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Abstract

The world climate is continuously changing. Heat stress and excessive rainfall are
becoming serious threats for chickpea production. Present study was conducted to screen
out kabuli (08) and desi (09) chickpea genotypes for heat stress (H), irrigation (1) and a
combination of both stresses (I1+H). Seedlings were grown in small plastic pots filled with
autoclaved sand under completely randomized design. Irrigation stress (maintaining at
100% filed capacity) was applied after six days of emergence while control set was
maintained at 50% field capacity. For heat stress, one set of fifteen days old seedlings were
shifted from net house (day/night temp. 33/13°C for kabuli and 32/10°C for desi genotypes)
to glasshouse (day/night temp. 43/20°C for kabuli and 38/17°C for desi genotypes). For
combined stress, conditions of heat and irrigation stress were applied simultaneously. After
30 days of sowing, morphological data was recorded and leaf samples for physio-
biochemical parameters were collected. After STI calculation from data under control and
stressed conditions, correlation test was performed on 96 parameters. Based on associations
among phenomic data (24 attributes) and physio-biochemical markers (29 for I, 41 for H
and 31 for I+H for kabuli and 37 for I, 36 for H and 33 for H+I for desi genotypes) relative
stress tolerance of genotypes was accessed. Among kabuli genotypes for irrigation stress,
K-09015 and FG0902 were proved as highly tolerant while K0039-09 as most sensitive
genotype. For heat stress, BKK 02174 and CM1235/08 were highly tolerant and 9KCC-
166 was found to be most sensitive one. For combined stress, CM 1235/08 and K-09015
were found highly tolerant while FG 0902 as most sensitive genotype. Among desi
genotypes, D-09027 was found to be most tolerant while NIFA-2 as most sensitive under
irrigation stress while D-0913 was most tolerant and NIFA-2 was most sensitive to heat
stress. For combined stress, highest tolerance was observed in D-0913 and CH 24/07 while
CMC-211S was proved to be most sensitive. In conclusion, an integrated approach
involving phonemics and physio-biochemical markers efficiently revealed out the relative
heat, irrigation and combined stress tolerance of chickpea genotypes along with insights in

mechanisms involved.
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1 Introduction

1.1 Chickpea (Cicer arietinum)

Food is among the basic necessities of life. Without this, life is not possible. Basic
requirement of human food is consummated from plant sources. Grains are the most
important source for completion of human diet. But grains alone are not enough to meet
the demands of our body [1]. Remaining portion of diet is gained by the legumes, which
are 2" in importance according to food requirements [2].

Legumes are member of family Leguminosae or Fabaceae, which has up to 750
genera and 20,000 species [3]. This family is categorized at third number as famous among
flowering plant species. Important grain, agro-forestry and pasture species are part of
legumes [4]. These are consumed by humans and animals as well. Their use as fuel wood,
pulp for paper industry, ornamental plants, firebreaks and as living fences are very
common.

Legumes are those flowering plants which produces seedpods. These are present in
various ecosystems, which include arctic, alpine, rain forests and deserts. These are found
in archaeological records early in 37 B.C. Garaham and Vance, 2003 quoted some words
of Varro from 37 B.C. that legumes should be grown in light soils as these are good for
subsequent crops and recognized the importance of legumes in intercrop and multiple
cropping production [3].

Cereals are most important crops on earth as their total production and area is more
than all others. After cereals legumes are 2" most important crops, harvesting about 12-
15% arable surface of earth. Low cost of production of legumes gets attention of farmer
for planting on even marginal lands and investor for improvement of legumes [5].
Legumes are beneficial to soil as can be used as cover crop. These can be intercropped with
cereals to lessen the amount of external nitrogen supply and to increase palatability for
animals. Soil gets different benefits as it improves porosity of soil, structure of soil,
microorganism diversity and organic matter in soil. These helps to lessen pH of soil,

compaction of soil and to recycle nutrients to get maximum benefit from soil [6].



Bengal bean or Garbanzo bean is an old world pulse, now a days commonly known as
chickpea. It is one of important crop among bean family and grown over fifty countries
spanning India, North Africa, Middle East, America, Australia and southern Europe [7]. In
production it is ranked as 3™ most important legume crop. Asia produces 87% of overall
world production, while Africa, Americas, Oceania and Europe are behind respectively.
Highest vyielders of chickpea are China, Mainland, Israel, Moldova and Cyprus
respectively.

Cicer is now classified to the tribe monogeneric, while it was included in Vicieae
Alef earlier. There are nine annuals and 34 perennial herbs of which cross ability of all was
checked out. It has 2n=16 chromosomes in nuclear genome. According to this crossability
and fertility of their hybrids, four groups were formed of annuals [8, 9]. C. arietinum and
C. reticulatum are in first group. Its plant are described as branched stems, may be erect of
spreading type and sometimes shrubs like many branched, with height of 0.2-1 meter,
glandular pubescent, olive, bluish green or dark green in color. Roots are vigorous and can
go up to two meter but mostly up to 60 cm only. Imparipinnate leaves with 3-8 pairs of
leaflets and one leaflet at the top i.e. rachis ends in a leaflet. Leaflets are elliptic to ovate
with length of 0.6-2 cm and width of 0.3-1.4 cm, serrated margins, cuneate base. Flowers
are single or sometime two flowers per inflorescence, axillary, length of pedicel 0.5-1.3 cm
and of peduncle 0.6-3 cm, triangular bracts, 7-10 mm long calyx, corolla may be of white,
pink, purplish or blue with length of 0.8-1.2 cm. ovary is sessile and diadelphous staminal
column [8, 10, 11]. Pods contain up to three seeds each and is inflated [12].

Chickpea is further divided into two groups i.e. Desi type (microsperma) and
Kabuli type (macrosperma). Desi type chickpea is characterized by pink flowers,
anthocyanins in stem as pigments and seed coat thick and colored. Kabuli type chickpea is
differentiated from Desi type by white colored flowers, no pigmentation on stems and seeds
with thin seed coat, white colored and smooth surface [13]. Another type is present with
pea shaped seeds but that is specific to India and is intermediate to desi and kabuli types.
Desi type is mostly grown in Asian and African countries and accounts for 80-85% world
chickpea production. In Europe ,West Asia, North America and North America kabuli

types are mostly grown [14].



In Pakistan desi chickpea cultivars serve as potential source of amino acid, essential
fatty acids and trace elements to meet needs of human diet. Different minerals found were
P, Ca, K, Zn ,Cuand Mg, which constitutes micro and macro nutrients of human diet [12].
Potassium is highest and manganese is found very low in quantity. Among amino acids
Sulphur containing amino acids are limiting while others are in ample quantity [15]. Some
of anti-nutritional components are also part of chickpea but its benefits are far more than
negative aspect [16].

Pulses especially chickpea is full of those nutritionally important components

which lack in cereals. So there is more demand of its production [17]. In semi-arid areas of
the world, it is most important part of human diets for those who cannot afford animal
protein and also for those who are vegetarian. Proteins and carbohydrates together
constitutes 80% of dry mass of chickpea seed [18]. It is good source for vitamins, minerals
and dietary fiber and also it is cholesterol free pulse [19].
Chickpea is mostly eaten seed food in the world as different preparations and forms
according to one’s own preference, regional and ethnic values [20]. In Asia it is used as
dhal, flour (basin), in soups and salads, in stews, boiled, roasted, fermented and salted form
[21]. These diversified forms provide its consumers with potential nutritional health
benefits [22].

Top producing countries are India, Pakistan, Turkey, Australia and Myanmar.
Major share in world’s production is of Asia in which India is the major contributor.
Pakistan can be divided into three ecological zones according to chickpea production.
Northern areas with high rainfall, central region has fertile soil but climate is semi-arid.
This is also grown under rainfed condition i.e. southern Punjab, where rainfall is flimsy
and agriculture is dependent upon rain [23]. Province vise chickpea is grown 82% in
Punjab, 9% Khyber Pakhtunkhwa, 8% Sindh and 1% in Baluchistan. In Punjab, 90%
chickpea is grown under rainfed conditions. Thal region shares 80% in country’s
production. Districts included in Thal region are Khushab, Mianwali, Chakwal, Bhakkar,
Layyah, Faisalabad and Jhang in Punjab, Dera Ismail Khan, Bannu and Karak in Khyber
Pakhtunkhwa, Shekarpur, Jacobabad, Larkana, Nawabshah and Sukkar in Sindh, Dera
Allah Yar and Jafrabad in Baluchistan. In 2014 chickpea production in Pakistan was 7.5
million tones, with per hectare production of 757.3 Kg (Figure 1.1, Figure 1.2).
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Figure 1.1: Average yield of chickpea in Pakistan from 1990 to 2014
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Figure 1.2: Share of different regions in world’s chickpea production.

1.2 Climate Change in the World

Land, water and air are so connected on the earth that change in one thing causes a
significant change in others as well and this happens through exchange of materials e.g.
gasses between each other. Climate of earth is well described by changes in these factors.
It is evident that from very beginning up to now earth has undergone many changes

regarding climate but changes occurring in last century are so drastic that it has raised the



overall temperature of earth which is said to be warming. It was suggested in IPCC that all
this is result of human activities which causes rapid global warming [24].

Now the weather conditions are changing continuously. Average temperature is
increasing each year which has increased average global temperature of earth. This increase
is due to many factors e.g. glaciers and sea ice is melting, waves of heat are increased, this
clevated temperature cause’s rise in the sea level, precipitation level is changing which
causes drought in one area and heavy rainfall in other area [25]. It is evident from different
experiments that these changes are due to human activities i.e. greenhouse gasses. Carbon
dioxide oxide is one of the majorly causing greenhouse effect and that’s why increasing
global temperature. Greenhouse gas keeps earth’s infrared radiations and causes an
elevation in temperature which would otherwise not happen. Without this effect earth
temperature may goes below zero but now it’s not happening and temperature always
remains above the cold one. Concentration of different greenhouse gasses has dramatically
increases since 1960s. These elevation are due to modernization of humans. The thing we
owe to be comfortable for us are also harmful on the other side e.g. burning of fossils,
industrialization and use of land in different unlawful ways. Thus, climate change is mainly
caused by human activities leading to an elevated greenhouse effect [26, 27].

The main function of biodiversity has been recognized, it conserves and increases
the comfort of people by supplying life safety, health, vigor and agriculture other than
facilitation of works such as biogeochemical recycling and configuration of soil, flood
regulation, pest and disease control, etc. There are some hot spots places in few coral reefs,
Mediterranean ecosystems and tropical forest that represent high density of species
endemism and remarkably fast rates of extinction [28, 29]. Temperature and rainfall
participate mainly in findings where various groups of animals and plants can survive,
breed and procreate. The events about global environment modification on ecosystems and
species may be dual that is direct and indirect. Therefore many direct strikes of changed
climate on ecosystems and species. The cover of global change in reaction of changing the
climate is expected awaited to happen. Alteration of vegetation zones or biomes will be
occur there [30]. It was observed that 25% of eucalyptus in Australia had adapted

themselves to 1°C yearly increase in temperature [31].



It is estimated from different events which causes emission of greenhouse gasses, their
pattern, our innovative ideas and many other factors as well [32]. It is the reason for them
to be more in danger, even for minute alters in global environment. In Australia, huge race
of frogs, plants and mammals species possibly limited to some places or under go in danger
with rising in temperature of even just 0.5°C [33]. Climate effects can regulate the
ecosystem performance by decreasing biodiversity due to disappearance or changing the
habitat of species as well as seagrass biotic communities may be influenced by many
modes, depending on depositional methods of erosion and resulting alterations in coastline
and their potential to compete. Scientific proofs reveals that these all modification are
presumably going on along with the heating, changing the preceding century [34]. These
elevations are found to speed up and become further evident over next ten years, while the
accurate nature and changing rate of for individuals and for ecosystems is doubtful [30].
Climate change may force some plants and animal species to change because they are
ineffective to live in their altering environments, which creates a problem for biodiversity
hotspots conservations as listed by natural world heritage site [35].

Last century is evident of such climatic changes which caused to occur drought
events and even heavy rainfall than normal, US is one of them where heavy rainfall is seen
now a days. This resulted in damage to field crops and other damages caused by floods
[36]. Population is growing dramatically which ultimately increases human activities.
Hence rainfall increase is evident and flood related damages will definitely increase. The
changes what we see now is a great evidence that in future heavy climatic changes will be
seen and results will be more vigorous than now [36].

In south Asian regions, climate change is distinctively of vital concern, where
change in climate has major effect on economies and societies of human. Many states are
ecologically and geographically have high populations diversity living along with coastal
lines and water course are at prompt danger of extinction because of climate change.
Similarly, the high life reliance on agriculture maintains many communities at elevated
risk. The evidence, indicated effects of environmental modifications is rising. Decrease in
crop yields in major areas of the world, partly as events of temperature increase, while
elevation in regularity of climatically distorted diseases have also been detected. The main

dangerous warning coming from environmental modifications in Asia is availability of



clean water which is proceeded to turn down particularly in whole river and will gratingly
affect near about one thousand million people in the year 2050 [37].

IPCC (intergovernmental panel on climate change) in 2007 summit discussed and
published their report regarding climate change. According to them moderate increase in
temperature is helpful for crop species. Pasture crops will get benefit from moderate
temperature elevation, while this will cause an increase in yield of tropics and semiarid
area crops. There are useful effects of rise in temperature and even by heavy rainfall in
temperate regions but damages are more. Tropical areas showed complete negative
response of field crops towards even mild changes in temperature. We can predict that
further increase in temperature will cause more drastic effects up to end of current century.
On the other hand this can be an adaptation process for crops as well because crops are
mitigating slight change in temperature and are adaptive to it. Due to heat stress floods and
droughts are becoming part of specified areas resulting in damage to field crops and grazing
animals as well. All this is generating surprise change in climate and surprise effects on the
earth [38].

1.3 Current Scenario of Climate in Pakistan

Among the south Asian countries Pakistan is the second largest country which consists of
hot or cold spheres with little productivity. Change in geography all around the state,
forming the immense alterations in the country climate. Climate changes from winters and
hot, cold and dry summers in the arid to north and semiarid sphere in south and west.
Change in climate reveals these areas to dangers of glacial move back, rise in the sea floor,
temperature increase, more floods and water stress. Its most of the area is dry and partially
dried, furthermore shifts in heat level and schedule of rainfall in the coming days could
encroach on its food safety and millions of its inhabitant’s profits. Pakistan is most
convincible to the results of altering climate for the reason of its agriculture basic and
mostly reliance on innate resources for people. As our economy resource is mostly
agriculture, the effect of altering temperature level is tending to be dangerous in this zone.
Pakistan food safety measures has been in danger and a decrease in yearly crop yield is
brought about by numerous factors contributing are high environmental temperature,
desertification of land, increased water logging, growing frequency of pest attacks and

catastrophes has been found [39].



Change in climatic conditions tend to change the susceptibility of any crop to
disease, insects, floods and storms. As a result productivity of a crop species is reduced. In
Asia, productivity was found to decline due to elevated temperature, high rainfall, floods
and drought. Recent records indicate drastic reduction in yield due to water logging,
salinity and floods. Sensitivity of crop depends upon available temperature and humidity.
It was recorded that 1°C increase from ambient temperature of wheat causes 6-9% loss in
yield. This reduction is even more in case of cash crops e.g. maize and mango [40].

In general, the climate fluctuations are now presented as “global warming.” The
increase of the normal temperature of atmosphere near the surface of the earth and oceans
as of the mid-20" century and its expected persistence is called global warming. The global
warming results elevations in snowfall and melting of glacier, extreme alterations
excessive events as precipitation, floods, hot and cold, sea altitude increase and departure
of biodiversity [41, 42]. The impingement of global warming is major on falling winter
blizzard in complete winter rainfall on the wind part and most areas of the leeward sides of
the Himalayan Range since 1991, which tend to be late in beginning of wintry weather and
before spring time and efficient decrease throughout the snowfall timing [43].

In Pakistan in order to find out the temperature variation, the past sheers given by
various researches have been in process. In Pakistan the whole area has been divided into
eight parts for demonstrating the precedent temperature sheers [44]. As explained before,
the rise in environmental temperature is currently given major significance and it is viewed
as global warming. The result of heat fluctuations in increasing manner on river rates of
flow in Pakistan could be more radiated from region to region.

In 2012 a study was conducted to find overall condition of climate change and its
impact on Pakistan’s climatic conditions. Country was divided into different zones for
study. Climatic data set was taken from meteorological department and was analyzed by
software. It was concluded that Pakistan is facing a decline in rainfall. Major problem was
due to dry season from 1998 to 2001 when there was water scarcity. If this area is excluded
as dry period then rainfall trend was normal and good enough for living beings. But due to
this scarcity now there is decreasing trend in average rainfall. Northern and coastal areas

showed more pet decreasing trend [45].



1.4 Heat Stress in Plants

Elevated temperature beyond a specific verge level for a specific period of time which
causes an irreversible damage to development and growth of plant is said to be heat stress.
In usual terms, rise of 10-15°C from ambient temperature is thought to be stress of heat or
heat shock. This heat shock is dependent on three factors i.e. how much is intensity of
temperature? What is duration for exposure to elevated temperature? And what is rate of
elevation in temperature. All these factors determine the level of heat shock. It is discussed
that which is best time vulnerable for heat shock, there are many school of thoughts but
diurnal temperature is thought to be a better predictor for this [46].

Elevated temperature is a serious problem to worldwide crop production [47].
Different human activities are responsible for emission of gasses e.g.CO.,
chlorofluorocarbons, methane and oxides of nitrogen. These greenhouse gasses are adding
up in the ambient temperature of world and temperature is rising. According to a report it
is estimated that in each decade 0.3S°C temperature will be increased and will reach up to
3°C in 2100 [48]. This will cause alteration of crop seasons and pattern of geographical
distribution of crop plants. Ultimately early crop maturity will be the effect [49].

Cell death and severe cellular injury is not very uncommon at increased
temperature. If a cell is exposed at even slightly high temperature but for longer time it will
be dead or injured [50]. Injuries as an effect of heat shock includes increased fluidity of all
membranes, protein aggregation and denaturation. Slower injuries include inactivity of
enzymes, protein degradation, lost membrane intactness and protein synthesis [51]. Heat
stress also causes failure of reproductive stages due to destabilization of mitotic or meiotic
stages. These all conditions eventually leads to many other stresses i.e. reactive oxygen
species, reduced ion movement and starvation [52].

Whenever a plant is exposed to elevated temperature, several changes at molecular
level alter the gene expression and leads to the synthesis of stress proteins as a defense
system [53]. Heat shock proteins are synthesized which helps the plants to cope with such
conditions by improving photosynthesis, membrane integrity, partitioning of assimilates
and use of water and nutrients. These proteins range from 10 KDa to 200 KDa and work
as a chaperone [54]. This is one of the adaptive strategies which plant accentuates to cope

with but not alone, other mechanisms also work in accordance with this. There are many
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plants as well which are unable to synthesize these proteins and may or may not have such
strategies [55, 56].

1.5 Plant Responses to Heat Stress

A plant is disturbed at each level of its life stage and each level of growth and development.

Different responses at all these stages are given below separately.

1.5.1 Morphological Symptoms
Temperate and tropical climates are more vulnerable to changes in temperature, especially
elevated temperature. Sunburn on leaves, stems, branches, scorching of leaves, leaf drop
out and abscission, stunted growth of root and shoot, fruits discoloration and ultimately
reduction in economic yield are important effects due to heat stress [57, 58]. Modifications
due to elevated temperature can be direct or indirect and these responses differ at each
phenological stage. If developing seeds are exposed to heat stress, it causes delay in
germination or loss of vigor and ultimately poor stand establishment. Dry mass of shoot,
assimilation rate and relative growth rate can be reduced. It is observed that in some plants
like sugarcane and maize leaf expansion is not affected by heat stress [59].

Many cereal crops are vulnerable to heat stress at anthesis and grain filling stages.
In wheat, it causes loss in kernel density and weight if heat stress is for long time. Such
reductions also occur in protein, oil and starch contents of maize. Number and weight of
grains are susceptible to heat stress [60]. Reproductive stage in tomato is severely affected
by heat stress as it causes changes in ovule viability, position of stigma and style, growth
of pollen tube, pollen germination, and number of pollens, fertilization and post-
fertilization stages as well. Most important effect of heat on tomato is elongated stigma and
exerted style. This is proved by different studies that flowers are vulnerable to heat stress
from its first day and may last for 15 days [61]. Gametogenesis and fertilization are most
vulnerable stages during reproduction. Both male and female sex organs are sensitive to
temperature and response is specific to each genotype. It is concluded that responses to
heat stress vary with plant species and its life stage. Reproductive stage can be said as the

most devastating stage during heat stress [62].
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1.5.2 Anatomical Changes

Anatomical changes in response to heat stress are similar to those of drought stress. In
general it is said that small cell size, closed stomata, water loss, increased Trichoderma and
stomata, and larger xylem vessels are attributes of heat stress [63].

It was observed that in grapes mesophyll cells damaged and permeability of plasma
membrane was increased under high temperature [64]. At subcellular level chloroplasts are
affected mostly leading to reduced photosynthesis, as organization of thylakoids is
disturbed. Loss of grana stacking in membranes is also studied as an attribute of elevated
temperature [65]. Shape of chloroplast is changed, clumpy contents are formed in vacuoles,
mitochondria becomes empty, cristae are disturbed and stroma lamella is swollen.
Eventually respiratory and photosynthetic activities are disturbed. It is proved through
studies that sever anatomical changes occur due to heat stress, not only at tissue or cell
level but at sub cellular level as well. These changes ultimately results in reduction in plant
growth and yield [66].

1.5.3 Phenological Changes

The responses of plant at each stage of its life are different to heat stress and stage of plant
determines the severity of damages to plant. This study better demonstrates interaction
between stress and plant. Heat stress is categorized as the major factor responsible for
decline in plant development [67]. Susceptibility can be due to stage of plant but in general
whole plant life is disturbed by heat stress. For example high temperature at day time
damages leaf gas exchange [68]. A slight increase in temperature at reproductive stage
causes floral buds and opened flower abortion, however diversity is found within and
among plant species in this regard. Fruit setting is lowered due to pollen impairment [69].
Cereal crops can tolerate a small range of temperature but if heat stress is at flowering
stage, it adversely affects the fertilization process. But sometimes there are many positive
effects of heat as well [70]. For example in wheat crop, elevated temperature causes early
heading, changes in protein content, improves bread and flour quality. Thus it is important
to know that which developmental stage is more vulnerable and damaging to crop species
regarding heat stress and even to know that daytime or nighttime temperature is more

injurious. This will help to determine tolerance potential of a crop [71].
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1.6 Physiological Responses

1.6.1 Water Relations

It is important to maintain the membrane integrity of all biological membranes. Plant
always tries its best to maintain water potential and membrane integrity in any situation
[72]. Those plants which can maintain these two things can survive through stress
conditions and others die. During high temperature, this property of plant is reduced and
water can transpire from leaf surface and leaving the plant to die [73].

It was studied in sugarcane that during heat stress, its leaf water potential was
changed and its components were also altered [74]. In tomato heat stress changed root
water conductivity and leaf water potential as well [75]. Generally increase in daytime
temperature causes more damage to plants due to more transpiration. Eventually many

other physiological processes are also stopped [76].

1.6.2 Compatible Osmolytes

Many plants have an adaptive strategy i.e. to accumulate low molecular weight molecules
in the cell which prevent from cell damage and keep the membranes and organelles intact,
these are said to by osmolytes or more specifically compatible osmolytes [77]. These
include polyols, sugars, proline, ammonium compounds and sulphonium compounds [78].
An amphoteric and quaternary amine is glycinebetaine (GB) acts as compatible solute
under various stresses. Capacity of its production varies from species to species. High level
of GB was detected in maize and sugarcane during heat stress [79]. Likewise other crop
species i.e. rice, Arabidopsis and tobacco do not produce GB in normal conditions but
during stress this is produced [80].

Proline in widely occurring osmolyte in higher plants and is accumulated in larger
quantity during stress conditions. During heat stress it acts as a buffer for redox potential
of cell [81, 82]. In sugarcane it was reported to accumulate with soluble sugars as well.
Soluble sugars may include fructans, mannitol or trehalose. During heat stress trehalose is
more important soluble sugar conferring tolerance [82].

GABA (gama 4-aminobutyric acid) is a non-protein amino acid and acts as
compatible solute. It is synthesized from glutamic acid through various pathways [83]. It

causes cytosolic acidification which helps to be saved from death [84].
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We can use marker assisted breeding or genetic engineering for enhanced accumulation of

these compatible osmolytes so as to increase tolerance in plants.

1.6.3 Photosynthesis

Plants cannot survive without food and food is prepared by photosynthesis. Any hindrance
in this process can limit plant development and growth. Elevated temperature has a direct
effect on stroma of chloroplast and thylakoid lamellae so these are primary sites of injury
[85]. Under high temperature it is found that chlorophyll a:b is decreased while carotenoids
are increased sometimes. Degradation of chlorophyll a and b is more prominent in
developed leaves as compared to new growing leaves under elevated temperature. Due to
these effects reactive oxygen species are produced more in photosynthetic apparatus [86].

PSII is susceptible to heat stress and its activity is almost stopped during heat. This
is due to disintegration of thylakoid membranes where this lies [87]. Heat stress leads to
dissociation of OEC (oxygen evolving complex). This results in imbalance of electron
transport flow. Manganese atoms are released from complex because of a protein which
stabilizes this atom i.e. 33 kDa protein [88, 89]. Heat stress also disturbs other parts of
reaction center i.e. D1 and D2 proteins. When PS Il activity is reduced, it inhibits electron
transport activity and limited reducing power generation [90]. Activity of RUBP is also
reduced or diminished but not of rubisco. On the other hand PS I is thermostable and can
withstand even longer period of elevated temperature [91].

C3 plants are more vulnerable to heat stress than C4 plants. In C3 rubisco activity
is changed, RuBP regeneration is disrupted, electron transport chain is broken and oxygen
evolving enzymes are inactivated [92]. Photosynthetic pigments are reduced along with
large and small subunits of rubisco, rubisco binding proteins and soluble proteins. Other
elements which are disturbed includes starch, sucrose phosphate synthase, invertase and
ADP glucose pyrophosphorylase [93-96].

It is studied and proved that increased supply of CO. has a positive effect on
photosynthetic rate and elevated temperature may increase activity of rubisco but not of
photosynthesis [75, 96].

1.6.4 Assimilate Partitioning
There is always movement of water and food particles from one part to another. One part

from where movement starts is source and other part where it is transported is called sink.
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During heat stress this movement from source to sink is disturbed and there may be
reduction in growth, yield and harvest index [97].

A very little is known about this mechanism but a case study is available in wheat.
It was seen that photosynthesis has a wider range for temperature fluctuations but
partitioning of assimilates is susceptible to heat shock. A slight change in temperature
changes the movement and hence development processes. Movement of particle from stem

was independent of temperature but flag leaf’s optimum temperature was 30°C [98].

1.6.5 Cell Membrane Thermostability (CMT)

Growth and development of plants keep on going if all biological membrane are intact and
water potential is maintained [99]. Membranes are made up of lipid bilayer which is
susceptible to heat and upon elevated temperature bonds of lipids are loosened and
membranes become leaky. As a result cellular material is leaked and water potential is not
maintained [100].

Those plant which can withstand at high temperature and can maintain their
membranes intact are adaptive to heat stress. This is thought to be a parameter for measure
of heat tolerance. But this is further to be investigated that for which plant species CMT
can be a measure for heat tolerance because for wheat and sorghum it is not related to heat

stress or economic yield [101].

1.6.6 Hormonal Changes

Throughout the plant, hormones play a vital role in signaling to each and every aspect. So
it’s important to maintain hormonal stability, homeostasis, contents, compartmentalization
and biosynthesis [102].

Abscisic acid is one of stress tolerant hormones. It is involved in regulation of
physiological processes as signal molecule. In creeping bentgrass its level was not
increased during heat stress, but after recovery from stress it was accumulated suggesting
that it has role in stress. ABA is also involved in gene expression and up or down regulate
many genes to cope with heat stress [103].

Ethylene is a gaseous hormone involved in almost all growth and developmental
stages from germination to fruiting and in stress conditions as well. Its biosynthesis is
different at different times i.e. more at day time. Normally it is seen that rising temperature

up to 40°C its accumulation is increased while at 45°C or after this its production is ceased.
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Accumulated (1-amino-cyclopropane-1-carboxylic acid) ACC is also converted to
ethylene at high temperature [104].

Salicylic acid (SA) is a component of signaling pathway and systemic acquired
resistance (SAR). SA stabilizes the proteins and provokes transcription factors for heat
shock proteins hence improving thermos tolerance. It also removes H20; i.e. helps to
remove reactive oxygen species [105-107].

Role of cytokinin and gibberellins is antagonist to ABA. It was found that heat
tolerant varieties stopped producing gibberellin under [108] heat stress. In creeping
bentgrass, levels of different cytokinins and gibberellin was detected very low during
elevated temperatures. There is another class of phytohormoes i.e. brassionsteroids. These
have shown potential for conferring thermotolerance in oilseed and tomato crop but not in
cereals [109].

1.6.7 Secondary Metabolites

A variety of elements synthesized during primary carbon metabolism in different pathways
i.e. shikimate, methyl erythritol phosphate (MEP) and phenylpropanoid. Different phenolic
compounds are responsible for thermotolerance. Principal enzyme in this process is phenyl
ammonia lyase (PAL), which increases during heat stress and protects the cells by further
provoking a series of reactions [108].

Carotenoids are widely distributed in plant kingdom and are responsible for their
variety of roles, especially in stress conditions. For example, xanthophyll are involved in
phytoprotection. Zeaxanthin is present in periphery of light harvesting complex where it
gives protection from oxidative stress. Lipid phase of thylakoid membranes are also
protected by xanthophyll and isoprene. These save the membranes from being leaky and
keep them intact [110, 111].

Phenolics are most prevalent class of secondary metabolites e.g. flavonoids, lignins.
Thermotolerance is conferred by accumulation of phenolics, increased PAL, decreased
peroxidase activity and polyphenol lyase activity. Reproductive parts of plants show
decreased level of anthocyanins while vegetative parts show elevated level of anthocyanins
upon heat stress [112, 113].

Isoprenoids are synthesized by mevalonate pathway. As it is volatile in nature and of

low molecular weight, it emits from leaf surface. By its emission photosynthesis is carried
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out normally even at high temperature. So there is correlation between its emission and
heat tolerance. It also prevents from oxidative stress by directly reacting with singlet
oxygen [114, 115].

1.7 Mechanism of Heat Tolerance

Plants have wide range of mechanisms for their survival. Under heat stress plants can
shorten their life cycle so as to escape from period of high temperature and complete its
life cycle earlier. They may have acquired some morphological adaptations or resistance
which transfers to its progeny as well [116]. Some plants are adapted so as during stress
period they stop their growth and renew themselves when favorable conditions are
available. These are overall different strategies which a plant can adopt or may have in its
genes to combat with stress environment. But specifically talking about heat stress, plants
have evolved specific mechanisms which are described below [117].

Whenever any fluctuation is detected from normal environment, it triggers many
signaling cascades. It triggers transcription factors and stress related genes. These genes
with their proteins protect the cells and maintain homeostasis [118]. Any response
inadequate to a signal at any step can lead to malfunctioning of cell or cellular organelles
leading to cell death. Plants growing even in their natural habitat can experience
temperature fluctuations. So they need a more general mechanism for thermotolerance so
as to survive [119].

Major mechanisms to counteract thermotolerance includes osmoprotectants,
transporters, free radical scavengers, transcriptional controls, late embryogenesis abundant
proteins and factors for signal cascades [50, 120]. Any cascade of reaction starts with
perception of signals regarding elevated temperature. Heat stress is notable on membranes
and biochemical reactions of plasma lemma. Initial effects are on plasma lemma due to
which membrane fluidity increases. It provokes Ca?* influx and reorganization of
cytoskeleton, leading to upregulation of MAPK (mitogen activated proteins kinase) and
CDPK (calcium dependent protein kinase) [119]. This triggers production of compatible
osmolytes and antioxidants at nuclear level [102]. Reactive oxygen species are produced
at cellular level to actively carrying on signaling within and between cells and for
production of antioxidants as well. Antioxidant defense mechanism is of immense

importance regarding thermotolerance [78].
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Another important and keenly studied mechanism for heat tolerance is production of heat
shock proteins (HSPs). There are many families of HSPs, each family has its own
methodology for resistance and unique chaperone activity [121]. These work in a network
of chaperones in which each chaperones work as in a concert. These also interact with other
stress responsive mechanisms [122].

Membrane integrity is key to heat tolerance. Upon elevated temperature lipids melt
and integrity is lost. To cope with this situation, plants accumulate saturated fatty acids in
membranes which are resistant to heat. It is investigated in wheat that upon high
temperature linolenic acid concentration is increased which confers tolerance. Low
molecular weight HSPs also has protective role in electron transport of photosynthesis thus
making this process normal [123, 124].

Heat stress alter the patterns of gene expression including those of HSP and
inhibiting many others which are antagonist to HSP. Messenger RNA of non HSPs and

non-responsive to stress are destabilized in some cases [106, 122].

1.8 Heat Stress in Chickpea

Elevated temperature or heat stress alone is not so detrimental but it is a combined effect
of temperature, water status, soil type, wind and genotype of the plant [125]. Severity or
occurrence of heat stress varies from time to time and all other factors as well. Depending
upon these factors, stress can be categorized as acute and chronic heat stress. Acute heat
stress is more prevalent and is for short time period it causing only yield loss. On the other
hand chronic heat stress can occur at any stage of plant growth and is not so common. In
chickpea case it is observed that along with yield loss, death of plants may occur
[99,126,127].

1.8.1 Effect on Crop Establishment

Temperature at sowing time and germination is of immense importance as it is directly
related to yield of chickpea. It is observed that 10-15 °C is optimum for chickpea sowing
[128]. Germination optimal temperature is 22-35 °C while 31.8-33 °C is best for
germination because at this temperature germination is faster [129, 130]. At more elevated
temperatures, cotyledon mobilization is reserved and growth of embryo is badly affected.
Response to heat stress in chickpea is genotype dependent. At temperature 45-48 °C
germination percentage becomes zero [130].
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Photosynthetic rate is lowered and transpiration rate is much higher at high
temperature which results in poor stand establishment. Temperature also affects at
flowering stage. Flowering is a linear function of mean temperature. If temperature is high

then flowering is affected badly leading to lower yield [8].

1.8.2 Effect on Yield and Reproductive Stage

Chickpea has small size flowers with diadelphous stamens. It is self-pollinated crop and
self-pollination takes place before opening of flower and pods are formed five to six days
after pollination [131, 132]. If temperature is increased at this stage it affects pollination,
flower bud opening, pod formation and ultimately yield loss. Hot and dry conditions leads
to unopened flower buds [132].

If temperature is elevated after opening of flowers then yield is reduced as number
of seeds and weight per seed is severely reduced. At 35 °C yield is lowered and above this
pods are not formed [133]. Period of anthesis and seed set are critical stages vulnerable to
heat stress. It was proved that male and female organ development is most vulnerable to
heat stress. Hence some of these characters can be used as indicators of heat tolerance i.e.
stigma receptivity, pollen viability and ovule viability [134, 135].

Before onset of anthesis, heat affects anther development, pollen production and
sterility. Key factor for legumes’ yield determinant is pollen sterility. There are eight stages
in chickpea for pollen development, out of which two are most vulnerable to heat i.e.
microspore mother cell (MMC) meiosis and mature microspores. Studies on pollen of
chickpea are a bit behind others but it has been studied for cold tolerance only where
meiosis stage is not affected. But in case of heat stress, meiosis is severely affected [136-
138].

Reduced pollen viability is common to all legumes. At temperature from 7-25°C it
was observed that pollen germinations was 80-90%. As temperature is increased from this
range pollen viability and germination is reduced. At higher temperatures pollen
abnormalities are detected. Anther indehiscence in beans is common. Due to sterility of
pollens flowers abortion occurs. But for this parameter there is huge variation present in
chickpea germplasm [139, 140].

Heat stress is also detrimental to chickpea at post anthesis stage. This is
characterized by loss of stigma receptivity, poor pollen germination and growth, failure of
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fertilization and ovule formation. Heat also effects flowers in such a way that there is lack
of synchronization in male and female organs. Stigma receptivity in chickpea is reported
to be lowered at low temperature but not studied on high temperature. But it is hypothesized
that due to low exudate on stigma at elevated temperature, receptivity will be lowered or
completely lost [141-143].

Working on heat stress, day temperature is normally taken and studied but it is
observed that night temperature also play a vital role in legumes and affect seed setting. At
high night temperature anther indehiscence, reduced pod development, shrunken and small
pollens are observed. Hence diurnal temperatures play a role in chickpea reproductive
organ development [144, 145].

Seed setting depends upon time duration and rate of embryo growth, which is
affected by higher temperature. It leads to small endosperm and embryo abortion.
Endosperm filling is done by movement of carbohydrates to seed from other parts. When
temperature goes up mobilization of photosynthates is stopped thus endosperm remains

unfilled. This results in reduced seed size and lower weight of the seed [145-148].

1.8.3 Effect on Physiology

Photosynthesis is important physiological parameter to study effect of stress on plants.
High temperature affects directly the rate of photosynthesis and it has a negative linear
relationship with each other. Best temperature for photosynthesis is 22 °C. As temperature
goes high, rate of photosynthesis is lowered. Photosynthesis rate and duration is determined
by available assimilate and environment [149, 150].

Electrolyte leakage is a measure of membrane integrity, also said to be cell
membrane thermostability. However there is no evidence regarding relationship of
membrane integrity and seed setting or yield. But this is used as measure of heat tolerance
[151, 152].

Leaf senescence and assimilate partitioning are other important parameters which
can disturb seed and pods setting. At high temperature assimilates are unable to move to
seeds, decreasing yield of chickpea. However limited study is available in chickpea

regarding physiological parameters in heat stress [153, 154].
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1.8.4 Effect on Nitrogen Fixation
Root nodulation is amazing feature of legumes which helps to fix the nitrogen in such a
way that is available to plants. Heat stress causes impairs nodule function, lower nodule
formation and deformed nodules. Slight increase in temperature delays nodule formation,
decrease nitrogen fixation and reduces symbiosis [155, 156]. Optimal soil temperature
defined for chickpea growth and development is 22 °C. If soil temperature goes up to 35
or higher then nodules are not formed even if some are already formed they do not work
properly [156].

Mostly nitrogen is fixed during vegetative phase in chickpea. It starts decreasing
after pod formation. From different studies it is observed that temperature above 30 °C,

deterioration in nodules and nitrogen fixation starts [157].

1.9 Rainfall Stress in Plants

Downscaling climate change processes has intensified the necessity for correct evidences
about distribution of climate variables on different time and space scales. In the case of
rainfall a comprehensive study is required as intensity of rainfall is more affected than other
factors of climate. Hence to assess and construct actual climate scenario it is needed to
collect and analyze local and global climatic data [158]. Simulation of GCMs shows that
there is increase in emission of greenhouse gasses which ultimately increase daily mean
temperature and precipitation events on a global [159, 160] and local scale [161, 162].
However models still have restrictions that disturb the simulations of the extreme events in
terms of spatial purpose, it is predictable that changes in daily rainfall systems are reliant
on local factors [163].

On the other hand, there is indication in some areas of the increasing incidence of
wet days and an increased rate of total rainfall occurring during the heaviest events [164,
165] but only few regions have been studied on a daily basis because high quality data are
desirable, these data are not, in general available [166] and because there are complications
in defining trends of very infrequent events [167]. In this situation, the relationship between
annual precipitation and daily precipitation events is a priority research task in
environments with limited rainfall events and where temporal rainfall variability is high,
such as Mediterranean climatic regions. In these atmospheres, the annual maximum rainy

day (or few) is able to produce enormous quantities a few events can severely change
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monthly, seasonal or annual rainfall, and all of them are capable to disturb the water cycle
and environmental processes [167].

Water organization (WO) is an organization which is handling water resources and
their conservation regarding climatic changes and its impacts on field crops. When time of
rainfall and its intensity is changed then water resources and its usage is changed [168]. It
is evident from experiments that extreme conditions are more important to describe than
mean climatic conditions because extreme conditions results in drastic conditions [169-
172]. Generally, both the time and intensity of rain in a specific area are important events

as an ecological process [173, 174].

1.10 Plant Responses to Rainfall Stress

Water present in soil is a determinant of species distribution all over the world. It can
change into stress e.g. waterlogging, drought, excessive or shortage of water. Crop
production is limited in tropics and subtropics due to excessive rainfall. Excessive rainfall
causes floods. Flooding is the stress when plants are submerged in rain water and are unable
to get oxygen from soil which harshly affects crop production. It is now a major problem
of some areas in the world. Rain fed areas are more subjected to rainfall stress, especially
those soils where drainage in very poor. Floods and excessive rainfall causes waterlogging,
which disturbs 10% of land from all over the world and hence it is major constraint in
agricultural production.

Yield loss due to waterlogging ranges from 15-80%. Intensity of loss depends upon
time span of stress, crop species and type of soil. Flooding compared to other stresses,
critically decreases yield as considered by FAO and International Institute for Applied
Statistical Research in their experiments locally and worldwide [175].

Leaf is a good friend of plant in rainfall stress as it respires and photosynthesis is
carried out. Actually chlorophyll fluorescence is affected due to heavy rainfall. In this
condition major decrease occurs in quantum yield of photosystem [176]. This may be due
to changed hormonal status, mineral contents and stomatal conductance. All these affect
non-photochemical quenching, photochemical quenching and electron transport chain.
After rainfall, reclamation of soil is necessary, if it is not done crop species cannot

withstand. Ideal rainfall tolerant species is one which tolerate waterlogged condition and
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recovers itself quickly. There is variation present in plants regarding ability to recover,

some can recover quickly while others don’t [177].

1.11 Physio-Chemical Changes during Rainfall Stress

1.11.1 Change Rhizosphere Chemistry
Soil redox potential is dependent on concentration of water available in soil. When
excessive water is present soil redox potential is severely reduced which changes
composition of soil profile. Depletion of oxygen in soil provokes microorganisms to use
nitrates from soil as electron acceptor. Hence soil solution is filled with ions more than
toxic levels. However toxicity of these cations depends upon pH of soil e.g. manganese is
harmful in acidic soils. Flooding results in neutrality of soils due to which many nutrients
becomes unavailable to plants. As the stress progresses redox potential is further reduced
along with sulphate and hydrogen sulphide ions. Consequently methane formation from
the reduction of carbon dioxide and definite organic acids, is started at redox potentials of
200 mV (at pH7). Repressed gas exchange during waterlogging leads to high partial
pressure of CO2 (pCOy) in the roots. Hence plant metabolism and root growth is severely
affected. During extended period of waterlogging many phenolic and short chain fatty acids
are mixed with soil.

As nutritional composition is changed in soil, plant growth is affected negatively.
In internal parts of plants endogenous levels of nutrients is reduced [178]. Root zone
becomes deficient in oxygen so plant is unable to select sodium or potassium and hinders
in transportation of sodium. The early senescence of leaves and the stunted growth of
shoots in flooded plants are affected by the inhibition of nitrogen (N) uptake and the
consequent redistribution of nitrogen inside the shoots. Moreover, the hampered
effectiveness of photosystem (PS) Il is recognized to the deficiencies of N, P, K, Ca and

Mg occur.

1.11.2 Plant Metabolism and Energetic Alteration

Aerobic respiration may be hindered due to activity of microorganisms and roots
respiration, which leads to conditions said to be hypoxia or anoxia. Here oxidative
phosphorylation get hindered so plants tend to change their metabolism to anaerobic mode.
As oxygen in not available so electron transport chain and intermediate compounds or

electron carriers becomes completely unavailable or reduced. This disturbs the metabolic
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activities requiring redox active ingredients. Cells needs to maintain their redox
characteristics i.e. NADH should be unaffected under flooding [179].

Reactive oxygen species are produced in response to any stress in higher quantities
while in normal cells these are present in moderate concentrations for signaling. When
electron transport components are saturated and intracellular components are highly
reduced due to excessive water in root zone, it produces ROS in elevated concentrations.
ROS generation results in inactivation of enzymes, lipid peroxidation and damages DNA
[180]. It is studied that in flooding situations how calcium concentration is elevated in the
cell and membrane permeability is disturbed. ATP synthesis is reduced or completely
stopped, photosynthesis is reduced and mitochondrial respiration is also disturbed. Tolerant
genotypes are those which can maintain their energy level in flooding situation through
fermentation [181].

1.11.3 Alterations in Physiological Mechanisms

One of the immediate response to soil flooding is a decrease of stomatal aperture and
stomatal conductance. Low O level may also decrease hydraulic conductivity (Lp)
subsequently to reduced root permeability. The reduction in Lp may associated to
aquaporin’s gating by cytosolic pH [182] and also limit water uptake thus leading inner
water shortage [183, 184]. O scarcity usually brought a quick decrease in the rate of
photosynthesis which is normally considered as consequences of reduced stomatal
aperture, reduction in leaf chlorophyll contents, early leaf senescence and a decrease in leaf
area may also contribute to inhibition of photosynthesis in later stage. Indeed flooded soils
tends to decrease the translocation of photosynthesis product from ‘source’ leaf to ‘sink’
root [185] as a results the maintenance of photosynthetic activity and accumulation of
soluble sugar to roots is obviously an significant adaptation to flooding. In vegetables
flooding caused a noticeable decrease in stomata conductance of bitter melon. This
reduction resulted in increased leaf water potential [186]. In contrast, it is observed that
there is no significant correlation was found between water potential and stomatal

conductanc of okra plants under flooded conditions [187].

1.11.4 Anaerobic Metabolism of Roots
In excessive water, oxygen is unavailable to plant roots so they have to respire

anaerobically. Additionally proteins are formed by other mechanisms and anaerobic
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polypeptides (ANPs) are formed [188]. Till now many ANPs have been categorized and
studied by molecular approach or protein chemistry. All ANPs are glycolytic enzymes.
Among these, ADH is most important and widely found in different studies. Its isozymes
are found in different plant species during flooding, each with its unique properties [188-
194].

1.11.5 Photosynthetic Capacity of Mesophyll Cells

There is fluctuations in activation of Rubisco, in excessive water it has been observed that
its activation level is carbamylation [195], which is controlled by intensity and duration of
light, and CO> assimilation [196]. Generally when CO> assimilation is increased, activity
of Rubisco is decreased [196, 197]. Activation level of Rubisco was noticed to be 92%
when CO> assimilation was 240 pbars in control plants [186]. Under elevated level of
carbon dioxide assimilation the activity of Rubisco was found to decrease and the level of
phosphoglycerate (PGA) to rise in different plant systems [198, 199].

Gaseous exchange in leaves was observed to reduce photosynthetic capacity of crop
plants during excessive water. Flooding results in reduced capacity of leaves for gaseous
exchange. Examples are Lycopersicon esculentum [200], Pisum sativum [201]. When pea
plants were subjected to flooding abscisic acid level was arisen along with stomatal closure
[202, 203]. Same results have been witnessed in tomato [204] and apples [205]. Water
potential of leaf is also increased which fluctuates conductance of stomata [186]. Hence it
can be concluded that increased water potential in leaf results in stomatal closure, which

reduces transpiration rate which ultimately saves the leaves from dehydration [206].

1.11.6 Anatomical and Morphological Modifications

Excessive rainfall stress is also known to cause a number of anatomical and morphological
changes in e.g. formation of arenchyma, hypertrophied lenticels, suberized epidermis and
adventitious roots etc. Under rainfall stress the common anatomical change is the existence
of hypertrophied lenticels detected in different woody species [207]. Hypertrophic growth
results in nearby stem base due to radical cell division and cell expansion. Additionally, it
is furthermore supposed to be related with synthesis of ethylene and auxin [208]. Function
of lenticels is downward diffusion of Oz and the compounds that are synthesized as
byproducts of anaerobic metabolism (CO2, CHs and ethanol). Though, the exact

physiological function of lenticels is still unknown, sometimes they are considered to
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creating tolerance in plants under rainfall stress [209]. Moreover, it has been studied that
under water surface the number of hypertrophied lenticels are more that helps the argument
stating their involvement in preservation of plant water homeostasis. These specialized
cells play their role as significant helpers of plants for entry of oxygen to the root system.
In plant water homeostasis the role of hypertrophied lenticels is clear as they actively
participate in facilitating water uptake for the shoots by replacing crumbling roots [184].

In plants under rainfall stress potential morphological changes takes place as adventitious
roots formed that replaced the basal roots [210]. When the basal root system fails the
continuous supply of water and minerals under rainfall stress then the adventitious roots
helps the plants to do so. Additionally, the failure of the basal root system is supposed as
the expense of supplying energy for the formation of well adapted root system [211].
However, in plants under rainfall stress the formation of adventitious roots is directly
associated with developing rainfall stress tolerance [212].

In plants one more vital morphological change occurs in the root cortex region is
the formation of aerenchyma (lacunae gas spaces). So it is thought that development of
lacunae gas spaces is reflected as an adaptive change of the plant in rainfall stress [213].
In formation of lacunae gas spaces two main processes takes place. The first change that
takes place which is not related with abiotic stress is constitutive formation of lacunae gas
spaces. During the process of tissue development the cells gets detached and formed this
type of lacunae gas spaces. As a consequence of cell separation this type of cell death is
known as shizogeny and it is not effected by abiotic stress conditions. The other type of
lacunae gas spaces formation is termed as Isogeny and it is developed as a result of cortex
partial breakdown that appears like programmed cell death and its formation usually takes
place as a result of external stimulus like abiotic stress [214].

1.12 Response of Chickpea to Irrigation Stress

A study was conducted to check response of chickpea genotypes to irrigation stress. It was
found that irrigation has no significant effect on plant height, number of branches, number
of pods, biological yield and grain yield [215]. In another study it was found that doubling
the irrigation reduced 30% of dry matter. Lowest number of seeds was obtained and

percentage of decrease was 40%. Increased irrigation has no effect on canopy and radiation
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interception. It was also suggested that yield of chickpea can be 100% reduced with water
logged conditions [216].

It is estimated that heat stress and rainfall stress alters plant’s morphological,
physiological and biochemical behavior and accounts for about 40-50% of the yield losses
in chickpea. Vegetative growth is increased and reproductive growth is delayed. Prolonged
conditions of excessive water results in decline of chickpea’s vigor and growth [217].

In the view of earlier reported literature, present study was designed with following
objectives

e Development of protocol for screening of chickpea against irrigation, heat and
combined stresses

e Assessment of effects of irrigation on morphology, physiology, and biochemistry
of chickpea

e Screening of tolerant genotypes for irrigation (1), heat (H) and combined stress
(I+H)
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2 Materials and Methods

Two Experiments were designed for screening of Irrigation (1) stress tolerance, heat (H)
stress tolerance and combine (I+H) stress tolerance in 9 Desi and 8 kabuli chickpea elite
lines collected from different research centers of Pakistan. The screening experiments were
conducted at Nuclear Institute for Agriculture and Biology (NIAB), protocols and
conditions for these experiments were optimized. Experiments were layed out in
completely randomized design (CRD) with 4 replications to investigate the effect of

treatments on morphology, physiology and biochemistry of chickpea.

2.1 Seed Material

To screen the different chickpea lines against Irrigation, Heat and combine stress seeds of
17 genotypes (elite lines) of chickpea were used, 8 of Kabuli type and 9 of Desi type, from
different institutes of Pakistan; AARI Faisalabad, NIAB Faisalabad, AZRI Bhakkar, RARI
Bahawalpur, NARC Islamabad and NIFA Peshawar (Table 2.1).

Table 2.1: Seed material used in the study

Sr.No. Desi Source Sr. Kabuli Source
Chickpea No. Chickpea
1 D-0913 AARI Faisalabad 1 9 KCC-166 BARI,Chakwal
2 D-09027 AARI Faisalabad 2 K-09015 AARI,Faisalabad
3 CH 24/07 NIAB Faisalabad 3 CHB888/06 NIAB,Faisalabad
4 CH104/06 NIAB Faisalabad 4 CM1235/08 NIAB,Faisalabad
5 TGX 225 AZRI, Bhakhar 5 FG0902 NIAB,Faisalabad
6 BRC -390 RARI,Bahawalpur 6 K0039-09 NIAB,Faisalabad
7 CMC 211S NARC ,Islamabad 7 BKK 02174 NIAB,Faisalabad
8 NIFA -2 NIFA,Peshawar 8 NOOR-2013 Check
9 Bhakhar-2011  Check
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2.2 Experiment # I: (Screening of Kabuli Type against Heat,

Irrigation and Combined Stress of Irrigation and Heat)

The experiment was performed under the net house conditions of (NIAB) where the
average temperature was 33°C and 13°C of day and night respectively. There were four
sets of pots one set for control second set for irrigation stress, third set for heat stress and
fourth set for combined stress application. In each set 12 seeds of kabuli genotypes were
sown in each pot. For this purpose pots were filled with 1kg of autoclaved sieved pure
sand. Then the water holding capacity of the sand were measured which was 25% and
according to measurements added 250ml distilled water in each pot to attain the field
capacity conditions in the pots. Then small holes of 2-3 inches were made in the sand and

seeds were sown in these holes.

2.2.1 Stress Treatments

After 5-6 days of sowing date average germination takes place. Then hog land solution of
one eighth strength was applied on 10" day of sowing to each set. The controlled and heat
stressed pots were irrigated at half of their field capacity at 5™ day after germinating while
that of irrigated and combined stressed pots were irrigated at full of their field capacity at
the same day. Second and 3™ irrigation according to above mention conditions were
applied at 17" day and 21" day of sowing. After 2 weeks of germination the heat stressed
and combine stressed set of plants were shifted in glasshouse for stress application where
the average temperature was 43°C and 20°C of day and night respectively and experiment
was harvested on 30" day. Certain morphological parameters were measured and sample

was collected for physiological and biochemical analysis (Figure 2.1).
2.3 Experiment # Il: (Screening of Desi Type against Heat,

Irrigation and Combined Stress of Irrigation and Heat)

The second experiment was performed under the net house conditions of (NIAB) where
the average temperature was 32°C and 10°C of day and night respectively. There were four
sets of pots one set for control second set for irrigation stress, third set for heat stress and
fourth set for combined stress application. In each set 12 seeds of desi genotypes were sown
in each pot. For this purpose pots were filled with 3 kg of autoclaved sieved pure sand.
Then the water holding capacity of the sand were measured which was 25% and according
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to measurements added 750ml distilled water in each pot to attain the field capacity
conditions . Then small holes of 2-3 inches were made in the sand and seeds were sown in

these holes.

2.3.1 Stress Treatments

After 5-6 days of sowing date germination takes place. Then hog land solution of one
eighth strength was applied on 10" day of sowing to each set. The controlled and heat
stressed pots were irrigated at half of their field capacity at 5™ day after germinating while
that of irrigated and combined stressed pots were irrigated at full of their field capacity at
the same day. Second and 3" irrigation according to above mention conditions were
applied at 17" and 21" day of sowing. After 2 weeks of germination the heat stressed and
combine stressed set of pots were shifted in glasshouse for stress application where the
average temperature was 38°C and 17°C of day and night respectively and experiment was
harvested on 30" day. Certain morphological parameters were measured and sample was

collected for physiological and biochemical analysis (Figure 2.1).

Irrigation (100% F.C)

2= Irrigation

3™ Irrigation stress
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Figure 2.1: Protocol developed for screening against irrigation, heat and combined
stress on Chickpea seedlings. Heat stress 43/20°C for Kabuli type, 38/17°C for Desi

type, Hogland Solution of 1/8 strength.

2.4 Growth and Morphological Parameters

Samples of leaf for physio-biochemical analysis were collected at 30" day of both
experiment and store at -20°C. Seedlings fresh weights, roots fresh weights and shoots
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fresh weights were recoded instantaneously after harvesting to avoid evaporation. Shoots
and roots were separated and their weights recoded individually and plant biomass was
also recoded at the same time. Root and shoot lengths were measured by spreading them
on a graduated scale and calibrated in cm. For dry weights estimations, pre-weighted plants
were kept in brown paper bags and placed them in oven at 70°C for drying purpose. Then
seedling, root and shoot dry weights were measured after complete drying when there was

no further reduction in weights.

2.5 Physiological Parameters

Treatments may induced different physiological modifications in the plants that were
analyzed. In this study various physiological parameters were assessed in control, heat
stressed, irrigation stressed and for combine stressed. Data was collected for all treatments

according to the following methods.

2.5.1 Water Relations

The second leaf from each plant was excised at 7.00 a.m. and the leaf water potential
measurements were made with Scholander type pressure chamber (Arimad, UK). A
proportion of the same leaf used for water potential measurements, was frozen into 2 cm
3polypropylene tubes at -20 °C in an ultra-low freezer for 2 weeks, after which plant
material was thawed and the frozen sap was extracted by crushing the material with a glass
rod. After centrifugation (8000xg) for 4 min, the sap was directly used for osmotic potential
determination using a vapor pressure osmometer (Wescor 5500). Leaf turgor pressure was
calculated as the difference between leaf water potential and leaf osmotic potential values
[218].

2.5.2 Relative Water Content (R.W.C)

For measurement of relative water content the leaf samples were detached and their fresh
weights were calculated by using a sensitive weighing balance. Then the same leaf samples
were placed in small glass tubes filled with distilled water and placed them under dark
conditions for 24 hours. After that again weighed them for measuring their saturated
weights. Then the same leaf samples were placed in brown paper bags and these bags
placed in oven at 70°C for complete drying purpose. When the leaf samples were
completely dried then again weighed them for collecting the data of dry weights. After that

the relative water contents (RWC) were calculated with the following formula [219, 220].
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RW(C-= (leaf fresh weight —leaf dry weight)/ (leaf saturated weight-leaf dry weight) x 100

2.5.3 Leaf Chlorophyll Florescence Parameters

Leaf chlorophyll florescence works on the principle that photosynthesis is one of the core
functions in the physiology of plants. The functional state of photosynthesis has been
considered an ideal physiological activity to monitor the vigor of plants. However, the data
for chlorophyll florescence were recorded in this study following nomenclature and the
literature available on the websites of chlorophyll florescence meters. Leaves that were to
be analyzed adapted to darkness for 30 min by attaching light exclusion clips to the leaf
surface. Chlorophyll florescence was measure by a portable florescence spectrometer
“plant efficiency analyzer” (PEA, Handsatech instruments Ltd ) following [221]. After a
dark adaptation period of 30 min using specific leaf clips the minimal florescence level
(Fo) with all photosystem 11 (PSII) reaction centers open was measured by a weak red light
which was sufficiently low (<0.1 pmol m?2s?) not to induce any significant variable
florescence. Maximum fluorescence of dark —adapted leaves (Fm) PSII reaction cent
reclosed was measured by a 0.8 s saturating pulse (8000pumol m2s?). All measurements of
FO were performed with measuring beam set to a frequency of 6000 Hz, whereas all
measurements of F were performed with the measuring beam automatically switching to
20 kHz during the saturating flash. All the parameters were recorded according to [222].
Using the above fluorescence parameters, the following parameters were calculated:

2.5.4 Minimal Chlorophyll Fluorescence (Fo) of Dark Adapted Leaf

It is a measure of the stability of the light-harvesting complex. Increased values indicate
damage of the photosynthetic apparatus while reduced values indicate impairment of the
photosynthetic apparatus.

2.5.5 Maximal Chlorophyll Fluorescence (Fm) of Dark Adapted Leaf

Its values indicate the physiological state of acceptor side of photosynthetic apparatus.
2.5.6 Variable Chlorophyll Fluorescence (Fv) of Dark Adapted Leaf

Its values(comparison of non-stressed and stressed leaves ) indicate the physiological state
of donor side of photosynthetic apparatus (PSll), i.e., oxygen evolving center (OEC) or
electron flow from OEC to acceptor side.

2.5.7 Time of Achieving Maximum Fluorescence Yield(Tm)

It gives the time taken by dark adapted leave to achieve maximum fluorescence yield.

31



2.5.8 Ratio of Variable Chlorophyll Fluorescence and Minimal Chlorophyll
Fluorescence (Fv/Fm)

It estimate the maximum primary yield of photochemistry of PSIlI and provides an
estimation of photosynthetic capacity.

2.6 Biochemical Analysis

Treatments induced biochemical modifications in the plants leaves were analyzed. In this
experiment various biochemical parameters were assessed in control, heat stressed,
irrigation stressed and for combine stressed. These analysis was performed on leaf samples

for all treatments according to the following methods.

2.6.1 Extraction of Antioxidant Enzymes
Fresh leaves (0.5 g) of all chickpea genotypes were ground in 2 ml of 50 mM cold
phosphate buffer (pH 7.8) and centrifuged at 15,000xg for 20 min at 4°C. The supernatant

was used for the determination of activities of enzymes.

2.6.2 Total Soluble Proteins

For protein estimation in chickpea leaves, 5 pL of supernatant and 95 pL 150 mM NacCl
were mixed with 1.0 mL of dye reagent (100 mg). Coomassie Brilliant Blue G-250 dye
was dissolved in 50 mL of 95% ethanol and 100 mL 58% (w/v) phosphoric acid and dilute
to one litter and the mixture was left for 5 min to form a protein dye complex. Then the
absorbance was measured at 595 nm [223].

2.6.3 Superoxide Dismutase (SOD)

For the estimation of SOD activity, leaves were homogenized in a medium composed of
50 mM potassium phosphate buffer (pH 7.0), 0.1 mM EDTA and 1 mM dithiothreitol
(DTT) as described by [224]. The activity of SOD was assayed by measuring its ability to
inhibit the photochemical reduction of nitroblue tetrazolium (NBT) following the method
of [225]. One unit of SOD activity was defined as the amount of enzyme which caused
50% inhibition of photochemical reduction of NBT.

2.6.4 Peroxidase (POD)

For the estimation of POD, leaves were homogenized in a medium composed of 50 mM
potassium phosphate buffer (pH 7.0), 0.1 mM EDTA and 1 mM DTT. Activity of POD

was measured using the method of [226] with some modification. For measurement of
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POD activity, assay solution (3 mL) contained 50 mM phosphate buffer (pH 7.0), 20 mM
guaiacol, 40 mM H202and 0.1 mL enzyme extract. The reaction was initiated by adding
the enzyme extract. Increase in absorbance of the reaction solution at 470 nm was recorded
after every 20 s. One unit POD activity was defined as an absorbance change of 0.01 units’
min.

2.6.5 Catalase (CAT)

For the estimation of CAT, leaves were homogenized in a medium composed of 50 mM
potassium phosphate buffer, pH 7.0 and 1 mM dithiothreitol (DTT). CAT was estimated
by the following method described by [226]. For measurement of CAT activity, 5.9 mM
H20, and 0.1 mL enzyme extract. Decrease in absorbance of the reaction solution at 240
nm was recorded after every 20 s. An absorbance change of 0.01 unit’s min * was defined

as one unit CAT activity. Enzyme activities were expressed on fresh weight basis.

2.6.6 Ascorbate Peroxidase (APX)

For the estimation of APX activity, 0.5 g plant samples were extracted in 2.5 mL
homogenizing medium containing 100 mM potassium phosphate buffer, pH 7.0, 0.1 mM
EDTA, 0.1 mM ascorbate and 2% (v/v) b-mercaptoethanol. For assay of the enzyme
activity, the rate of hydrogen peroxide-dependent oxidation of ascorbic acid was
determined in a reaction mixture that contained 50 mM potassium phosphate buffer, pH
7.0, 0.6 mM ascorbic acid and enzyme extract. The reaction was initiated by addition of
10mlof 10% (v/v) H202 and the oxidation rate of ascorbic acid was estimated by following
the decrease in absorbance at 290 nm for 3 min [227].

2.6.7 Protease Activity

For the estimation of protease activity, leaves were homogenized in a medium composed
of 50 mM potassium phosphate buffer (pH 7.8). Protease activity was determined by the
casein digestion assay described by [228]. By this method one unit is that amount of
enzyme, which releases acid soluble fragments equivalent to 0.001 A280 per minute at 37
OC and pH 7.8. Enzyme activity was expressed on fresh weight basis.

2.6.8 Malondialdehyde (MDA) Content

The level of lipid peroxidation in the leaf tissue was measured in terms of malondialdehyde
(MDA, a product of lipid peroxidation) content determined by the thiobarbituric acid
(TBA) reaction using method of [229] with minor modifications as described by [230] and
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[231]. A 0.25 g leaf sample was homogenized in 5 mL 0.1% TCA. Homogenate was
centrifuged at 10,000 xg for 5 min. In 1 mL aliquot of the supernatant, 4 mL of 20% TCA
containing 0.5% TBA were added. The mixture was heated at 95°C for 30 min and then
quickly cooled in an ice-bath. After centrifuging at 10,000xgfor 10 min, the absorbance of
the supernatant at 532 nm was read and the value for the non-specific absorption at 600 nm
was subtracted. The MDA content was calculated by using extinction coefficient of 155
mM “tcm™.

2.6.9 Total Oxidant Status (TOS)

Total Oxidant Status was determined by using a novel automated formulated method [232].
In this assay the ferrous ion-odianisidine complex was oxidize to ferric ion by oxidants
reaction was increased by the glycerol molecules which were in abundant quantity in the
reacting media. During reaction a colored complex was produced in an acidic media by the
reaction of ferric ion with xylene orange solution. The reaction solution’s color intensity
which related to the oxidant molecules quantity was measured by spectrophotometer
(HITACHI U-2800). The assay mixture contained reagent R1 (stock xylenol orange
solution (0.38g in 500uL of 25Mm H2SO4) 0.4g NaCl, 500 pL glycerol and volume up to
50MI with 25nM H.SO, sample extract and reagent R2 (0.0317g o-dianisidine, 0.01969
ferrous ammonium sulphate (I1). After 5 min the absorption was measured at 560nm by
using spectrophotometer (HITACHI-2800).

2.6.10 Pigment Analysis
The concentration of chlorophyll (a and b) and carotenoids were determined following the
method of [233]. Fresh leave (0.2) were grind well and extracted in 80%acetone at -4 °C.
The extract was centrifuged at 10,000 g for 5 minutes at 4 °C. Absorbance of the
supernatant was read at 645,663 and 480 nm using a spectrophotometer (HITACHI,
U28000. The concentration of total chlorophyll contents, chlorophyll a, b and carotenoids
were calculated by the following formulae:

Chl a (mg/g f.wt.) = [12.7 (OD 663) — 2.69 (OD 645) xV/1000xW]

Chl b (mg/g f.wt.) = [22.9 (OD 645) — 2.69 (OD 663) xV/1000xW]
Carotenoids (mg/g f.wt.) = [Acar/EM] x1000 Acar = OD 480 +0.114(OD663)-.638(0OD
645)
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Where V is the volume of the sample, W is the weight of fresh tissue taken for extraction
and Em is 2500.

2.6.11 Esterase Activity

Esterase activity was determined according to method adapted from [234] with some
modification assumed. Leave sample of 500mg homogenized in 5 ml phosphate buffer
(200mM, pH7.0), containing 1 mM of each EDTA, PMSF, PTU and 20% glycerol by using
mini bead beater and then centrifuged at 10,000 g for 20 minutes at 4 °C. The supernatant
was used for enzyme estimation. Different standards (0.1-0.9 uM interval) of esterase from
working stock solution were prepared in 1000ul distilled water. Then, added 5 ml of
phosphate buffer (40mM, pH 6.8) to all of standards solution including blank, finally added
1 ml of staining solution to each and placed them for 20 minutes in dark at 30°C for
incubating with gently shaking. Then absorbance at 590nm was measured .standard curves

for a-naphthyl acetate esterase were prepared by using standards.

2.6.12 Estimation of Esterase Activity Using A-Naphthyl Acetate as Substrate

A substrate solution was made by adding 30Mm A- naphthyl acetate in 1ml acetone and
added to 99 mi of phosphate buffer (40 mM, pH 6.8).Fast blue BB salt 1%(w/v) in
phosphate buffer (40mM,Ph 6.8). and sodium dodecyl sulphate (SDS) 5% (w/v) in double
distilled water was prepared separately to make staining solution .quantity of staining
solution was taken by adding 2 parts of fast blue BB salt 1% solution into 5 parts of sodium
dodecyl sulphate (SDS) 55 solution. enzyme stock was prepared by adding 10ul of enzyme
solution to 990l phosphate buffer (40 mM, pH 6.8).Assay mixture was prepared by adding
1ml of enzyme stock into 5ml of substrate solution and 1ml of phosphate buffer (40 mM,
pH 6.8) . A total 5ml of substrate solution was mixed into 1ml of phosphate buffer (40mM,
pH 6.8) for using blank as control sample. Finally, all the assay samples including blank
were incubated in dark for 20 minutes at 30 °C with gently shaking .after 20 minutes, added
1ml of staining solution to all the samples including control and again incubate in dark for
20 minutes at 30 °C gently shaking. Then absorbance at 590 nm was measured using
spectrophotometer (U-2800, 122-003 HITACHI, JAPAN).

2.6.13 Total Phenolic Contents (TPC)
A micro colorimetric method, as described by [235] was used for total phenolic assay,

which utilizes Folin-Ciocalteu (F-C) reagent. A standard curve was prepared using
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different concentrations of gallic acid and a linear regression equation was calculated.
Phenolic content (gallic acid equivalents) of samples was determined by using the linear

regression equation.

2.7 Stress Tolerance Index (STI)

Stress tolerance index for each parameter was calculated by using following formula.

Stress Tolerance Index (STI) = (value under stress/value under control) x 100

2.8 Statistical Analysis

Screening experiments were conducted in four repeats using completely randomized
design (CRD). The significance was ascertained by analysis of variance and Tukey (HSD)
test at p<0.05 by using XL-STAT software. Values presented in graphs are mean = S.E. In
graphs, bars with different alphabets differ significantly from each other. After stress
tolerance index (STI) calculations from data under control and stressed conditions,
Correlation and cluster analysis were performed for association and grouping by using XL-

STAT 2012.1.02.
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3 Results

3.1 Kabuli (White Seeded) Genotypes

3.2 Morphological Parameters

3.2.1 Shoot Length (S.L)
Under non-stress condition, significant differences were observed in tested genotypes for
shoot length (S.L) (Figure 3.1). The highest (19.5 cm) shoot length was observed in K-
09015 while the lowest (16.12 cm) in BKK 02174. Under the irrigation stress, shoot length
was more (21.38 cm) in 9- KCC-166 while least (18.75 cm) in BKK 02174. Under heat
stress K-09015 showed higher (21.88 cm) length while BKK 02174 showed least (17.98
cm) length. Under combined stress shoot length was higher (21.35 cm) in K-09015 while
lowest (17.9 cm) in FG0902.

As compared to non-stress condition, shoot length was observed as not effected in

tested genotypes under irrigation, heat and combined stresses (Figure 3.1).

3.2.2 Root Length (R.L)
Under non-stress condition, significant differences were observed in tested genotypes for
root length (R.L) (Figure 3.2). The highest (13.5 cm) root length was observed in FG0902
while the lowest (12.00 cm) in CH888/06. Under the irrigation stress, root length was more
(14.37 cm) in K0039-09 while least (11.95 cm) in NOOR-2013. Under heat stress K0039-
09 showed higher (14.18 cm) length while K-09015 showed lowest (11.60 cm) length.
Under combined stress NOOR-2013 root length was higher (18.10 cm) while CM1235/08
lowest (10.67 cm).

Root length was found to be same in all tested genotypes under all stress conditions
except for NOOR-2013 in which it was significantly increased under combined stress.
(Figure 3.2).
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Figure 3.1: Shoot length under control, irrigation, heat and combined stress
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Figure 3.2: Root length under control, irrigation, heat and combined stress
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3.2.3 Seedling Fresh Weight (S.F.W)
Under non-stress condition, significant differences were observed in tested genotypes for
seedling fresh weight (S.F.W) (Figure 3.3). The highest (3.06 g) S.F.W was observed in
CM1235/08 while the lowest (1.96 g) in BKK 02174. Under the irrigation stress, S.F.W
was highest (3.36 g) in CM1235/08 and lowest (2.25 g) in BKK 02174. Under heat stress
highest (2.28 g) S.F.W was present in CM1235/08 while lowest (1.42 g) were in NOOR-
2013. In case of combined (heat and irrigation) stress, the highest (1.90 g) S.F.W was found
in CH888/06 and the lowest (1.30 g) value was observed in K-09015.

As compared to non-stress condition, S.F.W was not effected in irrigation and heat
stress while under combined stress S.F.W. was decreased in K-09015 and CM1235/08
while other genotypes were not affected (Figure 3.3).

3.2.4 Shoot Fresh Weight (SH.F.W)
Under non-stress condition, significant differences were observed in tested genotypes for
shoot fresh weight (SH.F.W) (Figure 3.4). The highest (1.14 g) SH.F.W was observed in
CM1235/08 while the lowest (0.85 g) in FG0902. Under the irrigation stress, SH.F.W was
highest (1.39 g) in CM1235/08 and lowest (1.08 g) in K-09015. Under heat stress highest
(1.11 g) SH.F.W was present in CH888/06 while lowest (0.78 g) was in NOOR-2013. In
case of combined (heat and irrigation) stress, the highest (1.03 g) S.F.W was found in BKK
02174 and the lowest (0.69 g) value was observed in NOOR-2013.

As compared to non-stress condition, SH.F.W was found non-significant under

irrigation heat and combined stress (Figure 3.4).
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Figure 3.3: Seedling fresh weight under control, irrigation, heat and combined stress
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Figure 3.4: Shoot fresh weight under control, irrigation, heat and combined stress
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3.2.5 Root Fresh Weight (R.F.W)

Under non-stress condition, significant differences were observed in tested genotypes for
shoot fresh weight (R.F.W) (Figure 3.5). The highest (1.91 g) R.F.W was observed in
CH888/06 while the lowest (1.07 g) in BKK 02174. Under the irrigation stress, R.F.W was
highest (1.96 g) in CM1235/08 and lowest (1.37 g) in BKK 02174. Under heat stress
highest (1.21 g) R.F.W was present in CM1235/08 while lowest (0.65 g) were in NOOR-
2013. In case of combined (heat and irrigation) stress, the highest (0.95 g) R.F.W was found
in CH888/06 and the lowest (0.52 g) value was observed in K-09015.

As compared to non-stress condition, R.F.W was found to be not effected under
irrigation stress. Under heat stress R.F.W in K-09015 and CH888/06 was found
significantly decreased while in all others remained unchanged. Under combined stress
R.F.W K-09015, CM1235/08 and CH888/06 was found to be significantly decreased while

others remained unchanged (Figure 3.5).

3.2.6 Root Dry Eight (R.D.W)
Under non-stress condition, significant differences were observed in tested genotypes for
root dry weight (R.D.W) (Figure 3.6). The highest (0.13 g) R.D.W was observed in
CM1235/08 while the lowest (0.09 g) in BKK 02174. Under the irrigation stress, R.D.W
was highest (0.11 g) in K0039-09 and lowest (0.07 g) in BKK 02174. Under heat stress
highest (0.11 g) R.D.W was present in CH888/06 while lowest (0.07 g) were in FG0902.
In case of combined (heat and irrigation) stress, the highest (0.20 g) R.D.W was found in
NOOR-2013 and the lowest (0.14 g) value was observed in 9- KCC-166.

As compared to non-stress condition, R.D.W was found non-significant under
irrigation and heat stress. Under combined stress R.D.W was significantly increased in
NOOR-2013 (Figure 3.6).
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Figure 3.5: Root fresh weight under control, irrigation, heat and combined stress
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Figure 3.6: Root dry weight under control, irrigation, heat and combined stress
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3.2.7 Seedling Dry Weight and Shoot Dry Weight

Under non-stressed, irrigation stress, heat stress and combined stress non-significant
differences were observed among all genotypes for seedling dry weight and shoot dry
weight (Figure 3.7,

Figure 3.8).
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Figure 3.7: Seedling dry weight under control, irrigation, heat and combined stress
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Figure 3.8: Shoot dry weight under control, irrigation, heat and combined stress
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3.3 Morphological Trait

Screening of kabuli genotypes under irrigation, heat and combined stress on the basis of
phenotypically appearance. Certain morphological symptoms were appeared under these
stresses as yellowness of leaves, wilting and senescence under heat and combined stress,
while a reasonable increased in vegetative growth was observed in some genotypes under
irrigation stress (Figure 3.9, Figure 3.10, Figure 3.11, Figure 3.12).
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Figure 3.9: 9-KCC-166 and K-09015 under control, irrigation, heat and combined
stress
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Figure 3.11: FG0902 and K0039-09 under control, irrigation, heat and combined
stress
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Figure 3.12: BKK02174 and NOOR-2013 under control, irrigation, heat and
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In kabuli genotypes on the basis of physical appearance under irrigation stress it was
observed that K-09015 (Figure 3.9) and FG0902 (Figure 3.11) showed tolerance because
shoot length was maintained under stress. K0039-9 was proved to be sensitive genotype as
there was maximum increase in shoot length (Figure 3.11). Under heat stress BKK02174
and CM1235/08 were observed tolerant genotypes because chlorosis, wilting and
senescence was not detected in these (Figure 3.12,Figure 3.10). 9KCC166 was proved to
be susceptible genotype because heat stress caused wilting, senescence and chlorosis in
this genotype (Figure 3.9). Under combined stress K- 09015 and CM1235/08 were detected
tolerant genotypes as there was no change in shoot length and no effect of chlorosis, wilting
and senescence (Figure 3.9, Figure 3.10). FG0902 was susceptible genotype under
combined stress as there was increase in shoot length along with senescence, wilting and

chlorosis (Figure 3.11).
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3.4 Physiological Parameters

3.4.1 Total Water Potential (TWP)
Under non-stress condition, significant differences were observed in tested genotypes for
total water potential (TWP) (Figure 3.13). The highest (0.85 -Mpa) value of TWP was
detected in FG0902 while the lowest (0.65 -Mpa) value of TWP was observed in
CM1235/08. Under the irrigation stress, value of TWP was highest (0.80 -Mpa) in K-09015
and lowest (0.61 -Mpa) in CM1235/08. Under heat stress, highest (1.07 -Mpa) value of
TWP was noticed in KO039-09 and lowest (0.92 -Mpa) for K-09015. In case of combined
stress, the highest (1.03 -Mpa) value of TWP was found in 9- KCC-166 and the lowest
(0.96 -Mpa) value was observed in K-09015.

As compared to non-stress condition, all the genotypes indicated non- significant

change for TWP value under irrigation, heat and combined stress (Figure 3.13).

0 9- KCC-166 OK-09015 [ CH888/06 CM1235/08
B FG0902 K0039-09 [ BKK 02174 [0 NOOR-2013
©
b o] ©
1.20 - T S B8 7°7380
8§ 3 ¢ .3 % <[
SRR ET SR 1
o]
5 3 =7
5 0.80 - © % ﬁ
= 0.60 - 7
X =
: =
: o -
0.40 g 7
.
0.20 - ,% ﬁ
0.00 & ; ; = .
Control Irrigated Heat stress Irrigated & Heat stress

Figure 3.13: Total water potential under control, irrigation, heat and combined
stress

3.4.2 Other Physiological Parameters
Under non-stress condition and all stresses non-significant differences were observed in

tested genotypes for osmotic potential (O.P), turgor potential (Tr. P), relative water content
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(R.W.C), Minimal chlorophyll fluorescence (Fo), Maximal chlorophyll fluorescence (Fm),
variable chlorophyll fluorescence (Fv) and ratio of variable and maximal, chlorophyll
fluorescence (Fv /Fm) and time of achieving maximum fluorescence yield (Tm) (Figure
3.14, Figure 3.15, Figure 3.16, Figure 3.17, Figure 3.18, Figure 3.19, Figure 3.20, Figure
3.21).
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Figure 3.14: Osmotic potential under control, irrigation, heat and combined

stress
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Figure 3.15: Turgor potential under control, irrigation, heat and combined
stress
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Figure 3.16: Relative water contents under control, irrigation, heat and combined

stress
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Figure 3.17 : Fo under control, irrigation, heat and combined stress
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Figure 3.18: Fm under control, irrigation, heat and combined stress
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Figure 3.19: Fv under control, irrigation, heat and combined stress
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Figure 3.20: TM under control, irrigation, heat and combined stress
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Figure 3.21: FV/FM under control, irrigation, heat and combined stress
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3.5 Biochemical Parameters

3.5.1 Total Oxidant Status (TOS)
Under non-stress condition, significant differences were observed in tested genotypes for
total oxidant status (TOS) (Figure 3.22). The highest (21825 uM/g. f.wt) value of TOS was
detected in KO039-09 while the lowest (6600 uM/g. f.wt) value of TOS was observed in 9-
KCC-166. Under the heat and irrigation stress, TOS was highest (19275 uM/g. f.wt, 18775
uM/g. f.wt) in K-09015 and lowest (10725 uM/g. f.wt, 7775 uM/g. f.wt) in CM1235/08. In
case of combined stress, the highest (22150 uM/g. f.wt) value of TOS was found in
CM1235/08 and the lowest (12000 uM/g. f.wt) value was observed in K-09015.

As compared to non-stress condition, TOS was significantly increased in 9-KCC-
166 and K-09015 under irrigation stress while it remained unchanged in NOOR-2013. On
other hand, TOS decreased significantly in all other genotypes under irrigation stress.
Under heat stress, TOS value was increased in 9 KCC-166 and K-09015, remained
unchanged in BKK 02174 while it decreased in all other genotypes as compare to non-
stress condition. Under combined stress, a significant increase in TOS value was observed
for 9-KCC-166, CH888/06 and CM1235/08 while a significant decrease was noticed in K-
09015 as compared to that under non-stress condition. In all other genotypes the TOS value

remained unchanged under combined stress (Figure 3.22).

3.5.2 Superoxide Dismutase (SOD)
Under non-stress condition, significant differences were observed in tested genotypes for
superoxide dismutase (SOD) (Figure 3.23). The highest (265.43 Units/g f. wt) activity of
SOD was detected in FG0902 while the lowest (169.72 Units/g f. wt) activity of SOD was
observed in NOOR-2013. Under heat stress, SOD activity was highest (265.88 Units/g f.
wt) in K-09015 and lowest (135.17 Units/g f. wt) in CH888/06. Under heat stress, SOD
activity was highest (266.72 Units/g f. wt) in FG0902 and lowest (122.05 Units/g f. wt) in
CHB888/06. In case of combined stress, the highest (295.69 Units/g f. wt) activity of SOD
was found in K-09015 and the lowest (116.58 Units/g f. wt) value was observed in NOOR-
2013.

As compared to non-stress condition, SOD activity was significantly increased in
BKK 02174 under irrigation stress while it remained unchanged for all other genotypes.
Under heat stress, SOD activity was increased in BKK 02174 and remained unchanged in
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all other genotypes as compare to non-stress condition. Under combined stress, a non-
significant change was observed for all genotypes as compared to non-stress conditions
(Figure 3.23).
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Figure 3.22: Total oxidant status under control, irrigation, heat and combined stress
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Figure 3.23: Superoxide dismutase activity under control, irrigation, heat and
combined stress
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3.5.3 Peroxidase (POD)
Under non-stress condition, significant differences were observed in tested genotypes for
peroxidase (POD) activity (Figure 3.24). The highest (7126.20 Units/g f. wt) activity of
POD was detected in 9- KCC-166 while the lowest (4961.70 Units/g f. wt) value of POD
was observed in BKK 02174. Under the irrigation stress, POD activity was highest
(19647.00 Units/g f. wt) in 9-KCC-166 and lowest (7642.35 Units/g f. wt) in K-09015.
While under heat stress the highest (14335.65 Units/g f. wt) activity of POD was noticed
in FG0902 and lowest (8225.10 Units/g f. wt) in 9-KCC-166. In case of combined (heat
and irrigation) stress, the highest (21378.60 Units/g f. wt) value of POD was found in
FG0902 and the lowest (9140.85 Units/g f. wt) value was observed in 9-KCC-166.

As compared to non-stress condition, POD was significantly increased in 9-KCC-
166 and K-09015 under irrigation stress while it remained unchanged in NOOR-2013. On
other hand, POD decreased significantly in all other genotypes under irrigation stress.
Under heat stress, POD value was increased in 9 KCC-166 and K-09015, remained
unchanged in BKK 02174 while it decreased in all other genotypes as compare to non-
stress condition. Under combined stress, a significant increase in POD value was observed
for 9-KCC-166, CH888/06 and CM1235/08 while a significant decrease was noticed in K-
09015 as compared to that under non-stress condition. In all other genotypes the POD value

remained unchanged under combined stress (Figure 3.24).

3.5.4 Melanodialdihyde (MDA)

Under non-stress condition, significant differences were observed in tested genotypes for
melanodialdihyde (MDA) (Figure 3.25). The highest (189.48 uM/g. f.wt) value of MDA
was detected in K-09015 while the lowest (112.25 uM/g. f.wt) value of MDA was observed
in CH888/06. Under the irrigation stress, MDA was highest (161.03 uM/g. f.wt) in NOOR-
2013 and lowest (126.19 uM/g. f.wt) in CM1235/08. Under heat stress highest (166.38
uM/g. f.wt) MDA contents were present in CH888/06 while lowest (120.77 uM/g. f.wt)
were in K-09015. In case of combined stress, the highest (163.35 uM/g. f.wt) value of
MDA was found in CM1235/08 and the lowest (100.64 uM/g. f.wt) value was observed in
K-09015.
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As compared to non-stress condition, MDA was found to be non-significant in
irrigation and heat stress. In combined stress K-09015 showed decreased, CM1235/08

showed increased MDA contents while others remained unchanged (Figure 3.25).

B CM1235/08

@ CH888/06
i BKK 02174

O K-09015
F1K0039-09

0O9- KCC-166
B FG0902

D NOOR-2013

o

25000 -~

20000 -

15000
10000 -

(m *4 8/syun) aod

Irrigated Heat stress Irrigated & Heat

Control

stress

Figure 3.24: Peroxidase activity under control, irrigation, heat and combined stress
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3.5.5 Total Phenolic Contents (TPC)
Under non-stress condition, significant differences were observed in tested genotypes for
total phenolic contents (TPC) (Figure 3.26). The highest (38925 uM/qg. f.wt) value of TPC
was detected in CH888/06 while the lowest (26725 uM/g. f.wt) value of TPC was observed
in NOOR-2013. Under the irrigation stress, TPC was highest (45525 uM/g. f.wt) in 9-
KCC-166 and lowest (28150 uM/g. f.wt) in FG0902. Under heat stress highest (37600
uM/g. f.wt) TPC contents were present in KO039-09 while lowest (25575 uM/g. f.wt) were
in 9- KCC-166. In case of combined stress, the highest (39075 uM/g. f.wt) value of MDA
was found in K0039-09 and the lowest (28525 uM/g. f.wt) value was observed in K-09015.
As compared to non-stress condition, TPC contents in irrigation stress 9- KCC-166,
CH888/06 and NOOR-2013 increased significantly, CM1235/08 and K0039-09 decreased
while others remained unchanged. Under heat stress, 9- KCC-166 and CH888/06 showed
decreased TPC contents while all others remained unchanged. Under combined stress
CHB888/06 was observed with significantly lower contents while CM1235/08 with
increased contents and others remained unchanged (Figure 3.26).

3.5.6 Total Soluble Protein

Under non-stress condition, significant differences were observed in tested genotypes for
total soluble protein (TSP) (Figure 3.27). The highest (347.66 mg/g f.wt) TSP contents
were observed in FG0902 while the lowest (204.00 mg/g f.wt) contents in BKK 02174.
Under the irrigation stress, protein was highest (388.50 mg/g f.wt) in FG0902 and lowest
(165.00 mg/g f.wt) in 9- KCC-166. Under heat stress highest (317.50 mg/g f.wt) protein
contents were present in BKK 02174 while lowest (92.33 mg/g f.wt) were in FG0902. In
case of combined (heat and irrigation) stress, the highest (246.33 mg/g f.wt) protein content
was found in K-09015 and the lowest (105.33 mg/g f.wt) value was observed in NOOR-
2013.

As compared to non-stress condition, TSP was significantly decreased under
irrigation stress in 9- KCC-166, K-09015, CH888/06 and NOOR-2013 while increased in
BKK 02174 and other genotypes remained unchanged. Under heat stress 9- KCC-166, K-
09015, CH888/06, FG0902, K0039-09 and NOOR-2013 decreased significantly while
CM1235/08 and BKK 02174 increased in protein contents. Under combined stress
CM1235/08 remained unchanged while all others decreased significantly (Figure 3.27).
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Figure 3.26: Total phenolic contents under control, irrigation, heat and combined
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Figure 3.27: Protein contents under control, irrigation, heat and combined stress
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3.5.7 Lycopene

Under non-stress condition, significant differences were observed in tested genotypes for
lycopene contents (Figure 3.28). The highest (18.35 mg/g f.wt) lycopene contents were
observed in CM1235/08 while the lowest (13.03 mg/g f.wt) in KO039-09. Under the
irrigation stress, lycopene contents were highest (19.60 mg/g f.wt) in CM1235/08 and
lowest (12.46 mg/g f.wt) in NOOR-2013. Under heat stress highest (20.98 mg/g f.wt)
lycopene content was present in BKK 02174 while lowest (13.27 mg/g f.wt) were in
CH888/06. In case of combined (heat and irrigation) stress, the highest (18.37 mg/g f.wt)
lycopene contents were found in 9- KCC-166 and the lowest (8.22 mg/g f.wt) value was
observed in KO039-009.

As compared to non-stress condition, lycopene contents were found significantly
different under irrigation stress. CH888/06 and FG0902 increased significantly while BKK
02174 and NOOR-2013 decreased, others remained unchanged. Under heat stress KO039-
09 and BKK 02174 were increased while K-09015 and CH888/06 showed decreased
lycopene contents and others remained unchanged. Under combined stress CM1235/08 and
K0039-09 showed decreased lycopene contents while in all others it remained unchanged
(Figure 3.28).

3.5.8 Chlorophyll ‘a’

Under non-stress condition, significant differences were observed in tested genotypes for
chlorophyll ‘a’ contents (Figure 3.29). The highest (238.80 pg/g f.wt) chlorophyll ‘a’
contents were observed in 9- KCC-166 while the lowest (77.56 pg/g f.wt) in KO039-09.
Under the irrigation stress, chlorophyll ‘a’ were highest (212.01 pg/g f.wt) in CM1235/08
and lowest (63.19 pg/g f.wt) in CH888/06. Under heat stress, highest (286.46 pg/g f.wt)
chlorophyll ‘a’ was detected in BKK 02174 while lowest (96.53 pg/g f.wt) was in KO039-
09. In case of combined (heat and irrigation) stress, the highest (142.08 ug/g f.wt)
chlorophyll ‘a’ were found in 9- KCC-166 and the lowest (20.24 ug/g f.wt) was observed
in FG0902.

As compared to non-stress condition, chlorophyll ‘a’ contents were found non-
significant under irrigation stress. BKK 02174 showed significantly high chlorophyll ‘a’

contents under heat stress while in other genotypes it remained unchanged. Under
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combined stress all genotypes were found to have non-significant differences regarding

chlorophyll ‘a’ contents (Figure 3.29).
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Figure 3.28: Lycopene contents under control, irrigation, heat and combined stress
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Figure 3.29: Chlorophyll ‘a’ contents under control, irrigation, heat and combined
stress
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3.5.9 Chlorophyll ‘b’

Under non-stress condition, significant differences were observed in tested genotypes for
chlorophyll ‘b’ contents (Figure 3.30). The highest (612.40 pg/g f.wt) chlorophyll ‘b’
contents were observed in CM1235/08 while the lowest (403.08 pg/g f.wt) in KO039-09.
Under the irrigation stress, chlorophyll ‘b’ were highest (633.18 pg/g f.wt) in FG0902 and
lowest (332.68 pg/g f.wt) in NOOR-2013. Under heat stress highest (676.55 ug/g f.wt)
chlorophyll ‘b’ was present in BKK 02174 while lowest (373.34 pg/g f.wt) were in
CH888/06. In case of combined (heat and irrigation) stress, the highest (595.44 pg/g f.wt)
chlorophyll ‘b’ were found in 9- KCC-166 and the lowest (206.65 ug/g f.wt) value was
observed in KO039-009.

As compared to non-stress condition, chlorophyll ‘b’ contents were significantly
affected. A reasonable increase in chlorophyll ‘b’ was observed in FG0902 while decreased
in BKK 02174 and NOOR-2013 while others remained non-significant. Under heat stress
9- KCC-166 and K-09015 showed increased while CH888/06 decreased significantly
regarding chlorophyll ‘b’ contents and others remained unchanged. Under combined stress
of heat and irrigation 9- KCC-166 was increasing while CM1235/08 and K0039-09 showed

decreasing chlorophyll ‘b’ contents and others remained unchanged (Figure 3.30).

3.5.10 Total Carotenoids
Under non-stress condition, significant differences were observed in tested genotypes for
carotenoid contents (Figure 3.31). The highest (29.91 mg/g f.wt) carotenoid contents were
observed in 9- KCC-166 while the lowest (19.30 mg/g f.wt) in KO039-09. Under the
irrigation stress, carotenoid were highest (30.40 mg/g f.wt) in CM1235/08 and lowest
(19.88 mg/g f.wt) in CH888/06. Under heat stress highest (32.77 mg/g f.wt) carotenoid was
present in BKK 02174 while lowest (20.82 mg/g f.wt) were in CH888/06. In case of
combined (heat and irrigation) stress, the highest (91.95 mg/g f.wt) carotenoids were found
in KO039-09and the lowest (66.08 mg/g f.wt) value was observed in CH888/06.

As compared to non-stress condition, carotene contents were found non-significant
under irrigation stress and combined stress of heat and irrigation. Under heat stress K-
09015 showed significantly increased carotene contents while other remained unchanged
(Figure 3.31).
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3.5.11 Total Chlorophyll

Under non-stress condition, significant differences were observed in tested genotypes for
total chlorophyll contents (Figure 3.32). The highest (735.89 pg/g f.wt) total chlorophyll
contents were observed in CM1235/08 while the lowest (480.65 ug/g f.wt) in KO039-09.
Under the irrigation stress, total chlorophyll contents were highest (835.76 pg/g f.wt) in
CM1235/08 and lowest (474.28 pg/g f.wt) in NOOR-2013. Under heat stress highest
(963.02 pg/g f.wt) total chlorophyll contents were present in BKK 02174 while lowest
(493.15 pg/g f.wt) were in CH888/06. In case of combined (heat and irrigation) stress, the
highest (737.53 pg/g f.wt) total chlorophyll contents were found in 9- KCC-166 and the
lowest (291.27 ug/g f.wt) contents were observed in KO039-09.

As compared to non-stress condition, total chlorophyll contents were found
significantly different under irrigation stress i.e. BKK 02174 and NOOR-2013 were
observed to be decreasing for chlorophyll contents while others remained unchanged.
Under heat stress K-09015 and K0039-09 were observed as increasing chlorophyll contents
while others remained unchanged. K0039-09 and CM1235/08 showed significantly
decreased chlorophyll contents under combined stress of heat and irrigation (

Figure 3.32).

3.5.12 Protease
Under non-stress condition, significant differences were observed in tested genotypes for
protease activity (Figure 3.33s). The highest (7415 Units/g. f.wt) activity of protease was
detected in NOOR-2013 while the lowest (3665 Units/g. f.wt) activity of protease was
observed in BKK 02174. Under the irrigation stress, protease activity was highest (6020
Units/g. f.wt) in KO039-09 and lowest (2410 Units/g. f.wt) in CM1235/08. While under
heat stress the highest (8740 Units/g. f.wt) activity of protease was observed in 9- KCC-
166 and lowest (3580 Units/g. f.wt) activity was found in KO039-09. In case of combined
(heat and irrigation) stress, the highest (8575 Units/g. f.wt) activity of protease was found
in CH888/06 and the lowest (4475 Units/g. f.wt) activity was observed in NOOR-2013.
As compared to non-stress condition, protease activity was significantly increased
in FG0902 under irrigation stress. On other hand, protease activity was decreased
significantly in CH888/06, CM1235/08 and for NOOR-2013 while the protease activity

remained unchanged in all other genotypes under irrigation stress. Under heat stress,
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protease activity was significantly increased in 9- KCC-166, CM1235/08 and in BKK
02174, remained unchanged in BKK 02174 while it decreased in all other genotypes as

compare to non-stress condition. Under combined stress, a significant decrease in protease
was observed for NOOR-2013, and remained unchanged K0039-09. While, a significant

increase was noticed in all other genotypes as compared to that under non-stress condition
(Figure 3.33).
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3.5.13 Esterase

Under non-stress condition, significant differences were observed in tested genotypes for
esterase activity (Figure 3.34). The highest (1612.95 pM/g f.wt) activity of esterase was
detected in CM1235/08 while the lowest (1093.81 puM/g f.wt) activity of esterase was
observed in K-09015. Under the irrigation stress, esterase activity was highest (1646.66
uM/g f.wt) in BKK 02174 and lowest (1409.56 uM/g f.wt) in K-09015. Under heat stress
highest (1684.87 uM/g f.wt) activity of esterase was noticed in BKK 02174 and
lowest91452.27 uM/g f.wt) for FG0902. In case of combined (heat and irrigation) stress,
the highest (1183.70 uM/g f.wt) activity of esterase was found in 9- KCC-166 and the
lowest (315.08 uM/g f.wt) activity was observed in FG0902.

As compared to non-stress condition, esterase activity was significantly increased
in K-09015 under irrigation stress while it remained unchanged in all other genotypes.
Under heat stress, esterase activity was increased in K-09015, remained unchanged in all
other genotypes as compare to non-stress condition. Under combined stress, a significant
decrease in esterase activity was observed for all genotypes as compared to non-stress
condition (Figure 3.34).

3.5.14 Ascorbate Peroxidase (APX)

Under non-stress condition, significant differences were observed in tested genotypes for
activity of ascorbate peroxidases (APX) (Figure 3.35). The highest (670 Units/g f.wt)
activity of APX was detected in CM1235/08 while the lowest (440 Units/g f.wt) activity
of APX was observed in FG0902. Under the irrigation stress, APX activity was highest
(2120 Units/g f.wt) in FG0902 and lowest (440 Units/g f.wt) in K-09015. Under heat stress
highest (1150 Units/g f.wt) activity of APX was noticed in NOOR-2013 and lowest (570
Units/g f.wt) for KO039-09. In case of combined (heat and irrigation) stress, the highest
(1180 Units/g f.wt) activity of APX was found in K-09015 and the lowest (520 Units/g
f.wt) activity was observed in BKK 02174,

As compared to non-stress condition, APX activity was significantly increased in
FG0902 and K0039-09 under irrigation stress while it remained unchanged in all other
genotypes. Under heat stress, APX activity was increased in 9- KCC-166, K-09015 and
NOOR-2013 while it remained unchanged in all other genotypes as compare to non-stress

condition. Under combined stress, a significant increase in activity of APX was noticed in
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K-09015, FG0902 and K0039-09 while remained unchanged for all other genotypes as

compared to non-stress condition (Figure 3.35).
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Figure 3.34: Esterase activity under control, irrigation, heat and combined stress
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Figure 3.35: Ascorbate peroxidase activity under control, irrigation, heat and
combined stress
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3.5.15 Catalase (CAT)
Under non-stress condition, significant differences were observed in tested genotypes for
activity of catalase (CAT) (Figure 3.36). The highest (32365 Units/g f.wt) activity of CAT
was detected in BKK 02174 while the lowest (19580 Units/g f.wt) value of CAT was
observed in K0039-09. Under the irrigation stress, CAT activity was highest (23825
Units/g f.wt) in NOOR-2013 and lowest (15085 Units/g f.wt) in 9- KCC-166. Under heat
stress highest (34390 Units/g f.wt) activity of CAT was noticed in NOOR-2013 and lowest
(17305 Units/g f.wt) for FG0902. In case of combined (heat and irrigation) stress, the
highest (28310 Units/g f.wt) activity of CAT was found in 9- KCC-166 and the lowest
(18055 Units/g f.wt) activity was observed in K-09015.

As compared to non-stress condition, CAT activity was significantly decreased in
BKK 02174 under irrigation stress while it remained unchanged in all other genotypes.
Under heat stress, CAT activity was increased in NOOR-2013, while it remained
unchanged in all other genotypes. Under combined stress, a non-significant change was
observed for catalase activity in all genotypes as compare to non-stress condition (Figure
3.36).
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Figure 3.36: Catalase activity under control, irrigation, heat and combined stress
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3.6 Correlation Analysis

Correlation (Pearson) for all morphological and physio biochemical parameters was carried
out using XLSTAT 2012.1.02, using 95% confidence interval.

Under irrigation stress, shoot length was positively correlated with Fu/Fn/l,
FV/FM/STI and S.D.W/I while negatively correlated with Protein/l. Root length was
positively correlated with Lyco/STI, Chl b/STI, Carotene/STI, Total chlorophyll/STI,
R.L/STI, S.FW/I, RF.WI/I, R.D.W/C while negative correlation was not observed.
Seedling fresh weight was positively correlated with R.L/l, R.L/STI, S.D.W/C, S.F.WI/I,
R.F.W/Il, R.D.W/C while negatively correlated with T.W.P/I. Seedling dry weight was
positively correlated with Fv/Fm/I, S.L/I, S.D.W/l and R.D.W/l while negatively
correlated with SOD/I. Under irrigation stress shoot fresh weight was positively correlated
with S.F.W/I, S.D.W/C and RDW/C while negatively correlated with TWP/I, R.W.C/C
and MDA/C. Shoot dry weight was positively correlated with TPC/I, TPC/STI, Fu/Ful/l,
S.D.W/l and SH.F.W/C while negatively correlated with R.W.C/C and MDA/C. Root fresh
weight is positively correlated with R.L/l, R.L/STI, S.F.W/C, S.F.W/l, S.D.W/C and
R.D.W/C while negatively correlated with SOD/STI and CAT/C. Root dry weight is
positively correlated with R.L/STI and S.D.W/C while negatively correlated with SOD/C
(Table Al).

Under heat stress shoot length was positively correlated with O.P/C, R.W.C/H and
R.W.C/STI while negatively correlated with MDA/STI and APX/C. Root length was
positively correlated with T.W.P/H, FM/H, FV/H and R.L/STI while negatively correlated
with S.L/C, R.L/STI, APX/H and APX/STI. Seedling fresh weight was positively
correlated with S.F.W/C, SH.F.W/H, R.F.W/C and R.F.W/H while negatively correlated
with TM/STI. Seedling dry weight was positively correlated with Protease/C, S.D.W/STI,
SH.D.W/H and R.D.W/C while negatively correlated with Lyco/STI, Chl b/STI, Tot
CH/STI, Protease/STI and R.L/C. Shoot fresh weight was positively correlated with
S.FW/C, SSFW/H, RF.W/C and R.F.W/H while negatively correlated with SOD/STI.
Shoot dry weight was positively correlated with S.F.W/C, S.D.W/H and R.F.W/C while
negatively correlated with Lyco/H, Lyco/STI, Chl b/H, CH b/STI, Tot Chl/H, tot Chl/STI
and Esterase/H. Root fresh weight was positively correlated with S.F.W/C and R.F.W/H

while negatively correlated with T/STI. Root dry weight was positively correlated with
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O.P/H, O.P/STI, Tr.P/H, Tr.P/STI, S.D.W/H, S.D.W/STI and R.D.W/STI while negatively
correlated with R.L/C (Table A2).

Under combined stress shoot length was positively correlated with S.O.D/STI while
negative correlation was not observed. Root length was positively correlated with R.L/STI
and R.D.W/STI while negatively correlated with Protease/STI. Seedling fresh weight was
positively correlated with T.P.C/C, FO/C, S.F.W/HI and R.F.W/HI while negative
correlation was not found. Seedling dry weight was positively correlated with T.P.C/STI,
S.D.W/STI, R.D.W/HI and R.D.W/STI while negatively correlated with Protease/Hl,
S.L/C, S.F.W/C, R.F.W/C and S.0.D/HI. Shoot fresh weight was positively correlated with
FO/HI, FM/HI, FV/HI, S.FW/HI, S.FW/STI and SH.F.W/STI while no negative
correlation was observed. Shoot dry weight was positively correlated with TM/HI,
TM/STI, S.L/STI and SH.D.W/STI while negative correlation was not observed. Root
fresh weight was positively correlated with MDA/STI, TPC/C, Fo/C and S.F.W/HI while
negatively correlated with OP/C, Tr.P/C and MDA/C. Root dry weight was positively
correlated with TPC/STI, SDW/H/I, SDW/STI and RDW/STI while negatively correlated
with Fy/HI, SOD/HI and SOD/STI (Table A3).

3.7 Stress Tolerance Index (STI)

Stress tolerance index was used in crop plants for determining high yield and tolerance
potential of genotypes under different stress conditions. It actually tells us the percent
increase or decrease in a specific character by a specific genotype. On the basis of this
increase or decrease we can select the tolerant and sensitive genotypes for specific traits.
In this study under irrigation stress STI was calculated for 32 parameters (Table
3.1). On the basis of these traits susceptible and tolerant genotypes were selected.
According to desired parameters K-09015 was proved to be tolerant genotype because 14%
and 17% decrease in protease and malanodialdehyde activity was observed respectively.
Peroxidase is antioxidant which prevents from reactive oxygen species. There was 17%
increase in activity of peroxidase. MDA and protease should be decreased and peroxidase
should be increased to maintain the membrane integrity hence causing the tolerance.
Among morphological parameters there was just 5%, 1% and 7% increase was found in
shoot length, root length and shoot fresh weight respectively. K0039-09 was proved to be

susceptible under irrigation stress as there was 64%, 11%, 22%, 12%, 40% increase in
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protease, MDA, shoot length, root length and shoot fresh weight respectively. Reasonable
increase in these parameters confers susceptibility. These parameters can be used as
efficient markers for irrigation stress tolerance studies in chickpea.

Under heat stress 32 parameters were used for STI calculation. According to STI
values tolerant and susceptible genotypes were selected. CM 1238/08 was detected as
tolerant genotype for heat stress. As there was 7%, 7%, 26% and 7% decrease relative
water contents, esterase, seedling fresh weight and shoot fresh weight respectively. MDA
and total phenolic contents were maintained. Protein contents and POD activity was
increased 30% and 62% respectively. 9KCC-166 was proved to be susceptible genotype
under heat stress as there was 13%, 26%, 38%, 22% and 33% decrease in relative water
contents, total phenolic contents, seedling fresh weight, shoot fresh weight and protein
contents respectively. Esterase, MDA and POD were increased 6%, 18% and 15%
respectively. It was concluded that these parameters can be used as efficient markers in
heat tolerance studies in chickpea (Table 3.1).

ST1 was calculated for 32 parameters under combined stress of heat and irrigation.
According to STI values tolerant and sensitive genotypes were selected. K-09015 exhibited
tolerance as there was 5%, 37%, 5% and 17% decrease was found in relative water
contents, MDA, root length and protein contents respectively. Protease, shoot length, root
dry weight were increased 28%, 9% and 24% respectively. FG0902 was detected as
susceptible genotype under combined stress as there was 19%, 5%, 3%, 12% and 44%
decrease in relative water contents, MDA, shoot length, root length and protein contents
respectively. It was concluded that these parameters can be used as efficient markers in
heat and irrigation stress tolerance studies in chickpea (Table 3.1).

Table 3.1: Stress tolerance index (STI) of Kabuli chickpea

Genotypes TWP  OP TRP  RWC TOS Lyco Chla Chlb CAR

T-Chl

STI values under irrigation stress
9 KCC-166 92,76 100.70 112.98 109.24 187.12 99.65 69.39 119.33 86.63
K-09015 11594 88.93 6348 99.30 126.43 98.65 106.83 100.35 98.38
CH888/06 88.75 103.82 133.13 100.62 63.34 83.80 60.73 85.03 8245
CM1235/08 9535 88,57 8243 98.12 57.70 106.81 171.68 101.85 109.81
FG0902 78.95 88.77 105.47 9294 80.87 115.05 97.65 12537 116.67
K0039-09 95.77 9876 102.29 105.24 79.84 11548 85.08 124.25 114.11
BKK 02174  99.33 100.69 102.61 10452 68.35 80.14 136.01 65.12 87.50
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NOOR-2013 106.80 107.98 109.60 104.80 96.26 69.45 90.90 57.46 75.93 64.55
STI values under heat stress
9 KCC-166 124.34 104.80 7455 87.36 244.70 106.78 64.28 137.07 91.17 110.80
K-09015 133.33 9156 5222 99.71 129.79 131.22 166.42 135.28 140.25 140.88
CH888/06 125.00 106.81 71.43 87.08 89.23 8216 11515 7213 86.37 79.33
CM1235/08  144.19 97.05 5431 93.13 7959 99.66 111.05 97.10 101.31 99.44
FG0902 112.87 87.48 4428 88.38 86.37 107.13 15225 101.84 111.62 110.51
K0039-09 15141 98.28 3555 96.33 7232 124.08 124.45 135.01 125.04 133.31
BKK 02174 13221 106.19 69.43 84.66 9578 124.48 250.44 123.96 129.30 145.88
NOOR-2013 144.22 12897 107.96 94.14 89.70 87.94 6599 87.09 88.77 82.62
STI values under combined stress
9 KCC-166 136.18 126.87 11247 93.64 198.86 108.82 59.50 140.84 9852 111.48
K-09015 139.13 123.46 108.70 95.06 80.81 112.24 69.85 123.30 117.67 113.69
CH888/06 120.63 139.22 175.38 98.93 116.72 104.36 81.47 111.87 107.61 106.78
CM1235/08  158.14 105.25 57.29 111.61 164.38 85.60 76.39 8120 88.83 80.40
FG0902 118.71 103.04 76.37 81.14 9496 98.94 19.28 111.01 100.90 95.22
K0039-09 14155 108,58 69.65 101.51 97.27 63.11 109.09 51.27 71.13 60.60
BKK 02174  139.60 111.00 70.62 7456 103.94 9155 46.65 9581 9242 87.29
NOOR-2013 134.69 140.49 14848 93.10 88.92 90.03 6359 87.59 76.93 8250
Genotypes EST Protease MDA TPC FO FM FV ™ FVIFM SL
STI values under irrigation stress
9 KCC-166 98.38 88.10 115.67 132.63 93.42 113.23 122.09 145.62 10855 111.76
K-09015 128.87 86.32 83.01 10258 113.83 111.14 113.14 147.62 10153 105.13
CHB888/06 98.74  43.18 129.66 111.95 92.89 107.15 107.51 128.70 100.28 108.00
CM1235/08 99.16 55.15 101.88 122.90 93.00 96.56 97.33 57.23 100.86 111.59
FG0902 97.97 90.35 103.50 78.09 96.24 99.06 99.83 139.69 100.99 102.72
K0039-09 109.79 164.26 111.35 85.62 95.06 111.66 115.79 181.70 103.82 122.06
BKK 02174 110.81 101.54 109.34 101.94 97.72 107.86 106.57 209.65 97.93 116.28
NOOR.2013 109.44 101.54 112,43 149.95 92.63 9350 9434 9955 100.24 116.18
STI values under heat stress

9 KCC-166 106.25 185.76 11754 7451 100.35 107.37 109.36 13558 102.40 100.00
K-09015 146.23 83.97 77.18 103.65 121.23 113.18 111.34 71.99 98.34 112.21
CHB888/06 107.86 67.56 139.31 66.41 100.14 103.41 101.35 105.11 97.89 101.33
CM1235/08 93.59 141.42 100.63 100.36 88.33 91.65 9237 6894 100.88 112.14
FG0902 97.14 117.65 100.00 9355 84.38 89.28 90.53 11596 100.77 113.89
K0039-09 115.19 97.68 89.19 101.08 105.23 117.98 121.16 91.35 102.84 127.06
BKK 02174 113.38 230.59 108.24 11497 93.44 106.89 106.45 111.48 98.70 111.47
NOOR2013 114.89 52.66 84.32 109.64 10299 109.34 111.45 118.87 101.91 119.85
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STI values under combined stress

9 KCC-166  77.49  132.52 122,51 109.69 77.09 113.86 127.88 13291 110.76  106.67
K-09015 29.73  128.89 63.11 101.60 105.15 117.87 120.77 109.40 102.43  109.49
CH888/06 39.41 130.62 142,76 73.86 104.92 116.44 11592 106.35 99.43 103.87
CM1235/08 47.54 180.78 131.88 116.46 86.65 96.69 98.33 6359 102.08 110.76
FG0902 21.08 106.64 95.00 102.64 84.32 97.19  100.33 105.23 103.29 97.41
K0039-09 22.50  146.66 101.62 105.04 91.63 109.77 11429 135,59 104.17 119.26
BKK 02174 48.28 180.59 107.14 108.53 95.72 112,79 113.03 202.66 99.37 115.66
NOOR.2013 49.47  60.35 111.35 128.34 92.50 100.22 102.55 93.74 102.24  111.62
Genotypes SDW SH.FW SH.DW RFW RDW PROT SOD POD APX CAT

9 KCC-166 100.35 127.61 121.70 11211 7181 6157 11244 27570 98.46 71.02
K-09015 95.01 107.43 97.08 91.12 9127 5864 8581 117.69 97.78 82.01
CH888/06 101.80 117.71 109.28 9297 89.69 7287 70.48 136.13 86.15 96.02
CM1235/08 88.92 12162 101.62 102.74 70.77 120.30 86.61 185.64 86.57 103.09
FG0902 98.18 13149 11499 9954 77.27 111.74 100.49 155.97 481.82 88.72
K0039-09 107.50 139.84 11426 122.87 98.27 113.12 8530 203.38 288.00 84.91
BKK 02174 101.71 13260 11230 127.82 85.16 179.66 143.23 180.87 93.55 59.25
NOOR-2013  116.30 120.16 124.72 12449 102.64 83.76 113.03 217.57 132.20 114.49
9 KCC-166 73.96 78.78 84.98 50.96 59.23 67.91 118.13 11542 173.85 91.85
K-09015 90.46 92.40 84.09 48.84 102.01 45.20 103.96 204.51 240.00 101.78
CH888/06 98.17 10146 95.29 50.44 10284 3151 78.05 163.19 162.05 107.84
CM1235/08 84.72  93.45 87.35 63.47 80.96 130.96 115.38 162.98 164.18 89.30
FG0902 9463 11362 11737 4936 66.36 2656 99.22 228.38 213.64 84.85
K0039-09 8152 98.88 85.90 5945 7554 4335 12957 161.82 114.00 142.90
BKK 02174 92.07 97.76 78.03 79.83 114.01 155.64 13342 195.64 151.61 85.06
NOOR-2013  120.12 80.90 100.00 51.37 152.77 57.85 131.83 195.79 194.92 165.26
9 KCC-166 107.29 73.52 102.28 53.70 114.00 56.90 127.14 128.27 118.46 133.29
K-09015 108.28 76.93 99.42 28.21 12434 83.50 115.61 240.26 262.22 88.01
CH888/06 9469 86.77 87.40 50.12 106.50 39.27 11346 223.16 116.92 136.14
CM1235/08 96.99 69.30 79.54 36.91 12192 8448 11221 31243 111.94 107.99
FG0902 118.74 84.58 98.35 48.05 144.09 56.62 82.02 340.58 225.00 94.24
K0039-09 119.58 98.49 11791 4528 12186 71.12 111.73 250.91 216.00 110.62
BKK 02174 152.09 11548 13146 71.14 18434 5572 7265 336.24 83.87 59.69
NOOR-2013  150.20 71.79 106.83 49.38 220.58 38.44 68.69 217.33 128.81 103.68

3.8 Cluster Analysis

Based on association among phenomic data (24 attributes) and physio biochemical markers

(29 for irrigation, 41 for heat and 31 for combined stress) relative stress tolerance of
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genotypes was assessed. Genotypes were classified as tolerant, moderately tolerant,
moderately sensitive and sensitive. Following are dendrograms obtained by clustering

under irrigation, heat and combined stress.

Dendrogram |

NOOR-2013
CM1235/08 H
K0039-09
9 KCC-166

FG0902

K-09015 —
CH888/06
BKK 02174

0.9985012 0.9885012 0.9785012 0.9685012 0.9585012
Similarity

Figure 3.37: Dendrogram of kabuli genotypes under irrigation stress

K-09015 and FG0902 made one cluster and were categorized as tolerant genotypes because
S.L, R.L, S.F.W and R.W.C were maintained in stress condition. Moderately tolerant was
CHB888/06 and BKK 02174 because these performed in between of tolerant and moderately
sensitive. Moderately sensitive were NOOR-2013, CM 1235/08 and 9 KCC-166 because
these performed better than sensitive. KO039-9 was sensitive genotype as it performed

poorly in irrigation stress (Figure 3.37).

Dendrogram H
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K-09015

BKK 02174 |

CM1235/08

K0039-09

FG0902

9 KCC-166

NOOR-2013

0.9995694  0.9895694  0.9795694  0.9695694  0.9595694
Similarity

Figure 3.38: Dendrogram of kabuli genotypes under heat stress
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BKK 02174 and CM 1235/08 were categorized as tolerant genotypes because S.L, R.L,

S.FW and R.W.C were maintained in stress condition. Moderately tolerant were

CHB888/06 and K-09015 because these performed in between of tolerant and moderately
sensitive. Moderately sensitive were NOOR-2013, K0039-9 and FG0902 because these

performed better than sensitive. 9 KCC-166 was sensitive genotype as it performed less in

heat stress (Figure 3.38).

Dendrogram H+l

CM1235/08
K-09015
NOOR-2013

L1

FG0902
9 KCC-166 ﬂ
K0039-09

CHB888/06

BKK 02174

Similarity

0.9966383 0.9866383 0.9766383

0.9666383

Figure 3.39: Dendrogram of kabuli genotypes under combined stress

K-09015 and CM 1235/08 were categorized as tolerant genotypes because S.L, R.L, S.F.W

and R.W.C were maintained in stress condition. Moderately tolerant was BKK 02174

because it performed in between of tolerant and moderately sensitive. Moderately sensitive
were 9 KCC-166 K0039-9 and NOOR-2013 and CH888/06 because these performed better
than sensitive. FG0902 was sensitive genotype as it performed least in combined stress

(Figure 3.39).

73



3.9 Desi Genotypes

3.10 Morphological Parameters

3.10.1 Shoot Length (S.L)

Under non-stress condition, significant differences were observed in tested genotypes for
shoot length (S.L) (Figure 3.40). The highest (15.75 cm) shoot length was observed in TGX
225 while the lowest (12.22 cm) in D-09027. Under the irrigation stress, shoot length was
more (17.12 cm) in TGX 225 while lowest (12.62) in D-09027. Under heat stress D-0913
showed higher (21.70 cm) length while CH 24/07 showed lowest (13.30 cm) length.
Combined stress showed CH104/06 shoot length was increasing (21.12 cm) while D-09027
with decreasing (14.32 cm) length.

As compared to non-stress condition, shoot length was found non-significant under
irrigation stress. In case of heat stress, shoot length of D-0913 was observed significantly
high while others remained unchanged. When shoot length was observed under combined
stress of heat and irrigation it was found that shoot length of CH104/06, BRC -390, CMC
211S and Bhakhar-2011 was significantly high while others were non-significant (Figure
3.40).

3.10.2 Root Length (R.L)
Under non-stress condition, significant differences were observed in tested genotypes for
root length (R.L) (Figure 3.41). The highest (31.87 cm) root length was observed in CMC
211S while the lowest (16.80 cm) in D-0913. Under the irrigation stress, root length was
more (33.87 cm) in CH 24/07 while lowest (19.55 cm) in D-0913. Under heat stress CMC
211S showed higher (29.90 cm) length while D-09027 showed smaller (22.40cm) length.
Combined stress depicted increased (34.10 cm) root length in Bhakhar-2011 while
decreased (19.85 cm) in D-0913.

As compared to non-stress condition, root length was found to be non-significant

under irrigation, heat and combined stress (Figure 3.41).

74



O D-09027 B CH 24/07 + CH104/06 BTGX 225

OD-0913

[ Bhakhar-2011

[ANIFA -2

ECMC 211S

EBRC-390

$9P2q
$9p2

jopoqe

(wd) 71's

Irrigated Heat Stress Irrigated and Heat

Control

Stress

Figure 3.40: Shoot length under control, irrigation, heat and combined stress
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Figure 3.41: Root length under control, irrigation, heat and combined stress
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3.10.3 Seedling Fresh Weight (S.F.W)
Under non-stress condition, significant differences were observed in tested genotypes for
seedling fresh weight (S.F.W) (Figure 3.42). The highest (3.39 g) S.F.W was observed in
BRC -390 while the lowest (2.61 g) in Bhakhar-2011. Under the irrigation stress, S.F.W
was highest (5.32 g) in BRC -390 and lowest (2.083 g) in D-0913. Under heat stress highest
(4.27 g) S.F.W was present in D-0913 while lowest (1.59 g) were in CH104/06. In case of
combined (heat and irrigation) stress, the highest (5.84 g) S.F.W was found in BRC -390
and the lowest (2.41 g) value was observed in TGX 225.

As compared to non-stress condition, S.F.W was non-significant in irrigation stress
for all genotypes. Under heat and combined stress all genotypes showed significantly

decreasing behavior (Figure 3.42).

3.10.4 Seedling Dry Weight (S.D.W)
Under non-stress condition, significant differences were observed in tested genotypes for
seedling dry weight (S.D.W) (Figure 3.43). The highest (0.40 g) S.D.W was observed in
BRC -390 while the lowest (0.19 g) in CH 24/07. Under the irrigation stress, S.D.W was
highest (0.40 g) in BRC -390 and lowest (0.13 g) in CH 24/07. Under heat stress highest
(0.37 g) S.D.W was present in TGX 225 while lowest (0.17 g) were in CH104/06. In case
of combined (heat and irrigation) stress, the highest (0.43 g) S.D.W was found in BRC -
390 and the lowest (0.21 g) value was observed in CH 24/07.

As compared to non-stress condition, S.D.W was found non-significant in irrigation

heat and combined stress as well (Figure 3.43).
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Figure 3.42: Seedling fresh weight under control, irrigation, heat and combined
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Figure 3.43: Seedling dry weight under control, irrigation, heat and combined stress
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3.10.5 Shoot Fresh Weight (SH.F.W)
Under non-stress condition, significant differences were observed in tested genotypes for
shoot fresh weight (SH.F.W) (Figure 3.44). The highest (1.25 g) SH.F.W was observed in
BRC -390 while the lowest (0.91 g) in CMC 211S. Under the irrigation stress, SH.F.W was
highest (1.58 g) in BRC -390 and lowest (0.76 g) in D-0913. Under heat stress highest
(2.21 g) SH.F.W was present in D-0913 while lowest (0.79 g) were in CH104/06. In case
of combined (heat and irrigation) stress, the highest (3.13 g) SH.F.W was found in BRC -
390 and the lowest (0.95 g) value was observed in CH 24/07.

As compared to non-stress condition, SH.F.W was found non-significant under
irrigation stress. Under heat stress D-0913 showed significantly high SH.F.W while all
others remained unchanged. Under combined stress, it was found that BRC -390 differed

significantly and weight was high while all others remained unchanged (Figure 3.44).

3.10.6 Shoot Dry Weight (SH.D.W)

Under non-stress condition, significant differences were observed in tested genotypes for
shoot dry weight (SH.D.W) (Figure 3.45). The highest (0.16 g) SH.D.W was observed in
BRC -390 while the lowest (0.72 g) in CH 24/07. Under the irrigation stress, SH.D.W was
highest (0.15 g) in Bhakhar-2011 and lowest (0.05 g) in CH 24/07. Under heat stress
highest (0.21 g) SH.D.W was present in D-0913 while lowest (0.11 g) were in CH 24/07.
In case of combined (heat and irrigation) stress, the highest (0.30 g) SH.D.W was found in
BRC -390 and the lowest (0.09 g) value was observed in CH 24/07.

As compared to non-stress condition, SH.D.W was found non-significant under
irrigation and heat stress. When heat and irrigation stress was observed combined, it was
found that BRC -390 differed significantly and weight was high while all others remained
unchanged (Figure 3.45).
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Figure 3.44: Shoot fresh weight under control, irrigation, heat and combined stress
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Figure 3.45: Shoot dry weight under control, irrigation, heat and combined stress

79



3.10.7 Root Fresh Weight (R.F.W)
Under non-stress condition, significant differences were observed in tested genotypes for
shoot fresh weight (R.F.W) (Figure 3.46). The highest (2.14 g) R.F.W was observed in
BRC -390 while the lowest (1.59 g) in TGX 225. Under the irrigation stress, R.F.W was
highest (3.74 g) in BRC -390 and lowest (1.32 g) in D-0913. Under heat stress highest
(2.06 g) R.F.W was present in D-0913 while lowest (0.80 g) were in CH104/06. In case of
combined (heat and irrigation) stress, the highest (2.78 g) R.F.W was found in CH104/06
and the lowest (1.16 g) value was observed in TGX 225.

As compared to non-stress condition, R.F.W was found non-significant under

irrigation, heat and combined stresses (Figure 3.46).

3.10.8 Root Dry Weight (R.D.W)
Under non-stress condition, significant differences were observed in tested genotypes for
root dry weight (R.D.W) (Figure 3.47). The highest (0.23 g) R.D.W was observed in BRC
-390 while the lowest (0.11 g) in TGX 225. Under the irrigation stress, R.D.W was highest
(0.27 g) in BRC -390 and lowest (0.06 g) in D-0913. Under heat stress highest (0.18 g)
R.D.W was present in TGX 225 while, lowest (0.05 g) were observed in CH104/06. In case
of combined (heat and irrigation) stress, the highest (0.17 g) R.D.W was found in CMC
211S and the lowest (0.07 g) value was observed in D-0913.

As compared to non-stress condition, R.D.W was found non-significant under
irrigation and heat stress and under combination of both heat and irrigation as well (Figure
3.47).
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Figure 3.46: Root fresh weight under control, irrigation, heat and combined stress
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Figure 3.47: Root dry weight under control, irrigation, heat and combined stress
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3.10.9 Morphological Trait

Screening of desi genotypes under irrigation, heat and combined stress on the basis of
visual observation. Certain morphological symptoms were appeared under these stresses
as yellowness of leaves, wilting and senescence under heat and combined stress, while a
sreasonable increased in vegetative growth was observed in some genotypes (Figure 3.48,
Figure 3.49, Figure 3.50).
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Figure 3.48: D-0913, D-09027 and CH 24/07 under control, irrigation, heat and
combined stress
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Figure 3.50: CMC 211S, NIFA-2 and Bhakhar-2011 under control, irrigation, heat
and combined stress
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In Desi genotypes on the basis of physical appearance under irrigation stress it was
observed that D-09027 (Figure 3.48) showed tolerance because shoot length was
maintained under stress. NIFA-2 was proved to be sensitive genotype as there was
maximum increase in shoot length (Figure 3.50). Under heat stress D-0913 were observed
tolerant genotypes because chlorosis, wilting and senescence was not detected in these
genotypes (Figure 3.48). NIFA-2 and TGX-225 was proved to be susceptible genotype
because heat stress caused wilting, senescence and chlorosis in this genotype (Figure 3.50,
Figure 3.49 ). Under combined stress D-0913 and CH 24/07 were detected tolerant
genotypes as there was no change in shoot length and no effect of chlorosis, wilting and
senescence (Figure 3.48). CMC211S was susceptible genotype under combined stress as
there was increase in shoot length along with senescence, wilting and chlorosis (Figure
3.50).

3.11 Physiological Parameters

3.11.1 Total Water Potential (TWP)
Under non-stress condition, significant differences were observed in tested genotypes for
total water potential (TWP) (Figure 3.51). The highest (0.88 -Mpa) TWP was observed in
D-09027 while the lowest (0.51 -Mpa) in BRC -390. Under the irrigation stress, TWP was
highest (0.42 -Mpa) in CH 24/07 and lowest (0.26 -Mpa) in Bhakhar-2011. Under heat
stress highest (1.01 -Mpa) TWP was present in TGX 225 while lowest (0.74 -Mpa) were
in D-0913. In case of combined (heat and irrigation) stress, the highest (0.97 -Mpa) TWP
was found in NIFA -2 and the lowest (0.72 -Mpa) potential was observed in BRC -390.
As compared to non-stress condition, TWP was found non-significant under
irrigation and heat stress and under combination of both heat and irrigation as well (Figure
3.51).
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Figure 3.51: Total water potential under control, irrigation, heat and combined
stress

3.11.2 Other Physiological Parameters

Under non-stress condition, irrigation, heat and combined stress non-significant
differences were observed in tested genotypes for osmotic potential (O.P), turgor potential
(Tr. P), relative water content (R.W.C), Minimal chlorophyll fluorescence (Fo), Maximal
chlorophyll fluorescence (Fm), variable chlorophyll fluorescence (Fv) and time of achieving
maximum fluorescence yield (Tm) (Figure 3.52 , Figure 3.53, Figure 3.54, Figure 3.55,
Figure 3.56, Figure 3.57, Figure 3.58, Figure 3.59).
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Figure 3.52: Osmotic potential under control, irrigation, heat and combined stress
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Figure 3.53: Turgor potential under control, irrigation, heat and combined stress
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Figure 3.54: Relative water contents under control, irrigation, heat and combined

stress
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Figure 3.55: Minimal chlorophyll fluorescence under control, irrigation, heat and
combined stress
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Figure 3.56: Maximum chlorophyll fluorescence under control, irrigation, heat and
combined stress
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Figure 3.57: Variable chlorophyll fluorescence under control, irrigation, heat and
combined stress
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Figure 3.59: Fv/Fm under control, irrigation, heat and combined stress

89



3.12 Biochemical Parameters

3.12.1 Lycopene

Under non-stress condition, significant differences were observed in tested genotypes for
lycopene contents (Figure 3.60). The highest (17.76 mg/g f.wt) lycopene contents were
observed in CH 24/07 while the lowest (10.29 mg/g f.wt) in Bhakhar-2011. Under the
irrigation stress, lycopene contents were highest (18.47 mg/g f.wt) in CH 24/07 and lowest
(9.31 mg/g f.wt) in Bhakhar-2011. Under heat stress highest (17.35 mg/g f.wt) R.D.W was
present in CMC 211S while lowest (10.86 mg/g f.wt) were in CH104/06. In case of
combined (heat and irrigation) stress, the highest (19.88 mg/g f.wt) lycopene contents were
found in CH104/06 and the lowest (12.43 mg/g f.wt) value was observed in CH 24/07.

As compared to non-stress condition, lycopene contents were found significantly
different under irrigation stress. D-0913, D-09027 showed decreased lycopene contents
and CMC 211S, NIFA -2 and CH104/06 increased significantly while others remained
unchanged. Under heat stress, D-0913, D-09027, CH 24/07 and TGX 225 were decreased
while BRC -390, CMC 211S and Bhakhar-2011 showed increased lycopene contents and
in others it remained unchanged. Under combined stress, D-0913 and CH 24/07 showed
decreased lycopene contents, CH104/06, NIFA-2 and Bhakhar-2011 were increased in

lycopene contents while all others remained unchanged (Figure 3.60).

3.12.2 Chlorophyll ‘a’
Under non-stress condition, significant differences were observed in tested genotypes for
chlorophyll ‘a’ contents (Figure 3.61). The highest (159.88 ug/g f.wt) chlorophyll ‘a’
contents were observed in CH 24/07 while the lowest (59.29 ug/g f.wt) in Bhakhar-2011.
Under the irrigation stress, chlorophyll ‘a’ were highest (160.47 ug/g f.wt) in CH 24/07
and lowest (44.54 ug/g f.wt) in Bhakhar-2011. Under heat stress highest (124.92 ug/g f.wt)
chlorophyll ‘a” was present in CMC 211S while lowest (27.10 ug/g f.wt) were in
CH104/06. In case of combined (heat and irrigation) stress, the highest (339.82 ug/g f.wt)
chlorophyll ‘a” were found in CH104/06 and the lowest (43.66 ug/g f.wt) value was
observed in CH 24/07.

As compared to non-stress condition, chlorophyll ‘a’ contents were found non-
significant under irrigation stress. D-0913, CH 24/07 and CH104/06 showed significantly

decreased chlorophyll ‘a’ contents under heat stress while other genotypes remained
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unchanged. Under combined stress CH104/06 was observed to have significantly highest
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Figure 3.60: Lycopene contents under control, irrigation, heat and combined stress
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3.12.3 Chlorophyll ‘b’

Under non-stress condition, significant differences were observed in tested genotypes for
chlorophyll ‘b’ contents (Figure 3.62). The highest (573.50 ug/g f.wt) chlorophyll ‘b’
contents were observed in CH 24/07 while the lowest (301.51 ug/g f.wt) in Bhakhar-2011.
Under the irrigation stress, chlorophyll ‘b’ were highest (584.02 ug/g f.wt) in CH 24/07
and lowest (273.63 ug/g f.wt) in Bhakhar-2011. Under heat stress highest (594.73 ug/g
f.wt) chlorophyll ‘b’ was present in CMC 211S while lowest (351.49 ug/g f.wt) were in
TGX 225. In case of combined (heat and irrigation) stress, the highest (640.66 ug/g f.wt)
chlorophyll ‘b’ were found in TGX 225 and the lowest (374.35 ug/g f.wt) value was
observed in D-0913.

As compared to non-stress condition, in irrigation stress chlorophyll ‘b’ contents
were found significantly different i.e. D-0913 and D-09027 decreases and CH104/06
increased while others remained non-significant. Under heat stress D-0913, D-09027, CH
24/07 and TGX 225 showed decreased chlorophyll ‘b’ contents while BRC -390, CMC
211S and Bhakhar-2011 were observed with increased contents and others remained
unchanged. Under combined stress D-0913 and CH 24/07 showed decreased contents
while TGX 225 and Bhakhar-2011 were observed as high accumulators and others

remained unchanged (Figure 3.62).

3.12.4 Total Carotenoids

Under non-stress condition, significant differences were observed in tested genotypes for
carotenoid contents (Figure 3.63). The highest (25.64 ug/g f.wt) carotenoid contents were
observed in CH 24/07 while the lowest (15.28 ug/g f.wt) in Bhakhar-2011. Under the
irrigation stress, carotenoid were highest (27.24 ug/g f.wt) in CH 24/07 and lowest (13.31
ug/g f.wt) in Bhakhar-2011. Under heat stress highest (24.53 ug/g f.wt) carotenoid contents
were present in CMC 211S while lowest (13.57 ug/g f.wt) were in CH104/06. In case of
combined (heat and irrigation) stress, the highest (31.60 ug/g f.wt) carotenoids were found
in CH104/06 and the lowest (16.50 ug/g f.wt) value was observed in CH 24/07.

As compared to non-stress condition, carotenoid contents were exhibited
significantly affected i.e. CH104/06 and CMC 211S showed higher carotenoid contents
and other remained unchanged. Under heat stress genotypes with lowered contents were
D-0913, D-09027, CH 24/07, CH104/06 and TGX 225. Higher contents was found in CMC
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211S and Bhakhar-2011 while others remained unchanged. D-0913 and CH 24/07 were
found to have significantly least contents while CMC 211S and Bhakhar-2011 with higher
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Figure 3.62: Chlorophyll ‘b’ under control, irrigation, heat and combined stress
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3.12.5 Total Chlorophyll

Under non-stress condition, significant differences were observed in tested genotypes for
total chlorophyll contents (Figure 3.64). The highest (733.38 ug/g f.wt) total chlorophyll
contents were observed in CH 24/07 while the lowest (360.81 ug/g f.wt) in Bhakhar-2011.
Under the irrigation stress, total chlorophyll contents were highest (734.39 ug/g f.wt) in
CH 24/07 and lowest (318.17 ug/g f.wt) in Bhakhar-2011. Under heat stress highest
(719.66 ug/g f.wt) total chlorophyll contents were present in CMC 211S while lowest
(417.04 ug/g f.wt) were in TGX 225. In case of combined (heat and irrigation) stress, the
highest (936.71 ug/g f.wt) total chlorophyll contents were found in CH104/06 and the
lowest (471.15 ug/g f.wt) contents were observed in CH 24/07.

As compared to non-stress condition, total chlorophyll contents were detected
significantly affected under irrigation stress i.e. D-0913 and D-09027 depicted decreased
contents, CH 24/07 and CMC 211S showed elevated chlorophyll contents while in others
it remained unchanged. Under heat stress D-0913, D-09027, TGX 225 and CH 24/07 were
observed as decreasing chlorophyll contents, BRC -390, CMC 211S and Bhakhar-2011
were observed with significantly increased chlorophyll contents while others remained
unchanged. Under combined stress of heat and irrigation it was found that D-0913 and CH
24/07 showed significantly lowered contents, CH104/06, TGX 225 and TGX 225 with
significantly higher contents while others remained unchanged (Figure 3.64).
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Figure 3.64: Total Chlorophyll contents under control, irrigation, heat and
combined stress
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3.12.6 Total Oxidant Status (TOS)

Under non-stress condition, significant differences were observed in tested genotypes for
total oxidant status (TOS) (Figure 3.65). The highest (10650 uM/g f.wt) value of TOS was
detected in Bhakhar-2011 while the lowest (950 uM/g f.wt) value of TOS was observed in
D-0913. Under the irrigation stress, TOS was highest (10225 uM/g f.wt) in D-0913 and
lowest (1875 uM/g f.wt) in CH 24/07. Under heat stress the highest (18125 uM/g f.wt)
value of TOS was observed in Bhakhar-2011 and lowest (1400 uM/g f.wt) value was
detected in CH 24/07. In case of combined (heat and irrigation) stress, the highest (13150
uM/g f.wt) value of TOS was found in Bhakhar-2011 and the lowest (3100 uM/g f.wt)
value was observed in CH 24/07.

As compared to non-stress condition, TOS was significantly increased in D-0913
and CH104/06 under irrigation stress while it decreased significantly in Bhakhar-2011 and
remained unchanged in all other genotypes. Under heat stress, TOS value was increased in
CH104/06 and Bhakhar-2011, remained unchanged in all other genotypes. Under
combined stress, TOS value remained unchanged CH 24/07, TGX 225 and in BRC -390.
While a significant increase in TOS value was observed for all other genotypes as

compared to that under non-stress condition (Figure 3.65).

3.12.7 Superoxide Dismutase (SOD)

Under non-stress condition, significant differences were observed in tested genotypes for
superoxide dismutase (SOD) (Figure 3.66). The highest (298.11 Units/g f. wt) activity of
SOD was detected in NIFA -2 while the lowest (207.48 Units/g f. wt) activity of SOD was
observed in Bhakhar-2011. Under irrigation stress, SOD activity was highest (296.85
Units/g f. wt) in D-09027 and lowest (184.67 Units/g f. wt) in TGX 225. Under heat stress,
SOD activity was highest (282.96 Units/g f. wt) in NIFA -2 and lowest (130.47 Units/g f.
wt) in CH104/06. In case of combined (heat and irrigation) stress, the highest (227.82
Units/g f. wt) activity of SOD was found in NIFA -2 and the lowest (107.08 Units/g f. wt)
value was observed in D-0913.

As compared to non-stress condition, SOD activity was significantly increased in
D-09027 under irrigation stress however, a significant decrease in SOD activity was
observed in TGX 225 while it remained unchanged for all other genotypes. Under heat
stress, SOD activity was remained unchanged in D-09027 and in NIFA-2 while it decrease
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significantly in all other genotypes as compare to non-stress condition. Under combined
stress, a significant decrease was observed for all genotypes as compared to non-stress

condition (Figure 3.66).
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Figure 3.65: Total oxidant status under control, irrigation, heat and combined stress
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Figure 3.66: Superoxide dismutase activity under control, irrigation, heat and
combined stress
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3.12.8 Protease

Under non-stress condition, significant differences were observed in tested genotypes for
protease activity (Figure 3.67). The highest (8690 Units/g f.wt) activity of protease was
detected in TGX 225 while the lowest (2010 Units/g f.wt) activity of protease was observed
in Bhakhar-2011. Under the irrigation stress, protease activity was highest (6925 Units/g
f.wt) in D-09027 and lowest (2490 Units/g f.wt) in NIFA-2. While under heat stress the
highest (7180 Units/g f.wt) activity of protease was observed in Bhakhar-2011 and lowest
(2225 Units/g f.wt) activity was found in D-0913. In case of combined (heat and irrigation)
stress, the highest (8780 Units/g f.wt) activity of protease was found in CH104/06 and the
lowest (3055 Units/g f.wt) activity was observed in NIFA -2.

As compared to non-stress condition, protease activity was remained unchanged in
CH104/06 under irrigation stress. On other hand, protease activity was decreased
significantly in all other genotypes under irrigation stress. Under heat stress, protease
activity was significantly increased in Bhakhar-2011. While it decreased significantly in
all other genotypes as compare to non-stress condition. Under combined stress, a
significant increase in protease was observed for CH104/06, and remained unchanged in
TGX 225 while, a significant decrease was noticed in all other genotypes as compared to

that under non-stress condition (Figure 3.67).

3.12.9 Esterase
Under non-stress condition, significant differences were observed in tested genotypes for
esterase activity (Figure 3.68). The highest (680.28 uM/g f.wt) activity of esterase was
detected in CH 24/07 while the lowest (225.18 uM/g f.wt) activity of esterase was observed
in NIFA-2. Under the irrigation stress, esterase activity was highest (1966.19 uM/g f.wt)
in NIFA-2 and lowest (160.01 uM/g f.wt) in CH 24/07. Under heat stress highest (828.61
uM/g f.wt) activity of esterase was noticed in BRC -390 and lowest (307.21 uM/g f.wt) for
NIFA -2. In case of combined (heat and irrigation) stress, the highest (663.43 uM/g f.wt)
activity of esterase was found in CH 24/07 and the lowest (219.57 uM/qg f.wt) activity was
observed in D-09027.

As compared to non-stress condition, esterase activity was significantly increased
in NIFA -2 under irrigation stress while it remained unchanged in all other genotypes. On
the other hand, a significant decrease in activity of esterase was observed in Bhakhar-2011.

97



Under heat stress, esterase activity was increased in BRC-390, remained unchanged in all
other genotypes as compare to non-stress condition. Under combined stress, a non-
significant change was observed for all genotypes as compared to non-stress condition
(Figure 3.68).
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Figure 3.67: Protease activity under control, irrigation, heat and combined stress
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Figure 3.68: Esterase activity under control, irrigation, heat and combined stress
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3.12.10 Catalase
Under non-stress condition, significant differences were observed in tested genotypes for
activity of catalase (CAT) (Figure 3.69). The highest (25775 Units/g f. wt) activity of CAT
was detected in CMC 211S while the lowest (17065 Units/g f. wt) value of CAT was
observed in D-0913. Under the irrigation stress, CAT activity was highest (31070 Units/g
f. wt) in D-0913 and lowest (19920 Units/g f. wt) in CH 24/07. Under heat stress highest
(33940 Units/g f. wt) activity of CAT was noticed in CH 24/07 and lowest (13075 Units/g
f. wt) for BRC -390. In case of combined (heat and irrigation) stress, the highest (34425
Units/g f. wt) activity of CAT was found in NIFA-2 and the lowest (16040 Units/g f. wt)
activity was observed in CH 24/07.

As compared to non-stress condition, CAT activity was significantly increased in
NIFA -2 under irrigation stress while it remained unchanged in all other genotypes. Under
heat stress, CAT activity was increased in CH 24/07. On the other hand significant decrease
in CAT activity was observed in BRC-390 while it remained unchanged in all other
genotypes. Under combined stress, a significant increase in CAT activity was noticed in
NIFA -2 and remained unchanged in all other genotypes as compare to non-stress

condition.

3.12.11 Total Soluble Protein (TSP)
Under non-stress condition, significant differences were observed in tested genotypes for
total soluble protein (TSP) (Figure 3.70). The highest (518.00 mg/g f.wt) TSP content was
observed in Bhakhar-2011 while the least (140.33 mg/g f.wt) TSP were observed in D-
0913. Under the irrigation stress, TSP were highest (400 mg/g f.wt) in D-09027 and lowest
(134.33 mg/g f.wt) in TGX 225. Under heat stress highest (356.83 mg/g f.wt) TSP were
noticed in D-0913 and lowest (84.33 mg/g f.wt) for CMC 211S. In case of combined (heat
and irrigation) stress, the highest (490.50 mg/g f.wt) TSP were found in Bhakhar-2011 and
lowest (81.83 mg/g f.wt) value was observed in BRC-390.

As compared to non-stress condition, TSP were significantly increased in D-0913
and CMC 211S under irrigation stress while it remained unchanged in D-09027, CH 24/07
and NIFA-2 while it decreased significantly in all other genotypes. Under heat stress, TSP
were increased significantly in D-0913 while it remained unchanged in CH 24/07 and in
NIFA-2 and in all other genotypes a significant decrease in protein content was observed.
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Under combined stress, a significant increase in TSP were noticed in D-0913 and remained
unchanged in Bhakhar-2011 while a significant decrease in TSP were observed in all other

genotypes as compare to non-stress condition.
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Figure 3.69: Catalase activity under control, irrigation, heat and combined stress
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Figure 3.70: Protein contents under control, irrigation, heat and combined stress
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3.12.12 Malondialdihyde (MDA)
Under non-stress condition, significant differences were observed in tested genotypes for
Malondialdehyde (MDA) content (Figure 3.71). The maximum (171.74 uM/g f. wt) MDA
contents were observed in D-0913 while the minimum (91.35 uM/g f. wt) MDA contents
were observed in NIFA-2. Under the irrigation stress, maximum (149.41 uM/g f. wt) MDA
content were detected in CH 24/07 and minimum (120.77 uM/g f. wt) were observed in
TGX 225. Under heat stress maximum (159.48 uM/g f. wt) MDA contents were noticed in
BRC-390 and minimum (117.67 uM/g f. wt) in TGX 225. In case of combined (heat and
irrigation) stress, maximum (167.93 uM/g f. wt) MDA contents were found in CH104/06
and the minimum (120.77 uM/g f. wt) were observed in Bhakhar-2011.

As compared to non-stress condition, MDA contents were non-significantly
affected in all genotypes under irrigation stress and heat stress condition. Under combined
stress, a significant increase in MDA contents were noticed in NIFA-2 and remained

unchanged in all other genotypes as compare to non-stress condition (Figure 3.71).

3.12.13 Total Phenolic Contents (TPC)
Under non-stress condition, significant differences were observed in tested genotypes for
total phenolic contents (TPC) (Figure 3.72). The maximum (47850 uM/g. f.wt) TPC were
observed in CH 24/07 while the minimum (39575 uM/g. f.wt) TPC were observed in
CH104/06. Under the irrigation stress, maximum (46075 uM/g. f.wt) TPC were detected
in TGX 225 and minimum (35725 uM/g. f.wt) were observed in Bhakhar-2011. Under heat
stress maximum (28900 uM/g. f.wt) TPC were noticed in CH 24/07 and minimum (21250
uM/g. f.wt) were in D-09027. In case of combined (heat and irrigation) stress, maximum
(41825 uM/qg. f.wt) TPC were found in D-0913 and the minimum (30575 uM/g. f.wt) were
observed in NIFA-2.

As compared to non-stress condition, TPC were significantly decreased in CH
24/07, NIFA -2 and in Bhakhar-2011 under irrigation stress while it remained unchanged
in all other genotypes. Under heat stress, TPC were remained unchanged in all genotypes
as compare to non-stress condition .Under combined stress, TPC were remained unchanged
in D-0913, TGX 225, BRC -390 and in Bhakhar-2011. While a significant decrease in TPC
was observed in all other genotypes as compare to non-stress condition (Figure 3.72).
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3.12.14 Peroxidase and Ascorbate Peroxidase

Under non-stress condition, irrigation, heat and combined stress non-significant
differences were observed in tested genotypes for peroxidases (POD) and ascorbate
peroxidases (APX) (Figure 3.73, Figure 3.73).
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Figure 3.73: Peroxidase activity under control, irrigation, heat and combined stress
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3.13 Correlation Analysis

Correlation (Pearson) for all morphological and physio biochemical parameters was carried
out using XL-STAT 2014.1.02, using 95% confidence interval. Correlation matrix of most
important parameters is given below.

Under control condition shoot length was not correlated with any parameter. Root
length was positively correlated with FV/FM/C while, negatively correlated with Tw/l,
Tw/STI and Protein/l. Seedling fresh weight was positively correlated with S.F.W/STI,
S.D.W/I, SH.F.W/I, SH.F.W/STI, SH.D.W/C, R.F.W/I, RF.W/STI and R.D.W/I while
negatively correlated with T.W.P/C, T.P.C/l and Protein/STI. Seedling dry weight was
positively correlated with S.F.W/I, S.F.W/STI, S.D.W/STI, SH.F.W/Il, SH.F.W/STI,
SH.D.W/I, R.F.W/I, R.F.WI/STI, R.D.W/I and R.D.W/STI while negatively correlated with
T.W.P/C, Chl b/C, TOT Chl/C and Protein/STI. Shoot fresh weight was positively
correlated with S.F.W/I, S.F.W/STI, S.D.W/C, S.D.W/l, SH.F.W/STI, SH.D.WI/C,
R.D.W/I, R.F.W/I and R.F.W/STI while negatively correlated with T.W.P/C, T.P.C/I and
Protein/STI. Shoot dry weight was positively correlated with Fo/l, Fo/STI, Fm/l, Fn/STI,
S.F.W/STI, S.D.W/I, SH.FE.W/I, SH.F.W/STI and CAT/C while negative correlated with
T.W.P/C, lyco/C, chl a/C, chl b/C, Tot CAR/C, TOS Chl/C, MDA/l and POD/C. Root fresh
weight was positively correlated with S.F.W/I, S.FW/STI, S.D.W/l, SH.F.WII,
SH.F.W/STI, R.F.W/STI and R.D.W/I while negatively correlated with T.W.P/C, TPC/I
and Protein/STI. Root dry weight was positively correlated with S.F.W /me, S.F.W/STI,
S.D.W/I, S.D.WI/STI, SH.F.W/I, R.F.W/Il, R.F.W/STI and R.D.W/STI while negatively
correlated with Protein/STI (Table. A4).

Under heat stress shoot length was positively correlated with O.P/C, S.L/STI,
S.F.W/H, S.F.W/STI, SH.F.W/H, SH.F.W/STI, SH.D.W/H, R.F.W/STI, Protein/STI and
APX/C while negatively correlated with O.P/H and O.P/STI. Root length was positively
correlated with TPC/H, APX/H and APX/STI while negative correlation was not found.
Seedling fresh weight was positively correlated with R.W.C/H, S.L/H, S.L/STI,
S.F.W/STI, SH.F.W/H, SH.F.W/STI, SH.D.W/H, R.F.W/H, R.F.W/STI and Protein/STI
while negative correlation was not found. Seedling dry weight was positively correlated
with S.D.W/C, SH.D.W/C, SH.D.W/H and R.D.W/H while negatively correlated with
TOS/STI. Shoot fresh weight was positively correlated with O.P/C, S.L/H, S.L/STI,
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S.F.W/H, S.F.W/STI, SH.F.W/STI, SH.D.W/H, R.F.W/H, R.F.W/STI, Protein/STI and
APX/C while negative correlation was not found. Shoot dry weight was positively
correlated with Tr.P/C, S.L/H, S.L/STI, S.F.W/H, S.D.W/H, SH.F.W/H, SH.F.W/STI and
SH.D.W/C while negatively correlated with O.P/H, O.P/STI and Tr.P/STI. Root fresh
weight was positively correlated with R.W.C/H, R.W.C/STI, S.L/STI, S.F.W/H,
S.F.WI/STI, SH.F.W/H, SH.F.W/STI, R.F.W/STI and Protein/STI while negative
correlation was not observed. Root dry weight was positively correlated with S.D.W/H
while negatively correlated with TOS/STI (Table .A5).

Under combined stress shoot length was positively correlated with S.L/STI, R.L/C and
APX/STI while negatively correlated with T.W.P/C. Root length was positively correlated
with S.D.W/STI while negatively correlated with MDA/H/I. Seedling fresh weight was
positively correlated with S.F.W/C, S.F.W/STI, SH.F.W/HI, SH.F.W/STI, R.F.W/HI,
R.F.W/STI and SOD/STI while negatively correlated with F./Fn/HI. Seedling dry weight
was positively correlated with T.W.P/STI, S.D.W/C, SH.F.W/STI, SH.D.WI/C,
SH.D.W/H/l and R.D.W/C while negatively correlated with T.W.P/C, POD/C and
POD/HI. Shoot fresh weight was positively correlated with Tr.P/C, S.F.W/C, S.F.C/HI,
S.F.WI/STI, S.D.W/C, SH.F.W/STI and SH.D.W/HI while negatively correlated with
FV/FV/HI. Shoot dry weight was positively correlated with T.W.P/STI, Tr.P/C, S.D.W/C,
S.D.W/H/l, SH.FE.W/HI, SH.F.W/STI, SH.D.W/C and R.D.W/C while negatively
correlated with T.W.P/C, POD/C and POD/HI. Root fresh weight was positively correlated
with S.F.W/STI, S.F.W/C, R.F.W/STI, SOD/STI while negative correlation was not
observed. Root dry weight was positively correlated with CAT/C while negatively
correlated with POD/HI (Table. AG).

3.14 Stress Tolerance Index (STI)

Stress tolerance index was used in crop plants for determining high yield and tolerance
potential of genotypes under different stress conditions. It actually tells us the percent
increase or decrease in a specific character by a specific genotype. On the basis of this
increase or decrease we can select our desirable genotypes for specific traits.

Under irrigation stress ST1 was calculated for 32 parameters. On the basis of these
traits susceptible and tolerant genotypes were selected. According to desired parameters

D-09027 was proved to be tolerant genotype because 14% and 3% decrease in shoot fresh
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weight and malondialdehyde activity was observed respectively. Superoxide dismutase is
antioxidant which prevents from reactive oxygen species (Table 3.2). There was 12%,
10%, 3% and 1% increase in activity of superoxide dismutase, TPC, shoot length and
seedling fresh weight. NIFA-2 was proved to be susceptible under irrigation stress as there
was 35%, 17%, 51% and 38% increase in MDA, shoot length, shoot fresh weight and
seedling fresh weight respectively. Total phenolic contents and superoxide dismutase were
decreased 19% and 3% respectively. These parameters can be used as efficient markers for
irrigation stress tolerance studies in chickpea.

Under heat stress 32 parameters were used for STI estimation. According to STI
values tolerant and susceptible genotypes were selected. D-0913 was detected as tolerant
genotype for heat stress. There was 3% decrease in esterase activity. Relative water
contents, seedling fresh weight and shoot fresh weight were increased 7%, 64% and 94%
respectively. NIFA-2 was proved to be susceptible genotype under heat stress as there was
7%, 14% decrease in relative water contents and seedling fresh weight. Esterase and shoot
fresh weight were increased 22% and 39% respectively. It was concluded that these
parameters can be used as efficient markers in heat tolerance studies in chickpea.

STI was estimated for 32 parameters under combined stress of heat and irrigation.
According to STI values tolerant and genotypes were selected. D-0913 exhibited tolerance
as there was 61% and 36% decrease was found protease and esterase respectively. Total
phenolic contents were maintained. Seedling fresh weight, shoot fresh weight, root fresh
weight, protein, peroxidase and catalase were increased 5%, 10%, 2%, 88%, 82% and 6%
respectively. CMC 211S was detected as susceptible genotype under combined stress as
there was 16%, 36%, 23%, 4%, 14%, 24%, 27% and 36% decrease in seedling fresh weight,
root fresh weight, protein, peroxidase, esterase, protease, total phenolic contents and
catalase respectively. It was concluded that these parameters can be used as efficient

markers in heat and irrigation stress tolerance studies in chickpea (Table 3.1 Table 3.2).
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Table 3.2: Stress tolerance index (STI) of Desi Chickpea

Genotypes TWP O.P TrP RWC TOS Lyco chla chlb T. car
STI values under irrigation stress
D-0913 41.04 8591 123.46 110.84 1076.32 86.46 81.84 80.22 91.13
D-09027 46.59 8154 11594 8243 121.15 85.75 76.71 8133 90.72
CH24/07 5419 108.21 169.09 103.97 12295 102.31 9412 101.83 106.22
CH104/06 61.31 129.21 179.76 95.45 513.79 129.87 135.04 132.17 132.53
TGX 225 5938 7371 83.06 9517 20647 9212 89.61 90.77 92.79
BRC -390 7157 80.87 84.69 100.70 309.09 97.76 59.95 101.55 92.50
CMC
211S 59.84 11055 142.20 103.07 124.47 120.93 132.72 12151 128.06
NIFA -2 55.96 105.09 13252 9489 215.83 105.85 139.93 105.93 109.40
Bhakhar-
2011 39.39 83.87 11421 111.77 26.06 90.55 75.12 90.75 87.12
STI values under heat stress
D-0913 85,55 8420 83.07 10743 31842 79.71 43.67 8257 T77.74
D-09027 93.18 11191 130.35 90.80 99.04 79.05 36.66 81.01 74.44
CH 24/07 117.42 137.86 160.91 103.97 91.80 66.56 27.20 67.01 61.38
CH104/06 123.36 118.85 11549 9555 1077.59 86.13 3481 97.76 75.06
TGX 225 158,59 99.23 6051 9850 67.63 69.73 56.61 70.97 67.21
BRC -390 189.22 89.51 4854 97.04 128.79 105.33 45.85 122.67 94.41
CMC
211S 141.80 107.32 85.81 99.40 211.70 12443 13356 136.06 125.49
NIFA -2 152,29 131.72 120.23 93.78 87.50 100.34 55.27 112.10 92.44
Bhakhar-
2011 122.73 116.28 111.89 108.26 170.19 140.47 121.76 165.31 127.46
STI values under combined stress
D-0913 10751 70.84 40.15 99.89 1321.05 78.37 9447 70.05 90.15
D-09027 105.11 69.84 35.10 95.79 384.62 103.72 103.93 107.11 107.40
CH 24/07 10258 88.89 73.45 104.19 203.28 70.01 27.31 7454 64.35
CH104/06 120.44 7282 37.36 97.00 574.14 15758 436.31 150.47 174.77
TGX 225 123.44 6955 3439 95.68 95.68 10490 40.24 129.35 94.48
BRC -390 142.16 78.94 5297 10158 39545 85.96 56.20 86.53 87.77
CMC
211S 143.44 78.35 37.72 99.07 404.26 100.85 119.12 96.54 111.09
NIFA -2 17798 85.21 33.42 102.03 302.50 117.47 159.74 111.80 127.72
Bhakhar-
2011 13485 68.89 23.90 111.78 123.47 149.45 172.69 168.49 148.11
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Genotypes T.chl Esterase Prote. MDA  TPC FO FM FV ™ (FvIFm)
STI values under irrigation stress
D-0913 80.48 53.32 3254 8194 107.67 61.13 62.26 62.47 175.10 98.42
D-09027 80.64 50.05 85.65 97.30 110.70 85.11 91.11 92.28 133.33 101.27
CH 24/07 100.15 23.52 4586 116.97 87.25 7887 8129 86.31 91.10 105.28
CH104/06  132.65 175.12 99.87 9141 111.24 106.97 103.81 104.16 44.17 100.29
TGX 225 90.55 95.85 40.39 78.00 10550 87.45 9496 96.54 108.08 101.95
BRC-390 93.25 98.35 61.28 11429 92.03 83.68 83.44 83.40 100.61 99.92
CMC 211S 123.49 72.67 83.20 87.17 99.15 12359 125.94 126.35 94.77 104.04
NIFA -2 111.08 873.45 52.04 13559 81.06 103.24 109.96 111.21 11437 101.13
Bhakhar-
2011 88.18 51.81 165.17 97.48 81.66 119.26 122.26 122.79 72.16 100.41
STI values under heat stress
D-0913 76.24  97.75 25,77 77.09 7639 9747 86.41 84.36 124.75 97.68
D-09027 74.34  124.30 3995 89.19 5167 8517 8273 8225 151.29 99.71
CH 24/07 58.33 98.51 40.49 101.82 81.30 10298 9859 90.15 77.07 92.26
CH104/06 87.43 73.14 7402 80.30 70.88 139.62 123.23 120.34 32.68 97.68
TGX 225 68.25 122.34 7497 76.00 66.17 112.28 108.82 108.09 46.98 99.60
BRC -390 107.35 202.92 90.06 127.95 8251 113.15 9950 97.11 79.20 97.60
CMC 211S 135.62 94.80 7212 97.86 80.03 10194 97.85 9545 69.19 101.29
NIFA -2 103.50 122.95 69.80 14153 70.09 11856 113.88 113.02 97.34 99.27
Bhakhar-
2011 158.16 46.23 357.21 101.89 81.14 121.16 105.18 102.34 104.39 96.98
STI values under combined stress

D-0913 74.02 64.56 39.95 8194 98.76 114.67 110.71 109.97 79.77 99.31
D-09027 106.63 44.37 69.26 100.00 86.50 79.56 104.24 109.02 141.84 104.27
CH 24/07 64.24 97.52 46.05 101.82 81.45 128.37 107.26 95.11 65.75 89.60
CH104/06  197.38 56.70 22144 103.03 93.62 117.39 110.05 109.21 37.31 99.06
TGX 225 112.47 116.27 62.66 92.00 9473 108.30 112.11 11292 50.49 100.91
BRC -390 80.48 161.64 62.67 12422 10442 91.74 9587 8456 6822 83.14
CMC 211S 100.52 86.34 76.20 89.84 7378 133.04 130.22 129.57 78.68 103.07
NIFA -2 119.05 184.33 63.85 169.49 66.76 11596 117.27 11751 96.46 100.26
Bhakhar-
2011 169.18 46.91 158.21 98.11 95.14 14128 12468 121.73 67.71 97.43

Genotypes S.L R.L SFW SDW SHFW SHDW RFW

STI values under irrigation stress

D-0913 103.85 116.37 75.38 66.56 67.18 81.82 81.11
D-09027 103.27 125.39 10153 79.74 86.64 101.85 110.22
CH 24/07 111.97 159.41 104.73 66.92 94.75 74.83 110.03
CH104/06 85.95 120.04 108.39 146.79 96.67 147.32  114.79
TGX 225 108.73 93,57 147.09 121.67 117.93 97.80 168.29
BRC -390 103.86 104.88 156.81 100.37 127.00 78.14 174.16
CMC 211S 110.70 72.16 97.05 80.29 106.03 113.43 93.05
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NIFA -2 117.69 101.90 13855 79.63 151.01 109.09
Bhakhar-2011 109.07 143.39 172.66 157.72 143.68 143.86
STI values under heat stress
D-0913 175.71 145.09 154.84 130.42 194.93 203.73
D-09027 120.04 125.67 69.61 112.25 99.08 177.04
CH 24/07 107.91 132.71 8599 12481 093.18 154.90
CH104/06 9199 97.18 50.08 81.12 70.07 130.14
TGX 225 111.27 88.61 92.82 147.13 108.42 132.37
BRC -390 118.75 89.31 76.38 94.08 110.40 124.22
CMC 211S 11498 93.80 91.65 103.77 120.00 138.38
NIFA -2 119.68 109.96 86.87 9751 139.39 131.29
Bhakhar-2011 109.66 105.42 92.83 125.08 124.18 137.05
STI values under combined stress
D-0913 136.23 118.15 105.52 9547 110.35 135.43
D-09027 117.18 143.20 113.24 124.49 113.13 191.29
CH 24/07 126.17 143.41 106.55 107.38 99.74 127.27
CH104/06 138.07 113.05 141.54 121.85 153.44 181.41
TGX 225 11476 91.04 87.64 11535 10756 106.10
BRC -390 156.62 87.04 172.11 107.41 250.60 178.58
CMC 211S 162.06 93.88 84.98 12252 130.14 176.76
NIFA -2 136.78 105.10 121.21 103.38 172.73 171.15
Bhakhar-2011 151.08 154.12 164.44 147.46 208.79 201.59
Genotypes RDW PROT SOD POD APX CAT
STI values under irrigation stress
D-0913 53.41 221.73 91.75 140.31 3093 182.07
D-09027 67.89 92.02 11179 116.00 36.00 115.94
CH 24/07 62.40 8294 8593 3593 114.13 109.96
CH104/06 146.41 68.34 112.63 108.90 183.52 110.98
TGX 225 153.76 39.72 7253 5240 114.29 129.07
BRC -390 116.58 59.32 112.73 86.49 102.48 122.15
CMC 2118 60.33 135.69 108.29 82.81 214.44 89.12
NIFA -2 60.39 88.47 9854 125.05 68.69 133.28
Bhakhar-2011 169.33 26.77 107.86 131.66 80.00 111.45
STI values under heat stress

D-0913 67.27 254.28 79.77 47.00 43.30 81.95
D-09027 7751 43.17 100.87 66.80 69.33 87.20
CH 24/07 107.60 93.43 67.60 37.89 14457 187.36
CH104/06 4538 3247 5733 5759 6484 83.27
TGX 225 166.97 37.80 67.69 68.96 101.30 96.42
BRC -390 7212 63.46 88.85 94.37 104.13 68.46
CMC 211S 8293 30.05 86.30 150.48 157.78 94.47
NIFA -2 75.46 88.35 9492 84.89 7475 92.23
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132.32
188.12

126.88
52.42
82.17
39.15
81.48
56.58
79.02
60.61
76.10

102.15
113.31
110.17
135.03
73.16
126.43
64.88
95.45
140.76



Bhakhar-2011

D-0913
D-09027

CH 24/07
CH104/06
TGX 225
BRC -390
CMC 211S
NIFA -2
Bhakhar-2011

115.05 68.60 79.63 139.17
STI values under combined stress
61.04 188.60 4255 182.96
88.68 54.83 81.59 104.10
96.00 42.17 67.79 95.84
78.44 3143 7556 78.80
127.79 9754 53.30 50.83
55,54 23.36 80.32 61.73
89.86 77.32 47.77 96.00
59.13 31.67 76.42 76.81
102.10 94.69 7474 127.16

130.59

60.82
59.33
60.87
114.29
124.68
145.45
198.89
69.70
76.47

86.57

106.80
93.39
88.55
132.09
104.70
136.23
64.17
147.37
73.71

3.15 Cluster Analysis

Based on association among phenomic data (24 attributes) and physio biochemical markers

(37 for irrigation, 36 for heat and 33 for combined stress) relative stress tolerance of

genotypes was assessed.

Following dendrograms were made for desi chickpea genotypes under irrigation, heat and

combined stress by using STI values.

TGX 225
D-09027
D-0913
CH104/06
NIFA -2

BRC -390
CMC 2118
Bhakhar-2011
CH 24/07

Dendrogram |
0.9966954 0.9866954 0.9766954
Similarity

0.9666954

Figure 3.75: Dendrogram of desi genotypes under irrigation stress
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D-09027 was categorized as tolerant genotypes because S.L, R.L, S.F.W and R.W.C were
maintained in stress condition. Moderately tolerant was TGX 225, D-0913 and CH104/06
because it performed in between of tolerant and moderately sensitive. Moderately sensitive
genotype were BRC -390, CMC 211S, Bhakhar-2011 and CH 24/07 because these
performed better than sensitive. NIFA -2 was sensitive genotype as it performed less in

irrigation stress (Figure 3.75).

Dendrogram H

BRC -390 ———
CH104/06 |

D-0913

Bhakhar-2011 }
CMC 211S

NIFA -2 :l—
TGX 225

D-09027

CH 24/07

0.9963324 0.9913324 0.9863324 0.9813324 0.9763324
Similarity

Figure 3.76: Dendrogram of desi genotypes under heat stress
D-0913 was categorized as tolerant genotypes because S.L, R.L, S.F.W and R.W.C were
maintained in stress condition. Moderately tolerant was D-09027, CH 24/07 and CH104/06
because it performed in between of tolerant and moderately sensitive. Moderately sensitive
were BRC -390, CMC 211S and Bhakhar-2011because these performed better than
sensitive. NIFA -2 and TGX 225 were sensitive genotype as it performed less in heat stress
(Figure 3.76).
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Dendrogram | + H

CH104/06
D-09027

NIFA -2 il
BRC -390 1_"
CMC 211S

TGX 225
Bhakhar-2011
CH 24/07
D-0913

0.9808115 0.9608115 0.9408115 0.9208115
Similarity

Figure 3.77: Dendrogram of desi genotypes under combined stress
D-0913 and CH 24/07 were categorized as tolerant genotypes because S.L, R.L, S.F.W and
R.W.C and certain biochemical parameters like TSP, MDA etc. were maintained in stress
condition. Moderately tolerant was NIFA-2 and D-09027 because it performed in between
of tolerant and moderately sensitive. Moderately sensitive were CH104/06, BRC-390,
TGX 225 and Bhakhar-2011 because these performed better than sensitive. CMC 211S

was sensitive genotype as it performed less in heat stress (Figure 3.77).
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4 Discussion

4.1 Heat Stress

Different crops including chickpea are observed to show differential response to heat stress.
Differential response is regarding morphological, physiological and biochemical attribute
of plants and regarding genotypes. It was reported that heat stress significantly alters all
these attributes of chickpea. Heat stress results in drought stress and affects plants’ initial
growth phase. Expansion and elongation growth is badly affected. It is reported that early
phenological stages in chickpea are most important for heat stress tolerance. A holistic
approach is needed to investigate tolerance mechanism and heat tolerant genotypes which
includes not only morphological but physiological and biochemical parameters. Main
objective of this experiment was to find out heat tolerant genotypes using integrated
approaches of morpho-physiological and biochemical parameters.

Heat stress significantly effects morphological, physiological and biochemical
parameters of a plant [236]. Heat stress significantly alters water relations, hormone levels,
photosynthetic rate, respiration and metabolic rate. Seedling fresh weight and shoot fresh
weight was reduced under high temperature stress in all kabuli genotypes and was
maintained in desi genotypes. Root fresh weight was found to decrease in desi and kabuli
genotypes except D-0913 which indicated increased root fresh weight under heat stress.
Similar results were found in wheat, as root fresh weight was reduced in wheat and
significant variation was found in genotype [237].

Leaf water relations are altered upon exposure to heat stress. It was found in our
study that total water potential was increased in both desi and kabuli genotypes. Similar
results were found in sugarcane and tomato [74]. Transpiration is increased due to high
temperature which ultimately effects water potential. Photosynthetic attributes were found
to be non-significant contrary to other studies.

Biochemical response of plants are altered due to heat stress. An increase in activity
of antioxidant enzymes was observed in heat tolerant varieties. Several heat shock proteins
are activated in response to upregulation of heat responsive genes under high temperature

stress. Heat resilience in plants is improved as cell’s structural and functional proteins are
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protected by heat shock proteins. Total soluble proteins (TSP) were found to decrease in
both desi and kabuli genotypes except CM1235/08 and BKK 02174 in kabuli and D-0913
in desi. Our results were agreed to the previous ones that were observed in case of wheat.
As TSP were observed to decrease in wheat under high temperature stress in some
genotypes while increased in some others [237].

Different phenolics e.g. flavonoids, lignins, anthocyanins are important class of
secondary metabolites which play a vital role in eluviation of stress and induction of abiotic
stress tolerance. It is clear from studies that accumulation of phenolic contents induces heat
tolerance and is an important parameter for heat tolerance studies [91, 108]. Total phenolic
contents were decreased in all desi and some kabuli genotypes except BKK 02174 and
CM1235/08, which were proved as tolerant genotypes. Same results were found in wheat
and rice. Hence increased phenolic contents is linked with heat tolerance and can be used
as important biochemical marker. Phenolics were found to decrease under high temperature
in apples, chrysanthemums and casters [112, 238]. Phenolics are accumulated in plants
under heat stress by increasing their biosynthesis and reducing its breakdown. This was
found to be an acclimation process in plants for thermotolerance [108].

Total oxidant status (TOS) is increased whenever plant faces elevated temperature.
But if antioxidants increase, TOS level is lowered. In desi genotypes D-0913 was tolerant
which showed non-significant change in TOS, while TGX 225 and NIFA-2 were sensitive
in which TOS level was significantly increased. In kabuli, genotypes TGX 225 and CMC
211S were proved to be tolerant because TOS level was significantly decreased. A decrease
in TOS level was required for thermotolerance as in tolerant genotypes antioxidants were
increased [239].

Lycopene is an antioxidant which was observed to decrease under high temperature
except in tolerant genotypes. This is important for heat stress alleviation as it scavenges
reactive oxygen species and helps to protect the cell structure and function. It was found in
our study that lycopene contents showed decreasing behavior in desi genotypes except
BRC-390, CMC 211S and NIFA-2. In kabuli genotypes it increased in most genotypes
except CH888/06 and 8Kk. It was found that lycopene contents are decreased in tomato
under heat stress [240].
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Changes in different photosynthetic attributes of plants e.g. chlorophyll a,
chlorophyll b, chlorophyll fluorescence and ratio of chlorophyll contents to carotenoids
confers heat tolerance. Under high temperature it was observed that due to production of
active oxygen species, photosynthetic apparatus is disturbed leading to lowered
photosynthetic rate. Genotypes which can withstand this situation and maintain their
pigments’ levels show thermotolerance. In our study it was observed that in desi genotypes
chlorophyll a contents were lowered in all genotypes except CMC 211S. In kabuli
genotypes it was increased in BKK 02174 which was tolerant genotype. Chlorophyll b
contents were lowered in all desi genotypes except BRC-390, CMC 211S and NIFA-2. In
kabuli genotypes it was increased mostly but maximum increase was in BKK 02174 which
was tolerant genotype. Exactly same results were found in total chlorophyll and total
carotene contents as in chlorophyll b. Here it was found that chlorophyll b contents are
more responsible for thermotolerance, which can be used as biochemical marker for heat
tolerance studies in chickpea. Similar results were found in tomato chlorophyll contents
under heat stress. The attributes which were found non-significant in our study were same
as found in chickpea earlier in India [241].

Activity of antioxidant enzymes is increased under high temperature stress.
Different oxygen reactive species which are produced in oxidative stress are singlet
oxygen, superoxide radical, hydrogen peroxide and hydroxyl radical. Plants have defense
mechanism against these species i.e. antioxidants defence system. Which are utilized to
detoxify the cytotoxic effects and injuries caused by oxidative species at cellular level.
Plants have several enzymatic (tocopherol, phenols) and non-enzymatic antioxidants
(superoxide dismutase, ascorbate peroxidase, peroxidase, catalase, esterase and protease).
Each has its special characteristics and pathway to scavenge active oxygen species.
Whenever plant faces any stress, oxidative stress also becomes a part of that. To alleviate
active oxygen species antioxidants are produced in higher quantity. Hence tolerant
genotypes should have higher antioxidant status than normal growing plants [242].

Superoxide dismutase (SOD) is an enzyme which dismutates superoxide into either
oxygen or hydrogen peroxide. Hydrogen peroxide is less toxic than superoxide and is
detoxified by catalase. It was found in desi genotypes that SOD was increased in some

genotypes while decrease in others. In TGX 225 and NIFA-2 it was severely reduced which
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showed susceptibility towards heat stress. In kabuli genotypes SOD was mostly increased
except CH888/06. CM1235/08 and BKK 02174 were found to be significantly increased
SOD which were proved to be resilient genotypes. Same results were found in chickpea
earlier [243, 244].

Peroxidase is another antioxidant enzyme which detoxifies hydrogen peroxide into
water, helps in biosynthesis of cell wall and oxidize the toxic compounds. It was found that
in all kabuli genotypes its amount was increased, lest increase was found in sensitive
genotype i.e. 9-KCC-166. While in desi genotypes no significant change was observed.
POD were found to behave same as studied earlier in wheat varieties [242]. Same results
were found in chickpea [243].

Melanodialdehyde (MDA) is associated with deterioration of membrane lipids.
Under heat stress it was found to decrease in tolerant genotypes. In our study same results
were found that in desi genotypes, tolerant genotype D-0913 exhibited lower MDA
contents while increase in susceptible genotypes. In kabuli genotypes MDA contents were
maintained in tolerant genotypes while increased in susceptible i.e. 9-KCC-166. As
malondialdehyde (MDA) is one of the final products of polyunsaturated fatty acids
peroxidation in the cells. An increase in free radicals causes overproduction of
MDA. Malondialdehyde level is commonly known as a marker of oxidative stress. MDA
was reported to increase in susceptible wheat varieties under high temperature stress which
deteriorates membranes [245].

Protease is involved in breakdown of proteins. Proteolysis is the breakdown of
peptide bonds present among proteins. It should be decreased in heat tolerant genotypes.
In desi genotypes D-0913 showed lowered protease contents which was tolerant genotype,
while susceptible genotype NIFA-2 showed highest contents. In kabuli genotypes
susceptible genotype 9-KCC-166 showed highest protease contents while in CM1235/08
it was maintained which was tolerant. Protease was found to increase in wheat varieties
under heat stress [237].

In kabuli chickpea seedling dry weight, shoot dry weight, osmotic potential, turgor
water potential, relative water contents, chlorophyll fluorescence, ascorbate peroxidase,
peroxidase and esterase were found non-significant. Which shows that these parameters

are not reliable for thermotolerance studies at seedling stage in chickpea. In desi genotypes
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root length, seedling dry weight, shoot dry weight, root fresh weight, root dry weight, total
water potential, chlorophyll fluorescence, relative water content, osmotic potential, turgor
potential, ascorbate per oxidase, peroxidase and esterase were found non-significant.
Which means that these parameters are not reliable for thermotolerance studies at seedling

stage in desi chickpea.

4.2 Irrigation Stress

Water present in soil is a determinant of species distribution all over the world. It can
change into stress e.g. waterlogging, drought, excessive or shortage of water. Crop
production is limited in tropics and subtropics due to excessive rainfall. Excessive rainfall
causes floods. Flooding is the stress when plants are submerged in rain water and are unable
to get oxygen from soil which harshly affects crop production. It is now a major problem
of some areas in the world. Rainfed areas are more subjected to rainfall stress, especially
those soils where drainage in very poor. Floods and excessive rainfall causes waterlogging,
which disturbs 10% of land from all over the world and hence it is major constraint in
agricultural production. Chickpea is major crop of rainfed areas in Pakistan. As these areas
are subjected to excessive rainfall at specific times, crop is affected badly. This experiment
was conducted to check response of chickpea elite lines towards excessive water stress and
screen out resilient genotypes.

Excessive water significantly alters morphology of plants. More water conductance
through roots and more transpiration are major observations. As more water is available
some morphological attributes gain positive effect. In our study it was found that all desi
genotypes showed non-significant change regarding shoot length. In kabuli, resilient
genotypes K-09015 and FG0902 showed less increase in shoot length than susceptible
genotype K0039-09. An overall increase was found in shoot length of kabuli genotypes.
Same results were found in Lotus tenuis [246].

Root length revealed as non-significant increase in desi genotypes. In kabuli
genotypes K-09015 and FG0902 maintained their root length while susceptible genotype
K0039-09 showed increased length. In Lotus tanuis Non-significant increase in root length
was observed under irrigation stress[246].

Seedling fresh weight showed an overall increase in desi and kabuli genotypes. In

desi type it was found that susceptible genotype showed increase in fresh weight while D-
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09027 maintained its weight which was proved to be resistant. In kabuli genotypes K-
09015 and FG0902 maintained their S.F.W while K0039-09 showed increase in weight
which was susceptible. Same results were found for shoot fresh weight and root fresh
weight [246].

Total oxidant status (TOS) is increased whenever plant faces elevated temperature.
But if antioxidants increase, TOS level is lowered. In desi genotypes D-09027 showed
maintained oxidant status which was tolerant while susceptible Bhakhar-2011 showed
increased oxidants.

Lycopene have antioxidant properties of quenching singlet oxygen. Lycopene was
significantly lowered in desi genotypes under excessive water in resistant genotype while
in susceptible genotype Bhakhar-2011 it was increased. In kabuli genotype K-09015
showed same contents as control while susceptible KO039-09 showed increased contents.
In tomato it was observed that high lycopene contents does not tolerate waterlogging.
Hence moderate lycopene contents may withstand with waterlogging.

Waterlogging causes lowering of chlorophyll ‘a’ contents and ultimately
photosynthesis. In our experiment it was found that in case of desi resistant genotype D-
09027 showed no change in chlorophyll ‘a’ contents while susceptible genotype Bhakhar-
2011 showed increased chlorophyll ‘a’ contents. Chlorophyll ‘b’ indicated lower value in
desi resistant genotype while no change in susceptible genotype. In kabuli genotypes K-
09015 maintained its chlorophyll ‘b’ contents while KO039-09 showed increased behavior
which was susceptible. Same results were found for total chlorophyll and total carotene
contents for desi and kabuli as for chlorophyll ‘b’ contents. Memordica charantia showed
the same results [247, 248].

Under excess of water reactive oxygen species are increased due to low supply of
energy and changed redox condition of the cell. Higher level of ROS damages cell by lipid
peroxidation and damage to DNA. Due to lipid peroxidation, membrane stability is
decreased. This was found in maize, winter rape and barley [249, 250].

Presence of ROS was evident from injury to membranes. At the sites where
membranes were damaged, melanodialdehyde (MDA) was found, hence it was cause of
lowered membrane integrity. Electrolyte leakage was found in corn and barley [251]. In

desi genotypes it was found that D-09027 showed maintained MDA contents while
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increased contents in susceptible genotype i.e. Bhakhar-2011. In kabuli genotypes K-
09015 and FG0902 showed maintained MDA while K0039-09 showed increasing
behavior. It was concluded that presence of lower MDA level confers resistance by the
membrane integrity.

Under water stress conditions, lowered nitrogen causes decrease in protein level.
So in tolerant genotypes protease activity will also be lowered. In desi type D-09027
indicated lower protease activity while resistant Bhakhar-2011 indicated higher activity.
Likewise in kabuli resistant genotypes K-09015 and FG0902 exhibited lower protease
activity while susceptible K0039-09 revealed higher activity. These results were also found
in mungbean [252].

Under high water stress it was reported that activity of superoxide dismutase was
enhanced. In our results desi type D-09027 showed increased activity of SOD while
Bhakhar-2011 showed no change in its activity which was susceptible genotype. In kabuli
type resistant genotypes showed maintained SOD activity while susceptible K0039-09
showed decreased activity. Increased SOD activity was found when rhizomes of Iris
pseudocorus were submerged in water [253].

Ascorbate peroxidase and peroxidase shown same behavior. Both were non-
significant in desi type chickpea. In kabuli type activity of peroxidase was enhanced
overall. But susceptible genotype (K0039-09) showed more activity than resistant ones (K-
09015 and FG0902). Same was the result for ascorbate peroxidase. In maize activity of
APX and POD were given which were slightly enhanced [254].

Enhanced catalase activity was found in mungbean [255]. Any stress immediately
results in production of oxidative species which needs to be removed as early as possible
to be save the cell from injury. In desi type it was found that tolerant genotype D-09027
showed enhanced catalase activity but susceptible genotype Bhakhar-2011 showed much
higher level of catalase. In kabuli genotypes K-09015 and FG0902 showed higher level of
catalase activity while susceptible (K0039-09) showed lower level of it.

When plants are submerged in the water, nitrogen becomes unavailable which
results in lower level of protein formation. Genotypes which maintain their protein level
even in high water can be categorized as tolerant. In desi type D-09027 maintained its

protein level while in case of kabuli K-09015 maintained its level and FG0902 showed
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much increase in protein level. Protein levels were studied in citrus plant and same results
were found [256].
Esterase is involved in breakdown of ester bonds. It should be decreased for tolerant
genotypes. In desi type it was found that tolerant genotype D-09027 showed lower level of
esterase while susceptible Bhakhar-2011 showed highest level of esterase. In case of kabuli
type K-09015 showed significant increase and FG0902 maintained its level of esterase
activity. While in susceptible KO039-09 the activity of esterase was increased. Barley and
wheat showed the same results [257].

In desi genotypes, osmotic potential, turgor potential, relative water contents, FO, FM,
FV, TM, FV/FM, shoot dry weight, seedling dry weight, root dry weight, peroxidase, and
ascorbate peroxidase were found non-significant. Which means these parameters are not
reliable for irrigation stress studies in desi chickpea. In kabuli genotypes, seedling dry
weight, shoot dry weight, root dry weight, total water potential, osmotic potential, turgor
potential, relative water contents, FO, FM, FV, TM and FV/FM were found non-significant

which means that these are not reliable for irrigation stress studies in kabuli chickpea.

4.3 Combined (Heat and Irrigation) Stress

Climate of earth is well described by changes in these factors. It is evident that from very
beginning up to now earth has undergone many changes regarding climate but changes
occurring in last century are so drastic that it has raised the overall temperature of earth
which is said to be warming. It was suggested in IPCC that all this is result of human
activities which causes rapid global warming [24]. Now the weather conditions are
changing continuously. Average temperature is increasing each year which has increased
average global temperature of earth. This increase is due to many factors e.g. glaciers and
sea ice is melting, waves of heat are increased, this elevated temperature cause’s rise in the
sea level, precipitation is changes which causes drought in one area and heavy rainfall in
other area [25].

In desi type root length was affected such as tolerant genotypes D-0913 and
CH24/07 showed increased root length while susceptible 5 showed decreased root length.
In kabuli type it was found non-significant. The cause for increased root length may be due

to more temperature which made the water unavailable.
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Seedling fresh weight was maintained in desi genotypes while decreased
significantly in kabuli type. Same result was found for shoot and root fresh weight.
Seedling and shoot dry weight was found non-significant for kabuli genotypes while it was
maintained in desi type. Root dry weight was maintained in desi type while it was increased
in kabuli type, where susceptible genotype FG0902 showed higher root dry weight.

Lycopene is an antioxidant which is used by plants for oxidative stress alleviation.
In desi type it was found that tolerant genotypes D-0913 and CH24/07 showed lowered
lycopene while susceptible NIFA-2 showed higher contents. In case of kabuli type tolerant
(K-09015 and CM1235/08) and susceptible (FG0902) showed maintained lycopene
contents.

Among photosynthates, chlorophyll ‘a’ contents were significantly decreased in
tolerant desi genotypes (D-0913 and CH24/07) while maintained in susceptible NIFA-2.
In case of kabuli K-09015 and CM1235/08 showed decreased chlorophyll ‘a’ contents
while FG0902 showed significantly decreased contents which was susceptible genotype.
For chlorophyll ‘b’ contents desi tolerant and susceptible genotypes showed decreasing
behavior while kabuli genotypes showed overall increasing behavior. Same results were
found for total carotene contents. Total chlorophyll contents showed decreased behavior in
desi genotypes while maintained in kabuli genotypes [187, 258].

When roots of plants are submerged in the water, nitrogen becomes unavailable for
transportation. This unavailability of nitrogen results in decrease of protein level. When
there are two stresses combined i.e. heat and excessive water then protein level will be
decreased drastically. In desi genotypes D-0913 showed increased level of protein which
shows its resilience while NIFA-2 shows drastic decrease which means it is susceptible
one. In case of kabuli type resilient genotypes showed maintained protein level.

Heat induces production of high level of reactive oxygen species and so do
excessive water. So whenever both stresses are prevailing then it is inferable that more
ROS will be present. In desi genotypes it was found that superoxide dismutase was lowered
in all desi genotypes either resistant or susceptible. In case of kabuli tolerant genotypes K-
09015 and CM1235/08 showed increased level of SOD activity while susceptible genotype
FG0902 showed decreased level of SOD activity.
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Ascorbate peroxidase and peroxidase were found non-significant in desi type.
While in case of kabuli both were significantly increased in all genotypes. Which means
that their activity was significantly enhanced to keep the cells safe from cellular injury.
Catalase activity was maintained in both desi and kabuli types in tolerant genotypes.
Protease is involved in breakdown of lipids and proteins. Hence tolerant genotypes should
have lower quantity. In desi genotypes protease activity was lowered in tolerant genotypes
i.e. D-0913 and CH24/07. In case of kabuli type all the genotypes showed increasing
behavior.

Esterase break downs ester bonds and should be decreased in tolerant genotypes. It
was found in all desi and kabuli genotypes that its activity was lowered. Which means the
genotypes showed resistance in this regard. Melanodialdehyde contents were also lowered
in desi and kabuli type showing positive response towards tolerance.

In desi genotypes total water potential, osmotic potential, turgor potential, relative
water contents, FO, FM, TM, FV, FV/FM, peroxidase and ascorbate peroxidase were found
non-significant so these are not reliable for combined stress tolerance studies. In kabuli
genotypes total water potential, osmotic potential, turgor potential, relative water contents,
FO, FM, TM, FV and FV/FM were found non-significant so these are not reliable for

combined stress tolerance studies.

122



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

5 References

M. Zia-Ul-Haq, S. Igbal, S. Ahmad, M. Imran, A. Niaz, and M. Bhanger,
"Nutritional and compositional study of desi chickpea (Cicer arietinum L.) cultivars
grown in Punjab, Pakistan,” Food Chemistry, vol. 105, pp. 1357-1363, 2007.

R. Tharanathan and S. Mahadevamma, "Grain legumes—a boon to human
nutrition,” Trends in Food Science & Technology, vol. 14, pp. 507-518, 2003.

P. H. Graham and C. P. Vance, "Legumes: importance and constraints to greater
use," Plant physiology, vol. 131, pp. 872-877, 2003.

G. P. Lewis, B. Schrire, B. Mackinder, and M. Lock, Legumes of the World vol.
577: Royal Botanic Gardens, Kew Richmond, UK, 2005.

C. P. Vance, P. H. Graham, and D. L. Allan, "Biological nitrogen fixation:
phosphorus-a critical future need?,” in Nitrogen fixation: From molecules to crop
productivity, ed: Springer, 2000, pp. 509-514.

J. C. Popelka, N. Terryn, and T. Higgins, "Gene technology for grain legumes: can
it contribute to the food challenge in developing countries?,” Plant Science, vol.
167, pp. 195-206, 2004.

S. Lev-Yadun, A. Gopher, and S. Abbo, "The cradle of agriculture,” Science, vol.
288, p. 1602, 2000.

L. Van der Maesen, "A monograph of the genus with special reference to the
chickpea (C. arietinum L.) Veeman and Zoren," Wageningen, The Netherlands,
1972.

F. Muehlbauer, R. Redden, A. Nassib, L. Robertson, and J. Smithson, "Population
improvement in pulse crops: an assessment of methods and techniques,” in World
crops: Cool season food legumes, ed: Springer, 1988, pp. 943-966.
J. I. Cubero, "Morphology of chickpea,” The Chickpea, pp. 35-66, 1987.

123



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

J. Smartt, "Evolution of grain legumes. II. Old and New World pulses of lesser

economic importance,” Experimental Agriculture, vol. 21, pp. 1-18, 1985.

J. Duke, Handbook of legumes of world economic importance: Springer Science &
Business Media, 2012.

M.-T. Moreno and J. Cubero, "Variation in Cicer arietinum L," Euphytica, vol. 27,
pp. 465-485, 1978.

S. Pande, K. Siddique, G. Kishore, B. Bayaa, P. Gaur, C. Gowda, et al., "Ascochyta
blight of chickpea (Cicer arietinum L.): a review of biology, pathogenicity, and

disease management,” Crop and Pasture Science, vol. 56, pp. 317-332, 2005.

A. K. Jukanti, P. M. Gaur, C. Gowda, and R. N. Chibbar, "Nutritional quality and
health benefits of chickpea (Cicer arietinum L.): a review," British Journal of
Nutrition, vol. 108, pp. S11-S26, 2012.

P. Williams and U. Singh, "Quality screening and evaluation in pulse breeding," in

World crops: Cool season food legumes, ed: Springer, 1988, pp. 445-457.

A. Duhan, N. Khetarpaul, and S. Bishnoi, "Improvement in starch digestibility (in
vitro) of various pigeonpea cultivars through processing and cooking," Ecology of
food and nutrition, vol. 37, pp. 557-568, 1998.

A. Igbal, I. A. Khalil, N. Ateeq, and M. S. Khan, "Nutritional quality of important
food legumes,” Food Chemistry, vol. 97, pp. 331-335, 2006.

G. Pandey and G. Enumeratio, "Planta Medica Gyanendra Ausadhiya Padapavali,"
Delhi: Spring, p. 116, 1993.

F. Muehlbauer and A. Tullu, "Cicer arietinum L. NewCROP FactSHEET," Center
for New Crops and Plant Products. Purdue University, West Lafayette, IN.
http://www. hort. purdue. edu/newcrop/cropfactsheets/Chickpea. html, 1997.

124


http://www/

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

D. Zohary, M. Hopf, and E. Weiss, Domestication of Plants in the Old World: The
origin and spread of domesticated plants in Southwest Asia, Europe, and the

Mediterranean Basin: Oxford University Press on Demand, 2012.

H. Gecit, "Chickpea utilization in Turkey," Uses of Tropical Grain Legumes, vol.
27, p. 69, 1989.

M. A. Khan, "Production and utility of chickpea in Pakistan," Progress. Farming
(Pakistan) 10, 28, vol. 33, 1990.

D. Hafemeister, D. Kammen, B. G. Levi, and P. Schwartz, "PHYSICS OF
SUSTAINABLE ENERGY IlI: USING ENERGY EFFICIENTLY AND
PRODUCING IT RENEWABLY," in American Institute of Physics Conference
Series, 2011.

J. J. McCarthy, Climate change 2001: impacts, adaptation, and vulnerability:
contribution of Working Group Il to the third assessment report of the

Intergovernmental Panel on Climate Change: Cambridge University Press, 2001.

M. M. Q. Mirza, "Climate change and extreme weather events: can developing

countries adapt?," Climate policy, vol. 3, pp. 233-248, 2003.
A. Colette, "Case studies on climate change and World Heritage," 2007.

H. J. Schellnhuber, W. Hare, O. Serdeczny, S. Adams, D. Coumou, K. Frieler, et
al., "Turn down the heat: why a 4 C warmer world must be avoided,” World
Bank2012.

W. R. Moomaw, "Can the international treaty system address climate change,"
Fletcher F. World Aff., vol. 37, p. 105, 2013.

N. Qureshi and Z. Ali, "Climate change, biodiversity Pakistan’s scenario,” J. Anim.
Plant Sci, vol. 21, pp. 358-363, 2011.

125



[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Q. Aliand M. Ashraf, "Exogenously applied glycinebetaine enhances seed and seed
oil quality of maize (Zea mays L.) under water deficit conditions,” Environmental

and experimental botany, vol. 71, pp. 249-259, 2011.

K. Garrett, S. Dendy, E. Frank, M. Rouse, and S. Travers, "Climate change effects
on plant disease: genomes to ecosystems,” Annu. Rev. Phytopathol., vol. 44, pp.
489-509, 2006.

O. Pouliquen-Young and P. Newman, "The implications of climate change for land-
based nature conservation strategies 1996-1999: final report to Environment
Australia," 2000.

C. Parmesan and G. Yohe, "A globally coherent fingerprint of climate change

impacts across natural systems," Nature, vol. 421, pp. 37-42, 2003.

J. Thakur, "Protecting health from climate change,” Indian journal of community
medicine: official publication of Indian Association of Preventive & Social
Medicine, vol. 33, p. 139, 2008.

C. Rosenzweig, F. N. Tubiello, R. Goldberg, E. Mills, and J. Bloomfield,
"Increased crop damage in the US from excess precipitation under climate change,"
Global Environmental Change, vol. 12, pp. 197-202, 2002.

M. Mustafa, M. Isa, and R. Rezaur, "A comparison of artificial neural networks for
prediction of suspended sediment discharge in river-a case study in Malaysia,"
World Academy of Science, Engineering and Technology, vol. 81, pp. 372-376,
2011.

F. N. Tubiello, J.-F. Soussana, and S. M. Howden, "Crop and pasture response to
climate change," Proceedings of the National Academy of Sciences, vol. 104, pp.
19686-19690, 2007.

J. J. Tucker, R. K. Wright, M. A. Greene, F. Ma, B. Ambacher, M. A. Farooqi, et
al., "The Moderating Effect of Safety Climate on the Relationship Between Job
Insecurity and Employee Safety Outcomes,” UW-Oshkosh theses. Clinical Papers,

126



[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

and Field Projects. Available online at http://digital. library. wisc.
edu/1793/47140, 2010.

D. Mustafa and D. Wrathall, "Indus basin floods of 2010: Souring of a Faustian
bargain?," Water Alternatives, vol. 4, p. 72, 2011.

M. Tingem, M. Rivington, G. Bellocchi, S. Azam-Ali, and J. Colls, "Effects of
climate change on crop production in Cameroon,"” Climate Research, vol. 36, p. 65,
2008.

M. Sheikh, N. Manzoor, M. Adnan, J. Ashraf, and A. M. Khan, "Climate profile
and past climate changes in Pakistan," GCISE report No. RR-01, Islamabad, 2009.

R. Bhutiani, D. Khanna, and K. S. Chandra, "Light-limited population dynamics of
phytoplankton: modeling light and depth effects,” The Environmentalist, vol. 29,
pp. 93-105, 20009.

Y. Kang, S. Khan, and X. Ma, "Climate change impacts on crop yield, crop water
productivity and food security—A review," Progress in Natural Science, vol. 19, pp.
1665-1674, 20009.

S. Salma, S. Rehman, and M. Shah, "Rainfall trends in different climate zones of

Pakistan," Pakistan Journal of Meteorology, vol. 9, 2012.

D. Willits and M. Peet, "The effect of night temperature on greenhouse grown
tomato yields in warm climates," Agricultural and Forest meteorology, vol. 92, pp.
191-202, 1998.

A. E. Hall, Crop responses to environment: CRC press, 2000.

P. D. Jones, M. New, D. E. Parker, S. Martin, and I. G. Rigor, "Surface air
temperature and its changes over the past 150 years,” Reviews of Geophysics, vol.
37, pp. 173-199, 1999.

J. R. Porter, "Rising temperatures are likely to reduce crop yields,” Nature, vol.
436, pp. 174-174, 2005.

127


http://digital/

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

W. Wang, B. Vinocur, O. Shoseyov, and A. Altman, "Role of plant heat-shock
proteins and molecular chaperones in the abiotic stress response,” Trends in plant
science, vol. 9, pp. 244-252, 2004.

C. Howarth, "Genetic improvements of tolerance to high temperature,” Abiotic
stresses: plant resistance through breeding and molecular approaches. Howarth
Press Inc., New York, 2005.

A. Smertenko, P. DRABER, V. Viklicky, and Z. Opatrny, "Heat stress affects the
organization of microtubules and cell division in Nicotiana tabacum cells,” Plant,
Cell & Environment, vol. 20, pp. 1534-1542, 1997.

K. Iba, "Acclimative response to temperature stress in higher plants: approaches of
gene engineering for temperature tolerance,” Annual Review of Plant Biology, vol.
53, pp. 225-245, 2002.

M. E. Feder and G. E. Hofmann, "Heat-shock proteins, molecular chaperones, and
the stress response: evolutionary and ecological physiology,” Annual review of
physiology, vol. 61, pp. 243-282, 1999.

I. Momcilovic and Z. Ristic, "Expression of chloroplast protein synthesis
elongation factor, EF-Tu, in two lines of maize with contrasting tolerance to heat
stress during early stages of plant development,” Journal of plant physiology, vol.
164, pp. 90-99, 2007.

D. Camejo, A. Jiménez, J. J. Alarcon, W. Torres, J. M. Gémez, and F. Sevilla,
"Changes in photosynthetic parameters and antioxidant activities following heat-
shock treatment in tomato plants," Functional Plant Biology, vol. 33, pp. 177-187,
2006.

P. Vollenweider and M. S. Gunthardt-Goerg, "Diagnosis of abiotic and biotic stress
factors using the visible symptoms in foliage,” Environmental Pollution, vol. 137,
pp. 455-465, 2005.

128



[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

A. M. Ismail and A. E. Hall, "Reproductive-stage heat tolerance, leaf membrane
thermostability and plant morphology in cowpea,” Crop Science, vol. 39, pp. 1762-
1768, 1999.

C. Giaveno and J. Ferrero, "Introduction of tropical maize genotypes to increase
silage production in the central area of Santa Fe, Argentina," Crop Breed Appl
Biotechnol, vol. 3, pp. 89-94, 2003.

K. Weaich, K. L. Bristow, and A. Cass, "Modeling preemergent maize shoot
growth: Il. High temperature stress conditions,” Agronomy Journal, vol. 88, pp.
398-403, 1996.

M. Ashraf and M. Hafeez, "Thermotolerance of pearl millet and maize at early
growth stages: growth and nutrient relations," Biologia plantarum, vol. 48, pp. 81-
86, 2004.

M. K. Ebrahim, O. Zingsheim, M. N. El-Shourbagy, P. H. Moore, and E. Komor,
"Growth and sugar storage in sugarcane grown at temperatures below and above

optimum,” Journal of Plant Physiology, vol. 153, pp. 593-602, 1998.

S. Bafion, J. Fernandez, J. Franco, A. Torrecillas, J. Alarcén, and M. J. Sanchez-
Blanco, "Effects of water stress and night temperature preconditioning on water
relations and morphological and anatomical changes of Lotus creticus plants,”
Scientia Horticulturae, vol. 101, pp. 333-342, 2004.

J.H.ZHANG, W. D. HUANG, Y. P. LIU, and Q. H. PAN, "Effects of Temperature
Acclimation Pretreatment on the Ultrastructure of Mesophyll Cells in Young Grape
Plants (Vitis vinifera L. cv. Jingxiu) Under Cross-Temperature Stresses," Journal
of Integrative Plant Biology, vol. 47, pp. 959-970, 2005.

J. Flexas, M. Baron, J. Bota, J.-M. Ducruet, A. Gallé, J. Galmes, et al.,
"Photosynthesis limitations during water stress acclimation and recovery in the
drought-adapted Vitis hybrid Richter-110 (V. berlandierix V. rupestris),” Journal
of Experimental Botany, vol. 60, pp. 2361-2377, 2009.

129



[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

O. Sayed, "Adaptational responses ofZygophyllum gqatarenseHadidi to stress
conditions in a desert environment,” Journal of Arid Environments, vol. 32, pp.
445-452, 1996.

B. Wollenweber, J. Porter, and J. Schellberg, "Lack of Interaction between Extreme
High-Temperature Events at Vegetative and Reproductive Growth Stages in

Wheat," Journal of Agronomy and Crop Science, vol. 189, pp. 142-150, 2003.

M. Ashraf and P. J. Harris, Abiotic stresses: plant resistance through breeding and
molecular approaches: Food Products Press, 2005.

L. W. Young, R. W. Wilen, and P. C. Bonham-Smith, "High temperature stress of
Brassica napus during flowering reduces micro-and megagametophyte fertility,
induces fruit abortion, and disrupts seed production,” Journal of Experimental
Botany, vol. 55, pp. 485-495, 2004.

S. Sato, M. Kamiyama, T. lwata, N. Makita, H. Furukawa, and H. lkeda, "Moderate
increase of mean daily temperature adversely affects fruit set of Lycopersicon
esculentum by disrupting specific physiological processes in male reproductive
development,” Annals of Botany, vol. 97, pp. 731-738, 2006.

H. Tewolde, C. Fernandez, and C. Erickson, "Wheat Cultivars Adapted to Post-
Heading High Temperature Stress," Journal of Agronomy and Crop Science, vol.
192, pp. 111-120, 2006.

L. M. Mazorra, M. Nunez, M. Hechavarria, F. Coll, and M. J. Sanchez-Blanco,
"Influence of brassinosteroids on antioxidant enzymes activity in tomato under

different temperatures,” Biologia Plantarum, vol. 45, pp. 593-596, 2002.

S. Machado and G. M. Paulsen, "Combined effects of drought and high temperature
on water relations of wheat and sorghum,” Plant and Soil, vol. 233, pp. 179-187,
2001.

130



[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

A. Wahid and T. Close, "Expression of dehydrins under heat stress and their
relationship with water relations of sugarcane leaves,” Biologia Plantarum, vol. 51,
pp. 104-109, 2007.

D. Morales, P. Rodriguez, J. Dell'Amico, E. Nicolas, A. Torrecillas, and M. J.
Sanchez-Blanco, "High-temperature preconditioning and thermal shock imposition
affects water relations, gas exchange and root hydraulic conductivity in tomato,"
Biologia Plantarum, vol. 47, pp. 203-208, 2003.

T. Tsukaguchi, Y. Kawamitsu, H. Takeda, K. Suzuki, and Y. Egawa, "Water status
of flower buds and leaves as affected by high temperature in heat-tolerant and heat-
sensitive cultivars of snap bean (Phaseolus vulgaris L.)," Plant Production Science,
vol. 6, pp. 24-27, 2003.

A. Sakamoto and N. Murata, "The role of glycine betaine in the protection of plants
from stress: clues from transgenic plants,” Plant, cell & environment, vol. 25, pp.
163-171, 2002.

R. Sairam and A. Tyagi, "Physiology and molecular biology of salinity stress
tolerance in plants,” CURRENT SCIENCE-BANGALORE-, vol. 86, pp. 407-421,
2004,

M. Ashraf and M. Foolad, "Roles of glycine betaine and proline in improving plant
abiotic stress resistance,” Environmental and Experimental Botany, vol. 59, pp.
206-216, 2007.

R. Quan, M. Shang, H. Zhang, Y. Zhao, and J. Zhang, "Engineering of enhanced
glycine betaine synthesis improves drought tolerance in maize,” Plant
Biotechnology Journal, vol. 2, pp. 477-486, 2004.

P. K. Kishor, S. Sangam, R. Amrutha, P. S. Laxmi, K. Naidu, K. Rao, et al.,
"Regulation of proline biosynthesis, degradation, uptake and transport in higher
plants: its implications in plant growth and abiotic stress tolerance,” Curr Sci, vol.
88, pp. 424-438, 2005.

131



[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

P. Hare, W. Cress, and J. Van Staden, "Dissecting the roles of osmolyte

accumulation during stress,” Plant, cell & environment, vol. 21, pp. 535-553, 1998.

L. Taiz and E. Zeiger, "Plant Physiology. Sunderland, MA," ed: Sinauer Associates,
Inc, 2002.

A. M. Kinnersley and F. J. Turano, "Gamma aminobutyric acid (GABA) and plant

responses to stress,"” Critical Reviews in Plant Sciences, vol. 19, pp. 479-509, 2000.

R. Wise, A. Olson, S. Schrader, and T. Sharkey, "Electron transport is the
functional limitation of photosynthesis in field-grown pima cotton plants at high
temperature,” Plant, Cell & Environment, vol. 27, pp. 717-724, 2004.

M. Yamada, T. Hidaka, and H. Fukamachi, "Heat tolerance in leaves of tropical
fruit crops as measured by chlorophyll fluorescence,” Scientia Horticulturae, vol.
67, pp. 39-48, 1996.

G. McDonald and G. Paulsen, "High temperature effects on photosynthesis and

water relations of grain legumes,"” Plant and Soil, vol. 196, pp. 47-58, 1997.

D. Camejo, P. Rodriguez, M. A. Morales, J. M. Dell’ Amico, A. Torrecillas, and J.
J. Alarcon, "High temperature effects on photosynthetic activity of two tomato
cultivars with different heat susceptibility,” Journal of plant physiology, vol. 162,
pp. 281-289, 2005.

N. G. Bukhov, C. Wiese, S. Neimanis, and U. Heber, "Heat sensitivity of
chloroplasts and leaves: leakage of protons from thylakoids and reversible
activation of cyclic electron transport,” Photosynthesis Research, vol. 59, pp. 81-
93, 1999.

J. De Ronde, W. Cress, G. Kriiger, R. Strasser, and J. Van Staden, "Photosynthetic
response of transgenic soybean plants, containing an Arabidopsis P5SCR gene,
during heat and drought stress,” Journal of plant physiology, vol. 161, pp. 1211-
1224, 2004.

132



[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]
[99]

[100]

A. Wahid and A. Ghazanfar, "Possible involvement of some secondary metabolites
in salt tolerance of sugarcane,” Journal of plant physiology, vol. 163, pp. 723-730,
2006.

M. E. Salvucci and S. J. Crafts-Brandner, "Inhibition of photosynthesis by heat
stress: the activation state of Rubisco as a limiting factor in photosynthesis,"
Physiologia plantarum, vol. 120, pp. 179-186, 2004.

K. Demirevska-Kepova, R. Holzer, L. Simova-Stoilova, and U. Feller, "Heat stress
effects on ribulose-1, 5-bisphosphate carboxylase/oxygenase, Rubisco binding
protein and Rubisco activase in wheat leaves," Biologia Plantarum, vol. 49, pp.
521-525, 2005.

D. Todorov, E. Karanov, A. Smith, and M. Hall, "Chlorophyllase activity and
chlorophyll content in wild type and eti 5 mutant of Arabidopsis thaliana subjected
to low and high temperatures,” Biologia plantarum, vol. 46, pp. 633-636, 2003.

K. Chaitanya, D. Sundar, and A. R. Reddy, "Mulberry leaf metabolism under high
temperature stress,"” Biologia Plantarum, vol. 44, pp. 379-384, 2001.

J.C.Vu, R. W. Gesch, A. H. Pennanen, L. A. Hartwell, K. J. Boote, and G. Bowes,
"Soybean photosynthesis, Rubisco, and carbohydrate enzymes function at
supraoptimal temperatures in elevated CO 2," Journal of Plant Physiology, vol.
158, pp. 295-307, 2001.

J. Yang, R. Sears, B. Gill, and G. Paulsen, "Genotypic differences in utilization of
assimilate sources during maturation of wheat under chronic heat and heat shock
stresses," Euphytica, vol. 125, pp. 179-188, 2002.

I. Wardlaw, "Temperature control of translocation,” Bull R Soc NZ, 1974.
A. Blum, Plant breeding for stress environments: CRC Press, Inc., 1988.

G. Savchenko, E. Klyuchareva, L. Abramchik, and E. Serdyuchenko, "Effect of
periodic heat shock on the inner membrane system of etioplasts,” Russian journal
of plant physiology, vol. 49, pp. 349-359, 2002.

133



[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

A. Wahid and A. Shabbir, "Induction of heat stress tolerance in barley seedlings by
pre-sowing seed treatment with glycinebetaine,” Plant Growth Regulation, vol. 46,
pp. 133-141, 2005.

E. Maestri, N. Klueva, C. Perrotta, M. Gulli, H. T. Nguyen, and N. Marmiroli,
"Molecular genetics of heat tolerance and heat shock proteins in cereals,” Plant
Molecular Biology, vol. 48, pp. 667-681, 2002.

J. Larkindale and M. R. Knight, "Protection against heat stress-induced oxidative
damage in Arabidopsis involves calcium, abscisic acid, ethylene, and salicylic
acid,” Plant physiology, vol. 128, pp. 682-695, 2002.

S. Munné-Bosch, M. Lopez-Carbonell, L. Alegre, and H. A. Van Onckelen, "Effect
of drought and high solar radiation on 1-aminocyclopropane-1-carboxylic acid and

abscisic acid concentrations in Rosmarinus officinalis plants,” Physiologia
plantarum, vol. 114, pp. 380-386, 2002.

W. Jianbo and L. Ronggian, "Changes of Ca2+ Distribution in Mesophyll Cells of
Pepper under Heat Stress [J]," Acta Horticulturae Sinica, vol. 1, 1999.

L.-J. Wang and S.-H. Li, "Thermotolerance and related antioxidant enzyme
activities induced by heat acclimation and salicylic acid in grape (Vitis vinifera L.)
leaves," Plant Growth Regulation, vol. 48, pp. 137-144, 2006.

L.-J. Wang and S.-H. Li, "Salicylic acid-induced heat or cold tolerance in relation
to Ca 2+ homeostasis and antioxidant systems in young grape plants,” Plant
Science, vol. 170, pp. 685-694, 2006.

R. M. Rivero, J. M. Ruiz, P. C. Garcia, L. R. Lopez-Lefebre, E. Sanchez, and L.
Romero, "Resistance to cold and heat stress: accumulation of phenolic compounds

in tomato and watermelon plants,” Plant Science, vol. 160, pp. 315-321, 2001.

X. Liu and B. Huang, "Root physiological factors involved in cool-season grass
response to high soil temperature,” Environmental and Experimental Botany, vol.
53, pp. 233-245, 2005.

134



[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

P. Horton, "Crop improvement through alteration in the photosynthetic membrane,"
ISB News Report. Virginia Tech, Blacksburg, VA, 2002.

T. D. Sharkey, M. R. Badger, S. von Caemmerer, and T. J. Andrews, "Increased
heat sensitivity of photosynthesis in tobacco plants with reduced Rubisco activase,"
Photosynthesis Research, vol. 67, pp. 147-156, 2001.

L. Shaked-Sachray, D. Weiss, M. Reuveni, A. Nissim-Levi, and M. Oren-Shamir,
"Increased anthocyanin accumulation in aster flowers at elevated temperatures due

to magnesium treatment," Physiologia plantarum, vol. 114, pp. 559-565, 2002.

L. Chalker-Scott, "Do anthocyanins function as osmoregulators in leaf tissues?,"
Advances in Botanical Research, vol. 37, pp. 103-127, 2002.

V. Velikova, A. Edreva, and F. Loreto, "Endogenous isoprene protects Phragmites
australis leaves against singlet oxygen," Physiologia Plantarum, vol. 122, pp. 219-
225, 2004.

V. Velikova and F. Loreto, "On the relationship between isoprene emission and
thermotolerance in Phragmites australis leaves exposed to high temperatures and
during the recovery from a heat stress,” Plant, Cell & Environment, vol. 28, pp.
318-327, 2005.

S. Adams, K. Cockshull, and C. Cave, "Effect of temperature on the growth and
development of tomato fruits," Annals of Botany, vol. 88, pp. 869-877, 2001.

C. Queitsch, S.-W. Hong, E. Vierling, and S. Lindquist, "Heat shock protein 101
plays a crucial role in thermotolerance in Arabidopsis," The Plant Cell, vol. 12, pp.
479-492, 2000.

B. Vinocur and A. Altman, "Recent advances in engineering plant tolerance to
abiotic stress: achievements and limitations,” Current opinion in biotechnology,
vol. 16, pp. 123-132, 2005.

135



[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

H. J. Bohnert, Q. Gong, P. Li, and S. Ma, "Unraveling abiotic stress tolerance
mechanisms—getting genomics going,” Current opinion in plant biology, vol. 9, pp.
180-188, 2006.

D.-Y. Sung, F. Kaplan, K.-J. Lee, and C. L. Guy, "Acquired tolerance to
temperature extremes," Trends in plant science, vol. 8, pp. 179-187, 2003.

J. Nieto-Sotelo, L. M. Martinez, G. Ponce, G. I. Cassab, A. Alagon, R. B. Meeley,
et al.,, "Maize HSP101 plays important roles in both induced and basal
thermotolerance and primary root growth,” The Plant Cell, vol. 14, pp. 1621-1633,
2002.

G. Visioli, E. Maestri, and N. Marmiroli, "Differential display-mediated isolation
of a genomic sequence for a putative mitochondrial LMW HSP specifically
expressed in condition of induced thermotolerance in Arabidopsis thaliana (L.)
Heynh," Plant molecular biology, vol. 34, pp. 517-527, 1997.

D. Herouart, M. Van Montagu, and D. Inzé, "Developmental and environmental
regulation of the Nicotiana plumbaginifolia cytosolic Cu/Zn-superoxide dismutase

promoter in transgenic tobacco,” Plant physiology, vol. 104, pp. 873-880, 1994.

A. Basra, "Crop responses and adaptations to temperature stress, 2001," ed: New
York.

A. E. HalJ, "Breeding for heat tolerance," Plant breeding reviews, p. 129, 1992,

J. Wery, S. Silim, E. Knights, R. Malhotra, and R. Cousin, "Screening techniques
and sources of tolerance to extremes of moisture and air temperature in cool season
food legumes," Euphytica, vol. 73, pp. 73-83, 1993.

R. Summerfield, P. Hadley, E. Roberts, F. Minchin, and S. Rawsthorne,
"Sensitivity of Chickpeas (Cicer arietinum) to Hot Temperatures during the

Reporductive Period," Experimental Agriculture, vol. 20, pp. 77-93, 1984.

136



[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

R. Ellis, G. Simon, and S. Covell, "The influence of temperature on seed
germination rate in grain legumes,” Journal of Experimental Botany, vol. 38, pp.
1033-1043, 1987.

N. Singh and G. Dhaliwal, "Effect of soil temperature on seedling emergence in
different crops," Plant and Soil, vol. 37, pp. 441-444, 1972.

M. C. Saxena and K. Singh, "The chickpea," The chickpea, 1987.

S. Sinha, "Food legumes: distribution, adaptability and biology of yield," Etudes
FAO. Production Vegetale et Protection des Plantes (FAO). Estudios FAO.
Produccion y Proteccion Vegetal (FAO). no. 3., 1980.

V. Devasirvatham, "The basis of chickpea heat tolerance under semi-arid

environments," 2013.

P. Basu, M. Ali, and S. Chaturvedi, "Terminal heat stress adversely affects chickpea
productivity in Northern India—strategies to improve thermotolerance in the crop
under climate change,” in W3 Workshop Proceedings: Impact of Climate Change
on Agriculture, 2009, pp. 23-25.

Y. Gross and J. Kigel, "Differential sensitivity to high temperature of stages in the
reproductive development of common bean (Phaseolus vulgaris L.)," Field Crops
Research, vol. 36, pp. 201-212, 1994,

H. Nayyar, T. Bains, and S. Kumar, "Low temperature induced floral abortion in
chickpea: relationship to abscisic acid and cryoprotectants in reproductive organs,"
Environmental and Experimental Botany, vol. 53, pp. 39-47, 2005.

T. Porch and M. Jahn, "Effects of high-temperature stress on microsporogenesis in
heat-sensitive and heat-tolerant genotypes of Phaseolus vulgaris,” Plant, Cell &
Environment, vol. 24, pp. 723-731, 2001.

F. E. Ahmed, A. E. Hall, and D. A. DeMason, "Heat injury during floral
development in cowpea (Vigna unguiculata, Fabaceae),” American Journal of
Botany, pp. 784-791, 1992.

137



[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

H. Clarke and K. Siddique, "Response of chickpea genotypes to low temperature
stress during reproductive development,” Field Crops Research, vol. 90, pp. 323-
334, 2004.

N. Kaushal, R. Awasthi, K. Gupta, P. Gaur, K. H. Siddique, and H. Nayyar, "Heat-
stress-induced reproductive failures in chickpea (Cicer arietinum) are associated
with impaired sucrose metabolism in leaves and anthers,” Functional Plant
Biology, vol. 40, pp. 1334-1349, 2013.

S. Koti, K. R. Reddy, V. Reddy, V. Kakani, and D. Zhao, "Interactive effects of
carbon dioxide, temperature, and ultraviolet-B radiation on soybean (Glycine max
L.) flower and pollen morphology, pollen production, germination, and tube

lengths,” Journal of Experimental Botany, vol. 56, pp. 725-736, 2005.

V. Kakani, P. Prasad, P. Craufurd, and T. Wheeler, "Response of in vitro pollen
germination and pollen tube growth of groundnut (Arachis hypogaea L.) genotypes
to temperature,” Plant, Cell & Environment, vol. 25, pp. 1651-1661, 2002.

H. S. Talwar, S. Yanagihara, M. Yajima, and T. Hayashi, "Physiological basis for
heat tolerance during flowering and pod setting stages in groundnut (Arachis
hypogaea L.)," JIRCAS Working Report, vol. 14, pp. 47-65, 1999.

V. Devasirvatham, D. Tan, R. Trethowan, P. Gaur, and N. Mallikarjuna, "Impact
of high temperature on the reproductive stage of chickpea," in Food Security from
Sustainable Agriculture. Proc. of the 15th Australian Society of Agronomy Conf,
2010, pp. 15-18.

I. Konsens, M. Ofir, and J. Kigel, "The effect of temperature on the production and
abscission of flowers and pods in snap bean (Phaseolus vulgaris L.)," Annals of
Botany, vol. 67, pp. 391-399, 1991.

D. Egli, D. TeKrony, and J. Spears, "Effect of high temperature stress during
different stages of seed development in soybean [Glycine max (L.) Merrill],” Seed
Technology, pp. 177-189, 2005.

138



[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

S. Davies, N. Turner, K. Siddique, L. Leport, and J. Plummer, "Seed growth of desi
and kabuli chickpea (Cicer arietinum L.) in a short-season Mediterranean-type

environment,” Animal Production Science, vol. 39, pp. 181-188, 1999.

P. Craufurd and T. Wheeler, "Climate change and the flowering time of annual
crops," Journal of Experimental Botany, vol. 60, pp. 2529-2539, 2009.

K. E. Zinn, M. Tunc-Ozdemir, and J. F. Harper, "Temperature stress and plant
sexual reproduction: uncovering the weakest links,” Journal of Experimental
Botany, p. erq053, 2010.

J. Grace, "Temperature as a determinant of plant productivity," in Symposia of the

Society for Experimental Biology, 1987, pp. 91-107.

D. Singh, D. Peters, P. Singh, and M. Singh, "Diurnal patterns of canopy
photosynthesis, evapotranspiration and water use efficiency in chickpea (Cicer
arietinum L.) under field conditions," Photosynthesis research, vol. 11, pp. 61-69,
1987.

F. Stoddard, C. Balko, W. Erskine, H. Khan, W. Link, and A. Sarker, "Screening
techniques and sources of resistance to abiotic stresses in cool-season food
legumes,” Euphytica, vol. 147, pp. 167-186, 2006.

C. Tongden, M. Basant, and U. Chakraborty, "Screening of thermotolerant cultivars
of chickpea using cell membrane stability test and biochemical markers," Journal
of Hill Research, vol. 19, pp. 52-58, 2006.

R. M. Gifford and L. Evans, "Photosynthesis, carbon partitioning, and yield,"
Annual Review of Plant Physiology, vol. 32, pp. 485-509, 1981.

L. Evans, "Processes, genes, and yield potential,” International Crop Science I, pp.
687-696, 1993.

F. Kurdali, "Nitrogen and phosphorus assimilation, mobilization and partitioning
in rainfed chickpea (Cicer arietinum L.)," Field Crops Research, vol. 47, pp. 81-
92, 1996.

139



[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

C. S. Rodrigues, M. Laranjo, and S. Oliveira, "Effect of heat and pH stress in the
growth of chickpea mesorhizobia,” Current microbiology, vol. 53, pp. 1-7, 2006.

J. Berger, S. Milroy, N. Turner, K. Siddique, M. Imtiaz, and R. Malhotra,
"Chickpea evolution has selected for contrasting phenological mechanisms among
different habitats," Euphytica, vol. 180, pp. 1-15, 2011.

M. New, M. Todd, M. Hulme, and P. Jones, "Precipitation measurements and trends
in the twentieth century,” International Journal of Climatology, vol. 21, pp. 1889-
1922, 2001.

F. W. Zwiers and V. V. Kharin, "Changes in the extremes of the climate simulated
by CCC GCM2 under CO2 doubling," Journal of Climate, vol. 11, pp. 2200-2222,
1998.

G. A. Meehl, F. Zwiers, J. Evans, T. Knutson, L. Mearns, and P. Whetton, "Trends
in extreme weather and climate events: Issues related to modeling extremes in
projections of future climate change*,” Bulletin of the American Meteorological
Society, vol. 81, pp. 427-436, 2000.

K. Hennessy, J. Gregory, and J. Mitchell, "Changes in daily precipitation under
enhanced greenhouse conditions,” Climate Dynamics, vol. 13, pp. 667-680, 1997.

K. McGuffie, A. Henderson-Sellers, N. Holbrook, Z. Kothavala, O. Balachova, and
J. Hoekstra, "Assessing simulations of daily temperature and precipitation
variability with global climate models for present and enhanced greenhouse

climates," International Journal of Climatology, vol. 19, pp. 1-26, 1999.

B. Bhaskaran and J. Mitchell, "Simulated changes in Southeast Asian monsoon
precipitation resulting from anthropogenic emissions," International Journal of
Climatology, vol. 18, pp. 1455-1462, 1998.

M. Brunetti, L. Buffoni, M. Maugeri, and T. Nanni, "Precipitation intensity trends
in northern ltaly,” International Journal of Climatology, vol. 20, pp. 1017-1031,
2000.

140



[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

P. Y. Groisman, T. R. Karl, D. R. Easterling, R. W. Knight, P. F. Jamason, K. J.
Hennessy, et al., "Changes in the probability of heavy precipitation: important

indicators of climatic change,” Climatic Change, vol. 42, pp. 243-283, 1999.

M. Brunetti, M. Maugeri, and T. Nanni, "Changes in total precipitation, rainy days
and extreme events in northeastern Italy,” International Journal of Climatology,
vol. 21, pp. 861-871, 2001.

C. Frei and C. Schér, "Detection probability of trends in rare events: Theory and
application to heavy precipitation in the Alpine region,” Journal of Climate, vol.
14, pp. 1568-1584, 2001.

I. P. O. C. Change, "Climate change 2007: the physical science basis," Agenda, vol.
6, p. 333, 2007.

J. L. HEISLER-WHITE, J. M. Blair, E. F. Kelly, K. Harmoney, and A. K. Knapp,
"Contingent productivity responses to more extreme rainfall regimes across a
grassland biome," Global Change Biology, vol. 15, pp. 2894-2904, 2009.

J. L. Heisler-White, A. K. Knapp, and E. F. Kelly, "Increasing precipitation event
size increases aboveground net primary productivity in a semi-arid grassland,”
Oecologia, vol. 158, pp. 129-140, 2008.

M. D. Smith, "An ecological perspective on extreme climatic events: a synthetic
definition and framework to guide future research," Journal of Ecology, vol. 99,
pp. 656-663, 2011.

C. P. Reyer, S. Leuzinger, A. Rammig, A. Wolf, R. P. Bartholomeus, A. Bonfante,
et al., "A plant's perspective of extremes: terrestrial plant responses to changing
climatic variability,” Global change biology, vol. 19, pp. 75-89, 2013.

M. Zeppel, C. M. Macinnis-Ng, C. R. Ford, and D. Eamus, "The response of sap
flow to pulses of rain in a temperate Australian woodland," Plant and Soil, vol. 305,
pp. 121-130, 2008.

141



[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

S. Schwinning and O. E. Sala, "Hierarchy of responses to resource pulses in arid

and semi-arid ecosystems,” Oecologia, vol. 141, pp. 211-220, 2004.

A. Hodgson and K. Chan, "The effect of short-term waterlogging during furrow
irrigation of cotton in a cracking grey clay," Crop and Pasture Science, vol. 33, pp.
109-116, 1982.

C. F. Smethurst, T. Garnett, and S. Shabala, "Nutritional and chlorophyll
fluorescence responses of lucerne (Medicago sativa) to waterlogging and

subsequent recovery," Plant and Soil, vol. 270, pp. 31-45, 2005.

P. M. Hanson, R.-y. Yang, S. Lin, S. C. Tsou, T.-C. Lee, J. Wu, et al., "Variation
for antioxidant activity and antioxidants in a subset of AVRDC—the World
Vegetable Center Capsicum core collection,” Plant Genetic Resources:
Characterization and Utilization, vol. 2, pp. 153-166, 2004.

M. A. Ashraf, M. S. A. Ahmad, M. Ashraf, F. Al-Qurainy, and M. Y. Ashraf,
"Alleviation of waterlogging stress in upland cotton (Gossypium hirsutum L.) by
exogenous application of potassium in soil and as a foliar spray,"” Crop and Pasture
Science, vol. 62, pp. 25-38, 2011.

T. Chirkova, T. Zhukova, and M. Bugrova, "Redox reactions of plant cells in

response to short-term anaerobiosis," Vestnik SPBGU, vol. 3, pp. 82-86, 1992.

A. Novacky, "LIPID PEROXIDATION AND PLANT TISSUE DISORDERS,"
HortScience, vol. 28, pp. 470-471, 1993.

L. A. Chang, L. K. Hammett, and D. M. Pharr, "Carbon dioxide effects on ethanol
production, pyruvate decarboxylase, and alcohol dehydrogenase activities in

anaerobic sweet potato roots," Plant physiology, vol. 71, pp. 59-62, 1983.

C. Tournaire-Roux, M. Sutka, H. Javot, E. Gout, P. Gerbeau, D.-T. Luu, et al.,
"Cytosolic pH regulates root water transport during anoxic stress through gating of
aquaporins,” Nature, vol. 425, pp. 393-397, 2003.

142



[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

H. Folzer, J. F. Dat, N. Capelli, D. Rieffel, and P.-M. Badot, "Response of sessile
oak seedlings (Quercus petraea) to flooding: an integrated study,"” Tree physiology,
vol. 26, pp. 759-766, 2006.

C. Parent, A. Berger, H. Folzer, J. Dat, M. Crevécoeur, P. M. Badot, et al., "A novel
nonsymbiotic hemoglobin from oak: cellular and tissue specificity of gene
expression,” New Phytologist, vol. 177, pp. 142-154, 2008.

R. Y. Yordanova, K. N. Christov, and L. P. Popova, "Antioxidative enzymes in
barley plants subjected to soil flooding," Environmental and Experimental Botany,
vol. 51, pp. 93-101, 2004.

C. T. Liao and C. H. Lin, "Effect of flooding stress on photosynthetic activities of
Momordica charantia,” Plant physiology and biochemistry, vol. 32, pp. 479-485,
1994,

M. Ashraf and M. Arfan, "Gas exchange characteristics and water relations in two
cultivars of Hibiscus esculentus under waterlogging,” Biologia Plantarum, vol. 49,
pp. 459-462, 2005.

M. M. Sachs, M. Freeling, and R. Okimoto, "The anaerobic proteins of maize,"
Cell, vol. 20, pp. 761-767, 1980.

J. A. Miernyk, "Glycolysis, the oxidative pentose phosphate pathway and anaerobic
respiration,”" Plant physiology, biochemistry and molecular biology, pp. 77-100,
1990.

C. V. Mujer, M. E. Rumpho, J.-J. Lin, and R. A. Kennedy, "Constitutive and
inducible aerobic and anaerobic stress proteins in the Echinochloa complex and
rice," Plant Physiology, vol. 101, pp. 217-226, 1993.

C.-T. Liao and C.-H. Lin, "Physiological adaptation of crop plants to flooding
stress," Proceedings of the National Science Council, Republic of China. Part B,
Life Sciences, vol. 25, pp. 148-157, 2001.

143



[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

C. T. Liao and C. H. Lin, "Effect of flood stress on morphology and anaerobic
metabolism of Momordica charantia,” Environmental and Experimental Botany,
vol. 35, pp. 105-113, 1995.

N. Harberd and K. Edwards, "Further studies on the alcohol dehydrogenases in
barley: evidence for a third alcohol dehydrogenase locus and data on the effect of
an alcohol dehydrogenase—1 null mutation in homozygous and in heterozygous
condition,” Genetical Research, vol. 41, pp. 109-116, 1983.

A. Bertani and R. Reggiani, "Anaerobic metabolism in rice roots,” Plant life under
oxygen deprivation. JACKSON, MB, DAVIES, DD and LAMBERS, H.(eds.), pp.
187-200, 1991.

H. M. Miziorko and G. H. Lorimer, "Ribulose-1, 5-bisphosphate carboxylase-
oxygenase," Annual review of biochemistry, vol. 52, pp. 507-535, 1983.

R. F. Sage, T. D. Sharkey, and J. R. Seemann, "Regulation of ribulose-1, 5-
bisphosphate carboxylase activity in response to light intensity and CO2 in the C3
annuals Chenopodium album L. and Phaseolus vulgaris L," Plant Physiology, vol.
94, pp. 1735-1742, 1990.

S. Caemmerer and D. Edmondson, "Relationship between steady-state gas
exchange, in vivo ribulose bisphosphate carboxylase activity and some carbon
reduction cycle intermediates in Raphanus sativus,” Functional Plant Biology, vol.
13, pp. 669-688, 1986.

R.F. Sage, T. D. Sharkey, and J. R. Seemann, "The in-vivo response of the ribulose-
1, 5-bisphosphate carboxylase activation state and the pool sizes of photosynthetic
metabolites to elevated CO2 inPhaseolus vulgaris L," Planta, vol. 174, pp. 407-
416, 1988.

M. R. Badger, T. D. Sharkey, and S. von Caemmerer, "The relationship between
steady-state gas exchange of bean leaves and the levels of carbon-reduction-cycle
intermediates,” Planta, vol. 160, pp. 305-313, 1984.

144



[200]

[201]

[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]

K. J. Bradford and S. F. Yang, "Xylem transport of 1-aminocyclopropane-1-
carboxylic acid, an ethylene precursor, in waterlogged tomato plants,” Plant
Physiology, vol. 65, pp. 322-326, 1980.

M. B. JACKSON and A. K. KOWALEWSKA, "Positive and negative messages
from roots induce foliar desiccation and stomatal closure in flooded pea plants,”

Journal of Experimental Botany, vol. 34, pp. 493-506, 1983.

V. Jay, S. Genestier, and J. Courduroux, "Effects of flooding on growth and
metabolism of herbaceous plants,” Flooding and plant growth. Academic Press,
New York, pp. 47-128, 1992.

J. ZHANG and W. Davies, "ABA in roots and leaves of flooded pea plants,”
Journal of Experimental Botany, vol. 38, pp. 649-659, 1987.

M. B. Jackson, "Hormones and developmental change in plants subjected to
submergence or soil waterlogging,” Aquatic Botany, vol. 38, pp. 49-72, 1990.

M. Jackson, "Regulation of water relationships in flooded plants by ABA from
leaves, roots and xylem sap,” Abscisic acid: physiology and biochemistry. Bios
Scientific, Oxford, pp. 217-226, 1991.

K. J. Bradford and T. C. Hsiao, "Stomatal behavior and water relations of

waterlogged tomato plants,” Plant Physiology, vol. 70, pp. 1508-1513, 1982.

F. Yamamoto, T. Sakata, and K. Terazawa, "Physiological, morphological and
anatomical responses of Fraxinus mandshurica seedlings to flooding,” Tree
physiology, vol. 15, pp. 713-719, 1995.

T. Kozlowski, "Responses of woody plants to flooding and salinity,” Tree
physiology monograph, vol. 1, pp. 1-29, 1997.

J. Parelle, O. Brendel, C. Bodéneés, D. Berveiller, P. Dizengremel, Y. Jolivet, et al.,
"Differences in morphological and physiological responses to water-logging
between two sympatric oak species (Quercus petraea [Matt.] Liebl., Quercus robur
L.)," Annals of Forest Science, vol. 63, pp. 849-859, 2006.

145



[210]

[211]

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]

A. I. Malik, T. D. Colmer, H. Lambers, and M. Schortemeyer, "Changes in
physiological and morphological traits of roots and shoots of wheat in response to
different depths of waterlogging,” Functional Plant Biology, vol. 28, pp. 1121-
1131, 2001.

J. Dat, H. Folzer, C. Parent, P.-M. Badot, N. Capelli, and J. Teixeira da Silva,
"Hypoxia stress: current understanding and perspectives,” Floriculture, ornamental
and plant biotechnology, pp. 183-193, 2006.

B. Steffens, J. Wang, and M. Sauter, "Interactions between ethylene, gibberellin
and abscisic acid regulate emergence and growth rate of adventitious roots in
deepwater rice," Planta, vol. 223, pp. 604-612, 2006.

D. E. Evans, "Aerenchyma formation,” New phytologist, vol. 161, pp. 35-49, 2004.

R. Pellinen, T. Palva, and J. KangasjaErvi, "Subcellular localization of ozone-
induced hydrogen peroxide production in birch (Betula pendula) leaf cells,” The
Plant Journal, vol. 20, pp. 349-356, 1999.

K. N. T. Kamal and A. R. R. M. Igbal, "Effect of Irrigation on Chickpea Varieties
Sown on Different Dates on Irrigated Fields of Bannu, Khyber Pakhtunkhwa,

Pakistan."

S. Kang, B. McKenzie, and G. Hill, "Effect of irrigation on growth and yield of
Kabuli chickpea (Cicer arietinum L.) and narrow-leafed lupin (Lupinus
angustifolius L.)," Agron New Zealand, vol. 38, pp. 11-32, 2008.

N. Tuteja and S. S. Gill, Climate change and plant abiotic stress tolerance: John
Wiley & Sons, 2013.

C. Grieve and S. Grattan, "Rapid assay for determination of water soluble
quaternary ammonium compounds,” Plant and Soil, vol. 70, pp. 303-307, 1983.

P. WEATHERLEY, "Studies in the water relations of the cotton plant,” New
Phytologist, vol. 49, pp. 81-97, 1950.

146



[220]

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

P. Kumar, M. Pal, R. Joshi, and R. Sairam, "Yield, growth and physiological
responses of mung bean [Vigna radiata (L.) Wilczek] genotypes to waterlogging at
vegetative stage,” Physiology and Molecular Biology of Plants, vol. 19, pp. 209-
220, 2013.

R. J. Strasserf and A. Srivastava, "Polyphasic chlorophyll a fluorescence transient
in plants and cyanobacteria,” Photochemistry and photobiology, vol. 61, pp. 32-42,
1995.

H. Litchtenthaller and A. Wellburn, "Determination of total carotenoids and
chlorophylls a and b of leaf in different solvents," Biol Soc Trans, vol. 11, pp. 591-
2, 1985.

M. M. Bradford, "A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding,” Analytical
biochemistry, vol. 72, pp. 248-254, 1976.

V. Dixit, V. Pandey, and R. Shyam, "Differential antioxidative responses to
cadmium in roots and leaves of pea (Pisum sativum L. cv. Azad)," Journal of
Experimental Botany, vol. 52, pp. 1101-1109, 2001.

C. N. Giannopolitis and S. K. Ries, "Superoxide dismutases I. Occurrence in higher
plants,” Plant physiology, vol. 59, pp. 309-314, 1977.

B. Chance and A. Maehly, "[136] Assay of catalases and peroxidases,” Methods in
enzymology, vol. 2, pp. 764-775, 1955.

O. Erel, "A novel automated direct measurement method for total antioxidant
capacity using a new generation, more stable ABTS radical cation,” Clinical
biochemistry, vol. 37, pp. 277-285, 2004.

G. Drapeau, "Protease from Staphylococcus aureus, method of enzymology 45b,
L," ed: Academic Press, New York, 1974.

147



[229]

[230]

[231]

[232]

[233]

[234]

[235]

[236]

[237]

R. L. Heath and L. Packer, "Photoperoxidation in isolated chloroplasts: I. Kinetics
and stoichiometry of fatty acid peroxidation,” Archives of biochemistry and
biophysics, vol. 125, pp. 189-198, 1968.

R. S. DHINDSA, P. Plumb-Dhindsa, and T. A. THORPE, "Leaf senescence:
correlated with increased levels of membrane permeability and lipid peroxidation,
and decreased levels of superoxide dismutase and catalase,” Journal of
Experimental botany, vol. 32, pp. 93-101, 1981.

J. Zhang and M. Kirkham, "Drought-stress-induced changes in activities of
superoxide dismutase, catalase, and peroxidase in wheat species,” Plant and Cell
Physiology, vol. 35, pp. 785-791, 1994.

M. Harma, M. Harma, and O. Erel, "Measurement of the total antioxidant response
in preeclampsia with a novel automated method," European Journal of Obstetrics

& Gynecology and Reproductive Biology, vol. 118, pp. 47-51, 2005.

D. I. Arnon, "Copper enzymes in isolated chloroplasts. Polyphenoloxidase in Beta

vulgaris," Plant physiology, vol. 24, p. 1, 1949.

K. Van Asperen, "A study of housefly esterases by means of a sensitive

colorimetric method," Journal of insect physiology, vol. 8, pp. 401-416, 1962.

E. A. Ainsworth and K. M. Gillespie, "Estimation of total phenolic content and
other oxidation substrates in plant tissues using Folin—Ciocalteu reagent,” Nature
protocols, vol. 2, pp. 875-877, 2007.

A. Wahid, S. Gelani, M. Ashraf, and M. R. Foolad, "Heat tolerance in plants: an

overview," Environmental and experimental botany, vol. 61, pp. 199-223, 2007.

A. Hameed, M. Goher, and N. Igbal, "Heat stress-induced cell death, changes in
antioxidants, lipid peroxidation, and protease activity in wheat leaves," Journal of

plant growth regulation, vol. 31, pp. 283-291, 2012.

148



[238]

[239]

[240]

[241]

[242]

[243]

[244]

[245]

[246]

K. Nozaki and S. Fukai, "Effects of high temperature on floral development and
flowering in spray chrysanthemum,™ Journal of Applied Horticulture, vol. 10, pp.
8-14, 2008.

D. Armstrong and R. Browne, "The analysis of free radicals, lipid peroxides,
antioxidant enzymes and compounds related to oxidative stress as applied to the
clinical chemistry laboratory,” in Free radicals in diagnostic medicine, ed:
Springer, 1994, pp. 43-58.

J. Shi, M. Le Maguer, Y. Kakuda, A. Liptay, and F. Niekamp, "Lycopene
degradation and isomerization in tomato dehydration,” Food Research
International, vol. 32, pp. 15-21, 1999.

S. Nagarajan and S. Nagarajan, "Abiotic tolerance and crop improvement,” in
Abiotic Stress Adaptation in Plants, ed: Springer, 2009, pp. 1-11.

M. Almeselmani, P. Deshmukh, R. Sairam, S. Kushwaha, and T. Singh, "Protective
role of antioxidant enzymes under high temperature stress," Plant Science, vol. 171,
pp. 382-388, 2006.

N. L. Meena, K. Ali, P. Dehmukh, and A. Tyagi, "Effect of heat stress on physio-
biochemical characteristics of chickpea (Cicer arietinum) genotypes,” Indian

Journal of Agricultural Sciences, vol. 84, pp. 401-406, 2014.

C. Yun-Ying, D. Hua, Y. Li-Nian, W. Zhi-Qing, L. Li-Jun, and Y. Jian-Chang,
"Effect of high temperature during heading and early filling on grain yield and
physiological characteristics in indica rice," Acta Agronomica Sinica, vol. 35, pp.
512-521, 20009.

D. G. Lee, N. Ahsan, S. H. Lee, K. Y. Kang, J. D. Bahk, I. J. Lee, et al., "A
proteomic approach in analyzing heat-responsive proteins in rice leaves,”
Proteomics, vol. 7, pp. 3369-3383, 2007.

G. G. Striker, Flooding stress on plants: anatomical, morphological and

physiological responses: INTECH Open Access Publisher, 2012.

149



[247]

[248]

[249]

[250]

[251]

[252]

[253]

[254]

M. Manzur, A. Grimoldi, P. Insausti, and G. Striker, "Escape from water or remain
quiescent? Lotus tenuis changes its strategy depending on depth of submergence,”
Annals of botany, vol. 104, pp. 1163-1169, 2009.

R. Yordanova and L. Popova, "Photosynthetic response of barley plants to soil
flooding," Photosynthetica, vol. 39, pp. 515-520, 2001.

B. Yan, Q. Dai, X. Liu, S. Huang, and Z. Wang, "Flooding-induced membrane
damage, lipid oxidation and activated oxygen generation in corn leaves,” Plant and
soil, vol. 179, pp. 261-268, 1996.

R. Yordanova, V. Alexieva, and L. Popova, "Influence of root oxygen deficiency
on photosynthesis and antioxidant status in Barley plantsl,” Russian journal of
plant physiology, vol. 50, pp. 163-167, 2003.

R. Bansal and J. P. Srivastava, "Antioxidative defense system in pigeonpea roots
under waterlogging stress,” Acta physiologiae plantarum, vol. 34, pp. 515-522,
2012.

G. H. Li, G. W. Le, H. Liu, and Y. H. Shi, "Mung-bean protein hydrolysates
obtained with alcalase exhibit angiotensin I-converting enzyme inhibitory activity,"

Food Science and Technology International, vol. 11, pp. 281-287, 2005.

L. S. Monk, K. V. Fagerstedt, and R. M. Crawford, "Superoxide Dismutase as an
Anaerobic Polypeptide A Key Factor in Recovery from Oxygen Deprivation in Iris
pseudacorus?,” Plant Physiology, vol. 85, pp. 1016-1020, 1987.

T. Ushimaru, Y. Maki, S. Sano, K. Koshiba, K. Asada, and H. Tsuji, "Induction of
enzymes involved in the ascorbate-dependent antioxidative system, namely,
ascorbate peroxidase, monodehydroascorbate reductase and dehydroascorbate
reductase, after exposure to air of rice (Oryza sativa) seedlings germinated under
water," Plant and Cell Physiology, vol. 38, pp. 541-549, 1997.

150



[255]

[256]

[257]

[258]

S. Ahmed, E. Nawata, M. Hosokawa, Y. Domae, and T. Sakuratani, "Alterations in
photosynthesis and some antioxidant enzymatic activities of mungbean subjected

to waterlogging," Plant Science, vol. 163, pp. 117-123, 2002.

Z. Hossain, M. F. Ldpez-Climent, V. Arbona, R. M. Pérez-Clemente, and A.
Gomez-Cadenas, "Modulation of the antioxidant system in citrus under
waterlogging and subsequent drainage,” Journal of plant physiology, vol. 166, pp.
1391-1404, 20009.

W. S. H. L. L. Zhengwei and Z. J. C. Y. H. Lei, "A Comparative Study on the
Resistance of Barley and Wheat to Waterlogging [J]," Acta Agronomica Sinica, vol.
2, p. 018, 1996.

M. T. Casanova and M. A. Brock, "How do depth, duration and frequency of
flooding influence the establishment of wetland plant communities?,” Plant
Ecology, vol. 147, pp. 237-250, 2000.

151



