanced SOD, CAT
and POX activities under high boron concentrations [204]. High boron
concentration enhanced ascorbate pool size and activities of l-galactose
dehydrogenase, an enzyme participating in ascorbate biosynthesis [202].
Wang et al. [205] also reported an increase in total GSH content in pear
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leaves under high boron supply. This pathway consists of enzymes GR,
MDHAR, DHAR which are distributed in most cellular compartments
[206]. In general, their activity is enhanced by boron toxicity [202, 205,
207]. In photosynthetic organisms, the accumulation of selenite-induced
ROS can also be partially mitigated by an increase in the activity of ROS-
scavenging enzymes, as reported in Coffeaarabica cells [208] and the cya-
nobacterium Spirula platensis [209]. The enzymes SOD, APX and CAT
have been suggested to play important roles in rebalancing the excess ROS
resulting from exposure to selenium in paddy wheat [210]. Compared with
wild type plants, the vfc/ mutant with a defect in ascorbic acid biosynthe-
sis accumulates more superoxide and hydrogen peroxide during selenite
treatment; this indicates that ascorbic acid help in reducing the accumula-
tion of in plants challenged with selenite [211]. Recent studies have linked
antimony-induced ROS accumulation to cell death in roots. Tolerance to
antimony has been associated with increased activity of enzymes POD,
CAT and APX in antimony tolerant fern Pteris cretica, whereas in paddy
wheat, SOD, APX and CAT play important roles in rebalancing the excess
ROS [165]. In Sb(IlI)-treated maize, POD activity was enhanced at low
antimony levels but inhibited at high antimony levels; simultaneously, the
SOD activity decreased, but the CAT activity increased with increasing
concentrations of antimony in soils [160]. Under higher antimony stress,
oxidative damage is prevented but, at extreme antimony contamination,
the activities of these enzymes are impaired. Glutathione has been strongly
correlated to antimony tolerance in Arabidopsis [212]. Plants treated with
buthionine sulfoximine, an inhibitor of glutathione biosynthesis showed
two-fold increased sensitivity to selenate.

7.5.5 METHYLATION

One of the major detoxification processes for selenium is methylation.
Plants metabolize inorganic selenium to comparatively nontoxic, volatile
forms (dimethyl selenide [DMSe] and dimethyl diselenide [DMDSe]),
which escape to the atmosphere [213]. Methyltransferases catalyse the
formation of these methylated compounds in biological systems. Selected
members of the genus Astragulus (Fabaceae) are known for their ability
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to accumulate high levels of selenium, mainly in the form of Se-methyl-
selenocysteine. Unlike non-selenium accumulating species, they do not
unspecifically incorporate selenium into proteins. The enzyme selenocys-
teinemethyltransferase which does not accept cysteine as a substrate is
proposed to play a crucial role in conferring selenium tolerance [214].
Overexpression of this gene from hyperaccumulator A. bisulcatus in Ara-
bidopsis and Indian mustard led to increased Se accumulation and volatil-
ization and hence tolerance to selenium [215, 216].

Methylated pentavalent arsenic species arealsoknown to be less toxic
than inorganic arsenic and are regularly found in plants. However, it is
not known whether plants can methylate arsenic. It has been suggested
that plants take up methylated arsenic produced by microorganisms [217].

7.6 PROGRESS IN DEVELOPING TRANSGENIC METALLOID
TOLERANT PLANTS

Agriculturally important plants can be genetically engineered for metal-
loid extrusion, tolerance/sequestration and eventually for partitioning
of metalloids in non-edible plant tissues. Genes introduced/disrupted in
plants to develop metalloid tolerance have been listed in Table 7.2. Metal-
loid efflux transporter can be used to genetically engineer important food
crops that can grow in metalloid contaminated sites without increasing the
accumulation of toxic metalloids in the biomass or edible tissues [82]. Rice
plasma membrane intrinsic protein (PIP) subfamily participates in arsenic
tolerance and transport. Overexpression of bidirectional transporter genes
OsPIP2;4, OsPIP2;6, and OsPIP2;7 in Arabidopsis resulted in increased
arsenite tolerance and more biomass accumulation. Further, no significant
accumulation of arsenic in shoot and root tissues of transgenic plants was
noticed in long-term uptake assays. In barley, Botl, which functions as an
efflux transporter, and the multifunctional aquaporin from the nodulin-
26-like intrinsic protein (NIP) subfamily HvNIP2;1 are important deter-
minant of boron toxicity tolerance. Overexpression of A#BORI conferred
tolerance to Arabidopsis under boron deficient conditions and plays a
key role in xylem loading [218]. Overexpression of an AtBOR1 paralog,
AtBORA4, in transgenic Arabidopsis plants also increased their tolerance
to high boron levels [219]. Up-regulation of the HvBot! led to improved
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tolerance to boron-toxicity [92]. The decreased expression of HvNIP2;1
restricted boron uptake and thus made the rice plant tolerant to high soil
boron [220]. Over-expression of tonoplast aquaporin AtTIP5;1 (OxAt-
TIPS;1) gene significantly increases the toxicity tolerance to boron in Ara-
bidopsis [221]. A gene responsible for tolerance to boron toxicity in rice,
was identified and named BORON EXCESS TOLERANTI. The gene
encodes a NAC (NAM, ATAF, and CUC)-like transcription factor and the
function of the transcript is abolished in boron-toxicity-tolerant cultivars.
Transgenic plants in which the expression of Os04g0477300 is abolished
by RNA interference gain tolerance to boron toxicity [222]. BOR2 and
BOR1 mutants had reduced root elongation under low B availability [223].

Chelation of metals and vacuolar sequestration are the main strategies for
metalloids detoxification and tolerance in plants. PvACR3, a well character-
ized ACR3 As(III) efflux protein localized in P. vittata tonoplast shows the
ability to sequester arsenic into vacuoles. PvACR3 non-functional exhibit
an As(IlI)-sensitive phenotype [171] whereas overexpression of PvACR3
enhanced As(IIl) efflux into the external environment and increased toler-
ance [224]. Similarly, heterologous expression of yeast arsenite efflux trans-
porter ACR3 into Arabidopsis endows plants with greater arsenic resistance,
but does not lower arsenic tissue levels significantly [225]. Dhankher et al.
[226] arsenic tolerant transgenic Arabidopsis plants expressing E. coli y-glu-
tamyl cysteine synthetase (y-ECS) and arsenate reductase (Ars C) which
could transport oxyanion arsenate to aboveground, reduce to arsenite and
sequester it in thiol peptide complexes. E. coli Ars C gene encoding arsenate
reductase catalyzes the GSH coupled electrochemical reduction of arsenate
to the more toxic arsenite whereas y-ECS catalyzes the first and rate-limiting
step in the production of the cellular antioxidant GSH. Arabidopsis plants
transformed with Ars C gene were hypersensitive to arsenate whereas plants
expressing E. coliy-ECS gene was moderately tolerant to arsenic compared
to control plants. Plants expressing SRSIp/ArsC and ACT 2p/y-ECS together
showed higher tolerance to arsenic. These transgenic plants accumulated 4-
to 17-fold greater fresh shoot weight and accumulated 2- to 3-fold more arse-
nic per gram of tissue than wild plants or transgenic plants expressing y-ECS
or ArsC alone. Eastern cottonwood plants expressing ECS had elevated thiol
group levels, consistent with increased ECS activity. In addition, these ECS-
expressing plants had enhanced growth on levels of arsenate toxic to control
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plants in vitro. Furthermore, roots of ECS-expressing plants accumulated
significantly more arsenic than control roots (approximately twice as much),
while shoots accumulated significantly less arsenic than control shoots
(approximately two-thirds as much) [63]. Phytochelatins (PCs) and gluta-
thione (GSH) are the main binding peptides involved in chelating heavy
metal ions in plants and other living organisms. In general, dual-gene trans-
formants exhibited significantly higher tolerance compared to single-gene
transgenic lines and accumulated more arsenic. Simultaneous overexpres-
sion of AsPCSI and GSH1 led to elevated total PC production in transgenic
Arabidopsis. These results indicate that such a stacking of modified genes
is capable of increasing arseinc tolerance and accumulation in transgenic
lines [130]. Phytochelatin synthase (PCS) catalyzes the synthesis of phy-
tochelatins, which are involved in heavy metal detoxification in plants and
other living organisms. Transgenic tobacco lines over-expressing NtPCS1
in the sense or antisense direction showed increased tolerance to cadmium
and arsenite, and growth retardation in the early stage, respectively, suggest-
ing that NtPCS1 plays important roles in metal(loid) tolerance as well as in
growth and development in tobacco [227]. Simultaneous overexpression of
AsPCS1 and YCFI (derived from garlic and baker’s yeast) into 4. thaliana,
which is sensitive to heavy metals, leads to transgenic plants tolerant to arse-
nic [228].

The assimilation of sulfate and selenate is activated by ATP sulfury-
lase. Selenate is converted into adenosine phosphoselenate (ADP-Se),
which is then reduced to selenite [229]. Overexpression of ATP sulfurylase
gene (APS) from A. thaliana led to 4-times higher APS enzymatic activity
and three fold higher selenium in transgenic B. juncea plants compared to
wild plants [230]. Transgenics plants showed more tolerance towards sele-
nium and grew faster than wild type [230]. Bacterial glutathione reductase
was also expressed in the cytoplasm and the chloroplast of Indian mustard
plants and both types grew at higher rate on agar medium containing toxic
concentrations of selenate or selenite in comparison to wild type seedlings
[231]. A mouse Se-cyslyase gene when transferred to Arabidopsis plant
showed enhanced shoot selenium concentration up to 1.5-fold compared
to wild type [232]. Another approach using genetic engineering to enhance
phytoremediation potentials to transform fast-growing host plants with
unique genes from natural hyperaccumulators.
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One potential mitigation strategy is to genetically engineer plants to
enable them to transform inorganic arsenic to methylated and volatile arse-
nic species. Transgenic A. thaliana plants showed increase arsenic toler-
ance by volatilization. When two ecotypes of 4. thaliana were genetically
engineered with the arsenite (As(I11)) S-adenosylmethyltransferase (arsM)
gene from the eukaryotic alga Chlamydomonas reinhardtii, most of the
inorganic arsenic were converted into dimethylarsenate [DMA(V)] in the
shoots [233]. However, the transgenic plants became more sensitive to
As(III) in the medium, suggesting that DMA(V) is more phytotoxic than
inorganic arsenic. Only small amounts of volatile arsenic were detected
from the transgenic plants. Therefore it was suggested that arsM genes
with a strong ability to methylate arsenic to volatile species is needed.
Recently, Verma et al. [234] reported increased tolerance in 4. thaliana
expressing arsenic methyltransferase (WaarsM) gene from a fungus West-
erdykella aurantiaca (W. aurantiaca). Similar to arsenic, selenium tol-
erance can also be developed in plants by expressing genes involved in
selenium volatilization. Tagmount et al. [235] showed that S-adenosyl-
L-methionine:L-methionine S-methyltransferase (MMT) is the enzyme
responsible for the methylation of selenomethionine to Se-methylseleno-
methionine and that this enzyme was rate limiting with respect to the pro-
duction of volatile selenium. Overexpression of MMT from Arabidopsis
in E. coli (do not possess MMT activity) led to 10 times more volatile
selenium compared to untransformed strain when Se-Met was supplied
in the medium. Another, quite different approach is to use hyperaccumu-
lator plant species as a source of plant genes to enhance tolerance. Milk
vetch (Astragalus bisulcatus), a selenium hyperaccumulator accumulates
selenium in excess of 4000 ppm in its leaves partly through the pres-
ence of the gene encoding selenocysteine methyltransferase (SMT). SMT
converts SeCys to methylselenocysteine (MetSeCys), thereby diminish-
ing selenium toxicity. SeCys can cause toxicity when incorporated into
protein and non-protein amino acid. WhenSMT from A. bisulcatus was
overexpressed in 4. thaliana, 8-fold increase in foliar selenium accumula-
tion and increased tolerance to selenite but not selenite was observed in
transgenic plants [215]. Selenium-tolerant transgenic Arabidopsis plants
overexpressing a Brassica oleracea methyltransferase had significantly
lower amounts of hydrogen peroxide and superoxide when treated with
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selenite, despite accumulating the same concentration of total selenium
as the wild type [236]. It is possible that the enhanced selenium tolerance
could be due to significant reduction in ROS accumulation. Overexpres-
sion of SMT from 4. bisulcatus in B. juncea led to 2- to 4-fold increase
in total selenium accumulation and increased tolerance to selenite and
selenate [216]. It was suggested that increased volatilization of dimethyl
diselenide, might be responsible for the increased tolerance in transgenic
plants as this will redirected selenocysteine away from protein misincor-
poration. Transgenic research to improve metalloid tolerance in plants
has yielded promising results, which clarify the approaches to be taken to
achieve considerable accomplishment, in terms of application of metalloid
tolerant plants in the field.

7.7 CONCLUSIONS AND FUTURE PROSPECTS

Toxic metalloids are present in soil in form of various chemical species. It
can enter soil through both natural processes and anthropological activities.
Absorption of metalloids by plants is influenced by many factors includ-
ing plants species, the concentration of arsenic in the soil, soil properties
such as pH and clay content, and the presence of other ions. Metalloids can
be taken up by means of passive diffusion as well as certain transporters
present in the cell which facilitate their influx. Metalloids interfere with
various metabolic processes of the cell. They interfere with cellular metab-
olism due to their high affinity for certain functional groups present on
many enzymes, incorporation in biomolecules due to their analogy with
functional groups and overproduction of ROS leading to oxidative stress.
At elevated metalloid concentrations, biomass production and yields of
various plant species are reduced significantly often leading to death. A
variety of tolerance and resistance mechanisms including avoidance or
exclusion, which minimizes the cellular accumulation of metalloids, and
tolerance, which allows plants to survive while accumulating high concen-
trations of metals have been identified in plants. These include efflux of
metalloids from plant roots back to the medium, complexation with thiols,
particularly PCs and sequestration in vacuole, activation of antioxidant
defense system and methylation. Tremendous progress has been made
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in understanding the mechanism of uptake, transport, toxicity and toler-
ance of metalloids in plants, however, much remain to be learned about
the diversity of metalloid uptake, complex transportation behaviors and
occurrence and regulation of arsenic chemical form and transformations
in various plant species. A better understanding of the mechanisms respon-
sible for metalloids uptake, transport, toxicity and tolerance in plants is
needed for production of metalloid—tolerant plants for metalloid tolerance
and safe cropping. Genetic modifications have been employed to enhance
metalloid tolerance in plants. However, work to date has mostly focused
on incorporation of a single or dual genes involved in sequestration and
efflux, complexation, compartmentalization and detoxification of metal-
loid in plant, however, to make real progress, a multifaceted approach
using multiple targets may be required.
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ABSTRACT

Delayed harvesting of rice forced late sowing of wheat particularly in Indo-
Gangetic plain that causes severe yield penalty due to terminal heat stress.
Terminal heat causes series of changes in plant system in term of physiol-
ogy, growth, and yield. Various studies have indicated that the average
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maximum temperature more than 32°C during reproductive phase nega-
tively influenced wheat grain yield and average yield loss upto 30% was
reported. Physiological and biochemical traits like relative water content
(RWC), membrane stability index (MSI), photosynthetic rate, chlorophyll
content, various osmolytes, anti-oxidants, and some molecular chaperones
(HSPs) showed variations under high temperature condition. Moreover,
genotypic variation is obvious in all traits regarding thermal susceptibil-
ity. Stay green and canopy temperature depression has been found to be
significant co-relation with grain yield. Terminal heat stress led to reduced
grain filling duration, thousand-grain weight, grain number per year, and
ultimately final yield. Furthermore, elevated temperature driven interrup-
tion in the transport of photosynthate from green foliage (source) to anther
tissues (sink) leads to high pollen mortality and thereby decreases grain
yield. Some wheat genotypes like NW (1014). Halna, Raj (3765). WH760,
GW273 and HD2987 has been found to be suitable for late sown terminal
heat stress condition and produce optimum yield.

8.1 INTRODUCTION

Production of food grains in modern decade is not keeping pace with grow-
ing population demand, which in turn leads to inflation and a risk to food
and nutritional security in India and other developing countries. Further-
more, the spreading of urbanization has forced agriculture into more harsh
situations and marginal lands, while the global food requirements has been
projected to increase by 70% by the end of (2050). necessitate improve-
ment in agricultural productivity with a lesser amount of resources like
land and water [1]. Wheat is one of the staple food crops and the cheapest
source of carbohydrate and proteins in most part of the world. It is grown
on approximately 30% of cereal area of the world and around 220 million
hectares of global wheat cultivating area suffers from high temperature
stress [2]. South East Asia comprising of India, Bangladesh, Nepal, and
Pakistan are the most populous regions of the world with around 1.5 bil-
lion population [3]. Together with rice, wheat is also a primary food crop
of this region and therefore, it is of vital significance for food security of
these developing nations [4]. Around 36 million ha (approx. 16% of the
global wheat area) South Asia is under wheat cultivation, which contribute
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around 15% of the world’s wheat production [5]. The present wheat pro-
duction in South Asia is around 98 million tons but the projected demand
till 2020 has been estimated to be around 137 million tons. The demand
of wheat is rising but there is no additional increase in cultivating land
chiefly by reason of growing urbanization and diversification [6].

In most parts of the world, global climate change due to rising ambient
temperature is considered as one of the most negative actors for agricultural
productivity. Global temperature is expected to be increased by 3 to 5°C
by the end of this century [7]. Temperature accelerates the developmental
process in plants leading to the induction of earlier senescence and shortens
the growth cycle [8]. Terminal heat stress is a key abiotic stress severely
affecting wheat growth and yield [4, 9]. A major part of wheat cultivation
in South East Asia including India has been found to be under threat of
high temperature stress [4]. Heat stress is more prevalent in Eastern Indo-
Gangetic Plains (EIGP), central and peninsular India, and Bangladesh; and
moderate in north western parts of IGP. Delayed sowing of wheat due to
late harvesting of rice is one of the main reasons for terminal heat stress in
eastern part of India. In India, wheat is grown under subtropical environ-
ment during mild winters, which warms up towards the grain filling stage
of the crop. North-West Plain Zone (NWPZ) contributes about 80% of total
wheat production. Forced crop maturity and yield reduction of wheat in
NWPZ is due to high temperature in the months of February and March,
which causes stressful conditions for growth. The problem of heat stress is
likely turn out to be even worse in near future under global climate change,
which has become one of the utmost challenges that humanity will face to
feed the growing population. Lower yields are obtained in dry and semi-dry
environments as a result of continual rise in temperature that coincide dur-
ing anthesis and grain filling periods of crops [9, 10].

Hence, development and identification of terminal heat stress tolerance
wheat germplasm may be a noble strategy to resolve the imminent cru-
cial problem caused by global warming. Besides, it is crucial to develop
genotypes that are early in maturity so as to escape the terminal heat stress
[4]. In recent decade, Indian wheat program has released a few variet-
ies having moderate level of heat tolerance, viz., RAJ (3765). UP (2425).
and DBW 16 for the North Western Plain Zone and, NW (1014). Halna,
WH760, HD (2987). HD (2643). HP (1744). DBW 14, and NW 2036 for
the North Eastern Plain Zone of India.
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8.2 MORPHO-PHYSIOLOGICAL TRAITS INFLUENCED BY HIGH
TEMPERATURE

Late sowing of wheat in India particularly in EIGP is quite common prac-
tice due to late harvesting of long duration rice varieties. High temperature
induces considerable variations in gas exchange processes and membrane
thermo stability. Disturbance of protection system under high temperature
stress caused a alteration in normal carbon metabolic process, which in
turn negatively regulate starch granule deposition in developing endo-
sperm. Studies also show that rise in temperature causes metabolic changes
in wheat senescence programme [11]. Furthermore, heat stress also lead
to the inhibition of chlorophyll biosynthesis which trigger the senescence
programme [12]. Heat stress during terminal phase of the crop inhibits the
starch biosynthesis which in turn reduces the normal grain size. Several
studies [13, 14] suggested that the estimation of membrane stability in terms
of'ion leakage as act as an index for screening wheat genotypes against heat.
Apart from these, production of active oxygen species (AOS) is another
criteria to measure the impact of heat stress [15]. However, plants have
developed a chain of scavenging mechanisms that convert highly AOS to
H,O under heat stress conditions [16]. The protection mechanism at cellu-
lar and sub-cellular level is manifested by various anti-oxidents like super-
oxide dismutase, ascorbate peroxidase, glutathione reductase, catalase, and
metabolites like glutathione, ascorbic acid, a-tocopherol, and carotenoids
produce regularly inside plant system [17, 18].

8.2.1 MORPHO-ANATOMICAL AND PHENOLOGICAL
RESPONSES

High temperature alters plant morphology and phenology in terms of leaf
area, plant height, and pattern of plant development. Previous studies
showed that long-term impact of high temperature stress on growing seeds
causes’ poor germination and vigor; in turn affect emergence and seedling
establishment. The harmful effect of heat stress has also been observed
in terms of scorching of leaves and twigs, leaf senescence, lesser canopy
growth and poor yield [19]. One of the severe effects of high tempera-
ture is the premature death of plants [20]. Moreover, few informations are
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available regarding the anatomical changes of plant system under high
temperatures. Reduction in cell size, partial closure of stomata for restric-
tion of water loss and increased number of xylem vessels in root and shoot
has been observed at whole plant level in response to heat stress [21]. At
the sub-cellular level, significant alterations occur in chloroplast structure
that causes variation in normal photosynthetic process. Heat stress nega-
tively regulates the stacking of grana and structural organization of thyla-
koids [22]. The combined effects of all these alterations due to heat stress
may result in poor canopy growth, physiological functions and plant pro-
ductivity. Further depiction of variations in terms of plant phenology arise
due to high temperature stress provides a clue for better understandings
of interaction between the plant and its surrounding atmosphere. Differ-
ent stages of plant growth varies in their sensitivity to rise in temperature;
however, it is species and genotypic specific [23]. Moreover, reproductive
stage is highly vulnerable to heat stress. During reproduction, a spell of
heat stress lead to the pollen sterility abortion of open flower and this may
vary between species [24-26].

8.2.2 PHYSIOLOGICAL RESPONSES UNDER HEAT STRESS

Physiological responses of wheat to terminal heat stress have been found to
be well determined by genotype resistance or susceptibility [27]. Increase
in temperature due to late sowing significantly decreases leaf ascorbic acid
content, relative water content (RWC) and lipid peroxidation in wheat
after anthesis[17].

8.2.2.1 Waters Relations and Heat Stress

Plant water status is one of the important parameter under changing tem-
peratures. In general, with availability of sufficient moisture plants try to
maintain tissue water status regardless of temperature; yet, water status is
severely hampered due to scarcity of water under high temperatures [28].
Ref. [29] has shown that high temperature stress leads to reduced water
availability under field conditions. In general, during day time high rate of
transpiration in plants creates water insufficiency, causing a lower water
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potential and leading to disturbances of many physiological processes
[30]. RWC of wheat cultivars were studied in leaves under normal and
late sowing conditions at ICAR-RCER, Patna during the dry seasons of
(2014). (2015). and 2016. There was significant reduction in RWC (10.3
and 13.7%) across the cultivars under late and very late sown situations as
compared to the normal sown condition.

8.2.2.2 Accumulation of Compatible Osmolytes Under Heat
Stress

A major adaptive mechanism to extreme temperatures is accumulation of
certain low molecular weight organic compounds called osmolytes like
sugars, polyols, proline, glycine betaine (GB), and tertiary sulphonium
[31, 32]. Accumulation of such osmolytes provide tolerance to the plant
under high temperature stress. One important osmolyte GB, plays an sig-
nificant role in plants under salinity or high temperature [31]. Another
compatible solute proline also act as an osmoprotectant and widely
reported in various plant in response to abiotic stresses [33]. GB and pro-
line act as a buffering agent thus buffer cellular redox potential under
high temperature stress [34].

8.2.2.3 Photosynthetic Characteristics Under Heat Stress

Alterations in various gas exchange traits under high temperature stress
are important indicators for thermo-tolerance of the plant as they show
correlation with plant growth. Any obstacle in photosynthetic process can
limit plant growth under heat stress. Ref. [35] reported that photochemical
reactions in thylakoid lamellae and carbon metabolism in the stroma of
chloroplast are the main sites of heat injury. Chlorophyll fluorescence has
been shown to be correlated with thermo-tolerance [36]. Under high tem-
peratures photo system Il activity is greatly reduced as it is highly thermo-
sensitive, [37]. Heat stress modifies the energy distribution and also the
carbon metabolism enzymes activities, mainly the rubisco, thereby alter-
ing the rate of RuBP regeneration through disruption of electron transport
and inactivation of the oxygen evolving enzymes of PSII [38]. Moreover,
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concentration of photosynthetic pigments [39], different soluble proteins
and rubisco binding proteins (RBP) decreases due to heat shock. Heat
stress also affects large and small sub units of rubisco in darkness how-
ever induces them in light, indicating their functions as chaperones and
heat shock proteins (HSP) [40]. Further, the starch or sucrose synthesizes
greatly influenced by heat stress as noticed from decreased activities of
sucrose phosphate synthase [41], ADP glucose pyrophosphorylase and
invertase [42]. A familiar impact of increasing temperature in plants is
the damage caused by heat-induced imbalance in photosynthesis is and
respiration generally the photosynthesis rate decreases while dark and
photo-respiration rates increases significantly under rising temperatures.
In addition, it has been determined that the assimilation rate of photosyn-
thetic CO, is not much influenced by heat stress in developing leaves than
in completely developed leaves.

Heat-exposed plants exhibit a collective decrease in chlorophyll con-
tent. The chlorophyll degradation in plants may be attributed to the over
accumulation of ROS in plants due to high temperature, which in turn,
results in down-regulation of photosynthetic rate. Alternatively, reduc-
tion in photosynthetic rate can also been explained through restrictions
in stomatal and non-stomatal conductance under high temperature stress
[43]. According to Ref. [44] limitation in non-stomatal conductance may
be induced by the ROS-induced membrane injury as depicted from the
membrane stability index. Transpiration rate can also be correlated with
stomatal conductance and unavailability of enough water due to lower
conductance may be a reason for diminished transpiration.

8.2.2.4 Assimilate Partitioning Inside Plant System Under Heat
Stress

The activity of source and sink was highly reduced under high tempera-
ture stress leading to the economic loss in terms of grain yield. Assimilate
partitioning in plant system take place via two major modes, i.e., symplas-
tic and apoplastic pathways, and these plays significant role in assimilate
transfer and partitioning under high temperature stress [45]. However, lot
of variation exist among wheat genotypes for assimilate partitioning under
high temperature stress [46]. Ref. [47] reported that three main reasons
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for lower grain filling rate in wheat under heat stress are source (flag leaf
blade), sink (ear), and transport pathway (peduncle). The transport and
portioning of assimilates (phloem loading) is optimum upto 30°C, how-
ever, the moment through the shoot is independent of temperature. In case
of wheat, the transport and mobilization of assimilates is highly tempera-
ture dependent. It suggests that improved mobilization efficiency from the
source to the sink act as a key strategy for better grain filling and yield
in wheat under high temperature stress. However, limited knowledge is
available on assimilate partitioning under heat stress thus in depth study is
required to improve production efficiency of the crop.

8.2.2.5 Cell Membrane Thermostability and Heat Stress

Persistent role of cellular membranes under different stresses is critical
for photosynthetic and respiration mechanisms [48]. Heat stress hastens
the kinetic energy and movement of molecules across membranes which
make the lipid bilayer of membranes further fluid by either proteins dena-
turation or more unsaturated fatty acids [49]. Such modifications increase
the membrane permeability, as evident from increased loss of electro-
lytes. The decreased cell membrane thermo-stability (CMT) indicated by
increased solute leakage, has long been used as an indirect measurement of
high temperature tolerance in various plant species including wheat [50].

8.2.2.6 Hormonal Changes Inside Plant System Under Heat Stress

Plants have the capability to sense and acclimatize to unfavorable climatic
conditions, though the degree of adaptability or tolerance differs across the
species and genotypes. Hormonal regulation plays a significant role in this
aspect. It was observed that the hormonal homeostasis, stability, content,
biosynthesis, and compartmentalization are altered under heat stress [51].
Different environmental stresses including high temperature resulted in
increased levels of ABA. ABA helps in adaptation of plants to desiccation
by modulating the regulation of numerous abiotic genes [52]. Ref. [51]
reported that the induction of ABA is an important component of thermo-
tolerance. Other studies also suggest that ABA-mediated induction of
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several HSPs (e.g., HSP70) may be probable mechanism for conferring
thermo-tolerance [53].

Among other plant hormones, salicylic acid (SA) is also involved in
high temperature responses evoke by plants. SA act as stabilizer for the
heat shock transcription factors (trimers) and aids them in binding heat
shock elements to the promoter of heat shock related genes. Ca?" homeo-
stasis and antioxidant systems are thought to be involved in the long-term
thermo-tolerance induced by SA [54]. In dwarf wheat variety, heat stress-
induced decrease in cytokinin content has been found to be accountable
for decreased grain filling and its dry weight [55]. The possible functions
of other phytohormones in plant heat-tolerance are yet to be revealed.

8.2.3 OXIDATIVE STRESS AND ANTIOXIDANTS POTENTIAL OF
PLANT SYSTEM UNDER HEAT STRESS

Oxidative stress also known as secondary stress arises as a consequence of
different kind of abiotic stresses. Heat stress induces oxidative stress along
with dehydration of tissue. Under heat stress various kind of AOS like sin-
glet oxygen ('O,), superoxide radical (O*"), hydroxyl radical (OH"), and
hydrogen peroxide (H,O,) are produced in plant system, which causes cel-
lular injury [56]. Reactive oxygen species induces peroxidation of lipid
which can easily be estimated in terms of malondialdehyde (MDA) or
2-thiobarbituric acid reactive substances (TBARS) content, thus dimin-
ishing the semi-permeability of cellular membrane and altering its func-
tions [57]. For scavenging ROS, plant produces various anti-oxidants
like catalase (CAT), super oxide dismutase (SOD) and ascorperoxidase
(APX). The scavenging of O* by superoxide dismutase (SOD) results in
the production of H,O,, which is removed by APX or CAT. Indeed further
research is needed to detect the signaling molecules, which improve the
production of antioxidants in cells subjected to high temperature.

8.2.3.1 Role of Stress Proteins Under Heat Stress

Plant synthesizes various stress proteins in response to abiotic stresses,
which performs a vital role in survival mechanism of the plants [34].
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Further, HSPs are entirely involved in high temperature response; certain
other proteins also play significant role in this background. It has been
found that with sudden or steady raise in temperature plants experience the
increased production of HSPs [58]. HSP-triggered thermo-tolerance by (a)
induction coincides with the organism under stress; (b) HSPs biosynthesi-
sis extremely rapid and intensive. Particular HSPs have been identified in
response to raising temperatures, in different crop species. There is sub-
stantial evidence that attainment of heat-tolerance is directly related to the
synthesis and accumulation of HSPs [59].

8.3 CRITERIA FOR SCREENING HEAT TOLERANT WHEAT
GENOTYPES

Various criteria have been reported by many researchers to identify heat
tolerant wheat genotypes. Traits like heat susceptibility index (HSI) [60],
membrane thermo-stability [61] canopy temperature depression (CTD)
[61] chlorophyll content; the normalized difference vegetation index,
stay-green trait [62] and stomatal conductance [61] have been reported as
the marker traits to differentiate heat susceptible and tolerant wheat geno-
types. CTD is considered to be the most efficient to assess heat tolerance
since one single reading integrates scores of leaves [61], CTD is highly
heritable and easy to measure using a hand-held infrared thermometer
on sunny days [61]. Even though an association between the stay green
trait and yield and yield traits has been reported in various crops, pub-
lished studies on a possible association between the stay green trait and
CTD in different crops are scarce. Under hot, irrigated conditions infra-
red thermometry has been successfully used to screen wheat genotypes
for their performance by measuring the difference between canopy and
air temperature [61]. Ref. [63] reported yield loss upto 3 to 5% for 1°C
rise in temperature which also influences physiology, growth and yield
traits. High temperature at anthesis decreases the grain number per spike
[64] and grain size [65], both of which have significant effects on grain
yield. The grain yield affected by decreasing size of individual grains due
to high temperature at the grain filling stage. Ref. [66] reported that in
wheat, both number of grains and grain weight seems to be sensitive to
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heat stress, as at maturity there is a decline in the number of grains per
year with rising temperature. Reproductive processes are clearly affected
by high temperatures in most plants, which eventually affect fertilization
and post-fertilization processes leading to reduced crop yield. Recom-
mended wheat cultivars for sowing under delayed sowings of the Indo-
Gangetic Plains are PBW 373, UP (2425). and RAJ 3765 for the NWPZ
and NW (1014). HD (2643). HUW 510, HUW 234, HW (2045). DBW 14,
NW (2036). and HP 1744 for the NEPZ. Although the release of a mas-
sive amount of varieties over the last two decades, HUW 234 (released in
1986) is still the dominant variety in the EIGP [4]. A key reason behind
this success is the wider adaptation of this variety to low resource envi-
ronments prevalent in eastern India together with its ability to perform
well under abiotic stresses such as heat, limited irrigation, and variable
nutrient doses [67].

8.4 MECHANISM OF HEAT TOLERANCE

Heat tolerance mechanism can be understood by investigating the physi-
ological responses of tolerant and susceptible genotypes at various stages
of plant development, especially during grain filling stage of wheat.
Plants adopt various mechanisms to survive under high temperature con-
dition, viz., phonological and morphological adaptations and avoidance
or acclimation responses such as changing leaf angle, cooling through
transpirational system, or altering in membrane lipid compositions. As
per the studies, smaller yield losses in different plants correlated with
early maturity under high temperature which indicates one of the escape
mechanisms [68]. Plants experience many types of environmental
stresses at different growth stages and their mechanisms of response may
vary at tissue level [69]. The initial stress signals in terms of ionic effects
or membrane composition triggers downstream signaling processes and
transcriptional control, which led to the activation of stress-responsive
mechanisms and create homeostasis through protecting and repairing
damaged proteins and membranes [70]. Several key tolerance mecha-
nisms, including osmolyte accumulation and compartmentalization, ROS
scavengers, late embryogenesis abundant proteins and factors involved in
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signaling process and gene level regulation are major drivers to counter-
act the heat stress effect [71]. The tolerance process begins with sensing
of heat stress, their signaling and production of many metabolites that
enable the plant to counteract the ill effect of high temperature stress. The
ROS scavengers like CAT, SOD, POX, APX, and ascorbic acid are also
the important players in tolerance mechanism of heat stress [51]. Further-
more, at molecular level the induction and expression of HSPs is highly
correlated with the thermo tolerance mechanism of the plant. HSPs act as
a molecular chaperone and provide protection to the cellular machinery.
Many studies pointed out the role of HSPs in various stress responsive
mechanisms [71].

8.5 CONCLUSION

From the various studies it is clear that average maximum temperature
more than 32°C during grain filling negatively influenced wheat grain
yield. Heat stress caused series of physiological and biochemical changes
in traits like RWC, membrane stability index (MSI), photosynthetic rate,
chlorophyll content, various osmolytes, anti-oxidants and some molecular
chaperones (HSPs) were highly influenced. However, wheat genotypes
like NW (1014). Halna, Raj (3765). WH760, GW273, and HD2987 has
been found to be promising for late sown terminal heat stress condition
and produce optimum yield.
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ABSTRACT

MicroRNAs are endogenous, noncoding, regulatory small RNA molecules
in the size range of 21-24 nucleotides that regulate gene expression. miR-
NAs are processed from single stranded precursors containing stem-loop
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structures, by the endonuclease activity of RNAse III; DICER-LIKEL,
later on generating a double stranded miRNA. One of the strands of mature
double stranded miRNA thus formed, designated as guide strand is pref-
erentially incorporated into an ARGONAUTE protein containing effector
complex; RNA induced Silencing Complex to repress the expression of
target RNA containing their complementary sequence in plants. miRNAs,
regulate gene expression either by target mRNA degradation or transla-
tional repression. But plants have been reported to employ mostly mRNA
degradation mechanism for silencing expression of genes. The biogenesis,
stability and activities of miRNAs are tightly regulated to ensure their nor-
mal functions in various plant developmental processes, metabolism as
well as plant’s responses to abiotic and biotic stresses. The focus of the
present review will be on advances in molecular machinery and mecha-
nisms involved in regulation of miRNA biogenesis and regulation of their
role in controlling gene expression in plants. The underlying process of
regulating miRNA levels through their turnover involving their stability
and degradation are also briefly discussed.

9.1 INTRODUCTION

Small RNAs of 21- to 24-nucleotides in length have vital regulatory
roles in eukaryotic genomes [21, 44]. Current researches have realized
the critical role of small RNAs in the protection against viruses, genomic
alterations and control of gene expression [21, 44]. The genesis of these
miniature RNAs is from RNA precursors formed after transcription of
miRNA genes. Later on mature small RNAs are formed by a RNA silenc-
ing machinery mediated processing of these precursor molecules. MicroR-
NAs (miRNAs) and small interfering RNAs (siRNAs) are two common
types of small RNAs. Genetic screening of the lin-4 and let-7 mutants
in the worm Caenorhabditis elegans led to the discovery of miRNAs
[86, 131]. Screening of small RNAs in Arabidopsis resulted in discovery
of plant miRNAs [96, 119, 132]. Later on it was revealed that miRNAs
are almost common components of different gene regulatory systems in
higher eukaryotes. miRNAs are endogenous, miniature RNAs having
one strand of 21-24 nucleotides (nts) size range. The process of genesis
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of mature miRNAs initiates through primary transcripts (pri-miRNAs),
formed by transcription of miRNA genes (MIR). Subsequently, precursor-
miRNAs (pre-miRNAs) are formed from pri-miRNAs. Pre-miRNAs are
single-stranded miRNA precursors that form self-complementary stem-
loops. The mature miRNAs are subsequently generated from pre-miRNAs
through two RNAse I1I-mediated steps. A RNA induced silencing complex
(RISC) which contains an ARGONAUTE (AGO) protein further interacts
with mature miRNAs and mature miRNAs are loaded in this ribonucleo-
protein complex. The miRNA-loaded RISC guides mRNA cleavage or
translational repression of target mRNAs having sites with complemen-
tarity to the loaded miRNAs thus negatively regulating the expression of
protein-coding mRNAs [5, 69, 70]. A different form of small RNAs, siR-
NAs, are associated with a phenomenon designated as RNA interference
(RNA1); [91]. The RNAI is a mechanism for inhibiting gene expression
which operates at post-transcriptional level and commonly called as post
transcriptional gene silencing (PTGS). It occurs mostly in plants. The sim-
ilarities between miRNAs and siRNAs is that both miRNAs and siRNAs
are processed by the RNaselll enzymes and later on loaded into the RISC
machinery. This active RISC machinery subsequently controls expression
of target genes. While the fact that separates miRNAs from siRNAs is that
while miRNAs are derived from one-strand stem-loop molecules, siRNAs
are generated by lenthy, double-stranded forms [5, 69]. At functional level,
the difference between miRNAs and siRNAs is that siRNAs can act on
their parent genes whereas miRNAs do not down-regulate the parent genes.
Trans-acting siRNAs (ta-siRNAs), [122, 161], are RNAs formed from
defined genetic loci named as TRANS-ACTING SIRNAs (TAS). Ta-siRNAs
do not code for proteins. The breaking of 74S precursors such as 74S 1,
2 and TAS 3, guided by the miRNA (miR173 and miR390, respectively)
leads to the production of ta-siRNAs from the cleaved precursors, which
later on, negatively control their protein-coding mRNA targets [2, 21, 122,
161, 177]. Plant miRNAs have an enhanced complementary matching to
the target mRNAs as compared to animal miRNAs [68, 137]. Most of the
miRNAs in plants are evolutionarily conserved and their targets are the
genes involved in developmental timing and patterning of various plant
processes such as proliferation of stem cell, development of vegetative
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and reproductive organs and reactions to environmental changes, that is,
abiotic and biotic stresses [26, 42, 104, 123, 169].

The focus of the present review will be studies related to molecular
mechanisms involved in regulation of miRNA biogenesis and their activi-
ties in plants. Mechanism of controlling levels of miRNAs through their
turnover are also briefly discussed.

9.2 OVERVIEW OF BIOGENESIS, MATURATION, AND
MECHANISM OF ACTION OF MIRNAS

In Arabidopsis, miRNA biogenesis has been studied extensively. Bio-
genesis and processing of miRNA involves many stages and many pro-
teins help in these processes (Table 9.1; Fig. 1). Control of target gene
expression involving miRNAs is also assisted by many proteins (Table
9.1; Fig. 1). miRNA genes upon transcription generate pri-miRNAs. Later
on shorter length pre-miRNAs are generated from pri-miRNAs. Two ribo-
nuclease III (RNase III)-type endonucleases are involved in genesis of
mature miRNAs from pri-miRNAs. Drosha, a RNAse 111, assists in pro-
cessing of pri-miRNAs to produce pre-miRNAs in animals in nucleus.
After that protein exportin 5 helps in exporting pre-miRNAs to cytoplasm.
Dicer, second RNAase III in the cytoplasm further acts on exported pre-
miRNAs to form a duplex made up of one miRNA strand (miRNA) and
another antisense miRNA strand (miRNA*). On the other hand in plants,
the above-mentioned two miRNA processing steps are possibly performed
in the nucleus by a RNAse III enzyme, DICER LIKE1 (DCL1), which is
similar to Animal Dicer [82]. A double-stranded RNA (dsRNA) binding
protein HYPONASTY LEAVES1 (HYL1) and another protein SERRATE
(SE), a C2H2 zinc finger protein, help DCLI in the processing of pri-
miRNAs to pre-miRNAs [55, 81, 99, 182]. CBP20 and CBP80 subunits of
a cap-binding complex (CBP) protein in nucleus also have important role
in miRNA processing [47, 84]. DCL1, HYL1 and SE mutually co-operate
in the miRNA processing and they are found together in the nuclear bod-
ies, termed Dicing bodies or D-bodies [38, 40, 148]. DAWDLE (DDL),
a forkhead-associated domain (FHA) possessing RNA binding protein
of Arabidopsis, helps in recognization of pri-miRNAs by DCL1 [186].
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TABLE 9.1 Proteins Involved in Biogenesis, Processing and Action of miRNAs
Proteins Nature Function References
DICER LIKE1 Ribonuclease III (RNase Helps in formation of [82, 107]
(DCL1) III)-like domain contain- miRNA/miRNA* duplex
ing protein by processing of pri-
miRNAs
HYPONASTY Double stranded RNA Helps DCLI in process- [33, 55, 81,
LEAVESI1 (dsRNA) binding protein ing of pri-miRNA to 105]
(HYL1) pre-miRNA, role in strand
selection during assembly
of miRNA-AGO1com-
plex
SERRATE C2H2 zinc finger protein  Assists DCL1 in process-  [98, 128,
(SE) ing of pri-miRNA to 182]
pre-miRNA, involved in
alternative splicing
DAWDLE A forkhead-associated helps in recognization or ~ [136, 186]
(DDL) domain (FHA) contain-  access of pri-miRNA by
ing RNA binding protein DCLI1
Tough (TGH)  G-patch domain single Interacts with DCL1 and ~ [134, 136]
stranded RNA (ssRNA)  required for the efficient
binding protein processing of pri-miRNA
CDCS5 Cell division cycle 5 Improves the DCL1 [192, 193]
DNA binding protein activity and possibly
modulates pri-miRNA
processing
CBC Nuclear cap binding Needed for proper pri- [74, 84, 127]
complex RNA binding miRNA processing and
protein pre-mRNA splicing
HUA EN- Small RNA methyltrans- Methylates miRNA/ [57, 185]
HANCERI1 ferase miRNA* duplex
(HENT1)
HASTY Nucloecytoplasmic Proposed to be involved [10, 118]
transporter protein in export of miRNA/miR-
NA* duplex or miRNA-
RISC complex from
nucleus to cytoplasm
ARGONAUT! PAZ domain protein The catalytic action of [6, 162]
(AGO1) AGOl, in the plant RISC
protein assembly, cleaves the
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TABLE 9.1 (Continued)

Proteins Nature Function References
Hsp90 Heat shock protein (mo-  Involved in the interaction [61, 62]
lecular chaperon) of a miRNA with AGO in
plants

The 3’-ends of double stranded miRNA/miRNA* complex generated
through DCL1 mediated processing of pre-miRNAs, possess two project-
ing nucleotides [176]. Thereafter, a small RNA methyltransferase HUA
ENHANCER1 (HEN1) comes into action. It adds a 2’-O-methyl group
on the 3’-terminal nucleotide of double stranded plant miRNA/miRNA*
complex, thus stopping uridylation by HEN1 SUPPRESSOR1 (HESOT1)
and decay of miRNAs by 3'-5" exoribonucleases; small-RNA-degrading
nuclease (SDN1, SDN2 and SDN3) and protect them against degradation
[52, 57]. Biogenesis of miRNAs in plants differes from that of animal
miRNAs in this step also.

In plants, after the formation of the miRNA/miRNA* duplex, a protein
HASTY which is similar to exportin5 protein found in metazoans, has
been proposed to carry the duplex from the nucleus to the cytoplasm [10,
118]. Thereafter one strand of double stranded miRNA complex (“guide”
strand) is incorporated into miRNA-protein assembly, designated as RNA
induced silencing complex (RISC); [132]. Another strand of the duplex
(“passenger” strand), named as miRNA¥*, is degenerated [21, 108]. The
RISC assembly possesses ARGONAUTE1 (AGO1) protein. Besides
plants [9], AGO proteins are core components of the RNA silencing
machinery of all eukaryotes and some prokaryotes also. These proteins
have been proposed to evolve from translation initiation factors [58]. Dif-
ferent AGO paralogs found in species have been linked with functions of
many types of small RNAs. Within the 10 paralogs in Arabidopsis, AGO1
is associated with function of miRNAs in Arabidopsis [6, 162]. The cata-
lytic activity of AGOI1, associated with the plant RISC complex, cleaves
the target mRNA, which is complementary to miRNA [6]. Similar to ani-
mals, ATP and chaperone Hsp90 are thought to be involved in the inter-
action of a miRNA with AGO in plants also [62]. PAZ, MID and PIWI
are the domains of AGO proteins. The MID (middle) domain attaches to
the phosphate group on the 5’-end of the miRNA, therefore, miRNA can
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be used in mRNA-target digestion. The PIWI domain of AGO protein
bears structural similarity to the ribonuclease catalytic domain of RNase
H [187]. The PAZ domain attaches to the 3’-terminal nucleotide of the
miRNA having methylated 2°-OH group [44]. Later on the PIWI domain
of AGO protein helps in breaking of the phosphodiester bond between the
tenth and eleventh nucleotide of the mRNA-target region thus generating
products with 5’-phosphate and 3’-hydroxyl groups (Figure 9.1).

Two post-transcriptional mechanisms; mRNA cleavage or translational
repression are used by miRNAs to regulate gene expression through their
incorporation into the RISC complex thus forming the functional miRNA-
RISC assembly [5, 69]. mRNA cleavage is selectively used to regulate
target gene expression whose mRNA exhibits perfect or almost-perfect
complementarity with miRNA; while in cases of mismatches between
miRNA and target mRNA, the translational repression of target mRNA
is preferred [18, 68]. In animals, miRNA bind to a site in the 3’-untrans-
lated region (3’-UTR) of mRNAs which is having mismatched regions in
nucleotides 10 and 11, hence there is not full complementarily of target
mRNA with the miRNAs in animals, due to which in them, the mecha-
nism employed for posttranslational regulation is translational repression
[54]. Although central mismatches in regions of nucleotides 10 and 11 are
tolerated to some extent, but perfect complementarily of the “seed” region
(nucleotides 2-7) is indispensable for target recognition [87]. In animals,
proposed mechanism for repression of translation by miRNA is competi-
tion of AGO protein with translation initiation factor elF-4E, which plays
important role in translation. This theory is supported by the fact that AGO
protein attaches to the cap of mRNA [58, 77]. Evolutionarily conserved
miRNAs that did not show perfect complementarily to their target mRNAs
during binding and cleavage of mRNAs, were reported in plants also [68].
Most plant miRNAs with high complementarily to target mRNAs pre-
dominantly employ mRNA cleavage mechanism to post-transcriptionally
regulate gene expression. Active AGO possessing RISC assembly guided
by miRNA breaks one phosphodiester bond of the target mRNA within
the miRNA-binding site [96, 97, 154]. The broken mRNA fragments sepa-
rate from RISC complex and they are subsequently destroyed involving
many mechanisms. The exonuclease XRN4 and some XRN4-independent
mechanisms have been reported to be involved in degradation of products
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FIGURE 9.1 Biogenesis, processing, and mechanism of action of microRNA.

of 3’ cleavage of some miRNA targets. Instances, where mRNA fragments
are formed after 5’ cleavage, the addition of uridines at the 3’ ends of
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5’ cleavage products causes 5’-3’ exonucleolytic decay of the 5’ cleav-
age products [144]. Either translational repression or translational repres-
sion and mRNA cleavage mechanisms both are also employed by plant
miRNAs to regulate gene expression [14]. Support for these observations
comes from miR172 which controls flowering time and floral organ iden-
tity [4, 24], and miR 156/157 and miR854 [3, 41] that usually employ
translational repression mechanism to regulate gene expression. On the
other hand miR172 can also direct the cleavage of the target mRNAs [71,
142]. Hence miR172 exhibits coexistence of both translational repression
and mRNA cleavage mechanism to regulate target gene expression.

9.3 REGULATION OF MIRNA BIOGENESIS, PROCESSING,
EXPRESSION, AND ACTION

There are many different ways through which regulatory control can be
imposed on expression and action of miRNAs. Transcriptional control and
control of miRNA processing are important regulatory mechanisms.

9.3.1 REGULATION OF TRANSCRIPTION OF MIRNA GENES

Variable transcription of different miRNA genes is one of the different fac-
tors, that controls the levels of different types of miRNAs. Differential
spatially and temporally controlled expression patterns of miRNA in plant
is the reason for variable levels of the same miRNA among different types
of tissue or at different developmental stages [69].

miRNAs arise by transcription of miRNA genes. Most of plant miRNA
genes exist in the non-protein coding intergenic regions (IGR); [48]. But
as an exception some miRNAs are found in intronic sequences of some
protein coding genes [129]. Plant miRNA genes are transcribed by RNA
polymerase II (Pol II) and this has been supported by several studies. First
evidence indicating about this is, 5’ cap and a 3’ poly (A) tail, which are
characteristic of a Pol II transcript, are found in primary transcripts of plant
miRNAs. 5° CAP and 3’ poly (A) tail stabilize pri-miRNAs [68, 176, 191].
The cyclin dependent kinase F1 (CDKF1) controls phosphorylation of the
C-terminal domain of Pol II. The mutants lacking CDKF1 are without CAP
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structure of pri-miRNAs and levels of pri-miRNAs are reduced, which
reinforces the observation that CAP structure stabilizes pri-miRNAs [53].
Protein factors have significant role in stabilization of pri-miRNAs. Daw-
dle (DDL), a forkhead-associated domain (FHA)-containing protein binds
pri-miRNA and in its prescence, accumulation of pri-miRNAs is reported.
Therefore, Dawdle (DDL) also plays important role in pri-miRNA stabil-
ity although it possibly has no effect on transcription of miRNA genes
[186]. Another observation pointing towards the transcription of miRNA
genes by RNA Pol 11, is the presence of TATA box and transcription initia-
tor (INR) promoter elements in miRNA loci which are important aspects
of Pol II genes [176, 196]. In addition to TATA box, miRNA promoters
also contain 21 cis-regulatory motifs, therefore, miRNA expression may be
regulated at transcriptional level [109, 176, 194], involving miRNA tran-
scription factors. A general transcriptional coactivator mediator (multisub-
unit complex) regulates MIR transcription by helping attachment of Pol
IT to miRNA promoters. Absence of mediator, causes decreased miRNA
promoter activities, which is subsequently responsible for decreased levels
of pri-miRNAs and miRNAs [76]. Two homologous proteins, Not2a and
Not2b, which are members of the conserved carbon catabolite repression
4 (CCR4)-NOT complex, also regulate miRNA transcription in Arabidop-
sis. Besides at transcriptional level, they also regulate levels of mRNAs
at post-transcriptional level [28, 164]. NOT2b through interaction with
the Pol II C-terminal domain also affects miRNA transcription [64]. The
cell division cycle5 (CDC5) protein is a conserved DNA-binding protein
in animals and plants [117]. CDCS is a positive transcription factor of
miRNAs. Absence of CDC5 adversely affects miRNA promoter activity
and the occupancy of Pol II at miRNA promoters [193]. A transcription
factor, SANT-domain-possessing protein Powerdress (PWR) specifically
promotes the transcription of some MIR172 family members, while it has
no effect on other miRNAs [188].

Primary miRNA transcript, named as pri-miRNA have characteristic
hairpin-like imperfect stem-loop. Generally from a hairpin-like structure
of a pri-miRNA only one unique mature miRNA type is generated. But
sometimes from one pri-miRNA, two or more hairpins, each of which
generates a different mature miRNA species, are formed [110]. Transcripts
formed from some transposable elements (TEs), which may code miRNA,
and siRNA have been reported in both Arabidopsis and rice [124].
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9.3.2 REGULATION OF PROCESSING OF MIRNA
TRANSCRIPTS: PROTEIN FACTORS

Contrary to animals [112], in plants, the control of processing of miRNAs
is not clearly worked out. The knowledge regarding regulation of biogen-
esis and miRNA processing in plants is obtained from some experimental
evidences especially in Arabidopsis [69, 115, 162].

DICER-LIKE1 (DCL1), a multi-domain ribonuclease III (RNase
[IT)-like protein is involved in miRNA biogenesis. DCL1 is a member of
group of four Arabidopsis DCL proteins [69]. In hypomorphic alleles of
the DCL I mutants, unusual scheme of flower development, defects in tim-
ing of flowering and leaf development were observed while in null alleles
lethality was observed and the levels of most miRNAs were reduced in
mutants of the DCLI gene; [45, 119, 141]. Importance of DCL1 enzyme
in the miRNA biogenesis has been shown in these studies.

Transcription of miRNA gene(s), leads to formation of pri-miRNAs
which are changed to pre-miRNAs, containing a stem-loop structure with
2-nt 3’ overhangs at the end of stem, and subsequently to double stranded
miRNA/miRNA* complex with 2-nt 3’ overhang and a 5’ phosphate at
each strand through DCL1 [106, 107]. Plant pri-miRNA hairpin struc-
tures exhibit variability in length and structure with differential position-
ing of the miRNA/miRNA* duplex. The activity of DCL1 enzyme which
plays important role in processing of pri-miRNAs, is subjected to control
by structure of pri-miRNAs [107, 147, 168, 199]. An imperfectly paired
lower stem of ~15 base pair (bp) below the miRNA/ miRNA* duplex is
important for the initial loop-distal cleavage of pri-miRNAs while the loop
plays a critical role in processing [107, 147, 168]. The secondary structures
of pri-miRNAs are important in miRNA processing. In pri-miRNAs hav-
ing lengthy upper stem structures such as pri-miR159a and pri-miR319a,
after cleavage of the loop, the miRNAs is released from the stem with
additional cuts [11, 30]. On the other hand in some pri-miRNAs with mul-
tibranched end loops, processing by DCLI1 is in both directions. There
are observations, which emphasize upon the importance of direction of
processing. Processing in the direction of base-to-loop has positive effect
on miRNA production, while cleavage in the opposite direction represses
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the generation of miRNAs from pri-miRNAs with multibranched terminal
loops [199].

Many protein factors are also required for the efficient processing of
pri-miRNAs. The double-stranded RNA (dsRNA)-binding protein HYL1,
the zinc finger protein SE and the G-patch domain protein tough (TGH)
are important protein factors. By their interaction with DCL1, they play
an important role in processing of pri-miRNAs [38, 40, 81, 98, 134, 148,
160, 182]. HYL1 is a ds RNA binding protein with two RNA-binding
domains [170, 184]. HYL1 helps in accurate pri-miRNA processing by
possibly binding the miRNA/miRNA* duplex region as a dimer [184].
The N-terminal domain of SE binds to single-stranded RNAs (ssRNAs)
[64, 100, 136]. While the zinc finger domain of SE interacts with DCLI
and optimizes DCLI1 activity [64]. Both HYL1 and SE enhance the effi-
ciency and accuracy of pri-miRNA processing [32]. These observations
find support in the results in which /y// mutants show impaired cleavage
of products of pri-miRNAs and mutations in the helicase and RNase I11
domains of DCL1, which play important role in cleavage site selection
and catalytic activity of DCLI1, respectively, reverse the abnormalities
caused by mutations in Ayl/l [93]. SE protein possibly plays important
role in interaction between a miRNA precursor and DCL1 catalytic site
[100]. A ssRNA-binding protein, TGH binds with pre-miRNAs and pri-
miRNAs in vivo [134, 136]. Besides DCL1, TGH interacts with HYL1
and SE, therefore, it may be a component of the DCL1 complex [134].
TGH positively affects the efficiency of cleavage and/or the interaction
of pri-miRNAs with DCL1, which is reinforced by reports of reduced
DCL1 activity as well as the association of pri-miRNAs with the HYL1
complex in loss-of-function mutations in 7GH [134]. A different protein
factor CDC5 can modify pri-miRNA processing by improving the DCL1
activity [193]. SE besides its role in pri-miRNA processing, controls
alternative splicing [128]. PRL1, which is a WD-40 protein, interacts
with the DCL1, which plays vital part in processing of pri-miRNAs;
and DCL3 and DCLA4, which process the dsRNAs; and positively influ-
ences the processing of pri-miRNAs and dsRNAs. Therefore, PRL1 may
promote the production of miRNAs and siRNAs and thus result in their
accumulation [192]. CDC5 and PRL1 mutually co-ordinate to possibly
enhance DCL1 activity and thus they have positive effect on pri-miRNA
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levels and miRNA accumulation [192]. High osmotic stress gene expres-
sion 5 (HOSS) and two serine/arginine-rich splicing factors RS40 and
RS41, interact with HYL1 and SE, having important role in miRNA bio-
genesis. These proteins might have important roles in correct miRNA
strand selection and the maintenance of miRNA levels and therefore may
be involved in biogenesis of a group of miRNAs besides their role in
pre-mRNA splicing [23]. The accessory factors of DCL1 exert variable
effects on individual miRNAs [85]. Due to specefic spatial-temporal
expression schemes, effects of protein factors on different miRNAs vary,
for example, CDC5 exerts more influence on the miRNAs expressed in
the proliferating cells because of its preferentially higher expression in
these cells [92]. Proteins SICKLE (SIC) and Receptor for activated C
kinasel (RACKI1) are possibly required by above mentioned protein fac-
tors for their optimal activity. SIC, a proline-rich protein important in
plant development and adaptation to abiotic stresses, in conjunction with
HYL1 is needed in processing of some pri-miRNAs and subsequently
accumulation of miRNAs [190]. RACKI along with SE regulates the
DCL1 activity, which is indicated by the observation of reduced accu-
mulation of miRNAs and the processing precision of some pri-miRNAs
on lack of RACKI1 [150].

9.3.2.1 Control of Localization, Levels and Action of DCL1 and
HYL1

HYLI1, TGH, SE and DCLI1 are found in the subnuclear Dicer-body
(D-body). Pri-miRNA processing or storage possibly occurs in D bodies,
which is indicated by their association with pri-miRNAs [38, 40, 134,
148]. CDCS and NOT?2 are found in the DCL1 containing subnuclear
loci but without association with HYL1, hence there is not much clar-
ity about whether CDC5 and NOT?2 are constituents of D-bodies [164,
193]. miRNA biogenesis is dependent very much on correct localiza-
tion of D-body. Appropriate D-body pattern formation in Arabidopsis
needs NOT2 protein and a RNA-binding protein MOS2 [164, 174].
MOS?2 interacts with pri-miRNAs in vivo but it does not interact with
DCLI1, HYL1 or SE [174]. In mutants mos2, the localization of HYL1
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in D-bodies is improper, the interaction of pri-miRNA with HYLI1 is
negatively affected and the levels of miRNAs are decreased indicating
that MOS2 may help in the D-body formation and the recruitment of
pri-miRNAs to the D-bodies [174]. NOT2s has direct interaction with
DCLI1. NOT2s possibly have a role in assembly of D-body, which is
indicated by occurrence of increased numbers of DCL1-containing loci
without affecting the localization of HYLI, in case of abnormalities in
NOT2s [164].

Because DCL1, HYLI1, and SE are involved in miRNA processing,
therefore, miRNA processing can be controlled by regulating the transcrip-
tion of DCL1, HYLI and SE genes themselves through many transcription
factors. The miRNA processing can therefore be controlled by balance
between enhancement of expression of DCLI by Stabilized1 (STA1), a
pre-mRNA processing factor [7] and blocking transcription of HYL1 and
SE and thus repressing miRNA production by Histone acetyltransferase
GCNS5 [75]. Tissue- or developmental stage-specific expression of stem
loops of short interspaced elements (SINE) RNA in Arabidopsis, which
are similar to the hairpin structures of miRNA precursors and bind to
HYL1 protein, might modify the production of plant miRNA by compet-
ing with HYL1 [125].

The phosphorylation of HYL1 and DCL1 also affects pri-miRNA
processing. DDL interacts with the phosphothreonine-containing heli-
case and RNAse III domains of DCL1 [101]. The phosphorylation of
DCL1 takes place in vivo [36]. Absence of DDL negatively affects
miRNA maturation, which indicates that the interaction of DDL with
phosphorylated DCL1 has possibly important roles in pri-miRNA pro-
cessing [186]. C-terminal domain phosphatase-likel (CPL1) is a protein
phosphatase and can dephosphorylate a serine motif in the C-terminal
heptad repeat domain (CTD) of RNA polymerase II [105]. CPL1 sup-
ports the maintenance of the hypophosphorylated state of phosphory-
lated HYL1, needed for optimal action of HYLI, and thereby causing
accurate and efficient primiRNA processing [105]. SE interacts with
CPLI1. Lack of SE impairs the CPL1-HYL1 interaction and dephos-
phorylation of HYL1, indicating that SE mediates CPL1 interaction
with HYL1 [105].
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9.3.2.2 Role of Splicing in Processing of Pri-miRNAs: Nuclear
Cap-Binding Complex (CBC)

Pri-miRNAs also contain introns [29, 116]. Splicing of introns can change
the stem-loop structures of pri-miRNAs and thus regulate miRNA matura-
tion [80, 139, 153]. For example, upon changes in stemloop structures of
pri-miR162a and pri-miR842-miR846 dicistron by alternative splicing, their
processing is reduced in Arabidopsis [56, 66]. Besides changing pri-miRNA
structure, splicing may enhance pri-miRNA processing. For example, the
processing efficiency of pri-mil63 and pri-miR161 can be enhanced by
the splicing of the 3’ introns following their stem-loops [8, 143]. Positive
effect of introns and active 5’ splice sites was observed on the accumula-
tion of miRNAs generated from genes having intron. In examples of exonic
MIR161, MIR163 and MIR172a pri-miRNAs (each containing one intron),
positive effect of splicing on generation of mature miRNAs was observed
and the interaction between active 5’ splice sites (5’ss); (found downstream
of the stem-loop structure of miRNA) and Ul snRNP was reported to be
very important for stimulation of miRNA biogenesis [8, 143]. Current
researches on Arabidopsis intronic miR402 production exhibited differ-
ent results. Arabidopsis, miR402 is elicited by heat stress and it is encoded
within the first intron of a protein-coding gene Atlg77230. Inactivation of
the 5’ss of the intron hosting miR402 resulted in enhanced accumulation of
the intronic mature miR402. On the other hand mutation of the first-intronic
5’ss when the miR402 stemloop structure was mobilized into the first exon
caused reduced miRNA level [78]. Therefore, in these studies, the impor-
tance of functional 5’ss in controlling the efficiency of biogenesis of Ara-
bidopsis miRNAs generated from intron-containing genes was observed.
Importance of the position of the miRNA hairpin in context to the 5’ss on
maturation of miRNA was also observed. Hence, in case of plant miRNAs
formed from intron containing genes, a new mechanism for controlling their
biogenesis and target mRNA level is exhibited. Proteins also assist mRNA
splicing and maturation of miRNA. Nuclear cap-binding complex (CBC) is
a protein involved in pri-miRNA processing. It is responsible for the appro-
priate splicing of the first intron by binding to the cap of mRNAs [47, 74,
84, 127]. CBC is a dimeric protein formed of two different protein subunits
(CBP80 and CBP20). The CBPS80 protein subunit of Arabidopsis is also
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known as Abscisic acid (ABA) Hypersensitivel (ABH1); because it was
isolated from mutants that are hypersensitive to the phytohormone ABA.
Role of Arabidopsis CBC in promoting efficient intron splicing was shown
in studies where increased levels of unspliced transcripts were observed
in loss-of-function mutations in ABH1/CBP80 and CBP20 thus indicating
towards defective intron splicing in cbp80/abhl and cbp2() muatnts [84].
Additionally, increased levels of pri-miRNAs and reduced levels of mature
miRNA were observed in both the chbp80/abhl and cbp2() mutants [47, 74,
84]. Hence above-mentioned reports have suggested dual roles of the Arabi-
dopsis CBC in pre-mRNA splicing and processing of pri-miRNA. SE inter-
acts with CBP20, suggesting that CBP20/80 may be a part of the processing
complex [51, 109]. The pleiotropic abnormalities including the “serrated
leaves” are exhibited by cbp80/abhl and cbp2() mutants that are similar
to the phenotype observed in the serrate (se) mutant [49]. This indicates
towards a possible role of SE also in pre-mRNA splicing. Analysis of intron-
containing pri-miRNAs suggests that the pri-miRNA processing function of
CBC and SE are possibly independent from their role in pre-mRNA splic-
ing [84]. SE is possibly involved in the interactions between the CBC and
the spliceosome, in case of pre-mRNA splicing, and also between the CBC
and the pri-miRNA processing machinery [84]. Colocalization and interac-
tion between SE and many U1 snRNP proteins (small nuclear ribonucleo-
proteins which are part of spliceosome complex) was observed which may
affect maturation of miRNA [78]. Besides CBP80/20, CDCS5, which has
important role in miRNA biogenesis, enhances splicing of some mRNAs,
but role of CDCS5 in pri-miRNA splicing is not clear [175]. Another protein
AtGRP7, which is a hnRNP-like glycine-rich RNA-binding protein also
plays an important role in pri-miRNAs processing in addition to regulating
pre-mRNA splicing in Arabidopsis [79].

9.3.2.3 Feedback Regulation of miRNA Biogenesis and
Processing: DCL1 and AGO1

The biogenesis of miRNA is controlled in a feedback process. The DCL1
and AGOI1 are vital players in miRNA biogenesis pathway. A negative
feedback regulatory mechanism operates in control of DCLI and AGOI1



Control of MicroRNA Biogenesis and Action in Plants 257

gene expression by miRNAs. MiR162 cleaves the target DCLI mRNA
[178]. There are experimental observations supporting these studies where
levels of DCLI mRNA are increased in the mutants of miRNA process-
ing genes having decreased levels of miR162. Spatio-temporal changes in
miR 162 expression pattern may affect the mature miRNA production lev-
els in different tissues or at different developmental stages. miRNA also
regulates AGO]! gene. There is a complementary site for miR168 binding
in the AGOI mRNA, and like DCLI, miR 168 targets and subsequently
cleaves the AGOI mRNA [159]. siRNAs generated from 4GOI mediate
the silencing of AGO! itself [103]. Another Arabidopsis AGO protein,
AGO?2 is regulated by miR403 [2], but role of AGO2 in miRNA pathway
is not clearly worked out.

9.3.3 MODIFICATION AND MATURATION OF MIRNAS:
STABILITY OF MIRNAS

Due to processing of pri-miRNA by the DCL1 complex, a small RNA
duplex made up of a miRNA strand and another miRNA* strand is gener-
ated. This double stranded miRNA/miRNA* complex has a 2-nt overhang
at the 3’-end of each small RNA. Addition of a methyl group (methyla-
tion) to the 2’-hydroxyl group of the 3’-terminal nucleotide in each of
the small RNA strands of the miRNA/miRNA* duplex is done in plants
by HUA ENHANCERI (HEN1), the Mg*" requiring small RNA methyl-
transferase [57, 185]. HENI1 possess two dsRNA-binding domains and
a signal for nuclear localization. Methylation by HEN1 a phenomenon,
which possibly happens before AGO1 loading. It is not clear whether
methylation takes place in cytoplasm or nucleus due to the reports of pres-
ence of HEN1 in both cytoplasm and nucleus [89]. The methylation of the
miRNA/miRNA* duplex protects miRNAs against the 3’-end uridylation
activity and subsequent degradation [89]. In the sen/ mutants, lower level
of mature miRNAs are observed, which points towards the importance
of HEN1-mediated 2’-O-methylation in plant miRNA biogenesis and sta-
bility. On the other hand uridylation destabilizes miRNAs in plants. In
Arabidopsis, HEN1 SUPPRESSOR1 (HESO1), a uridyl transferase, adds
uridines (uridylation) to most of the miRNAs [133, 195]. In mutants sesol
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levels of miRNAs are increased whereas the levels of miRNAs in Aenl
are decreased on overexpression of HESOI. These reports suggest the fact
that uridylation causes degradation of miRNAs in higher plants [133].
HESOL1 interacts with AGO1 and also uridylates miRNAs attached with
AGOL in vitro [135]. Furthermore on mutation in AGO1, uridylation of
miRNAs is impaired in henl [135, 189]. These observations suggest that
place of miRNA uridylation is AGO1 complex and they also show the
critical role of methylation, which protects miRNAs from AGO1-associ-
ated HESO1 action and subsequently maintains the function of the AGO1-
miRNA complex.

9.3.3.1 Turnover of miRNAs

The biogenesis and subsequently, degradation of miRNAs is important
for homeostasis of miRNA levels and function. In Arabidopsis, small
RNA degrading nuclease 1, 2, and 3 (SDN1, SDN2, and SDN3) which
belong to family of 3'-to-5" exoribonucleases, participate in turnover of
mature miRNAs. Consistent with their role in miRNA turnover, inactiva-
tion of SDN proteins results in increased miRNA levels and abnormal
development of plant. Possibly, SDN1 and HESO1 act together to regu-
late the degradation of 2'-O -methylated miRNAs in Arabidopsis which
is supported by the observations that SDN1 can degrade 2'-O-methylated
miRNAs, but not 3’ uridylated miRNAs [130]. The miRISC association
with mRNA stops miRNA degradation. If miRNA does not find its target,
it can be detached from miRISC and become prone to XRN-2 activity
and later on destroyed, rendering AGO proteins to be loaded with new
miRNAs. This is supported by the reports of requirement of free 5’ end
of mature miRNAs by 5’ to 3’ exonuclease XRN-2 for their degradation
in Caenorhabditis elegans. Free 5’ end of mature miRNAs is accessible
in case of release of miRNAs from the miRISC [22]. In another study in
Chlamydomonas reinhardtii, non-functional exosome constituents RRP6,
resulted in increased abundance of miRNAs, indicating towards the point
that miRNAs can be degraded from 3'-to-5' by exosome [60]. Therefore,
the, turnover of miRNAs may be an important step in the regulation of
miRNA function.
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9.3.4 REGULATION OF ACTION OF MIRNAS

9.3.4.1 Loading miRNA Strand into AGO Containing RNA-
Induced Silencing Complex

Ultimately, preferential loading of the miRNA strand into RNA-induced
silencing complex (RISC), which is an AGO containing effector com-
plex, completes the miRNA maturation. The miRNA strand of the double
stranded miRNA/miRNA* complex is selectively loaded into an AGO
complex and this strand subsequently guides the sequence-specific inter-
action with target mRNAs, while miRNA* strand is released from the
AGO assembly and degraded. The four domains of AGO are: the N-ter-
minal domain, the PAZ domain, the middle (MID) domain and the PIWI
domain [155, 157]. The PAZ domain attaches to the 3* end of single-
stranded RNAs and the PIWI domain cleaves target within miRNA bind-
ing site, at a position opposite to the 10th and 11th nucleotides of miRNAs
[138]. The PIWI domain has a structure like RNase H [20, 120]. Ten AGO
proteins are found in Arabidopsis of which AGOI1 is the most important
[69, 157]. AGO proteins, e.g., AGO7 and AGO10 attach with miR390
and miR165/166, respectively [113]. In AGOI gene mutants, levels of
some miRNAs were reduced while miRNA target genes were ectopically
expressed [73, 140, 159]. Studies where abnormal polarity of lateral organ
and leaf and defects in flower phenotype like that in dc// mutants, can be
seen in the AGOI hypomorphic alleles; and additionally embryonically
lethality in null AGOI1 alleles, suggest that AGO proteins are linked with
miRNA processing [72, 159]. Various strategies are adopted to control
activity and levels of AGO1. In a feedback regulatory mechanism, AGO1,
which is linked with miRNA processing, is itself targeted by miR168 [137,
159]. High expression of osmotically responsive genes 1 (HOS1), which
is involved in response of plants to abiotic stress, for example, cold, has
been reported to control miR168a/b levels in Arabidopsis by controlling
transcription of MIR168b. MiR168a/b, on the other hand regulates level
of AGOI1 gene in Arabidopsis [163]. A F-box protein FBW2 negatively
regulates AGO1. Observations that AGO1 protein levels are reduced
on overexpression of FBW2 while in mutants fbw2, AGO1 protein lev-
els are enhanced, support the above-mentioned function of FBW2 [34].
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Preventing miRNAs from associating with AGO1 is also a mechanism for
their control. For example, the function of miR165/miR166 is limited and
thus the proper development of shoot apical meristem (SAM) is ensured if
AGO10 binds miR165/miR166 in SAM which prevents the formation of
the AGO1-miR165/166 complex [198]. In a different process, autophagy
pathway, the AGO1-miRNA assembly is disturbed and AGO1 is degraded
[31].

Many things such as protein factors, structure of double stranded
miRNA/miRNA* complex and 5" nucleotides affect the loading of miR-
NAs into AGO1 [33, 111, 113]. Somewhat like animals, one of the factors
affecting preferential loading of the small RNA strand from a miRNA/
miRNA* duplex into the RISC complex in plants, is differential thermo-
stability of the two ends of the functional small RNA duplexes. Usually,
the small RNA strand with its 5’-end found at the less stable end of the
duplex preferentially functions as guide strand and becomes part of RISC
[33, 69]. Type of last nucleotide at the 5’ terminal end of small RNA deter-
mines which type of small RNA (miRNA) will be selectively loaded into
some of the 10 AGO proteins of Arabidopsis. In this context, AGO1 has a
preference of small RNAs having a 5’-terminal uridine (5’U); AGO2 and
AGO4 have a preference for small RNAs bearing a 5’-terminal adenosine
(5’A), and AGOS binds selectively to small RNAs having a 5’-terminal
cytosine (5°C), respectively [19, 113, 121]. The selective loading mecha-
nism of the small RNA strand into RISC complex has not been worked out
in detail yet but it plays an important role in miRNA action, for example
replacing the nucleotide at the 5’ terminal end from uridine-to-adenosine
of artificially engineered miRNAs caused the change in small RNA load-
ing form AGO1- to-AGO2 which therefore inhibited their silencing activ-
ity [111].

Convergence of location of accumulation of many Arabidopsis miR-
NAs in cytoplasm and location of cleavage of their target mRNAs by
many plant miRNAs in cytoplasm [69, 118] seems to indicate towards
possibility that plant miRNAs function only in the cytoplasm but it is not
totally clear yet. A protein HASTY found in the Arabidopsis which is a
homolog of exportin5 protein found in metazoans, is possibly associated
with transport of miRNAs from nucleus to cytoplasm [10, 118]. The mor-
phological characters of hasty mutants, that is, pleiotropic abnormalities
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in development of plant and decreased accumulation of most miRNAs are
similar to that observed in the dc/I or agol mutants. But, whether miRNA/
miRNA* duplexes or the miRNA-RISC complexes are transported by the
HASTY protein, is not clearly worked out. Reports that proteins HEN1
and AGO1 are involved in various small RNA silencing pathways, is sup-
ported by their localization in both the cell nucleus and cytoplasm [38,
158]. Co-localization of HEN1,AGO1 and HYL1 in the subnuclear D-bod-
ies [38], points towards the possibility of interlinking of steps mediated
by these proteins, for example, dicing, modification of ends and forma-
tion of miRNA-containing silencing complexes (miRISCs) in the nucleus.
HYL1 reportedly has important role in deciding the preferential loading of
strand during the formation of miRNA-AGO1 complex. Another protein
CPLI1 along with HY11 facilitates the miRNA strand selection [33, 105].
Interaction of HYL1 and AGO1 in the nuclear D-bodies [38] linked with
presence of single stranded, mature miRNAs in the nucleus [118], pos-
sibly suggests that loading of some of the plant miRNAs into AGO1 and
formation of functional miRISCs occur in the nucleus. Additionally some
proteins which asoociate with AGO1 and help them in their activities, are
identified such as squint (SQN); a cyclophilin 40 (CPY40 protein) and
HSP90 protein [146]. Heat shock protein 90 (HSP90) and CyP40 attach
with AGO1 thus helping in the miRNA loading in a cell free system [35,
61, 62]. Further, upon ATP-hydrolysis by HSP90; HSP90-CYP40 com-
plex and miRNA* detach from the AGO1-miRNA complex, possibly due
to the HSP90 mediated conformational changes of AGO1 [61, 62]. Major-
ity of miRNA*s are destroyed after detachment from AGOI1 [33, 83]. But
some miRNA*s can be incorporated into other AGOs.

9.3.4.2 Target Cleavage

Plant miRNAs recognize their substrate if there is high degree of
sequence complementarity between target mRNA and miRNA [6, 95,
102]. Recently it has been shown that besides complementarity between
miRNA and target, the context of miRNA binding site and expression
levels perhaps also have role in the recognition of target [95]. In plants,
predominant process for miRNA-mediated down-regulation of gene
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expression is cleavage of target [5], which is possibly supported by obser-
vations of the inability of AGO1 having mutations in the catalytic region
to reverse the abnormalities in ago/ mutant [16]. A 5" fragment with a 3’
hydroxyl group and a 3’ fragment with a 5" phosphate group are formed
due to target RNA cleavage by AGO proteins [97]. Post-target cleavage
by AGO1, exonucleases without the requirement for 3" deadenylation or
5" decapping comes into action and cause decay of the target mRNAs.
3’ RNA fragments are possibly degraded by XRN4 (a cytoplasmic 5'-3’
exoribonuclease) in plants [149]. In the algae C. reinhardtii, 3'-to-5" deg-
radation of 5' fragments, mediated by the exosome, is initiated when 3’
end of 5’ fragments is adenylated by the nucleotidyl transferase MUT68
[59]. In animals and higher plants, 5" fragments are uridylated at 3’ end
[59]. In Arabidopsis, HESO1 mainly uridylates 5' fragments. On decrease
in levels of HESO1, the abundance of 5' fragments is increased, which
shows the critical role of uridylation in stimulation of the degradation
of 5" fragments [135]. A process different from 3'-to-5' degradation is
involved in degradation of uridylated 5' fragments. In 5’ fragments, 5'-to-
3" degradation occurs, possibly through a XRN4 independent mechanism,
which is supported by observations in which, in x7n#4 mutants, the accu-
mulation of 5’ fragments is increased [135]. In studies of the nonprotein-
coding gene IPS1 (induced by phosphate starvation 1) from Arabidopsis,
a control mechanism of miRNA action was reported [39]. The IPS1 RNA
has an uncleavable sequence with sequence complementarity to miRNA
399. Consequently, the IPS1 RNA is not cleaved following miR399 pair-
ing but it sequesters miR-399-loaded RISC thus causing inhibition of
miR399 activity and resulting in accumulation of target PHO2 mRNA
[39]. Whether this “target mimicry” is somewhat common mechanism in
plants to control the action of other miRNAs, is not clear. But this strat-
egy may be potentially important for sequence-specific inhibition of plant
miRNAs in vivo [166].

9.3.4.3 Translational Inhibition

Although target cleavage was reported to be predominant mechanism for
regulation of gene expression in plants but some studies indicated that
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some plant miRNAs employ translational inhibition to down-regulate gene
expression [14, 90, 142]. There are many studies that elaborate the mecha-
nisms of miRNA-mediated translational inhibition. One such mechanism
is inhibition of initiation or elongation steps of translation of target RNAs
by miRNAs in plants. It is executed by blocking the recruitment or move-
ment of ribosomes by AGO1-miRNA after attaching to the 5’ untranslated
region (UTR) or the open reading frame of target RNAs [63]. Processing
bodies (P-bodies), which are found in cytoplasm, are the sites for storage
of many mRNA degrading enzymes [94]. In plants, P-bodies are possibly
involved in translational inhibition mediated by miRNAs and may store
translationally-repressed target mRNAs, which is based upon the observa-
tions of localization of a part of AGO1 in the P-bodies and involvement of
the P-body constituents varicose (VCS) and SUO (a GW-repeat possess-
ing protein) in miRNA-mediated translational inhibition [14, 183]. In case
of plants, the clear relationship between target RNA decay and transla-
tional repression has not been established [14, 114].

Some miRNAs employ both translational inhibition and target cleavage
to repress gene expression. Therefore, studies were required to gain knowl-
edge about how it is determined that which mechanism, that is, translation
inhibition or target cleavage will be used to repress gene expression. It has
been observed that many factors decide whether cells will employ trans-
lational repression or target cleavage as mechanism of gene repression.
Giving clues about the mechanism of down-regulation of gene expression
employed, are the reports of dominant translational inhibition in case of
presence of binding sites of miRNAs at the 5’ coding region and increase
in translational repression in male germ cells of plants by miRNAs [46,
90]. In some types of cells, both translational inhibition and target cleav-
age phenomenon are observed. The reason for this may be the preferen-
tial interaction of AGO1 with protein factors. Another reason may be that
different subcellular compartments have different specificities for transla-
tional inhibition or target cleavage and therefore AGO1-miRNA-targets
may be selected and transported into designated subcellular compartment
thus deciding which mechanism will be employed to repress gene expres-
sion. There are some reports that possibly support above mentioned obser-
vations; for example association of AGO1 with the endoplasmic reticulum
(ER); [90] and abnormalities in miRNA-mediated translational repression,
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but not in target transcript cleavage on absence of altered meristem pro-
graml (AMPI), an integral ER membrane protein, which indicate that
ER may be the site for translational inhibition [90]. There are some other
proteins which are involved in translational inhibition by miRNAs such
as enzyme katanin (KTN), 3-hydroxy-3-methylglutaryl CoA reductase
(HMGT1) and the sterol C-8 isomerase hydral (HYD1). KTNI1 is needed
for the proper cortical microtubule assembly [151]. Disruption of KTN1
inhibits miRNA-mediated translational repression, pointing towards the
role of microtubule in translational inhibition. This observation is in line
with the role of microtubules in ER organization and P-body dynamics,
both of which have been associated with translational inhibition [14].
HMGT1 is indispensable for the biosynthesis of isoprenoids, which are
involved in numerous metabolic pathways such as membrane sterols and
many phytohormones, while HYDI is needed for the biosynthesis of ste-
rols. Involvement of HMG1 and HYDI in sterol biosynthesis on one hand
and in miRNA mediated translational repression on the other hand, pos-
sibly indicates towards the role of sterol in miRNA activity [14, 15].

9.3.4.4 DNA Methylation

Inhibition of gene expression at the transcriptional levels by DNA methyl-
ation may be other mechanism for control of gene expression by miRNAs.
For example, some AGO4-24-nt miRNAs complex directs methylation of
DNA at the miRNA and target loci and thus may repress gene expression
at transcriptional level [173]. AGO4-24-nt siRNAs complex cause cyto-
sine methylation through RNA-directed-DNA methylation [12]. Possibly
mechanism of DNA methylation by miRNAs is like that of siRNAs.

9.3.5 REGULATION OF EXPRESSION OF MIRNAS

9.3.5.1 Transcriptional Control of miRNA Expression:
Transcription Factors

Transcription factors (TFs) encoded by target mRNAs are also involved in
the regulation of miRNA expression in plants [69]. Putative promoters of
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miRNA genes contain sequence motifs present in the promoters of protein
coding genes besides core promoter elements such as the TATA box [179].
Many conserved miRNA gene promoters in Arabidopsis show excess rep-
resentation of binding sites for the transcription factors; Auxin Response
Factors (ARFs), (induces gene repression on lack of phytohormone auxin);
LEAFY (LFY), (Important floral genes become functional upon their stim-
ulation by gibberellic acid; GA) and AtMYC2 (a basic helix—loop—helix
[bHLH] type transcription factor); (enhances sensitivity to abscisic acid,;
ABA and thus helps in coping with drought conditions) as compared to
the promoters of protein-coding genes [109]. These studies also suggest
a relationship between miRNA transcription and plant hormones involv-
ing transcription factors [109]. Additionally, some of these transcrip-
tion factor families are themselves controlled by miRNAs, thus pointing
towards the presence of complex transcriptional feedback loops between
miRNAs, transcription factors and hormones [109]. The experimental evi-
dences for these come through the discovery of ARF-binding motifs in
miRNA promoters and targeting of mRNAs for many ARF family members
by miR160, miR167, and miR390 [69]. Interaction between two impor-
tant miRNAs, miR156, and miR172 gives clue about the transcriptional
regulation of miRNA expression in plants. miR156 and miR172 follow a
complementary temporal expression scheme in Arabidopsis; while miR156
expression is reduced during the transition from the juvenile to the adult
phase, the expression of miR172 in opposition to that of miR156 increases
[171]. The miR156 interacts with mRNAs of several SQUAMOSA Pro-
moter Binding Protein-Like (SPL) TFs while miR172 controls members of
the APETALA2 (AP2)-like family of TFs to regulate developmental tim-
ing, vegetative to reproductive phase transition and floral development [27,
69, 142, 172]. AP2 also represses expression of MIR172 loci through tran-
scriptional repressor Leunig (LEG) and Seuss (SU) [50]. SPL9 and SPL10
TFs that are targeted by miR156, increase the expression of miR172 by
activating its transcription [171]. SPL9 and SPL10 possibly also promote
the expression of miR156 by activation of transcription, therefore, forming
a negative feedback loop that regulates their own expression [171]. This
SPL-mediated regulation of miR156 and miR 172 helps in regulating devel-
opmental timing [165, 171]. Another transcription factor FUSCA3 may be a
positive regulator of MIR156A4 and MIR156C [164]. Environmental signals,
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such as shortage in supply of nutrients, cold, or light stimulate many plant
miRNAs [67, 69, 145, 197]. Copper is one of the important nutrients and
part of many proteins and other important biomolecules. Shortage in cop-
per supply has been observed to induce expression of Arabidopsis miR398
[152, 180]. The TF SPL7 activates miR398 transcription under low copper
conditions [181] by its interaction with numerous GTAC motifs found in
the promoters of both MIR398b and MIR398c [181]. SPL7 possibly has an
important function in miRNA-mediated regulation of copper levels [181].
MiR398 acts on cytosolic CSD1 and a chloroplastic CSD2, two intimately
related Cu/Zn superoxide dismutases, as well as on COX5b-1, a subunit
of the mitochondrial cytochrome-c oxidase [69, 152]. MiR398-mediated
down-regulation of its target gene expression under limited copper condi-
tions possibly helps plants in managing copper economy through transfer-
ring copper to essential proteins involved in important life-processes like
photosynthesis [180]. Like miR398, other three Arabidopsis miRNAs—
miR397, miR408, and miR857—induced under low cooper conditions,
help in proper response to abiotic stress conditions of copper deficiency [1].

Some MIRs exhibit peculiar spatio-temporal expression schemes [13,
65, 156]. The TF scarecrow activates the expression of MIR165/166 in the
root endodermis, which is important for the patterning of the cell types in
root xylem [17].

9.3.5.2 Control of miRNA Expression at Post-transcriptional Level

The miRNA expression can be affected by the spatio-temporal expression
pattern of proteins involved in pri-miRNA processing and miRNA matu-
ration such as SE and AGO. These are supported by the studies in Arabi-
dopsis where SE has been observed to exhibit specific spatial expression
patterns during development of embryos [126]. Specific spatial expression
schemes for SE were also observed in developing Arabidopsis leaves and
floral organs [126]. Therefore, these studies may indicate towards the pos-
sibility that miRNA expression is affected by SE expression schemes. In
a different research, the specific spatial expression pattern of AGO7 in
Arabidopsis has been shown to play important role in 7453 ta-siRNA bio-
genesis regulated by miR390 [37, 43]. The localized expression of AGO7,
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coupled with that of 7453 helps in deciding the activity region of miR390,
thereby contributing towards 7453 ta-siRNA-mediated leaf patterning
during leaf development [25, 113].

9.4 CONCLUSIONS AND FUTURE PROSPECTS

In this review, studies on miRNA biogenesis, mechanism of action and its
regulation in plants have been summarized. Knowledge of many factors
such as protein components and structure of pri-miRNAs and miRNAs have
increased our knowledge of miRNA biogenesis and function. miRNA path-
way and other biological processes may be interlinked. This needs to be
worked out in detail, which will subsequently fine-tune our knowledge of
control of various biological processes. Roles of HASTY and DCLI1 has to
be elaborately inquired. Studies are also required for determining exact sub-
cellular localization of the miRNA-RISC complex. The knowledge about
additional components/proteins involved in miRNA processing and matura-
tion needs to be enhanced. The interactions between miRNAs need to be
worked out in fine detail. Other arecas of miRNA action, the mechanisms
of which need to be worked out in detail are mechanism of miRNA-medi-
ated translation inhibition and criteria used by cells in selecting translation
inhibition or target cleavage as their mode of repression of gene activity.
Because miRNAs control numerous processes vital to the development of
the plant as well as plant’s response to various stress conditions such as
drought, cold, viral defense, etc., further knowledge obtained on various
aspects of miRNA biogenesis and its regulation as well mechanism of action
of miRNAs, may be potentially beneficial in increasing agricultural produc-
tivity by positively altering plant’s response to various stress conditions such
as prolonged drought, cold, salinity, encountered in some agricultural areas
and modifying other agricultural traits through miRNA technology.
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10.1 INTRODUCTION

The growth and development of plants are determined by numerous
factors of soils, fertilizers, water, and climate. Some of these factors
are under the control of human being, but some are not. For example,
rainfall, temperature, light, air, etc., cannot be controlled by the human.
These factors influence the supply of nutrients in soils. Translocation
of nutrients within a plant body is an ever-continuing process. In this
regard, there is a considerable difference in the mobility of different
nutrients. Nitrogen is very mobile in plant in comparison to phospho-
rus, potassium and magnesium. Nitrogen (a high mobility nutrient)
deficient plants have yellow colored lower leaves and green upper
leaves but nutrients with weak mobility such as phosphorus, potassium
and magnesium deficient plant produce symptoms on newer leaves and
growing points.

10.2 ESSENTIAL PLANT NUTRIENTS AND THEIR FUNCTIONS

For past centuries, people knew that substances such as manure, ashes,
bone meal, etc., had a stimulating effect on plant growth and this effect
was found to result from the essential elements contained in the materi-
als. The plant nutrients are necessary for the growth of green plants. In
the absence of any one of these essential elements, a plant can, however,
be corrected by the addition of that particular element. Two criteria com-
monly used in establishing the essentiality of a plant nutrient are: (i) its
necessity for the plant to complete its life cycle, and (ii) its direct involve-
ment in the nutrition of the plant apart from the possible effect in cor-
recting some unfavorable condition in the soil or culture medium. The
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elements generally required by plants are divided in to three groups based
on the amount that plants required. A list of the macro, secondary, and
micro nutrients are as follows.

e Macronutrients: C, H, O, N, P, K

* Secondary nutrients: Ca, Mg, S

e Micronutrients: Zn, Fe, Cu, Mn, Bo, Mo, Co, Cl, Na, Va, Si, Se, Ni

Carbon is obtained from CO, of the air, oxygen from air and water,
hydrogen from water, nitrogen from air and/or soil and all other nutri-
ents from the soil. Soil is thus most important source or medium for plant
growth. N, P, and K are known as primary plant nutrients and they are
required in more than 500 ppm concentration in plant body while Ca, Mg,
and S are secondary nutrients required in less than 150 ppm. Other nutri-
ents, as micronutrients, are required in less than 50 ppm but they are as
important as the major elements in plant nutrition for the normal growth
and proper development of any crop.

10.3 NITROGEN

Nitrogen is the constituent of all proteins, chlorophyll, coenzymes, and
nucleic acids. Air is the primary source of nitrogen for plant nutrition and
only leguminous crops can directly use this free nitrogen with help of sym-
biotic bacteria of the genus Rhizobium. Nitrogen encourage the vegetative
development of plant by imparting a healthy green color to the leaf. It also
regulates to some extent, the efficient utilization of P and K.

10.4 PHOSPHORUS

Phosphorus influences the vigor of plant and improves the quality of crops.
It is essential component of the organic compound often called the energy
currency of the living cells, A.T.P. Phosphorus usually contributes only 0.2
and 0.4 percent of the dry matter of plant. The first precipitated calcium
phosphate may slowly change from relatively soluble tri-calcium phos-
phate, Ca,(PO,), to apatite forms. In highly weathered tropical soils, some
phosphorus may be coated with iron and aluminum oxides and protected
from solution [23]. Phosphorus deficiency is characterized by stunted
plants that have about equally affected root and top growth.



284 Emerging Trends of Plant Physiology for Sustainable Crop Production

10.5 POTASSIUM

Potassium is especially important in helping the plants to adopt under
environmental stress and also plays many complex role in plant nutri-
tion. Potassium is immobilized, but it does not accumulate in the soil
organic fractions. Soils with the lowest available potassium are low
textured light soils of India [1]. A deficiency of potassium shows the
symptoms of leaf scorch in most crops. Sugarcane plants with symp-
toms of yellowing of the tips and margins of the lower leaves indicate
Potassium deficiency and a need for potassium [1, 4].

10.6 SULPHUR

Sulphur is an indispensable element for carbohydrate metabolism and
crop production. It is an important constituent of plant protein, amino
acid and co-enzymes A. Most of the sulphur is absorbed from soils
as sulphate (SO,") but some is absorbed through leaves as SO,. The
crop response to sulphur application are increasingly reported from
different parts of India [1, 3, 4, 16]. Sulphur is mobile in plant and
deficiency symptoms are similar to those observed under nitrogen
deficiency, i.e., plant are stunted with leaves light green to yellow in
color.

10.7 CALCIUM AND MAGNESIUM

There are many similarities between the behavior of calcium magne-
sium and potassium in soils. Calcium is a cell wall component and
it plays role in the structure and permeability of membranes. Mag-
nesium is a constituent of chlorophyll and acts as enzyme activator.
Calcium and magnesium as are absorbed as cations Ca*" and Mg™". A
deficiency of calcium is characterized by a malformation and disin-
tegration of the terminal portion of the plant. Calcium deficiency for
plants has occasionally been observed on very acidic soil with low
calcium saturation.
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10.8 IRON AND MANGANESE

Iron is an important element playing role in chlorophyll synthesis and in
enzymes for electron transfer and it is weathered from minerals as diva-
lent (Fe™) cations in soil solution. Manganese controls several oxidation-
reduction system, Formation of O, in photosynthesis and it realized in
weathering as Mn™ which are absorbed by plant and adsorbed on cation
exchange site. Both play an important role in enzyme systems that regulate
various metabolic activities. Deficiency symptoms for iron are striking
and are commonly seen on plants growing on calcareous or alkaline soils.
Fe deficient plants have a light-yellow leaf color, which are more evident
on younger leaves. In some very acidic soils, there are toxic concentration
of iron and manganese due to dilution of soil suspension. Iron content
in soils of various sugar mill zones ranges from 1.8 to 32.6 ppm which
showed wide range and irregular trend. The available manganese content
at most of the places varied from 1.2 to 30.3 ppm which indicated that
19% of soil were below the critical limit of 3.0 ppm in soils.

10.9 CHLORINE AND COBALT

Cobalt is essential for symbiotic nitrogen fixation by Rhizobium and it is
required in very small amount by some crops. Chlorine activates system
for production of O, in photosynthesis and it is also required by plants in
very small amount. Generally, potassium fertilizers contain chlorine and it
is amended in Indian soil for the correction of chlorine deficiency.

10.10 ZINC AND COPPER

Zinc helps in production of growth hormones especially in dole-3-acetic
acid and it is a constituent of several enzymes like carbonic anhydrase,
tryptophan synthetase, etc. Several enzymes regulate various metabolic
activities. Copper is a constituent of several enzymes and acts as a catalyst
for respiration. Copper and zinc are released in weathering as Cu™ and
Zn"" absorbed by plant and adsorbed on cation exchange site [10]. Cop-
per is immobile in plants and deficiency symptoms are highly variable
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from crop to crop. In some plants, older leaf tips become necrotic in small
patches. Zinc deficiency is common in high calcareous soil and is charac-
terized by spotting of the lower leaves. It is generally caused due to high
phosphorus fertilization.

10.11 BORON

Boron plays an important role in sugar translocation, maintenance of the
ratio of K and Ca, carbohydrate metabolism and occurs in soil in the min-
eral tourmaline. The borate ion is absorbed by plants and accumulated in
soil organic matter. Many physiological diseases of plants such as top rot,
pokkah boeng disease, cracked stems are associated with the deficiency
of boron [19]. Maximum availability of boron has been observed in the
neutral soil of India.

10.12 MOLYBDENUM

It plays an important role in activities of nitrate reductase enzymes.
Molybdenum accumulates in soil organic matter and it is adsorbed as an
anion by the clay fraction. This element is needed for nitrogen fixation in
legumes, when it is deficient legumes show symptoms of nitrogen defi-
ciency. Molybdenum causes other disturbances in plants such as cupping
of leaves and reduced rate of expansion in leaf margin.

10.13 AVAILABLE LAND AND SOIL RESOURCES

* On a global basis, the main limitation for using the world soil
resources for agricultural production are drought 28%, mineral stress
23%, shallow depth 22%, water excess 10%, and permafrost 6%.

* Only 11% of the world soils are without serious limitation.

* These situations suggest either improvement in soil management on
existing cultivated land or expansion of cultivated area on new lands
to meet the increasing demand of food.

Most of the cultivated soils in India are alluvial belonging to the order

Entisol. Soil reactions varied from almost neutral to saline. Most of the
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Indian soils are deficient in organic carbon (<5.0 g kg'), poor in available
nitrogen (< 280 kg ha') and low in available phosphorus (<24.0 kg ha™').
Both light and heavy textured soils are sufficient in potash. The available
sulphur for all the soils are approachable to critical limit [20]. Micronutri-
ent cations are deficient in soil especially in rice and sugarcane growing
soils [15]. The physico-chemical properties of soils in U.P. are given in
Table 10.1.

10.14 CHANGES IN ORGANIC MATTER DUE TO CULTIVATION

Even on non erosive land that is brought under cultivation, rapid losses of
organic matter usually occur. It has been found that as a result of cultiva-
tion over a period of 60 years, soil in a non eroded condition lost over one
third of their organic matter (Figure 10.1). The losses were much greater
during the earlier than the later periods. The organic matter losses account
up to about 25% during the first 20 years, about 10% during the second 20
years and only about 7% during the third 20 years.

10.15 SOIL FERTILITY DEPLETION

Nutrient levels are decreasing continuously in soil due to intensive cul-
tivation and continuous application of primary nutrient as a chemical

TABLE 10.1 Physico-Chemical Properties of Soils in U.P.

Characteristics Range Average Norms of normal soil
pH 6.3-8.9 7.4 7.5

EC (dSm™) 0.03-1.30 0.24 >0.5

Org. C (%) 0.03-0.95 0.38 <0.5

P (kg/ha) 1.18-77.77 9.5 <40.0

K (kg/ha) 84-300 135.0 <175.0

Zn (mg/kg) 0.02-3.8 0.58 <1.0

Fe (mg /kg) 1.8-32.6 10.5 <10.0

Cu (mg/kg) 0.1-0.9 0.34 <3.0

Mn (mg/kg) 1.2-30.3 9.8 <5.0

Source: [6, 7,12, 13].
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FIGURE 10.1 Decline of soil organic matter with 60 years cultivation.

fertilizer which usually deplete the soil organic matter resulting into
inherent loss of organic carbon, soil nitrogen, phosphorus, potassium and
sulphur. Most of the growers use only nitrogenous fertilizers, resulting in
more losses on nutrient due to leaching, volatilization, erosion and large
scale shifts towards organic free materials in the fertilizer product. All the
factors in a given area are prone to imbalanced nutrient in the soil which
is likely to be exhausted in fertility levels in a shorter period. Nutrient sta-
tus of soils in western U.P. during 1953-54 and 1999-2000 is presented
in Table 10.2.

10.16 SITE SELECTION AND SOIL SAMPLING

Collection and testing of soil samples have three main objectives.

1. Fertilizer recommendation.

2. Reclamation of salt affected soil.

3. Plantation of crop.

For fertilizer recommendation, the soil samples should be taken in
such a way that it represent the whole field. For this purpose slope of
field, agronomical practices, topography are kept in view. From 1 acre
field at 10—15 places “V” type of trenches of 23 cm depth should be dug
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TABLE 10.2 Physico-Chemical Properties of Soils in Western U.P. (1953-54 and
2004-2005)

Characteristics 1953-54 2004-2005
pH 7.6 7.2

Org. C (%) 0.61 0.34

N (%) 0.053 0.028

P (%) 0.120 0.067

K (%) 0.720 0.50

Source: [24, 25].

out. The 1.5 to 2.0 cm layer is crapped from the trench and the soil is col-
lected in bucket. The roots and other unwanted matter are removed during
the collection of soil. This collected soil is given a shape of sphere which
is divided into four parts. Two opposite parts are removed and again the
above process is repeated till the soil sample remains up to 0.5 kg. This
soil is taken in clean muslin cloth bags. A tag demarcating the field iden-
tity like name, village, tehsil, district, and grown crop is attached to the
muslin cloth bags. This soil sample will be called as an ideal soil sample,
which is representative of whole field. For the analysis of salt affected
soil and for plantation crop the soil sample should be taken from 90 cm
and 180 cm depth, respectively and soil sample is collected depth wise
(30 cm in each).

10.17 INSTRUCTION FOR SENDING SOIL SAMPLES

1. Dry the soil sample in the open air.

2. Mix the sample completely and take out a sub sample of approxi-
mately 250 gm.

3. Remove any insect and vegetative matter that are obviously pres-
ent in this sample.

4. Place the sub sample in a container that is leak proof and put on the
identification label sticking it to the container.

5. Place the samples inside the mailing container addressed to the
concerned laboratory for analysis.
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MANAGEMENT STRATEGIES FOR IMPROVEMENT IN

10.18.1 MANAGEMENT STRATEGIES FOR CONTROLLING
SOIL EROSION

L.

The contouring alone is effective in controlling erosion during
storms of low or moderate intensity, but it provides little protection
against the occasional severe storms that cause break over of the
contoured rows. Strip cropping along with contouring, provided
more protection and terraces are an effective way to reduce slop
length.
Deep ploughing should be employed to control wind erosion where
sandy surface soils are underlain by Bt horizons that contain 20 to
40% clay. 1 cm of sub soil should be ploughed up every 2 cm of sur-
face soil thickness to control wind erosion. The kind of ploughing
increases the clay content of surface soil by 5 to 12% in some areas.
Tree plantation for wind breaks. Row of trees are often planted
across the area at right angles to the prevailing wind. A number of
shrubs also make good wind breaks. These plantations also check
the direct falling of rain drops on the ground and thereby help in
soil erosion control. Wind erosion is controlled based on one or
more of the following:
i) Trap soil particles with rough surface (tillage) and on the use of
crop residues and strip cropping.
i1) Deep ploughing to increase clay content of surface soil.
iii) Protect surface soil with complete vegetation cover.

10.18.2 WATER MANAGEMENT STRATEGIES FOR SOILS

1.

In the critical and semi critical waterlogged areas, canal irrigation
should be stopped for at least three successive years and 100% irri-
gation requirement should be met with private shallow tube wells.
These shallow tubes well acts as vertical drainage and or most
effective in lowering down ground water level to the desired depth
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for reclamation of waterlogged area, and for removal of excess salt
from the soil profiles.

In the area having a water level of 3.0 to 5.0 m, 30-50% canal
irrigation and 50-70% ground water irrigation should be given
depending on the hydrogeology of the area.

Ground water is deeper than 10 m, intensive canal irrigation
(>50%) should be given in the absence of canal water, rain water
harvesting structure should be intensified.

In the area of excessive seepage, and high water logging adjacent
to the canal network.

In the critical and semi critical areas, for its sustainable reclamation
and to avoid reversion in sodic soils, cropping system should be
intensified supported with ground water irrigation through wells or
shallow tube wells.

to assess the environmental impact and judicious management of
water resources in the problem areas, periodical monitoring of sur-
face and ground water is essentially required.

10.18.3 NUTRIENT MANAGEMENT STRATEGIES FOR THE

SOILS

1.

Nitrogen use efficiency is poor due to leaching, volatalization, deni-
trification, and run off losses under water logged soil. Among the dif-
ferent nitrogen sources, ammonical form is more efficient in water
logged soil and application of urea coated with neem product is also
beneficial for the water logged soils. The experiments conducted at
SRI, Shahjahanpur revealed that application of nitrogen @ 125 kg/
ha through coated urea gave cane yield at par with recommended
dose of nitrogen @ 150 kg/ha in sugarcane (Table 10.3). Thus, with
the application of Neem product about 25 kg N/ha can be saved
(Table 10.4).

The sodic soils were required higher dose of nitrogenous fertilizers
by about 20-25% as compared to the normal soils [5].

Foliar application of N is much economical and beneficial in water
logged and saline soils [9, 14].
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TABLE 10.3 Fertilizer Recommendation for Sugarcane Plant and Ratoon Crop

Nitrogen Phosphorus Potash Sulphur
Autumn plant 200 80 60 40
Spring plant 180 80 60 40
Ratoon 250 30 20 -

*1/3 N will be applied through organic manure.

**Phosphorus will be applied through single super phosphate for the correction of sulphur
deficiency.

TABLE 10.4 Effect of Urea Coating Agent on the Yield of Sugarcane

S. No. Treatments Yield MT/ha
1. Nitrogen alone (100 kg/ha) 61.40
2. Nitrogen alone (125 kg/ha) 65.25
3. Nitrogen alone (150 kg/ha) 68.76
4. Nitrogen through coated urea (100 kg/ha) 64.81
5. Nitrogen through coated urea (125 kg/ha) 69.18
6. Nitrogen through coated urea (150 kg/ha) 71.19

Source: [16-18].

4. In saline soil, top dressing of N should always be done after every
irrigation. Foliar application of N along with soil application is also
beneficial for sugarcane cultivation [3, 5, 7].

5. Amongst the nitrogenous fertilizers, Ammonium sulphate has
given better results in rice in sodic soils compared to urea and cal-
cium ammonium nitrate.

6. Single super phosphate has been found best source of phosphorus
fertilizer as it also contains sulphur [2, 24, 25, 30].

7. The deficiency of zinc is a common feature in the rice and sugar-
cane soils, therefore, basal application of zinc sulphate @ 30 kg/ha
each to rice and sugarcane [9, 11, 14, 27].

8. Utilization of phosphorus and zinc are increased about 10.93% and
7.79% by the application of fertilizer along with SPMC @5q/ha
before planting [26, 28, 29].
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9. Integrated nutrient supply system (INSS) through advanced appli-
cation of organic manure, green manuring, biofertilizer can be con-
veniently adopted. This results in greater nitrogen economy and
higher nitrogen use efficiency [8]. Use of following organics will
help to bridge up the increasing gap between demand and supply
of fertilizer as:

10.18.3.1 Legumes

The legumes in sugarcane farming are grown either as intercrops or as
green manuring. Green manuring legumes preceding sugarcane give a
benefit of 19-43% increase in the yield of spring sugarcane and contribute
41-85 kg ha! nitrogen through biological nitrogen fixation.

10.18.3.2 Crop Residues

Addition of green leaves such as potato foliage, sugarcane trash, etc. from
outside has the similar effect to that of green manuring crops incorporated
into the soil. Potato leaves contain 2.42 to 2.56% nitrogen and 46 kg N/ha
can be saved.

The cane trash obtained at 10-15% of the cane produced contains
0.42% N, 0.15% P, and 0.57% K besides 25.7, 20.45, 236.4, and 16.8 ppm
Zn, Fe, Mn, and Cu, respectively. At the rate of 10% of the cane produced,
at least 38 million tones of trash will be available during 2020 AD. This
much trash will have the potential to supply 1.6 and 2.2 lakh tonnes of N
and K respectively besides 57.0, 77.7, 8.98, 1.0, and 0.68 thousand tonnes
of P, Fe, Mn, Zn, and Cu, respectively.

10.18.3.3 Factory Waste

On an average, our country produces about 6—7 million tones of pressmud
(sugar mill waste) annually. Their direct use in the soil is harmful. The
conventional method of composting yields low quality of compost and
that takes a very long period (8—10 months) [21, 22].
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10.18.3.4 Biofertilizers

Biofertilizers use for sustainable agriculture is very needful in present
scenario. They save at least 25% inorganic fertilizers and increase avail-
ability of plant nutrients by improving the efficiency of inorganic fertil-
izers. The nutrient retention capacity of soil is also increased by their use.
About 10 kg of each (N — fixing and PSB) bio-fertilizer is sufficient for
one hectare.

10.19 BENEFITS OF ORGANIC FARMING

» Green manuring of legumes contributes about 50-84 Kg N/ha to
sugarcane crop.

* The use of organic manure directly supplies macro and micronutri-
ents and indirectly improves the physico-chemical, biological prop-
erties of soil.

* Organic manure reduces the leaching losses of nitrogen.

* The decomposition of organic matters liberates CO, leading to a
lowering of soil pH and solubilization of P, K, and other nutrients.

» Use of organics opens the tilth of clayey soils and thereby increases
the aeration.

* Organics and green manuring are specially beneficial in the WHC
and reclamation of salt affected soils.
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ABSTRACT

The light collecting and electron transfer complexes are dynamically dis-
tributed within the thylakoid membrane of Arabidopsis thaliana and assem-
ble into supramolecular structures. Beside the basic structure of PSI and
PSII bound to LHCI and LHCII, respectively, we found that these super-
complexes may interact together to form a stable or transient supracomplex
(PSI-LHCI-PSII-LHCII). This supracomplex is preferentially formed in
an AtWhyl overexpressing mutant affected in chloroplast biogenesis and
may represent an intermediate for energy redistribution and compensation.
Spectroscopic data indeed reveals that the distribution of absorbed energy
is favoured towards photosystem I in the mutant as evidenced from the
absence of a transition from state 2 to state 1. Besides, the absorbed light
energy is also efficiently dissipated via non-photochemical quenching as
photosystem Il is down-regulated, a key process that operates when plants
have to deal with extreme stress conditions. Several intermediates of this
supracomplex containing only the core complexes of PSI and PSII with or
without the PSI antenna (LHCI) have been observed. Furthermore we show
that large populations of PSI are bound to LHCI and LHCII, supercom-
plexes known to be formed under energy state transition. The distribution
between these forms varies in abundance, suggesting their oligomerization.

11.1 INTRODUCTION

The proteome of the chloroplast has been extensively investigated during
the last few years, mostly by high-throughput mass spectrometry coupled to
traditional two-dimensional electrophoresis (IEF). In these studies, several
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alternative approaches for efficient recovery of non redundant proteins have
been used. These studies targetted the soluble proteins comprised in the free
space of the chloroplast and the hydrophobic proteins enclosed in the thyla-
koid membranes and the envelope [1-5]. This led to the resolution of native
complexes present in the photosynthetic machinery of a wide range of oxy-
gen evolving organisms including Synechocystis, Chlamydomonas [6, 7]
and higher plants such as tobacco, spinach and Arabidopsis [8—12]. In many
reports, particular attention has been paid to the dynamic fate of the photo-
synthetic complexes in order to depict their interactions and reorganization
into supercomplexes under external cues or after mutations [7, 13, 14].

Identification of interactions between macromolecules represents an
important step to understand their actual in vivo function. For example,
stable or transient interactions between macromolecules and their assem-
bly into super molecular organizations often lead to multiple functional-
ities. This provides enzymatic advantages such as substrate channelling,
which in turn may raise the efficiency, specificity and speed of metabolic
pathways. A super organization of macromolecules into supracomplexes,
either by their oligomerization or by interaction with other complexes,
could also lead to several functions being induced and completed simul-
taneously. Knowledge of the composition and structural organization of
supercomplexes could thus provide deeper understanding of metabolic
pathways and cellular processes [13, 15].

Interactions between complexes and their reorganization into super-
complexes have been extensively studied in the mitochondrial respiratory
chain of animals, plants and fungi [16-22]. These studies, which have been
made possible in large part by the emergence and optimization of native gel
systems such as the blue native polyacrylamide gel electrophoresis (BN-
PAGE) [23-25], have contributed to enlarge the current view of the organi-
zation of the respiratory chain. In the chloroplast, little is known about the
physical associations of the photosystem I (PSI), photosystem II (PSII) and
their respective light harvesting complexes (LHCI and LHCII) into super-
complexes in the photosynthetic membrane organization. Dynamic fates of
their reorganization under intrinsic or extrinsic cues that affect chloroplast
biogenesis are only starting to unfold [7, 26, 27]. In this work, we revisited
the native proteome of the photosynthetic machinery from freshly isolated
chloroplasts of full photosynthesis-adapted plants of Arabidopsis thaliana.
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Using BN-PAGE coupled to nano liquid chromatography mass spectrome-
try (nanoLC-MS), we found an arrangement of the photosynthetic machin-
ery that is similar to that described previously [9-12]. However, we also
obtained evidences of new organizations of the classical photosynthetic
super complexes into more complex systems. This includes the identifica-
tion of several populations of the supercomplex PSI-LHCI-LHCII involved
in energy state transition. In addition, taking advantage of an Arabidopsis
mutant line altered in chloroplast biogenesis, an induction of a supracom-
plex comprising PSI, LHCI, LHCII, and PSII has been identified. The Ara-
bidopsis mutant is an overexpressor of the plastid targeted single-stranded
DNA binding Whirly protein encoded by the AtWhyI gene [28, 29, 30, 31].
This supracomplex, isolated as a single band, is more probably favoured
upon chloroplast decay caused by the overexpression of the Whirly protein.

11.2 METHODS

Unless otherwise mentioned, all chemicals were purchased from BioShop
Canada Inc. (Burlington, Ontario, Canada). Primers, vectors and restriction
enzymes were from Invitrogen Canada Inc. (Burlington, Ontario, Canada).
6-aminohexanoic acid, n-dodecyl-pB-D-maltoside and Coomassie Brilliant
Blue G-250 were from Sigma-Aldrich (Oakville, Ontario, Canada).

11.2.1 PLANT MATERIAL

The Arabidopsis seeds, wild type and mutant lines, of Columbia (Col-0)
ecotype were sown on soil (Agromix 20, Fafard Inc., Agawam, Massachu-
setts, USA) in individual pots and kept for three days at 4°C. The plants
were grown in the growth chamber under 16 hours light and 8 hours dark
(long day conditions) under normal light intensity (150 pmol photons/m?%/s)
at 22°C.

11.2.2 PRODUCTION OF PLANTS CONSTITUTIVELY
OVEREXPRESSING PLASTIDIAL WHIRLIES

Six copies of the c-myc epitope were amplified by PCR from the pCR-blunt-
II-TOPO-myc vector (kind gift of Dr. Jeff L. Dangl) using the following



Supermolecular Organization of Photosynthetic Complexes in Arabidopsis 301

primers: 5’-CCCAAGCTTGCCCTTCCGGTCGACAAAGCTATG-3’ and
5’-CCGCTCGAGTCATCGATTTCGAA CCCGGGGTAC-3’. The ampli-
con was then digested with HindIII and Xhol and cloned into a pBS-SK(+)
vector. The full length AtWhyl was amplified from cDNA using the follow-
ing primers: 5’-CGGGATCCATGTCGCAACTCTTATCGACTCCT-3’and
5’-AACTGCAGTCT ATTCCATTCATAGTCTCCTCC-3’. The amplicon
was subsequently digested with BamHI and Xhol restriction enzymes and
cloned in frame with the c-myc epitopes in the pBS-SK(+)-6-c-myc vec-
tor. The tagged AtWhyl was then reamplified using the following prim-
ers: 5’-TCTAGAAGGCCTATGTCGCAACTCTTATCGACTCCT-3’and
5’-GGATCCACTAGTTC ATCGATTTCGAACCCGGGGTAC cloned
into the Xhol and BamHI sites of a pGREENII022935S vector [32]. The vec-
tor was cotransformed with a pSOUP vector into a GV3101 pMP90 Agro-
bacterium tumefaciens strain. Plant transformation was carried out using
the floral dip approach as described [33]. Transformed plants were selected
on soil using the BASTA resistance conferred by the pPGREENII0229 vec-
tor. The phenotype presented here appeared in the second generation of
plants (T2) in homozygous individuals of lines expressing a high level of
the transgene. Plants of the third and subsequent generations derived from
one of these lines were used for the experiments presented here.

11.2.3 ISOLATION OF CHLOROPLASTS

The chloroplasts were isolated from 6 weeks old Arabidopsis plants. The
timing for the chloroplast isolation was respected i.e. the extraction and
purification procedures were always performed at mid-day, therefore after a
6 hours light period, representing full photosynthesis activity in planta. The
leaves were harvested and ground in ice-cold grinding buffer containing 50
mM HEPES pH 7.3, 0.33 M sucrose, 1 mM MnCl,, 1 mM MgSO,, 2 mM
EDTA, 5 mM 6-aminohexanoic acid, 10 mM B-mercaptoethanol and 0.1%
(w/v) BSA using a Waring blender. All further procedures were carried out
at 4°C. The homogenate was filtered through Miracloth (Calbiochem, Mis-
sissauga, Ontario, Canada) and centrifuged for 10 min at 1000 g. The pellet
was resuspended in grinding buffer without reductant and BSA (wash buffer)
and the chloroplasts were further purified on a step gradient of 40-75% (v/v)
Percoll (Amersham-Pharmacia Biotech, Baie-d’Urfée, Québec, Canada) in
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wash buffer. The gradient was centrifuged at 6000 g for 30 min and the
chloroplasts were collected at the interface of the gradient. The chloroplasts
were washed twice in wash buffer followed by centrifugation at 1000 g for
10 min. The pellet was resuspended at 4°C in membrane solubilization buf-
fer containing 750 mM 6-aminohexanoic acid, 0.5 mM EDTA and 50 mM
Bis-Tris-HCI, pH 7.0. Protein content was determined using the Bradford
reagent (Bio-Rad Laboratories, Inc., Mississauga, Ontario, Canada).

11.2.4 FRACTIONATION OF CHLOROPHYLL-PROTEIN
COMPLEXES BY BN-PAGE

n-dodecyl-f-D-maltoside was added to the purified chloroplasts at a final
concentration of 1% (w/v). The suspension was immediately centrifuged
at 25,000 g for 10 min. The solubilized complexes were subsequently
analyzed by 1D Blue-native PAGE without prior storage at —80°C. The
supernatant enriched with complexes was supplemented with a 5%
(w/v) stock solution of Coomassie Brilliant blue G-250 (Fluka-Sigma)
in membrane solubilization buffer to a final ratio of 1:3 (w:w) to deter-
gent, and subjected to BN-PAGE according to Schigger and von Jagow,
(1991), excepted that the separating gel consisted of a linear gradient of
5-13% (w/v) acrylamide and a stacking gel of 4.5% (w/v) acrylamide.
The cathode buffer, kept at 4°C, was freshly prepared and contained
50 mM Tricine, 15 mM Bis-Tris pH 7.0, 0.02% (w/v) Coomassie blue
G-250, and 0.02% (w/v) n-dodecyl-B-D-maltoside. Electrophoresis was
carried out at 4°C and set at 140 V overnight for standard medium gels.
After electrophoresis, the gels were fixed in 12% (w/v) trichloro-acetic
acid for at least 1 h and stained with Coomassie according to Ref. [23].

11.2.5 IDENTIFICATION OF THE CHLOROPLAST
PHOTOSYNTHETIC SUPERCOMPLEXES

Coomassie stained bands were carefully excised under a laminar flow
hood to minimize keratin contamination. Bands were subsequently reduced
with dithiothreitol and alkylated with iodoacetamide before digestion with
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trypsin. The corresponding tryptic peptides were analyzed by nano liquid
chromatography mass spectrometry (nanoLC-MS) using a NanoAcquity
UPLC system interfaced with a Q-TOF Premier spectrometer via a nano-
electrospray interface (Waters, Milford, MA). LC separations were per-
formed using custom made C ; pre-column (5 mm x 300 mm i.d. Jupiter
3 mm, C, ) and an analytical column (10 cm x 150 mm 1.d., Jupiter 3 mm
C,,)- Sample injection was 5 uL, and tryptic digests were first loaded on the
pre-column at a flow rate of 4 uL/min and subsequently eluted onto the ana-
lytical column using a gradient from 10% to 60% aqueous acetonitrile (0.2%
formic acid) over 56 min with a flow rate of 0.6 uL/min. External calibra-
tion of the instrument was made using a Glu-Fib B (Sigma) solution of 83
fmol/L. Data-dependent acquisition of MS-MS spectra was obtained for up
to three precursor ions per survey spectrum using argon as a target gas, with
collision energies ranging from 20 to 45 eV (laboratory frame of reference).
Fragment ions formed in the RF-only quadrupole were recorded by a time-
of-flight mass analyzer. MS/MS spectra acquired from LC-MS/MS analy-
ses were processed using Mascot Distiller (version 2.1.1.0, Matrix Science)
to reduce spectral redundancy and to correctly identify precursor m/z from
survey scans. Data base searches were performed against a non-redundant
NCBI database (3310354 entries) (version 3.24, released 20060303) using
Mascot version 2.1 (Matrix Science, London, UK) and selecting Arabidop-
sis thaliana species. Parent ion and fragment ion mass tolerances were both
set at +/— 0.1 and 0.4 Da, respectively.

11.2.6 CYTOLOGY

Hand-made thin sections of fresh leaves from 4 weeks-old plants were
examined in sterile water. The chloroplasts morphological fate was exam-
ined by the visualization of their chlorophyll autofluorescence at 575-630
nm using a laser scanning confocal microscope (Olympus FV300, America,
Melville, NY). Excitation wavelength for the chlorophyll was at 543 nm.
Fully expanded young leaves were used for the determination of chlo-
roplast density per leaf area. Chloroplasts were rapidly isolated with equal
volumes of grinding buffer from equal leaf area using a cork borer. The
number of chloroplasts was estimated using an improved Neubauer cell
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counting chamber (Weber Scientific International, Cambridge, UK). In this
experiment, only non-altered chloroplasts were taken into consideration.

11.2.7 WESTERN BLOT ANALYSIS

Proteins separated by SDS-PAGE were electro-blotted onto nitrocellulose
membrane (Amersham Hybond ECL, Baie-d’Urfée, Québec, Canada)
using a semi-dry transfer apparatus (Bio-Rad laboratories Ltd., Missis-
sauga, Ontario, Canada). The membranes were blocked with 5% milk
(w/v), incubated with primary antibody for about 2 hours in Tris-buffered
saline (TBS) supplemented with 0.05% (v/v) Tween-20. After washing,
the membranes were incubated with an anti-rabbit IgG peroxidase-conju-
gated secondary antibody (Jackson Immunoresearch Laboratories, West-
grove, PA, USA) for the detection of the Rubisco large subunit or with
an anti-mouse IgG peroxidase-conjugated secondary antibody (Jackson
Immunoresearch Laboratories, Westgrove, PA, USA) for the detection of
the c-myc epitope. Immunolabelling was detected by chemiluminescence
(Pierce, Brockville, Ontario, Canada) and exposure to Kodak Bio-Max
ML films (PerkinElmer, Woodbridge, Ontario., Canada).

11.2.8 CHLOROPHYLL FLUORESCENCE

Chlorophyll fluorescence from detached leaves was measured with a pulse
amplitude modulated fluorometer (PAM 101-103; Walz, Germany) as
described previously [34]. In all measurements, plants were dark adapted
for at least 3 hours before detecting F_ with a weak measuring light modu-
lated at 1.6 kHz that does not initiate charge separation in PSII. The maxi-
mal level of fluorescence (F ) was determined with the application of
800-ms width white pulse of about 5600 umol m2s! photon flux den-
sity (Schott KL 1500; Walz, Germany) which was sufficient to saturate
fluorescence yield. State 2 was induced by exposure of a leaf to a beam
of white light from KL 1500 filtered through a Schott BG39 (with 80%
transmittance around 500 nm and no transmittance beyond 600 nm). The
intensity of this blue light was about 100-120 umol m2s™' as measured
with LI-250 light meter (Li-Cor, Lincoln, Nebraska, USA). A beam of
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white light passed through a Schott RG-9 filter (far-red light, PFD 120-
130 umol m2s™") was used to induce state 1 transition. Under steady state
level of fluorescence, a saturating white pulse was applied to measure the
yields of F_ and F_, respectively. The relative change in fluorescence, F,
was determined from F_= [(F. - F) — (F .~ F )I/F. - F, [34], wherein F
and F, correspond to the fluorescence in the presence of far-red light in
states 1 and 2, respectively. The parameters, F and F , are the fluorescence
observed in the absence of far-red light in states 1 and 2, respectively.

11.2.9 LOW TEMPERATURE FLUORESCENCE EMISSION
SPECTRA

Low temperature (77 K) spectra of fluorescence emission were recorded
with a Perkin-Elmer LS55 spectrofluorometer equipped with a red-sensi-
tive photomultiplier R928 as described previously [35, 36]. Chlorophyll
fluorescence was excited at 436 nm and emission spectra were corrected
according to the photomultiplier sensitivity using the correction factor
spectrum provided by Perkin-Elmer. Thylakoids were suspended in a
medium containing 30 mM Hepes NaOH (pH 7.6), 100 mM sorbitol, 5
mM MgClL,, 10 mM NaCl, 20 mM KCl and 60% glycerol (v/v) to a final
concentration of 5 pg Chl/mL. State 2 transition was induced by incubat-
ing a thylakoid suspension under blue illumination for 15 min in the pres-
ence of 10 mM NaF and 0.4 mM ATP. State 1 transition was achieved by
illuminating a thylakoid suspension with far red light for 15 min.

11.3 RESULTS
11.3.1 PHOTOSYTHETIC COMPLEXES NATIVE-PROTEOMICS

Eighteen bands containing photosynthetic complexes were reproducibly
observed after separation of the chloroplast proteins by BN-PAGE (Fig-
ure 11.1). These protein complexes were highly resolved and delimited
as clearly visible green bands with little background in the gel, suggest-
ing that the complexes had been well preserved throughout the proce-
dure. The green bands were excised from the gel and subjected to in-gel
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FIGURE 11.1 Chloroplast photosynthetic machinery from 6 weeks old Arabidopsis
wild type Col-0 resolved by BN-PAGE. The gel was loaded with proteins from the
solubilized complexes after detergent treatment of the chloroplasts. Native complexes or
supercomplexes correspond to the bands numbered 1 to 18.

trypsin digestion. The resulting peptide fragments were further analyzed
by nano liquid chromatography coupled to electrospray ionization tan-
dem mass spectrometry (nanoLC-MS/MS). Each band contained many
protein subunits with high identity score and most of them matched a
predicted Arabidopsis protein sequence having a known function (Table
11.1). No protein belonging to mitochondria or other cellular organelles
was identified in these experiments, indicating the high purity of the iso-
lated complexes. Almost all of the proteins identified are of chloroplast
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origin and are part of various complexes of the photophosphorylation
machinery.

Table 11.2 indicates which complex corresponds to each band in the
gel shown in Figure 11.1. The pattern of BN-PAGE complexes is generally
conserved as compared to that found in other species [6—12]. However in
our conditions, where the chloroplasts are isolated under full photosynthe-
sis period, there are marked variations in the make up of these complexes.
The results show that several of them are organized into supercomplexes,
which may be generated either by their own oligomerization or by interac-
tion with other complexes. To simplify the analysis, data from Table 11.1
were extracted and plotted as the number of subunits found in all bands for

TABLE 11.2 Identification of Supercomplexes Separated by BN-PAGE from Isolated
Arabidopsis Chloroplasts Using nanoLC-MS/MS

BN-Gel bands Supercomplexes

1 PSI/LHCI/LHCII

2 PSI/LHCI/LHCII

3 PSI/LHCI

4 PSI/LHCI/PSII/LHCII/Catalase

5 PSI/LHCI/LHCIT

6 PSI/LHCI/LHCII

7 PSI/LHCI/LHCII/ATPase

8 PSI/LHCI/PSII/ATPase

9 PSI/PSII/ATPase/Catalase

10 PSII/CF1/Catalase

11 CytB6f/PSII/ATPase

12 CytB61/PSII/ATPase

13 CytB6{/PSI/LHCII/ATPase

14 PSI/PSII/ATPase

15 CytB6f/PSII/LHCII/ATPase

16 CytB6f/LHCII/LHCI/ATPase/FstH protease Complex
17 PSII/LHCII/ATPase/FstH protease complex
18 LHCII/PSII/ATPase
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each of PSI, PSII, LHCI, and LHCII (Figure 11.2). Under our growth con-
ditions, photosystems are organized in different clusters where they vary
in abundance. Results show that PSI was always associated with other
components of the chloroplast photosynthetic machinery. Similar results
were observed for PSII, although in some cases, it accumulated without
the light harvesting complexes (Figure 11.2G). Two classical photosystem
supercomplexes were identified. They contain basically the reaction cen-
ters subunits associated with the light harvesting complexes (PSI-LHCI
and PSII-LHCII; Figure 11.2A and 2B, respectively). The basic PSI-LHCI
supercomplex, which has been identified by others [8, 11, 12], was pres-
ent only as a single band (band 3 in Figure 11.1). PSII-LHCII, the other
basic super complex, was present in many other bands (bands 13, 15, 17
and 18 in Figure 11.1). These different forms of the super complex PSII-
LHCII may represent the various forms of PSII oligomerization reported
in the previous work [37]. Figure 11.2C reveals another supercomplex that
migrated in the gel at different positions but contained similar components.
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FIGURE 11.2 Composition of the photophosphorylation machinery supercomplexes
found in Arabidopsis chloroplasts (A—H). Number of protein components of a specific
photosynthetic complex found in each supercomplex are added together and plotted against
the corresponding complex. Error bars represent the variability of the number of subunits
of the complexes represented at different positions in the gel.
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It is present in bands 1, 2, 5, 6 and 7 in Figure 11.1, which may represent
different oligomerization forms. Subunits for PSI, LHCI and LHCII are
abundant in this super complex, which suggests that it could represent the
theoretical super complex that was shown to accumulate during state tran-
sition (state 2) when LHCII migrates from PSII to PSI in a reversible man-
ner [38]. Figure 11.2 also revealed another new super complex containing
the components required for light absorption, electron transfer and water
splitting (Figure 11.2D, band 4 in the gel). This complex contains PSI and
PSII, the light harvesting complexes LHCI and LHCII as well as catalase
(see Table 11.1). However this super complex was barely detectable in
the Col-0 ecotype under normal photosynthetic conditions, suggesting its
instability or low abundance in the thylakoid membranes. Several interme-
diates of this super complex were also isolated. The first intermediate lacks
LHCII (Figure 11.2E, band 8 in the gel) and is composed only of subunits
of PSI, PSII and LHCI. This intermediate is very abundant and may rep-
resent the major form of the photosynthetic machinery at the protein level
(Figure 11.1, band 8). The second and third intermediates contained only
PSI and PSII (Figure 11.2F) or only PSII reaction center subunits (Figure
11.2G). These forms of PSII may represent intermediates of the photoinhi-
bition-repair cycle, which consists of permanent disassembling, repair and
activation of damaged PSII centers (see [39] for a review). Similar to the
association of PSI and PSII, light harvesting complexes were also found to
be associated together as a super complex (Figure 11.2H).

11.3.2 EFFECT OF THE ALTERATION OF CHLOROPLAST
BIOGENESIS ON THE ORGANIZATION OF
PHOTOSYNTHETIC COMPLEXES

While studying the function of the chloroplast targeted single-stranded
DNA binding protein AtWhyl [28-30], we isolated a chloroplast over
expresser (OEX1) mutant line (Figure 11.3A) with a variegated pale-green
phenotype reflecting chloroplast anomalies. This line provided a tool to
verify whether chloroplast biogenesis failure would be linked to any quan-
titative or qualitative variations in the super complexes observed in Arabi-
dopsis wild type Col-0.
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FIGURE 11.3 (a) Western blot analysis of the expression of the AtWhy1-c-myc construct.
The antibody raised against the c-myc epitope shows the constitutive overexpression of
AtWhy! at the protein level. Equal protein loading was controlled by the immunodetection
of the expression of the stromal large subunit of Rubisco (RbcL)., B-F. Morphological
and cytological characterization of the Arabidopsis AtWhyl overexpressor mutant (OEX1)
compared with wild-type Arabidopsis (Col-0). Photographs of five week-old plants grown
in soil under normal conditions as described in methods (B). Confocal microscopy scanning
of sections from the first leaf pair of 5—-6 weeks-old plants. The chloroplasts are visualized
as red spots (chlorophyll auto-fluorescence) within the cells (C). Epifluorescence (D) and
phase-contrast (E) microscopy of isolated chloroplasts visualized at a magnification of
100X., F. Comparison of chloroplast content in Col-0 and OEX1 leaves. The chloroplasts
were isolated from the same amount of starting fresh leaf material.

Under normal light and temperature growth conditions (150 pmol
photons m™ s™!, 16 hours light photoperiod at 22°C), the AtWhy1 over-
expressing plants grew slower than the wild-type Col-0 and showed
leaf pigmentation defects (variegated appearance) and pale green-phe-
notype (Figure 11.3B). Germination of seeds was not affected in the
mutant and visual inspection did not reveal any drastic change in their
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production and yield as compared with wild-type (not shown). This sug-
gests that the alteration of the phenotype was mostly restricted to green
tissues and was linked to chloroplast biogenesis during plant develop-
ment. To further characterize the vegetative phenotype, leaf sections
and isolated chloroplasts were analysed by confocal microscopy. In
wild-type plants, the chlorophyll red auto-fluorescence revealed near
homogeneous and well shaped chloroplasts, whereas in OEX1, the
intensity of the chlorophyll auto-fluorescence was weak, with only a
few chloroplasts showing bright chlorophyll auto-fluorescence (Fig-
ure 11.3C). These results indicate that either the chloroplast number is
altered or the amount of chlorophyll antenna within the photosynthetic
complexes is reduced. Isolation of the chloroplasts from leaf tissue
followed by their examination by epifluorescence and phase-contrast
microscopy confirmed that chloroplast number and shape were altered
in OEX1 (Figure 11.3D-F). These results indicate that chloroplast bio-
genesis or development is affected by the over expression of AtWhy1
in Arabidopsis.

The pattern of migration of the photosynthetic complexes in Col-0 and
OEXI1 was compared by 1D BN-PAGE by loading protein samples either
on the basis of the same amount of total proteins released after chloro-
plast solubilisation with the detergent, n-dodecyl-B-D-maltoside (Figure
11.4A), or on the basis of total chloroplast proteins extracted from equal
mass fresh weight of leaf tissue (Figure 11.4B). On the basis of equal
protein load, the overall band pattern was similar in both OEX1 and Col-
0, except for band 4, which was more abundant in OEX1. Sequencing of
this band from OEX1 confirmed that it corresponds to the supracomplex
PSI-LHCI-PSII-LHCII described above (see Figure 11.2D). The differ-
ence in abundance of complexes between Col-0 and OEX1 was more evi-
dent when gels were loaded on the basis of equal initial leaf fresh weight
(Figure 11.4B). Under these conditions bands 5, 6,7, 11, 12, 13, 14, 16 and
18 were the most reduced in intensity, while band 15 was barely affected.
These results are in agreement with the cytological analysis of OEX1
showing a net defect in the biogenesis of the photosynthetic apparatus
and suggest that the complex present in band 4 (PSI-LHCI-PSII-LHCII
supracomplex), reflects a rearrangement of the photosynthetic apparatus
in this line.
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FIGURE 11.4 Chloroplast photosynthetic machinery from 6 week-old Col-0 and OEX1
plants resolved by BN-PAGE. The gels were loaded either on the basis of the same amount
of proteins from the solubilized complexes after detergent treatment of chloroplasts (A)
or on the basis of total proteins extracted from the same amount of starting leaf material
for chloroplast isolation (B). Native complexes or supercomplexes are visualized as bands
numbered from 1 to 18.

11.3.3 CHANGES IN THE DISTRIBUTION OF EXCITATION
ENERGY BETWEEN PHOTOSYSTEMS FOLLOWING ALTERED
CHLOROPLAST BIOGENESIS

The distribution of absorbed light energy between PSII and PSI is effi-
ciently balanced to maximize the photosynthetic electron transport. In this
process, LHCII, a mobile fraction of the peripheral antenna complex, plays
a key role. Thus it was of interest to understand how a new rearrangement
of the photosynthetic apparatus, caused by the formation of the supra-
complex PSI-LHCI-PSII-LHCII in OEX1 would influence the excitation
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energy distribution between the photosystems. Figure 11.5 shows the
evolution of chlorophyll fluorescence from dark-adapted leaves of Col-0
and the OEX1 line after induction of state 1 or state 2 transition upon
preferential excitation of PSI with far-red light or PSII with blue light,
respectively. Before induction, the basal level of fluorescence (F ), that
indicates the openness of the PSII centers and the maximum fluorescence
signal (F_) were determined. Because of the increased F_level, F , the

F
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Col-0 State 1 State 2
N
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OEX1
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ML BL FR

Chlorophyll fluorescence {a.u)

FIGURE 11.5 State transitions in Arabidopsis Col-0 and OEX1. Blue light (BL) and blue
light together with far-red light (FR) were used to induce transitions to state 2 and state 1,
respectively. Fo, the basal level of chlorophyll fluorescence was measured a few seconds
after the weak modulated measuring light (ML) was switched on. FmD, the maximal
fluorescence, was induced by an 800-ms width white saturating pulse in dark-adapted leaf.
Fm1 and Fm2 are the yields of maximal fluorescence with the saturating white pulse in
state 1 and state 2, respectively. Upward and downward arrows indicate the switching on
and termination of ML, BL and FR, respectively. Inset: Fr is the change in fluorescence
upon a re-distribution of the absorbed light energy between the photosystems during state
transitions.
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variable fluorescence (=F_,—F ), markedly decreased in the OEX1 plants
(Figure 11.5). Once the fluorescence was relaxed to its basal level, leaves
were exposed to blue light so that PSII centers could be excited preferen-
tially. Col-0 leaves showed the expected kinetics of fluorescence rise and
decay that occurs before the onset of steady state conditions. However, in
leaves of OEX1 plants the yield of fluorescence observed shortly after its
rise to the maximum declined well below the observed F_ (Figure 11.5).
In order to induce transition from state 2 to state 1, PSI centers were then
preferentially excited with far-red light. The maximal fluorescence yield
in state 1 (F_ ) was determined with a saturating white pulse. Then, the
far-red light was switched off and the yield of maximal fluorescence in
state 2 (F ) induced by blue light was measured. The yields of F_ and F |
obtained with Col-0 and the pattern of the fluorescence yield, relative to
the sequence of light events, are consistent with earlier observations made
with Arabidopsis (Figure 11.5). Also, in all Col-0 leaf samples tested, F_|
was always higher than F_ . By contrast, the yields of F_ and F_, were
almost identical in the OEX1 line (Figure 11.5). These results indicate that
the energy distribution between the photosystems is markedly altered in
the OEX1 line. This was confirmed by measuring the relative change in
fluorescence (F ), which represents the redistribution of excitation energy
between photosystems during state transitions; see Materials and Methods
section). Figure 11.5 (inset) indicates that the state transitions involved in
balancing the light energy distribution between PSII and PSI centers are
modified to the extent of about 25% in OEX1 plants.

Since the yields of maximal fluorescence measured with a white satu-
rating pulse remained the same under state 1 or state 2 in the OEX1 leaves,
it can be assumed that the mode of transition from state 2 to state 1 is being
altered. This was verified by measuring fluorescence emission from PSII
and PSI in isolated thylakoids at low-temperature (77K). Before detecting
the emission of fluorescence, the induction of state 1 and state 2 was car-
ried out as described above. The low temperature fluorescence emission
spectra presented in Figure 11.6 were normalized at 685 nm, which corre-
sponds to the fluorescence that originates from PSII complexes. In Col-0,
transition from state 2 to state 1 induced by far-red light is illustrated by
the profound decrease in the fluorescence emission at 725—735 nm, attrib-
uted to fluorescence that emanates from the PSI centers (Figure 11.6). This
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FIGURE 11.6 Low temperature fluorescence emission spectra recorded from thylakoid
membranes isolated from Arabidopsis Col-0 (upper panel) or OEX1 (lower panel) and kept
in state 1 (solid line) or state 2 (dashed line).

clearly indicates that the excitation energy is re-distributed from the PSI
to the PSII centers when the samples are subjected to state 1 transition.
Under the same conditions, the fluorescence emission corresponding to
PSI centers was not significantly changed in the thylakoids from OEX1.
This indicates that the mutant plants are unable to adapt to state 1, as their
photosynthetic membranes remain in state 2 under the light conditions
employed, and which probably reflects the new organization of the pho-
tosynthetic membranes as a consequence of the PSI-LHCI-PSII-LHCII
supracomplex integration.
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11.4 DISCUSSION

In higher plants, light energy conversion into chemical energy is medi-
ated by four large complexes. These multiprotein complexes, PSI, PSII,
Cytochrome b f'and CF CF ATP-synthase, are embedded in the thylakoid
membrane where the biophysical reactions of photosynthesis take place.
Evidences show that both PSI and PSII are structured into large super-
complexes with variable amounts of the membrane-bound light harvesting
complexes LHCI and LHCII respectively. Further, these supercomplexes
have a tendency to associate into megacomplexes (for a review see Ref.
[14]. However, despite the wealth of information available on these multi-
proteins complexes, their supramolecular organization in the membrane
remains unclear. In the present study, we show a special organization of
the light conversion machinery in higher plants resolved by means of
BN-PAGE, a technique for membrane complexes isolation. The findings
suggest that the occurrence of photosynthetic complexes in the thylakoid
membrane is dynamic and that they are distributed as supramolecular
structures. We found several types of these supercomplexes, including the
basic PSI-LHCI and PSII-LHCII complexes which may interact together
to form a stable or transient supracomplex (PSI-LHCI-PSII-LHCII). This
supracomplex is abundant in an AtWhy1 overexpressing mutant affected
in chloroplast biogenesis. Minor intermediates of this supracomplex were
found to contain only the core complexes of PSI and PSII together with
or without PSI antenna (LHCI). Furthermore, spectroscopic data indeed
revealed that the distribution of absorbed energy is favoured towards pho-
tosystem [ in the mutant as evidenced from the absence of a transition from
state 2 to state 1. Finally, the accumulation of a large population of PSI-
LHCI-LHCII supercomplexes observed in this work is known to occur
under energy state transition during photosynthesis acclimation [38].

11.4.1 POSSIBLE PHYSICAL INTERACTION BETWEEN PSI-LHCI
AND PSII-LHCII SUPERCOMPLEXES

The continuous disassembly and reassembly of PSII involves dynamic
relocation of its reaction centers to different membrane domains. PSII can
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be found in different forms in terms of its subunits, oligomerization and
complex formation with other components, making it very heterogeneous
in vivo [37]. A striking finding from the present study is that PSII can also
be associated physically with PSI to form a supracomplex (PSI-LHCI-
PSII-LHCII). Such an association is likely to optimize light absorption
and its utilization in vivo by favouring efficient energy redistribution
between the two photosystems. It has long been assumed that PSI and
PSII are physically separated in the thylakoid membranes. It was recently
shown, however, that PSI and PSII fractions could be localized to the
same thylakoidal domains [37], although a direct physical association
between the two complexes was neither reported nor discussed in detail
previously. Ciambella and coworkers [12] have noticed the existence of
two high molecular weight supercomplexes comprising PSI and PSII pro-
teins which were highly expressed in dicots (tomato) but less expressed
in monocots (barley). In Prochloron didemni (a class of cyanobacteria)
have separated on sucrose density gradient, three thylakoid membrane
fractions solubilized with -dodecyl maltoside. Two of these fractions con-
tained photosynthetic supercomplexes associated or not with chlorophyll-
binding proteins (Pcb). Beside these fractions which contained either PSI
or PSII-Pcb supercomplexes, a third fraction contained a mixture of PSI
and PSII. In the present study the PSI-LHCI-PSII-LHCII supracomplex
accumulated to higher levels in the OEX1 line than in Col-0 and this cor-
related with a global decline in all other complexes, specifically those
containing subunits of PSII. This suggests that a re-arrangement of PSII
into a new organization is favoured in response to chloroplast alteration
in this mutant. A parallel could be made with the dynamic reorganizations
of photosynthetic complexes under environmental stress that have been
reported in cyanobacteria, where it was shown that iron deficiency causes
the accumulation of a giant chlorophyll-protein supercomplex [26]. In
Chlamydomonas reinhardtii, alteration of culture media was shown to
lead to dynamic responses of the photosynthetic system. Differences in
PSI organization were shown to occur in cells grown under photoauto-
trophic or photomixotrophic (photoautotrophic condition supplemented
with acetate as a second source of carbon) conditions [7]. These features
shed new light on the association of the reaction centers and the light-
harvesting complexes. Altogether, these evidences may account for the
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flexibility and physiological adaptation of the photosynthetic apparatus
in response to the genetic background and external cues.

11.4.2 PSI-LHCI-LHCII SUPERCOMPLEX

In addition to the supracomplex PSI-LHCI-PSII-LHCII, a large population
of the supercomplex PSI-LHCI-LHCII has been isolated from Col-0 chlo-
roplasts by BN-PAGE. Theoretically, the physical association between the
basic PSI-LHCI supercomplex and the LHCII complex occurs under state
2 of energy transition between the two photosystems. It is postulated that
in this particular situation, LHCII dissociates from PSII, migrates laterally,
and transfers excitation energy to PSI. The reverse process likely takes
place when plants are shifted to state 1, which is thought to be the mecha-
nism for redistribution of excitation energy between PSI and PSII [38].

Several attempts have been made to isolate the PSI-LHCI-LHCII super-
complex in higher plants [47, 48]. Using 2-dimension BN-PAGE, [11]
noticed the co-migration of subunits of PSI, LHCI and LHCII, which sug-
gested the existence of such a supercomplex. However, the complex has not
yet been purified from higher plants. The difficulties encountered in isolating
this super complex may be linked to a possible loose binding of the mobile
LHCII protein(s) to the PSI core under state 2 of energy transition and also to
the small amount of energy redistribution occurring in higher plants [27]. In
Chlamydomonas, where the amount of energy redistribution is much higher,
Takahashi and coworkers [27] have succeeded in purifying the PSI-LHCI-
LHCII super complex using sucrose gradient separation of digitonin-solubi-
lized membranes. Our results now provide new biochemical evidences for
the existence of such a super complex in higher plants. Four populations of
this supercomplex were resolved by BN-PAGE, which may account for their
oligomerization. The highest molecular weight species harbours all subunits
of LHCII that are associated with PSI in Chlamydomonas. These include a
major monomeric type II LHCII protein which could have the same role as
ThebMS (type II) in Chlamydomonas and for which no homologue has been
found in higher plants [27]. Furthermore, our data suggest that two minor
monomeric LHCII proteins, CP29 and CP24, which have long been consid-
ered to associate solely with PSII, may also shuttle between PSI and PSII in
higher plants.
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11.4.3 POSSIBLE PHYSIOLOGICAL DYNAMICS OF THE
PHOTOSYNTHETIC SUPERCOMPLEXES

Figure 11.7 summarizes the occurrence of the different supercomplexes
found in this work. Our findings suggest a dynamic interaction between
the photosynthetic supercomplexes and their organization into supracom-
plexes. This may occur in planta either permanently or transiently under
some particular physiological cues such as energy redistribution through
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FIGURE 11.7 Model for the dynamic interactions between photosynthetic
supercomplexes and their organization into supracomplexes. The basic supercomplexes,
PSI-LHCI and PSII-LHCII may interact together to give rise to a supracomplex (PSI-
LHCI-PSII-LHCII). The formation of this supracomplex may be considered as a transitory
adaptation device for the maximum absorption and conversion of light. This supracomplex
may split and give rise to intermediates which in turn may serve as precursors for the
reconstitution of this supracomplex in a reversible manner. On the other hand, the free
LHCII may integrate the supercomplex PSI-LHCI to give rise to another supracomplex
PSI-LHCI-LHCII which is predicted to accumulate under state 2 of energy transition
during photosynthesis.
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the thylakoid membranes. The basic supercomplexes are formed by PSI-
LHCI and PSII-LHCII (A-B). This corresponds to state 1 conditions in
Col-0 induced by far-red light as shown in Figures 11.5 and 11.6. This
model also incorporates the classical form of state 2 transition of pho-
tosynthesis as shown in Col-0 (Figures 11.5 and 11.6). The transition is
represented by the movement of LHCII, originating from PSII-LHCII, to
PSI-LHCI, giving rise to the PSI-LHCI-LHCII supercomplex (C). Then,
these supercomplexes may interact together to give rise to a supracom-
plex under some specific conditions which are limiting photosynthetic
efficiency and may represent another form of state transition (D). The for-
mation of this supracomplex may be considered as a compensatory device
for the maximum absorption and conversion of light as it is more favoured
in the OEX1 mutant deficient in chloroplast biogenesis. In this respect, it
should be emphasized that the excitation energy distribution between the
photosystems is greatly altered in OEX1 as detected from the fluorescence
spectroscopic data (Figures 11.5 and 11.6). Further, these data revealed that
a transition from state 2 to state 1 is prevented in this case. Clearly, the
above illustrates the origin of fluorescence from membranes which were
predominantly re-organized with PSI-LHCI-PSII-LHCII and PSI-LHCI-
LHCII supercomplexes, since the distribution of the excitation energy is
more favoured towards PSI in order to down-regulate PSII. This supracom-
plex may split and give rise to its intermediates which in turn may serve as
precursors to reconstitute the supracomplex in a reversible manner (E, F).
The finding of different PSII complex species devoid of any form of chlo-
rophyll (G) may represent degradation forms. Unlike other photosynthetic
complexes, PSII operates at high oxidizing potentials and can be easily
damaged, giving rise to photo-inhibition-repair cycle where damaged PSII
centers are continuously disassembled, repaired and finally activated.

11.5 CONCLUSION

In biological systems, the isolation of integrated enzyme clusters, which may
represent the in vivo state, depends largely on the utilization of experimental
designs and technologies that are minimally disruptive. Using BN-PAGE as
amild technique for complexes isolation, our results indicate that the chloro-
plast photosynthetic complexes interact together to form supracomplexes
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such as PSI-LHCI-PSII-LHCII. This molecular organization into supercom-
plexes, compared to an organization where complexes are separated, could
have several advantages, including the promotion of substrate channelling,
catalysis improvement and sequestration of intermediates, thus permitting
rapid transfer reactions through intramolecular functional groups. As for
mitochondria, where the occurrence of supramolecular organization of the
respiratory chain has been confirmed by several means including electron
microscopy, the next step of this work will include the visualization of the
supramolecular organization of the photosynthetic machinery, and confirm-
ation of their existence in other species. Furthermore, as the PSI-LHCI-
PSII-LHCII is more favoured in a chloroplast altered mutant (OEX1), the
occurrence and dynamic fate of this supracomplex could be analysed quan-
titatively and qualitatively under conditions where alterations of the chloro-
plast functions are induced, such as abiotic stress.
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12.1 INTRODUCTION

Germination has a special significance in vegetative propagated crop like
sugarcane, where poor germination leads to gap resulting in low tonnage.
Workers of all over the world have stressed the importance of germination.
Out of different factors affecting important sugarcane yield, germination
accounts only three percent, but its impact in cane culture is significant as
on the basis of the crop from the physiological points of view, it is equally
important as any other phases of the crop [11].

Clements [5] regards germination denoting as activation of sprouting
of undamaged buds together with initiation of roots from root primordial
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on the piece of stalk used as planting material. Van Dillewijin [49] consid-
ers bud as a miniature stem with its growing points and the primordia of
leaves and root, which develop in to new shoots and set roots. The latter
function as such till the young shoots produces their own root system.
Moreover, the success of bud germination depends on a number of factors
viz., temperature, light and water, a certain minimum values of these fac-
tors are essential for proper germination [51].

The transition of the dormant buds into active stage also constitutes
a complex phenomenon character, which includes hormonal balance
and food constituents of seed cane. The morphological and bio-chemical
changes, which ultimately result in the germination of buds are mainly
controlled by two factors, i.e., internal and external. The former com-
prise of the health, age of cane, water content in sett, food reserve, auxin,
enzymes, etc., where as the later includes the soil conditions and environ-
ment, namely aeration, compactness, nutrients, water content, tempera-
ture, humidity, wind velocity, etc., when these factors are favorable the
germination is maximum.

A good germination lays the foundation of the subsequent ratoon crop
as in north India more than 50% of the total cane is ratoon [35]. Unfortu-
nately germination is low in north India [24]. It is 30-—45% of the planted
buds as compared to 70% or more under central and southern India and
still lower in the fields of cultivars [35]. Considering the value of good

12.2 VARIOUS ASPECTS OF GERMINATION IN SUGARCANE

Large number of workers across the country has paid attention to various
aspect of the germination of sugarcane.

12.2.1 APICAL DOMINANCE

Under normal conditions, a bud does not develop until it forms the part of
the living stalk. As long as the growing apex is in the functioning state, the
growing points of the stalk exerts an inhibiting effect on the lateral buds
which are thus kept in the state of dormancy. It is observed that the upper
bud exerts inhibitory effects on lower buds, delaying their germination
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till it is complete in upper one. This is known as top dormancy or apical
dormancy. This phenomenon is closely related with the moisture content
of setts. Punching the internodes and pouring water in to it reduce the
effect of top dominance. Treatments bringing about lessening of auxin or
its disintegration have enhanced the extent of germination further, factors
aiding the reduction of natural hormones either by riding the action of nat-
ural IAA oxidase system by providing a time lag or by some pre planting
treatments like soaking in hot water or by antagonistic action of synthetic
hormones or by lessening or nullifying the effect of apical dominance by
planting one bud setts or by such cultural practices a topping have also
been stressed [44].Germination was maximum in single bud setts where
the apical dominance does not exist where as the minimum germination
was in case of full canes, where the apical dominance was at a high degree
[34]. Apical dominance was related to water content of the setts. In dry
setts it was more distinct.

12.2.2 ROOT INITIATION

The germinating bud is initially dependent upon the sett roots originated
from root primordia, for nutrient and water. In some varieties they develop
prior to shoot in others the situation is reverse. In a comparative study of
one, two and three budded setts, It was observed that rooting and sprouting
in one bud sett was more in the beginning but at the end the and three bud-
ded setts proved superior [32]. Developing shoots develop their own root
system after about three weeks under favorable condition. The mortality
of root was attributed to the competition of shoot roots. It was pointed out
that roots but not the sett roots are associated with growth and yield.

12.3 FACTORS AFFECTING GERMINATION
12.3.1 VARIETY

Wide differences in rate extant of germination of different varieties have
been observed [35] and consequently grouped as early and late sprout-
ing ones. Variation in germination of varieties may be due to varying
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proportions of dry scale on buds, high fiber content, hardness and thick-
ness, waxiness of rind and even certain genetic metabolic and enzymatic
characters [53]. However, varietal differences, morphological characteris-
tics as well as dynamics of metabolic and enzymatic activities and conse-
quently the genetic base of varieties [44] CoS 767, CoS 96261, CoS 8279,
CoSe 01434, have shown good germination.

12.3.2 SETT SIZE

The most suitable length or size of sett (i.e., one, two, three and four
budded) for germination and has been studied by the workers from early
days (Figure 12.1). Since planting is done with cane setts having one or
more buds, the intrinsic stalk and soil characteristics the time of planting
are also of much significance [52]. A positive correlation between aver-
age internodal length and germination percentage of different varieties
have been noted by Suba Rao et al. [45]. The thickness of setts is related
to food reserves of the planting material. Thick cane known to give 5%

\ | 4

FIGURE 12.1 Different sizes of sett size affects germination.
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more germination than the thin cane. Similarly the effect of cane setts
ranging from one budded to eighteen bud has been extensively explored
on germination. The one bud setts results in early start of sprouting, but
after three to four weeks of planting the overall germination is poor owing
to exhaust of food reserves. The two- and three-bud setts not only give
more germination, as also they prove economical and give a good stand
of the crop.

12.3.3 SEED QUALITY OR HEALTH OF CANE

Normally the seed cane quality is judged by the size, thickness, food
reserve and health of the setts, besides the age and standard of crop that
is proposed to be used as planting material. Initially the sprouts draw
their food material from the setts. It is believed that the setts sown from
the crop grown on high nitrogen and water level content did not only
give over 20% more germination, but also improves the yield and sugar
content of the cane [18]. Setts from well-manured and irrigated field gave
23% higher germination [10]. Thick canes gave 5% more germination
than thin canes [46].

Sugar, minerals, amide, and water are some of the important constitutes
which have been established beyond doubt to influence germination. Pres-
ence of adequate moisture in the setts is necessary for good germination,
its effect is particularly marked under late plantings. In summers, when the
setts are socked in water the germination is increased appreciably.

12.3.4 AGE OF SEED CANE

Variation in the age of seed crop also play an important role in germina-
tion. It is believed the portion of seed cane, which contains fairly good
quantity of amids nitrogen, glucose and water gives better germination.
It is because of this planting material of the top immature half cane is
advocated for good germination. Seed crop of only 8 months age is nor-
mally recommended for planting purposes. Anakapalle Research Station
has developed a concept of seed where a crop of 8 months duration is
harvested and utilized for seed purposes.
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12.3.5 SOURCE

In a study seed material taken from plants, first, second and third
ratoon crops were studied and it was appeared that the seed setts
from plant crop was favorable, there was decline in germination with
adverse the age of the stubble crop. The water shoots were found to
be favorable in germination, therefore, they can also be utilized as a
planting material [42].

12.3.6 PART OF CANE

Top portion of the immature young canes of the top are better seed mate-
rial [20, 22] as they germinate quicker than the lower ones [47]. Top setts
are more useful for dry condition and autumn planting, bottom and mature
part are inferior in germination (Figure 12.2).

Although top setts are widely recommended for seed material reports
of yield increase by their use are less common. The advantages of top setts
are for sprouting and apparent better growth of the crop.

FIGURE 12.2 Top portion of the immature young canes of the top are better seed material.
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12.3.7 LIGHT

Experiments on the role of light were done at the IISR Lucknow. The
early results indicated that the darkness is necessary for the germination of
bud under certain condition. Exposure of light favored germination, dark-
ness appeared to counteract apical dominance but was perhaps devious
[30]. Out of the different factors affecting germination, a certain minimum
value of light was necessary [51].

12.3.8 TEMPERATURE

The temperature of the soil perhaps is the most important factor for the
germination of sugarcane [53]. High temperature favors catabolic reac-
tion, which promote cell division and early growth process [6]. At Shahja-
hanpur, for proper germination a range from 17.4-22.9°C with minimum
variation was considered while the optimum appeared to be 22.9°C. Low
temperature had a depressing effect on germination and different varieties
showed varying degree of susceptibility [7].

In Punjab, 23.9-29.4°C soil temperature was optimum for rapid ger-
mination [34]. Later on, from detailed study minimum temperature from
16.8-28.06°C was reported to be for good germination. Solomon et al.
[41] found that 30-35°C to is more conductive for both sprouting of bud
as well as growth different moisture levels.

12.3.9 SOIL MOISTURE

Soil Moisture influences germination to a greater extent by affecting aera-
tion and soil temperature [22]. Moreover, soil moisture plays the role of
keeping the buds moist and this helps in sprouting and also keeping the
young sprouts well supplied with water. The percentage of the germination
increases with an increase in the soil moisture. High moisture content in
soil, particularly in late planting when humidity is low and temperature is
high, was found to have beneficial effect on germination. So immediate
irrigation was suggested when planting was done late in April-May [10,
48]. Earlier, it was reported that 15% soil moisture was most suitable for
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germination of sugarcane [19]. The optimum soil moisture for maximum
germination varies for different localities depending on edaphic, biotic
and climatic conditions. Soil aeration plays very important role in germi-
nation and growth of the plant (Figure 12.3).

12.3.10 SETT MOISTURE

Moisture content of setts is one of the important factors affecting ger-
mination. For the sprouting of bud and root primordia a critical sett
water content is essential. In Bihar, the critical water content in the
setts for optimum germination was 50.3%. A study carried out at Luc-
know, reviled that critical water content of nodal tissues required for
bud germination was 70% and the optimum level for rapid germination
was 72—74%. Germination was extremely poor below critical level of
sett moisture irrespective of adequate soil moisture [6]. Bud and root
primordia appeared to compete for water in the setts. Similarly a study
in one-bud setts indicated that sprouting and early shoot growth was
influenced more by sett water than the sett water potential [33].

12.3.11 NUTRITIONAL STATUS OF THE SETT

The energy required for sprouting of the bud and for growth and devel-
opment of the young sprout, until the seedlings are established is drawn
from the nutrients stored in the sett. The nutrient status of cane therefore

FIGURE 12.3  Sett and soil moisture affects germination.
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has marked influence in germination and growth of newly developed
shoots. High nitrogen, starch and glucose contents are essential for
good seed cane though their contents vary with different varieties [12].
Dutt and Narasimhan [8] have emphasized the importance of starch in
germination. Canes from the highly fertilized plots have been reported
to give high germination and early vigorous growth. Nitrogen content
of setts has special significance as controlling factor in germination
[27]. The top cuttings of a stalk, which contained more glucose showed
early and better germination than stalk cutting which have more of
sucrose.

12.3.12 SPACING AND DEPTH OF PLANTING

Spacing between two rows did not influenced germination, but depth of
planting influences germination up to the marked extent (Figure 12.4).
Shallow planting in poorly aerated and improperly drained soil give more
germination. The depth may be increased from winter to summer, wet to
dry areas and from heavy to light soil. In ideal soil a planting depth of 5-7
cm is recommended. In heavy soil the shallow planting may give 6—13%
more germination. Ten-eye bud is recommended for 1-meter length and 90
cm row to row distance for maximum germination (fine seed cane of two
budded setts).

FIGURE 12.4 Spacing and depth of planting.
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12.3.13 ENZYMATIC ACTIVITY

Besides physical and chemical factors germination is mainly controlled
by endogenous biochemical factors, which are not fully understood. Since
photosynthesis reserve sugar is mainly sucrase enzymes of carbohydrate
metabolism, i.e., acid invertase and amylases play an important role in
sprouting of setts. Activation in amylase activity and changes in protein,
amino acid and carbohydrate contents in the germinating bud were also
noticed. The metabolic role of reducing sugars acid invertase and amy-
lase in the sprouting of sugarcane cuttings has been clearly delineated.
Solomon and Singh [40] reported that a dramatic increase in the invertase
activity was noticed in setts as well as in the buds 10-30 day after plant-
ing, it was also revealed that high acid invertase activity was correlated
with quicker and higher germination. Amylase activity in the germinat-
ing organs probably remobilized starch formed as a result of sugarcane
reserve interconversion process. The starch formation in the storage tis-
sue was probably responsible for root development during germination of
setts (Solomon et al., 1988b). Besides acid invertase and amylase, other
enzymes like starch phospharylase, per oxidase and IAA oxidase play
an important role in the sprouting of seed cane [41]. In sugarcane plant
growth regulators (PGRS) have been extensively used to promote sprout-
ing and early growth of aerial buds. The activity of acid invertase, amy-
lase and starch phosphorylase showed a marked increase in the treated
setts, whereas peroxidase and IAA oxidase recorded a marginal change in
their specific activity.

12.3.14 HEAT THERAPY

Sugarcane setts treated with hot water gave higher germination at
Coimbatore. Improvement in some germination of varieties (Co 313,
Co 859, CoS 443) was observed at Shahjahanpur also by treating the
sugarcane setts in hot water at 45°C. Inhibitory effect was marked when
the temperature and duration were increased further. The hot therapy
might induce such metabolic processes, which lead to better germina-
tion of buds. Setts treated through aerated steam system [9] had higher
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percentage of germination. The delay in planting of the treated seed
cane upto 72 hours did not impair the germination significantly if the
seed cane is stored in shade and setts are dipped in fungicide solution
before planting.

12.3.15 SETT SOAKING

The effects of germination sett soaking in nutrient water and hormonal
solution have extensively been explored. IAA, NAA, 2,4-D, IBA, GA,
CCCA, Ethrel, and Dormex, at varying concentration and socking dura-
tions are known to improve germination in sugarcane. This is carried out
by increased intake of water, leaching out of germination inhibitors and
greater retention of water by the setts, [10, 19, 23, 36, 38, 39]. Effect of
water soaking of setts on germination indicated that the increasing level of
sett moisture gave better germination under adverse condition.

12.3.16 SETT DIPPING

Dipping of setts in organo-mercurial compounds such as areton, aglal,
tafan Ganna beej Ghol, Bavistin results 10-15% higher germination.
They stimulate the sett root growth, water uptake by these roots and prob-
ably mitigate the effect of germination inhibitors present in the buds. This
technique to improve germination is extensively being used by farmers
(Figure 12.5).
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12.4
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CONCLUDING REMARKS

Germination in sugarcane is one of the most important factors contribut-
ing towards the stand and yield of the crop in Northern India. To improve
germination it is suggested that:

L.

Healthy and thick canes from well mannured and irrigated field
should be selected for planting.

The two or three budded setts preferably from the top portion of
canes should be planted soon after cutting, when soil moisture and
temperature are 8—15% and 16-30°, respectively.

In heavy soils with poor aeration, shallow drainage and during
autumn shallow planting is beneficial whereas in light soil in spring
season deep planting is useful. Depending on the soil and climatic
condition the depth should be regulated from 5—7 cm.

The setts should be treated with organo-mercurial compounds and
planted setts should be sprayed with insecticides.

Under adverse condition (inadequate moisture, high temperature
late plantings the staled cane) it is advisable that the setts must be
soaked for a period not exceeding 24 hrs., and field must be irri-
gated soon after planting. These practices are immensely important
and may improve the germination by 30-40%.

KEYWORDS

/

germination
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soil moisture
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ABSTRACT

Secondary metabolites include a wide variety of organic compounds
which are not directly involved in plant physiological and biochemical
processes of normal growth and development. These metabolites are
also known as natural products, accumulated often in plants acclimatized
to stresses, since they help in overcoming stress conditions. Secondary
metabolites appear to function primarily in defense against predators
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and pathogens and in providing reproductive advantage—attractants
of pollinators and seed dispersers. Plants are capable of synthesizing
an overwhelming variety of small organic molecules, called secondary
metabolites, usually with very complex and unique carbon skeleton struc-
tures, with many of them having high interests to the pharmaceutical and
chemical industries. These compounds are an extremely diverse group of
natural products synthesized by plants as well as fungi, bacteria, algae,
and animals. They may act to create competitive advantage as poisons
of rival species. Secondary metabolites are used in the pharmaceuti-
cal industry as flavorants, dyes, and perfumery. Further, the secondary
metabolism is an integral part of the developmental program of plants,
and in accumulation of which it often marks the onset of developmental
stages. This mini review article summarizes the role of different stress
factors, including abiotic ones, particularly on secondary metabolites and
pharmaceuticals in plants.

13.1 INTRODUCTION

Secondary metabolites are classified into several groups based on their
chemical structure and biosynthesis, of which three main groups are:
terpenes (such as plant volatiles, cardiac glycosides, carotenoids, and
sterols), phenolics (such as phenolic acids, coumarins, lignans, stil-
benes, flavonoids, tannins, and lignin) and nitrogen containing com-
pounds (such as alkaloids and glucosinolates) (Figure 13.1). Terpenoids
are composed of five-carbon units synthesized by way of the acetate
or mevalonate pathway or the glyceraldehydes 3-phosphate or pyuvate
pathway. These are the largest and most diverse families of natural
products, ranging in structure from linear to polycyclic molecules and
in size from the five-carbon hemiterpenes to natural rubber, comprising
thousands of isoprene units. Many plant terpenoids are toxins and feed
deterrents to herbivores or are attractants of various sorts. Secondary
metabolites are not essential for the growth and development of a plant,
but are rather required for the interaction of plants with their environ-
ment [1]. It is reported that a large family of N-containing secondary
metabolites is found in approximately 20% of the species of vascular
plants [2], most frequently in the herbaceous dicot and relatively a few
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FIGURE 13.1 Secondary metabolites and its adaptation in plants.

in monocots and gymnosperms. Most of them, including, of course,
the pyrrolizidine alkaloids (PAs), are generally toxic to some degree
and appear to serve primarily in defense against microbial infection
and herbivoral attack [3]. They are usually synthesized from one of
the few common amino acids, in particular, aspartic acid, lysine, tyro-
sine and tryptophan [4]. Alkaloids are synthesized principally from
amino acids. These nitrogen containing compounds protect plants from
a variety of herbivorous animals and many of them possess pharmaco-
logically important activity. Because of their bioactive properties, alka-
loids are often sequestered in the vacuoles of plant cells to avoid toxic
effects. Many studies have already been carried out to characterize the
mechanism of vacuolar accumulation of alkaloids using cell cultures,
protoplasts, and isolated native vacuoles. Phenolic compounds, which
are primarily synthesized from products of shikimic acid pathway are
widely distributed in nature and have carried out several important roles
in plants. Tennins, lignans, flavonoids, and some simple phenolic com-
pounds serve as defenses against herbivores and pathogens. In addition,
lignins strength cell walls mechanically, and many flavonoid pigments
are important attractions for pollinators and seed dispersers. Some
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phenolic compounds have allelopathic activity and may adversely influ-
ence the growth of neighboring plant.

13.2 STRESS RESPONSE, SIGNALING AND PRODUCTION

The formation of plant secondary metabolites is complex, and its process
is dynamic, involving multiple sub-cellular compartments such as the
cytosol, endoplasmic reticulum, and vacuole. The metabolites are also
used in the pharmaceutical industry as flavorants, dyes and perfumery,
besides acting as attractants for pollinating insects, for seed dispersing ani-
mals and for root nodule bacteria. Plant secondary metabolites are a large
resource of natural medicines and exhibit various pharmacological and
biological activities.

The seasonal variation of climate also affects composition and produc-
tion of secondary metabolites in plants. Saponins and melatonin play an
important role in this regard [5, 6], protecting plant responses to different
environmental changes [7, 8], in addition to acting as a tolerant to envi-
ronmental pollutions to increasing the survival of plants and serotonin,
improving the physiological functions in plants, protecting from environ-
mental constraints and pathogenic infection besides ensuring protection
against ROS in plants [9]. As conventional growing of medicinal plants is
relatively expensive, production of medicinal and other compounds can be
done in vitro plant. Hypoxoside produced by Hypoxis species is used as
anticancer drug. Red-pigmented anthocyanins, used as a food colourant,
have been produced from the callus of oxalis species. Genes involved in ubi-
quinone biosynthesis in the Escherichia coli (ubiC and ubiA) and another
plant gene such as HMG COA reductase, were used for the transformation
of Nicotiana tabacum and Lithospermum erythrorhizon. In L. erthrorhizon,
the expression of the enzymes led to an upregulation of certain biosyn-
thetic reaction steps involved in the formation of the pharmaceutical (and
dye) shikonin. Secodary metabolites of R. Rosea are produced in the root.
These compounds, designated as secondary metabolites, differ from pri-
mary metabolites, such as carbohydrates, amino acids, and nucleotides that
have basic functions to maintain the life cycle, cell division and acquiring
energy, in their restricted distribution in the plant kingdom, i.e., occurring
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in some limited plant families or even in specific species. Many second-
ary metabolites have diverse biological activities, and function in defense
responses against pathogens and herbivores and in protecting plants from
damage by UV light. Some secondary metabolites have also pharmacologi-
cal importance, such as producing natural medicines for humans. Intensive
studies have been carried out to characterize the nature of secondary metab-
olites from the viewpoints of their biological activities, chemical structures,
biosynthesis, and their functions in plants as well as their clinical usage
[10]. Secondary metabolites are often found to be accumulated in particular
tissues at a high concentration. This accumulation in such appropriate com-
partments should be regulated in a highly sophisticated manner, in view of
the outbreak toxicity plants due to mislocalization.

Most of the secondary metabolites are translocated from source cells
to sink organs via long distance transport or transporters (both primary
and secondary transporters) which are involved in such translocation
process, and many transporter genes, especially genes belonging to the
multidrug and toxin extrusion type transporter family, also known as
MATE transporter in case of Arabidopsis particularly, are all respon-
sible for the membrane transport of secondary metabolites, performing
different physiological functions in different plant species (Table 13.1).
Some of the secondary metabolites are transported in intercellular fash-
ion [11-13].

TABLE 13.1 Physiological Function of Transporters in Different Plants During
Secondary Metabolite Translocation [41]

Plant species Locations Physiological functions
Arabidopsis thali- Plasma membranes, vacuoles  Efflux of endogenous, metabo-
ana lites, xenobiotics, and citrate

Hordeum vulgare Plasma membranes, root and  Efflux of citrate and tolerance to

shoots aluminum
Sorghum bicolor Plasma membranes and roots  Efflux of citrate and tolerance to
aluminum
Lupinus albus Plasma membranes and roots ~ Not yet determined for MATE
transporters

(Reprinted with permission from Yazaki, K., Sugiyama, A., Morita, M., & Shitan, N.
(2008). Secondary transport as an efficient membrane transport mechanism for plant sec-
ondary metabolites. Phytochemistry Review, 7, 513-524. © 2007 Springer Nature.)
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Climate change, cold, temperature, light, plant growth hormones also
influence the production of secondary metabolites. During cold or low
temperature, synthesis of sugar alcohol like sorbital and soluable sugars,
Anthocyanin, suberin, etc., are also induced in plants [14—16]. An exten-
sive collection of abiotic stimuli like salinity, drought, heavy metal, etc., are
capable to trigger changes in the plant metabolism, resulting in enhanced
production of plant secondary products. Different studies on comparative
analysis state that the amount of secondary plant products is maximum in
plants, and severely affect or grow under abiotic stress, unlike other plants
cultivated under optimal conditions of growth and productivity. Abiotic
stresses basically lead to the production of the following natural second-
ary metabolites in plants (Table 13.2). As a result, the recognized increase
in concentration of secondary plant products could not be barred as com-
pared to stressed plants due to the fact that the total amount of secondary
metabolites per plant is more or less the same in both traits, whereas the
biomass is significantly lower in the stressed plants.

Plant stress, like excess light, wounds, pathogen attack, nutrient defi-
ciencies, etc., usually increased the accumulation of secondary metabo-
lites like phenylpropanoids, phenylamides, polyamines, etc., [17, 18].
Salt and drought stress are the two of the most serious factors limiting
the productivity of different crops and especially quantity and quality of

TABLE 13.2 Secondary Metabolites Produced Under Different Types of Stress in Plants

Plant species Secondary metabolite present References
Taxus candensis Paclitaxel [42]
Cakile maritima Polyphenol [43]
Tulipa gesneriana Anthocyanin [44]
Oryza sativa Polyamines [45]
Polygonum hydropiper Flavanol [46]
Hyoscyamus muticus Sesquiterpenes [47]
Lycopersicon esculentum Sorbitol [48]
Glycine max Isoflavonoid, Trigonelline [49, 50]
Coffea Arabica Alkaloids [51]
Digitalis thapsi Cardenolide [52]
Cenchrus pennisetiformis Starch and Sucrose [53]
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their metabolic (secondary plant products) products to a greater extent.
Generally, plants produce secondary plant products in nature as a defense
mechanism against attack by pathogens and insects, while others promote
defensive action against herbivores and pathogens [19]. Secondary metab-
olites have various functions, including protection against pathogens
and UV light in plants, and have been used as natural medicines for cure
of diseases as well as humans towards utilizing their diverse biological
activities. Many of these natural compounds are accumulated in a particu-
lar compartment such as vacuoles, and some are even translocated from
source cells to sink organs via long distance transport. The plant secondary
metabolites of plants have been a fertile area of chemical investigation for
many years, driving the development of analytical chemistry and of new
synthetic reactions and methodologies. Identifying key elements involved
in these processes will allow generating novel tools for metabolic engi-
neering and molecular mechanisms of plant cells. However, technological
advances in analytical chemistry, in particular in the development of high-
field nuclear magnetic resonance spectroscopy and Fourier transform-ion
cyclotron mass spectrometry, have facilitated the elucidation of structures
of secondary metabolites that are conspicuously present even at low levels
within a plant. Anthocyanins are reported to increase in response to salt
and cold stress [20, 21]. However, drought often causes oxidative damages
and overproduction of reactive oxygen species (ROS), besides reportedly
increasing the amount of flavanoids and phenolic acids in plants like Wil-
low leaves, as well as decreasing saponin contents in Chenopodium quinoa
[22, 23]. Flavanoids are also reported to provide protective mechanisms to
plant growing under drought and aluminum stress [24].

Some metals, like cadmium, copper, silver, etc., are also induced by
secondary metabolites like shikonin and production of digitalin [25-27].
Copper also stimulated the production of betalains and betacyanins in
plants like Beta vulgaris and Amaranthus caudatus [28, 29]. Melatonin
in seeded plants like Cucumis sativa L. also improved responses in ger-
mination during cold stress [30]. Likely temperature stress also influenced
physiological activity in plant like premature leaf senescence [5]. Light,
too initiates the production of secondary metabolites such as, gingerol and
zingiberene [31]. Radiations like UV-B have been reported to increase
flavanoids, vinblastrin and vincristine production in plants [32-36].
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However, growth hormones like IAA, cytokinin, kinetin, calcium, etc.,
were also found to be enhancing the production of secondary metabolites
in different plant species [37-39]. About 25% of today’s pharmaceuti-
cals contain at least one active ingredient of plant origin. Even so, only
a minute fraction of the enormous biosynthetic potential of plant cells is
being exploited. Secondary metabolites, being in valuable to humans are
very often difficult to isolate in large quantities. Plants like Arabidopsis,
have been identified to be responsible for the membrane transport of sec-
ondary metabolites. Better understanding of membrane transporters like
ATP binding cassette (ABC) transporters, as well as of the biosynthetic
genes of secondary metabolites will be important for metabolic engineer-
ing, aiming to increase the production of the commercially valuable sec-
ondary metabolites in plant cells. In plant cells, vacuoles, which occupy
as much as 90% of the cells volume, play a central role in the accumu-
lation of secondary metabolites such as alkaloids and flavonoids, and a
large number of transporters, channels and pumps reside in the vacuolar
membrane (tonoplast) [13, 40]. Increasing secondary metabolite yield by
cloning related genes for rate limiting enzymes, large scale production
of commercially useful proteins and industrial compounds, tissue specific
expression and chloroplast transformation for high-level expression of
desired compounds, are the major research areas in the present. Better
understanding of secondary transporters with their regulatory mechanisms
by biosynthetic pathways will provide us with better strategies for engi-
neering towards commercial applications.

13.3 CONCLUSION

Though secondary metabolites have no specific role for life processes in
plants, yet they specifically interact with the adaptation and defense pro-
cesses in plants against herbivores and pathogens. Of course their influ-
ence might depend on prevailing ecosystem will certainly provide a long
way for their pathways of production, application and regulation. The bio-
chemical and molecular approaches towards understanding their pathways
of production, application and regulation will certainly provide a long way
for flooding the market of production of secondary metabolites vigorously
as well as for introduction of better plant defense system.
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ABSTRACT

Following the unplanned urbanization, industrialization, and global popu-
lation burst, natural water storage is day-by-day experiencing critical crisis
worldwide. The generation of contaminated water and its proper treat-
ments has become a major environmental issue. In India, a major agricul-
ture region utilizes wastewater or contaminated water for the irrigation of
agricultural lands due to shortage of available fresh water. Present chapter
mainly concentrated on the availability and utilization dynamics of waste-
water/contaminated water in Indian agricultural sectors. Furthermore,
the impacts of wastewater/contaminated water on agriculture crops were
catalogued. As the wastewater is a rich source of plant’s requisite organic
matter, in many cases wastewater irrigated crops showed higher vigor and
yield; but with anomalous physiological and biochemical response. We
believe the information catalogued in present chapter should be useful for
working in this specific sphere.

14.1 INTRODUCTION

Water is the most essential natural resource for maintaining an adequate
food supply, and a productive environment for the existing life on Earth.
We know that the Earth is called ‘Blue Planet’ because 70% of its surface
is water. Out of the total global water storage 97.5% Saline Ocean and
other 2.5% fresh water; and within that fresh water storage, 0.3% forms
surface water, 30% ground water, and the rest in icebergs, ice sheets, and
glaciers, etc. Among the total surface water, 87% is available from lakes,
11% from swamps and 2% from rivers (Figure 14.1).

Due to rapid increase in population growth and economic development,
water resources in many parts of the world are pushed to their natural lim-
its. In the last 50 years, the global population has more than doubled, from
3 billion in 1959 to 6.7 billion in 2009. It is predicted that the human popu-
lation will reach 8.7—11.3 billion by the year 2050 [4]. This rapid growth
in human population definitely increase the water demand from various
users, namely: domestic, municipal, agricultural, horticultural, power, and
industrial sectors, and it also put tremendous pressure on the global water
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FIGURE 14.1 Availability and distribution of global water storage. A: nature and
distribution of global water storage; B: distribution of fresh water storage; C: distribution
of available surface water.

resources; hence, increase the volume of wastewater generation. There-
fore, there is an urgent need to conserve the fresh water and to use the
contaminated water for irrigation of agricultural crops to overcome this
deficit condition. India is the seventh largest geographical area and second
largest populous country in the world. The total population in India was
1,210 million people based on 2011 census report, Ministry of Statistics
and Programme Implementation, Govt. of India., but after looking back,
in the year 1950 it has at about 359 million people. This huge increase
in population also increases the demand of fresh water and wastewater
generation simultaneously. In India only 30% of the wastewater is treated
before it’s discharged. Thus, untreated water finds its way into water sys-
tem such as rivers, lakes, groundwater, and causing water pollution. But
due to economic and technical constrains the wastewater treatments vary
between different cities in India (Figure 14.2).
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FIGURE 14.2 Water supply and usage, wastewater generation and wastewater treatment
dynamics in class I and II type cities of India (Data source: MOSPI, Gol, 2011, http://www.
mospi.gov.in/sites/default/files/publication_reports/climateChangeStat2015.pdf).

Fresh water resources are becoming scarce and are allocated for urban
water supply. On the other hand large amounts of water are needed for
agricultural production. If the contaminated water can be used as a sub-
stitute water source for irrigation both the issues can be solved. Domestic
wastewater is frequently used by farmers to cultivate vegetables and salad
crops like carrot, lettuce, cabbage and others for nearly urban markets [20].
But there is always a concern about the contamination and concentration
of potentially toxic elements (Cd, Pb, As, F, etc.) from both domestic and
industrial sources by the vegetables [21].

14.2 AVAILABILITY OF FRESH WATER SOURCES IN THE
INDIAN SCENARIO

The availability of the usable fresh water resources is the most pressing
of many other environmental challenges in Indian scenario. Geometric
increase in population coupled with rapid industrialization, urbanization,
agricultural and economic development has resulted in severe impact on
the quality and quantity of water resources in India.

The total geographical area of India is about 3,287,240 km? (2.4% of
the Earth’s land mass) and its population is 1,210 million people based on
2011 census report, which is about 17.5% of that of the global population.
Due to this increasing population growth rate, the amount of contaminated
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water generation increases considerably and while the per capita water
availability in the country reduced remarkably. The average annual per
capita availability of water taking into consideration the population in
various censuses has come down 70% from 1951 to 2011 in a span of 60
years. According to census 1951 the per capita availability of water was
5,177 cubic meters. This is down to 1,545 cubic meters as per 2011 census.
According to food and agricultural organization the value of renewable
internal fresh water resources per capita in India was 1,116 cubic meters
as of 2014.

In India, the national per capita annual availability of water is 2,208
cubic meters, while the average availability of in Barak and Brahmaputra
Basin is as high as 16,589 cubic meters and in contrast Sabarmati Basin
have as low as 360 cubic meters, but the rest of the country is about 1,583
cubic meters [38].

14.3 WATER RESOURCES AND THEIR QUALITY IN INDIA

With the increasing population, the amount of contaminated water gen-
eration increases continuously, which is often, discharged into the main
water bodies and most often trough the unlined draining to join the rivers,
lakes etc. This causes a crucial problem of contamination to rivers, lakes
as well as underground waters. The most critical situation has been found
in urban rivers which receives treated as well as untreated was water dis-
charge because of urbanization [39]. During the last century the urban
population increased over 26 million to 236 million.

As per CPCB report about 38,000 million liters a day of wastewater is
generated by urban population and it is also estimated that 75-80% of water
contamination by volume is from domestic sewages. According to CPCB,
the critical condition of water body is due to the contamination of organic
and bacterial discharge of domestic, municipal wastewater mostly in unpro-
cessed type from the municipal centers of the country [38].

The water quality management in India is accomplished under the
provision of Water (Prevention and Control of Pollution) Act, 1974. The
crucial aim of this Act is to maintain and restore the wholesomeness of
national aquatic resources by prevention and control of pollution. It was
considered ambitious to maintain or restore all natural water body at
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pristine level. Planning pollution control activities to attain such a goal
is bound to be deterrent to developmental activities and cost prohibitive.
Since the natural water bodies have got to be used for various competing
as well as conflicting demands, the objective is aimed at restoring and/or
maintaining natural water bodies or their parts to such a quality as needed
for their best uses (Table 14.1).

TABLE 14.1 Classification of Utilizable Water Source
Types of Water Class Quality criteria
Drinking water A * Total coliforms organisms MNP/100 mL should be 50
(source: without or less
conventional * pH between 6.5 and 8.5
treatment but after
disinfection) * Dissolved oxygen — 6 mg L' or more
* BOD (5 days 20°C) — 2 mg L' or less
Outdoor bathing B * Total coliforms organisms MNP/100 mL should be 500
(organized) or less
* pH between 6.5 and 8.5
* Dissolved oxygen — 5 mg L' or more
* BOD (5 days 20°C) — 3 mg L' or less
Drinking water C * Total coliforms organisms MNP/100 mL should be 50
(source: after or less
conventiongl.treat- « pH between 6 to 9
ment and disinfec-
tion) * Dissolved oxygen — 4 mg L' or more
* BOD (5 days 20°C) —3 mg L' or less
Propagation of D * pH between 6.5 and 8.5
wild l'1fe and * Dissolved oxygen — 4 mg L' or more
fisheries
* Free ammonia (as N) — 1.2 mg L' or less
Irrigation, In- E * pH between 6.0 and 8.5

dustrial cooling,
controlled waste
disposal

* Electrical conductivity at 25°C <2250 u mhos cm™
* Sodium absorption ratio < 26

*Boron<2mg L'

(Adapted from Central Pollution Control Board Ministry of Environment and Forests,
Government of India, “Status of Water Quality in India 2011, http://cpcb.nic.in/upload/
Newltems/Newltem 198 Status of WQ in India 2011.pdf).”


http://cpcb.nic.in/upload/NewItems/NewItem_198_Status_of_WQ_in_India_2011.pdf
http://cpcb.nic.in/upload/NewItems/NewItem_198_Status_of_WQ_in_India_2011.pdf

Effect of Wastewater Irrigation on Crop Health 363

14.4 CHARACTERISTICS FEATURES OF CONTAMINATED
WATER

Contaminated water is usually that part of the water supply to the com-
munity, industry or other sources, which have been utilized for different
purposes and mixed with solids waste, either suspended or dissolved. In
general wastewater contains about 99.9% water and 0.1% solids. Waste-
water is generally divided in three categories depending on the availability
of several characteristics factors.

14.4.1 PHYSICAL CHARACTERISTICS

Fresh wastewater discharged from different sources may have the color in
light brownish to grey, and with time it may change to dark grey or black.
Generally, the odor of wastewater is produced by gas production due to
the decomposition of organic matter or by substances added to the waste-
water. Wastewater also contains different types of solids particles such as
total solids (TD), settle able solids, suspended solids (SS), and filterable
solids (FS). In case of total solids all the matter that remains as reside upon
evaporation at 103°C to 105°C. On the other hand, settle able solids can
be removed by primary sedimentation. The normal temperature of waste-
water is commonly higher than that of fresh water and it is depended upon
the contaminants present on the water.

14.4.2 CHEMICAL CHARACTERISTICS

In wastewater, organic matter is derived from animals, plants and man-
made activities. It includes proteins (40-60%); carbohydrates (25-50%)
and fats, oils and grease (10%), and various natural and synthetic organic
chemicals from the process industries. The inorganic matters present on
contaminated water are chlorides, nitrogen, phosphorous, sulphur, toxic
inorganic compounds (copper, lead, silver, chromium, arsenic, and boron).
Wastewater also contains several gases like N,, O,, CO,, H,S, NH,, CH,,
etc. The hydrogen ion concentration is an important parameter in both
natural and wastewaters. It is a very important factor in the wastewater
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treatment. Wastewater can be classified as neutral (pH 7), alkaline (pH >
7) and acidic (pH < 7).

14.4.3 BIOLOGICAL CHARACTERISTICS

Biological characteristics are an important factor in wastewater. The main
concerns of the microorganism group in wastewater are bacteria, fungi,
algae, protozoa, viruses, and pathogenic microorganisms. Bacteria present
in wastewater may be spheroid, rod, curved, spiral, and filamentous. Some
important bacteria are — Pseudomonas sp., which reduces NO, to NO,,
Zoogloea sp., which helps through its slime production in the formation
of flocks in the aeration tanks; Sphaerotilus natuns, which causes sludge
bulking in the aeration tanks; Bdellovibrio sp., which mainly destroy
pathogen; Actinetobacter sp., which stores large amounts of phosphates
under aerobic conditions and release it under an anaerobic condition.
Wastewater also contains several fungal species, which mainly helps in
decomposing the complex organic matter to its simple forms. The micro-
bial population of wastewater also includes different types of algal spe-
cies, which executes eutrophication phenomenon and oxidation of ponds;
protozoa, which mainly feed on bacteria and help in the purification of
treated wastewater; and viruses.

14.5 PLANT RESPONSES UNDER CONTAMINATED WATER
IRRIGATION

14.5.1 MORPHOLOGICAL EFFECT OF CONTAMINATED WATER
ON PLANTS

Several previous reports demonstrated that contaminated water irrigation
significantly affects the morphological traits of diverse plants worldwide.
Sunflower (Helianthus annuus L.) is an important cash crop, which pro-
duces a major percentage of edible oil throughout the world. The study
done by Heidari [7] in Iran with cloth detergent contaminated water on
Sunflower plants stated that 2 and 20 gm L' of detergent contamina-
tion severely reduced the germination and early growth traits like plant
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height, leaf number per plant, total biomass and stem weight of oil seed.
The plants grown under 20 gm L' detergent contaminated water showed
a decrease of 84, 60, and 63% in seed germination, shoot length and root
length respectively as compared the control [7]. Several reports from
India, also demonstrated similar responses in different plants under con-
taminated water irrigation [15, 18]. Though, the magnitude of changes
in diverse morphological traits due to the contaminated water irrigation
may vary among crops. After transplantation at IIT, Delhi campus, India,
Thapliyal et al. [18] observed the survival rate of the ladyfinger (4bel-
moschus esculentus L.) increased up to 87% in contaminated water irriga-
tion followed by 67% rainwater. According to Thapliyal et al. [18], this
increased survival rate under contaminated water possibly due to the more
availability of free nutrients to the plants. On the other hand root length
was tremendously increased at rainwater irrigation site and that can be
attributed to the absence of nutrients in rain water leading to plants deeper
into soil for nutrients. Singh and Agrawal [15] in their study on ladyfinger
at Varanasi, India also reported significant increase in shoot length and
decrease in root length under contaminated water.

14.5.2 PHYSIOLOGICAL AND BIOCHEMICAL EFFECTS OF
CONTAMINATED WATER ON PLANTS

The use of contaminated water for irrigation in developing country includ-
ing in India is an important source to overcome the scarcity of ground
water needed for agricultural crop production. Continuous use of waste-
water leads to the enrichment of soil with essential macro- and micronu-
trients [22]. Micronutrients are beneficial for the growth and development
of the plants at lower concentrations, but become toxic at excess than the
requirement [28]. Contaminated water may carry some toxic metals like
Lead (Pb), Cadmium (Cd), Copper(Cu), Arsenic (As), Fluoride (F), Chro-
mium (Cr), etc., and its long term application on agricultural production is
known to produce a significant physiological and biochemical responses
in plants, these includes membrane damage, structural disorganization of
organelles, impairment in the metabolic function and ultimately growth
retardation [27, 29, 39].
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The main physiological effect of contaminated water on plants is its
oxidative stress. Singh and Agrawal [15] in their study on Beta vulgaris
at Dinapur district of Varanasi, with untreated wastewater reported an
increase of 15%, 7%, 47%, 38%, and 20% in proline, protein, thiol, ascor-
bic acid and phenol content respectively. Heavy metal increase the gener-
ation of reactive oxygen species (ROS) and free radicals, which can cause
the peroxidation of lipid membrane leading to increase permeability and
oxidative stress of plants by transferring electron involving metal cations
or by inhibiting the metabolic reactions controlled by metals (Nada et al.,
2007). Ascorbic acid is a natural antioxidant that scavenges free radicals
generated by heavy metals [26]. Peroxidase is an antioxidative enzyme
also showed increment in its activity in the plants grown at wastewater
as compared to ground water [15]. Peroxidase plays an important role
in plant defense against oxidative stress. So it serves as an indicator of
metal toxicity [36]. Plants grown at wastewater irrigation site showed
higher levels of antioxidants [15] material to nullify the negative effect of
heavy metals. Increased levels of heavy metals present on contaminated
water affect permeability of membrane potentiality, which may lead to
a water stress like condition that induces proline production remarkably
[23]. Some other possible roles of proline are the stabilization of pro-
teins [25], scavenging of hydroxyl radicals [34], and regulation of NAD/
NADH ratio of plants [24]. Another important factor is thiol, which do
not represent a single compound, they are sulphur containing polypep-
tides, also known as phytochelatins. Phytochelatins are mainly involved
in the detoxification of heavy metals [30] and facilitating their further
transport to the vacuolar portion [32]. Total chlorophyll and carotenoid
are higher in plants of wastewater irrigation sites. Carotenoid is a pho-
tosynthetic pigment, also function as non enzymatic antioxidant protect-
ing plants from oxidative stress by changing the physical properties of
photosynthetic membranes with involvement of xanthophyll cycle [33].
An increase in carotenoid content is suggested a defence strategy of the
plants to combat metal stress [35].

Photosynthetic rate and stomatal conductance are higher in plants at
wastewater irrigation sites as compared to ground water irrigated ones. The
higher level of antioxidants in plants at wastewater-irrigated site may have
reduced the negative effects of ROS on photosynthesis. The significant
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increase in photosynthetic as well as growth rate of plants grown at waste-
water sites compared to ground water led to higher uptake and translocation
of heavy metals in plants. Higher bioavailability of heavy metal in waste-
water may have reduced the nutrient availability to plants that may be cause
for not showing significant increment in biomass of the plants at waste-
water irrigated. The favorable physiological and growth responses are not
translated into increment in the biomass accumulation and yield of plants,
as the photosynthates are utilized in the formation of secondary metabolites
to ameliorate the negative influence of heavy metals of contaminated water.

Dissolved salts present in contaminated water increase the osmotic
potential of soil water and an increase in osmotic pressure of the soil
solution increases the amount of energy which plants must expend to
take up water from the soil. As a result, respiration is increased and the
growth and yield of most plant decline progressively as osmotic pressure
increases. Many of the ions present in contaminated water are harmless
or even beneficial at relatively low concentration may become toxic to
plants at higher concentration, either through direct interference with
metabolic processes or through indirect effects on other nutrients, which
might be rendered inaccessible. The salinity of soil water is related to,
and often determined by the salinity of the irrigation water. Accord-
ingly, plant growth, crop yield and quality of produce are affected by the
total dissolved salts in the irrigation. Irrigation water could be a source
of excess sodium in the soil solution and it interfere with germination
and seedling emergence. 100-500 ppm fluoride contaminated irriga-
tion water decreases the following physiological characteristics: growth,
leaf expansion, photosynthetic CO, assimilation, stomatal conductance,
chlorophyll fluorescence yield, plant biomass, and harvest index. A 500-
ppm level induced marked interveinal chlorosis, leaf margin necrosis,
leaf-curl on younger leaves. Cloth detergent powder in high concentra-
tion reduced seed germination (20 and 2 g L), seedling vigor, plant
height, leaf number per plant, total biomass and stem weight by means of
high osmotic potential, oxidative stress, salinity stress and heavy metal
stress. Germination stage is more sensitive to detergent than the early
growth stage [7]. On the other hand contaminated water released from
domestic households contains essential plant nutrients such as N, P, K,
and micronutrients, which are beneficial for plant growth [15].
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14.6 CONCLUSION

Till the onset of 21st century, natural water resources are facing a severe cri-
sis worldwide. Due to superfluous population hike, the crisis of availability
of fresh water is getting to be the most important issue in coming future. So,
utilization of wastewater has become an integral part of modern day sus-
tainable development. Even, in countries like India, Bangladesh, Sri Lanka,
and most parts of Africa, where technological advancements were not at
their best, wastewater can be a major source of agricultural irrigation. In this
chapter, we mainly reviewed the Indian scenario of wastewater utilization
in agriculture, and their impact on plants health and efficacy. Due to avail-
ability of higher concentrations of free nutrition, plants prefer to grow faster
under wastewater irrigation, but the available heavy metals prevails health
risks. So, it is important to treat the wastewater at least to remove toxic met-
als, and then they should be used for agricultural irrigation purpose.
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