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with responses in pollen function, photosynthetic ability and
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Abstract

Increasing temperatures are adversely affecting various food crops, including leg-
umes, and this issue requires attention. The growth of two cool-season food legumes,
chickpea and lentil, is inhibited by high temperatures but their relative sensitivity to
heat stress and the underlying reasons have not been investigated. Moreover, the
high-temperature thresholds for these two legumes have not been well-character-
ised. In the present study, three chickpea (ICCVO7110, ICC5912 and ICCV92944) and
two lentil (LL699 and LL931) genotypes, having nearly similar phenology with respect
to flowering, were grown at 30/20°C (day/night; control) until the onset of flower-
ing and subsequently exposed to varying high temperatures (35/25, 38/28, 40/30
and 42/32°C; day/night) in a controlled environment (growth chamber; 12 hr/12 hr;
light intensity 750 umol m2 s7%; RH-70%) at 108 days after sowing for both the spe-
cies. Phenology (podding, maturity) was accelerated in both the species; the days to
podding declined more in lentil at 35/25 (2.8 days) and 38/28°C (11.3 days) than in
chickpea (1.7 and 7.1 days, respectively). Heat stress decreased flowering-podding
and podding-maturity intervals considerably in both the species. At higher tempera-
tures, no podding was observed in lentil, while chickpea showed reduction of 14.9
and 16.1 days at 40/30 and 42/32°C, respectively. Maturity was accelerated on 15.3
and 12.5 days at 38/28°C, 33.6 and 34 days at 40/30°C and 45.6 and 47 days at
42/32°C, in chickpea and lentil, respectively. Consequently, biomass decreased con-
siderably at 38/28°C in both the species to limit the yield-related traits. Lentil was
significantly more sensitive to heat stress, with the damage—assessed as reduction
in biomass, reproductive function-related traits (pollen viability, germination, pol-
len tube growth and stigma receptivity), leaf traits such as membrane injury, leaf
water status, photochemical efficiency, chlorophyll concentration, carbon fixation
and assimilation, and oxidative stress, appearing even at 35/25°C, compared with
38/28°C, in chickpea. The expression of enzymatic antioxidants such as superoxide

dismutase, catalase, ascorbate peroxidase, glutathione reductase and non-enzymatic
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antioxidants declined remarkably with heat stress, more so in lentil than in chickpea.
Carbon fixation (assessed as Rubisco activity) and assimilation (assessed as sucrose
concentration, sucrose synthase activity) were also reduced more in lentil than in
chickpea, at all the stressful temperatures, resulting in more inhibition of plant bio-
mass (shoot + roots), damage to reproductive function and severe reduction in pods
and seeds. At 38/28°C, lentil showed 43% reduction in biomass, while it declined by
17.2% in chickpea at the same time, over the control temperature (30/20°C). At this
temperature, lentil showed 53% and 46% reduction in pods and seed yield, compared
to 13.4% and 22% decrease in chickpea at the same temperature. At 40/30°C, lentil
did not produce any pods, while chickpea was able to produce few pods at this tem-
perature. This study identified that lentil is considerably more sensitive to heat stress
than chickpea, as a result of more damage to leaves (photosynthetic ability; oxidative
injury) and reproductive components (pollen function, etc.) at 35/25°C and above, at

controlled conditions.

KEYWORDS

1 | INTRODUCTION

Rising temperatures, both globally and locally, are resulting in heat
stress for various summer- and cool-season food crops (Sehgal et al.,
2018). Heat stress for most subtropical and tropical crops refers
to situations where the temperature exceeds 32-35°C (maximum
value; Bita & Gerats, 2013); however, for cool-season crops, a daily
maximum temperature more than 25°C (maximum value) is consid-
ered stressful (Wahid, Gelani, Ashraf, & Foolad, 2007; Wardlaw &
Wrigley, 1994). The effect of heat stress varies depending on the
temperature, duration of exposure and intensity (Wahid et al., 2007).
Heat stress accelerates phenology and causes a significant decline
in vegetative and reproductive duration (pod and seed number,
seed filling) to inhibit the potential yields, as reported in various
crops (Annisa, Chen, Turner, & Cowling, 2013; Bita & Gerats, 2013;
Zhou, Kjaer, Rosenqyvist, Yu, & Ottosen, 2016). Heat stress causes
several changes at various organisational levels to inhibit vegeta-
tive and reproductive stages of plants (Hasanuzzaman, Nahar, Alam,
Roychowdhury, & Fujita, 2013; Stone, 2001). Heat stress disrupts
various physiological processes such as photosynthesis, carbon fix-
ation and assimilation (Awasthi et al., 2014), impairs electron trans-
port (Sharma, Andersen, Ottosen, & Rosenqvist, 2015) and causes
leaf dehydration due to water loss and stomatal closure (Sita, Sehgal,
HanumanthaRao, et al., 2017), inhibition of various enzymes (Yang,
Gu, Ding, Lu, & Lu, 2018) and alterations in antioxidant defence sys-
tems (Awasthi, Bhandari, & Nayyar, 2015), which damage vegetative
and reproductive development (Barnabas, Jager, & Fehér, 2008). The
reproductive stage is found to be more sensitive to heat stress than
the vegetative stage (Hasanuzzaman et al., 2013). Damage to repro-

ductive processes is the result of damage to pollen and stigmatic

carbon fixation, high temperature, legumes, pollen, pulses, stress

functions (Giorno, Wolters-Arts, Mariani, & Rieu, 2013) leading to
poor pod set as well as fewer pods and seeds (Barnabas et al., 2008).

Food legumes, especially those adapted to cool-season environ-
ments, are highly sensitive to high temperature during the repro-
ductive stage (Sita, Sehgal, HanumanthaRao, et al., 2017). Chickpea
and lentil are two major cool-season legumes that have temperature
optima between 15 and 30°C and grow best at temperatures less
than 30/20°C; higher temperatures markedly inhibit the production
potential of these legumes (Devasirvatham, Gaur, Raju, Trethowan,
& Tan, 2015; Gaur et al., 2014). We have earlier reported the adverse
impacts of heat stress on chickpea (Kumar et al., 2013; Kaushal et al.,
2013) as well as lentil (Sita, Sehgal, Kumar, et al., 2017) but the rela-
tive sensitivity of these two legumes to heat stress has not been re-
ported so far, which is important from academic and practical points
of view. In the present study, we hypothesised that both the legume
species would differ in their heat sensitivity and might have variation
at high-temperature thresholds. Considering the above, the objec-
tives of the present study were to (a) assess the high-temperature
threshold for chickpea and lentil, and its impact on various repro-
ductive and physiological traits, and (b) compare these two legumes
at similar temperatures to determine their relative sensitivity to heat

stress.

2 | MATERIALS AND METHODS

The seeds of genotypes of chickpea (ICCVO7110, ICC5912; ex-
perimental accessions, ICCV92944; a released variety [as JG14;
relatively heat-tolerant]) were procured from International Crops
Research Institute for Semi-Arid Tropics (ICRISAT), Hyderabad,
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TABLE 1 Phenology of chickpea (CP) and lentil (LT) genotypes at different high temperatures

0

30/20°C 35/25°C 38/28°C 40/30°C 42/32°C
Days to flowering
CP-ICCV07110 106 + 1.9Aa 106 + 1.9Aa 106 + 1.9Aa 106 + 1.9Aa 106 + 1.9Aa
CP-ICVV92944 103 + 1.6Ba 103 + 1.6Ba 103 + 1.6Ba 103 + 1.6Ba 103 + 1.6Ba
CP-ICC5912 105 + 1.7Ba 105 + 1.7Aa 105 + 1.7Aa 105 + 1.7Aa 105 + 1.7Aa
Mean 104.6 104.6 104.6 104.6 104.6
LT-LL699 98 + 1.9Cb 98 +1.9Cb 98 + 1.9Cb 98 +1.9Cb 98 + 1.9Cb
LT-LL931 99 +1.8Cb 99 +1.8Cb 99 +1.8Cb 99 +1.8Cb 99 +1.8Cb
Mean 98.5 98.5 98.5 98.5 98.5
Days to podding
CP-ICCV07110 126 + 1.7Aa 124 + 1.7Aa 115+ 1.8Ba 111 + 1.8Ba 110 + 1.9Ba
CP-ICVV92944 125 + 1.9Aa 124 + 1.9Aa 118 + 1.9Ba 109 + 1.9Ba 108 + 1.8Ba
CP-ICC5912 126 + 1.8Aa 125+ 1.8Aa 121 + 1.8Aa 111 + 1.8Ba 109 + 1.8Ba
Mean 125.6 124.3 118 110.3 109
LT-LL699 115 +4.1Bb 112 + 1.9Bb 104 + 1.6Cb 0
LT-LL931 116 +4.2Bb 114 + 1.7Bb 106 + 1.2Cb 0
Mean 115.5 113 105 0
Days to maturity
CP-ICCV07110 148 + 1.7Aa 143 + 1.8Aa 135+ 1.9Ba 116 + 1.8Ca 106 + 1.7Ca
CP-ICVV92944 151 + 1.9Aa 147 + 1.9Aa 134 +1.7Ba 117 + 1.9Ca 104 + 1.9Ca
CP-1CC5912 152 + 1.6Aa 148 + 1.8Aa 136 + 1Ba 117 + 1.5Ca 108 + 1.6Ca
Mean 150.3 146 135 116.6 106
LT-LL699 134 + 1.9Bb 129 + 1.8Bb 120 +£1.9Cb 99 +1.5Db 84 + 1.8Eb
LT-LL931 131+ 1.8Bb 131+ 1.9Bb 120 + 1.6Cb 98 + 1.6Db 87 + 1.6Eb
Mean 132.5 130 120 98.5 85.5
Flowering-podding interval
CP-ICCV07110 20 + 1.6Aa 18 + 1.6Ba 9 + 1.1Da 5+ 1.3Fa 4+ 1.1Fa
CP-ICVV92944 22 + 1.8Aa 21 + 1.4Aa 5+ 1.1Eb 6 + 1.3Ea 5+ 1.3Fa
CP-ICC5912 21 + 1.5Aa 20 + 1.7Aa 6+ 1.Eb 6 + 1.2Ea 4 + 1.4Fa
21 19.6 6.6 5.6 3.25
LT-LL699 17 + 1.3Bb 14 +1.8Cb 6+ 1.3Eb 0 0
LT-LL931 17 + 1.5Bb 15+ 1.4Cb 7 + 1.3Eb 0 0
Grand mean 17 13.5 6.5 0 0
Podding-maturity interval
CP-ICCV07110 22 +1.3Ba 19 + 1.5Ba 20 + 1.4Ba 5+ 1.2Fa 4 + 1.3Fa
CP-ICVV92944 26 + 1.4Aa 22 +1.3Ba 16 + 1.3Ba 6 + 1.3Fa 5+ 1.5Fa
CP-ICC5912 26 + 1.6Aa 23 +1.6Ba 16 +1.7Ba 6 + 1.5Fa 4+ 1.2Fa
Mean 24.6 213 17.3 5.6 4.3
LT-LL699 19 + 1.6Cb 15+ 1.4Db 13 + 1.2Db 0 0
LT-LL931 18 + 1.4Cb 14 + 1.8Db 12 + 1.1DEb 0 0
Mean 18.5 14.5 12.5 0 0

Note: Mean values along with standard errors are presented. Heat stress (35/25°C onwards) was imposed at the time of onset of flowering; hence,
the values for days to flowering are similar at all the temperatures. Different capital letters indicate significant differences (p < .05) among genotypes
of two species (as per nested ANOVA) across all the temperature treatments. Different small letters on bars indicate significant differences (p < .05)
between two species for a particular temperature. Measurements were recorded after 10 days of exposure to heat stress.

while those of lentil (LL699, LL931; released varieties; moder- basis of near-similarity in their phenology, especially with respect
ately resistant to pod borer and rust) were obtained from Punjab to flowering (Table 1). The seeds were treated with Rhizobium cul-

Agricultural University, Ludhiana, India. These were chosen on the tures specific for chickpea (R. ciceri) and lentil (R. leguminosarum)
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using 10% jaggery solution as an adhesive. The solution was spread
over the seeds, followed by mixing to form a thin coating over the
seeds. Rhizobium inoculants were added and mixed thoroughly
with the seeds, followed by shade drying by spreading over the
polysheet overnight, prior to sowing. Plants were raised from the
treated seeds in soil given appropriate doses of farmyard manure
and grown in pots (20 cm diameter; 7 kg capacity) in a controlled
environment at 30/20°C (day/night; 12 hr/12 hr; light intensity
450 umol m~2 5% RH-70%), until the onset of flowering (about 98-
106 days after sowing in both the crop species). Thereafter, sets
of the plants were grown in controlled environments at varying
high temperatures of 35/25°C, 38/28°C, 40/30°C and 42/32°C
(12 hr/12 hr; light intensity 750 umol m2 s RH-70%), while one
set was maintained at 30/20°C (control), until maturity. The plants
were irrigated thrice (predawn, midday and evening time) to keep
the soil fully hydrated to avoid drought stress. The atmospheric
conditions (light, RH) were maintained to the same levels with
electronic controls, while irrigation was done manually. For each
genotype, the plants (one per pot) were maintained in five repli-
cated pots. The plants were tested for various reproductive, leaf
and yield traits, as follows. Leaf damage and reproductive function
were recorded after 10 days of stress, by collecting leaves and
flowers at the same time. The stress was imposed from flowering
to maturity, and the impact was assessed on yield components at
maturity. Though chickpea (103-106 days after sowing) and lentil
(98-99 days after sowing) flowered at different times, these were
exposed to heat stress treatments at the same time (108 days after
sowing for both the species) to maintain uniformity of exposure.
For yield traits, a separate set of five pots having one plant each
was maintained. No destructive leaf and flower assays were per-
formed on these plants.

2.1 | Stress injury to leaves

After 10 days of exposure to heat stress (varying temperatures),
the leaves (already present during stress during initiation of stress)
were harvested at 11:00 hr from the second- or third-top branches
of three plants per genotype (from different pots), grown under
various treatments and assessed for various traits related to stress
injury.

Membrane damage was measured as electrolyte leakage by
washing the leaves with deionised water to remove any adherents or
electrolytes on the leaf surface. The leaf tissue was placed in 10 ml
of deionised water in a glass vial and incubated at 25°C for 24 hr
using a rotary shaker. Subsequently, electrical conductivity (L1) of
the solution was measured, followed by heating at 120°C in a water
bath for 20 min and at equilibration thereafter at 25°C. The final
electrical conductivity (L2) was recorded. Membrane damage was
defined as (L1/L2) x 100, expressed as a percentage (Lutts, Kinet, &
Bouharmont, 1996).

Leaf water status was measured as relative leaf water content,

as per the method of Barrs and Weatherley (1962). Leaves from

second- and third-top branches were collected and weighed, before
immersing them in distilled water for 2 hr in a Petri dish. The tis-
sue was then removed from the water and surface-dried using blot-
ting paper, and the turgid weight measured. The same tissue was
oven-dried at 110°C for 24 hr and then weighed. Stomatal conduc-
tance (gs) of leaves was recorded at 11:00 hr with a portable leaf
porometer (model SC1; Decagon Devices; Awasthi et al., 2014).

Photosystem Il (PS Il) function was assessed at 11:00 hr with
chlorophyll fluorescence, involving a dark-adapted test with
the help of a modulated chlorophyll fluorometer (OS1-FL; Opti-
Sciences). The instrument’s clamps were placed on the topmost
leaves for 45 min to maintain a dark environment and to stop the
light reaction of photosynthesis. Thereafter, the clamps were fixed
to the optic fibre of the instrument before opening the valves. The
instrument was switched on, and modulated light (695 nm) was re-
leased through the optic fibre to the leaves. PS Il was recorded as
F,/F,, ratio (the maximum quantum yield of PSIl photochemistry)
(Awasthi et al., 2014).

For the estimation of total chlorophyll, fresh leaves were col-
lected from control and heat-stressed plants and homogenised in
80% acetone to extract the pigments. The extract was measured for
chlorophyll at 645 and 663 nm using a double-beam spectropho-
tometer (Arnon, 1949).

2.2 | Carbon fixation and assimilation

After 10 days of exposure to heat stress at various temperatures,
the leaves from second- or third-top branches of plants were as-
sayed for various enzyme activities. To estimate Rubisco activity,
fresh leaves were homogenised in a pre-cooled mortar and pestle
in a buffer solution comprising 50 mM 1,3-bis-tris(hydroxymethyl)
methylamino)propane (pH = 7.0), 10 nM Nchosle mM MgCl,,
1 mM EDTA, 0.5 mM ATP, 10 mM DTT, 1 mM phenylmethylsul-
fonyl fluoride, 1 mM benzamidine, 1.5% polyvinylpolypyrrolidone
and 3 mM 3-methylbut-2-ene-1-thiol, according to the method of
Wang, Snyder, Esau, Portis, and Ogren (1992). The leaf extract was
centrifuged at 29,068 g for 40 min. The supernatant was de-salted
immediately at 4°C by passing it through 4 ml Sephadex G-25
columns (Sigma) pre-equilibrated with buffer solution containing
20 mM HEPES-NaOH (pH 7.5), 0.25 mM MgCl,, 0.01% 2-mercap-
toethanol, 1 mM EDTA and 0.05% BSA. The de-salted extract was
assayed immediately using the method of Racker (1962). The assay
medium contained 1 M Tris buffer (pH 7.8), 0.006 M NADH, 0.1 M
reduced glutathione, 0.5% glyceraldehyde-3-phosphate dehy-
drogenase, 0.025 M 3-phosphoglycerate kinase, 0.05% a-glycer-
ophosphate dehydrogenase-triose phosphate isomerase, 0.025 M
ribulose 1-5 biphosphate, 0.2 M ATP, 0.5 M MgCl, and 0.5 M
KHCO,. The enzyme extract was added to the assay medium to
a final volume of 1 ml. The oxidation of NADH was observed at
340 nm during the conversion of 3-phosphoglycerate to glycerol
3-phosphate using a molar extinction coefficient of 6.22 mM/cm.

One unit was taken as the amount that catalysed the cleavage of
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1 mM RuBP per min. The reaction was monitored for 3 min at 25°C
until there was a uniform change in the absorbance. Rubisco activ-
ity was expressed as mmol NADH oxidised g™ dW min™ (Awasthi
et al., 2014).

Sucrose synthase activity was assayed as follows: the leaf sam-
ples were homogenised in ice-cold 200 mM HEPES/KOH buffer (pH
7.8) containing 1% (w/v) polyvinylpyrrolidone (PVP), 10 mM dithioth-
reitol (DTT), 3 mM magnesium acetate and 3 mM EDTA Na,.2H,0,
followed by centrifugation (29,068 g) for 20 min at 4°C. The super-
natant was de-salted immediately using Sephadex G-25 columns
(Sigma), pre-treated with a buffer solution having 20 mM HEPES-
NaOH (pH 7.5), 1 mM EDTA, 0.01% 2-mercaptoethanol, 0.05% BSA
and 0.25 mM MgCl,,. For the assay, the de-salted extract was used
directly (Racker, 1962). Sucrose synthase activity (Hawker, Walker,
& Ruffner, 1976) was assayed from the de-salted extract immedi-
ately. Sucrose concentration was analysed following the enzymatic
method of Jones, Outlaw, and Lowry (1977).

2.3 | Oxidative molecules and antioxidants

After 10 days of exposure to heat stress at various temperatures, the
leaves from second- or third-top branches of plants were assayed for

oxidative stress and antioxidants.

2.3.1 | Malondialdehyde

Malondialdehyde (MDA) concentration is indicative of lipid peroxida-
tion, which was estimated using the method described by Heath and
Packer (1968). MDA was extracted from fresh leaf tissue using 0.1%
trichloroacetic acid (TCA), followed by centrifugation at 29,068 g for
5 min. A fraction of the supernatant (0.1 ml) was reacted with 0.5%
thiobarbituric acid (4 ml), prepared in 20% TCA. For heating, the mix-
ture was kept at 95°C for 0.5 hr, and subsequently cooled in an ice
bath, before centrifuging at 29,068 g for 10 min. The supernatant
was used to measure the absorbance at 532 nm. The calculation of
MDA concentration was measured using an extinction coefficient of
155 mM™* ecm™,

2.3.2 | Hydrogen peroxide

Hydrogen peroxide (H,0,) concentration was estimated as per the
method of Mukherjee and Chaudhari (1983) by homogenising leaf
tissue in 5 ml chilled acetone (80%), followed by filtration through
Whatman filter paper. The filtrate was treated with 4 ml titanium
reagent and then with 5 ml ammonia solution before centrifugation
at 29,068 g; the supernatant was discarded. To dissolve the residue,
1 M H,SO, was added, and the absorbance was measured on the
resultant solution at 410 nm. The concentration of H,0, in samples
was measured using a standard curve, prepared with pure H,0,, and

an extinction coefficient of 0.28 mmol™ cm™.

&

2.3.3 | Enzymatic and non-enzymatic antioxidants

Superoxide dismutase

Superoxide dismutase (SOD; E.C. 1.15.1.1) activity was measured in
fresh tissues, according to the method of DhindsaPlumb-Dhindsa
and Thorpe (1981). The tissue was homogenised in chilled phos-
phate buffer (pH 7.0; 50 mM) and centrifuged at 29,068 g for 5 min
at 4°C. The supernatant was used as an enzyme and protein source.
The reaction mixture contained 50 mM phosphate buffer (pH 7.8),
0.1 ml enzyme extract, 0.1 mM EDTA, 25 mM nitro blue tetrazolium
chloride (NBT), 13 mM methionine and 50 mM sodium bicarbonate
in a total volume of 3 ml. The reaction mixture was treated with
2 mM riboflavin and exposed to a 15 W fluorescent light for 10 min.
Absorbance was read at 560 nm. The SOD activity of the samples
was determined by measuring its ability to stop the photochemical
reduction of NBT. The amount of enzyme that causes 50% inhibition
of the photochemical reduction of NBT was defined as one unit of
SOD activity.

Catalase

Catalase (CAT; E.C. 1.11.1.6) activity was measured as per the
method of Teranishi, Tanaka, Osumi, and Fukui (1974) with a few
minor modifications. The enzyme extract (as above for SOD) was
added to a reaction mixture containing 0.1 ml enzyme extract and
50 mM phosphate buffer (pH 7.0); the reaction was initiated by
adding 200 mM H,0,. The decline in absorbance was recorded at
410 nm for 3 min. The enzyme activity was measured using an ex-

tinction coefficient of 40 mM™ cm™.

Ascorbate peroxidase

Ascorbate peroxidase (APX; E.C. 1.11.1.11) activity was assayed by
recording the oxidation of ascorbate as a decline in absorbance at
290 nm (Nakano & Asada, 1981). The enzyme extract (as above for
SOD) was added to a reaction mixture containing 50 mM phosphate
buffer (pH 7.0), 0.5 mM ascorbic acid (ASC) and 0.1 mM EDTA to a
total volume of 3 ml. H,0, was added to the reaction mixture, as a
substrate, and the absorbance recorded at 290 nm at 30-s intervals.
The enzyme activity was measured using an extinction coefficient
of 2.8 mMtem™,

Glutathione reductase

The activity of glutathione reductase (GR; E.C. 1.6.4.2) was as-
sayed according to the method of Mavis and Stellwagen (1968).
The enzyme extract (as above for SOD; 0.2 ml) was added to a
reaction mixture containing 1.5 ml phosphate buffer (100 mM,
pH 7.6), 0.20 ml BSA, 0.35 ml NADP, glutathione oxidised (GSSG)
and deionised water. The decline in absorbance was measured at
340 nm for 3 min.

Ascorbic acid

Ascorbic acid (ASC) concentration was determined by homogenis-
ing fresh leaf tissue in 6% TCA before centrifuging at 29.068 g for
15 min (Mukherjee & Chaudhari, 1983). To 4 ml of supernatant,
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2 ml of 2% DNPH (2,4, dinitrophenylhydrazine) was added, fol-
lowed by addition of a single drop of thiourea (10%). The mixture
was boiled in a water bath for 15 min and allowed to cool to room
temperature. After cooling, 5 ml H,SO, (pre-cooled) was added,
and the absorbance was recorded at 530 nm. ASC concentra-
tion was measured from a standard curve plotted with its known

concentration.

Glutathione

Reduced glutathione (GSH) concentration was determined as per the
method of Griffith (1980) by homogenising fresh leaf tissue in 2 ml
metaphosphoric acid, and centrifuging for 5 min at 29,068 g. A frac-
tion (0.9 ml) of the supernatant was neutralised by adding 0.6 ml of
10% sodium citrate. A total volume of 1 ml solution was prepared with
100 pl supernatant, 100 pl distilled water, 700 ul NADPH (0.3 mM)
and 100 ul 5,50-dithio-bis-(2-nitrobenzoic acid) DTNB (6 mM), and al-
lowed to stabilise at 25°C for 3-4 min, before adding the enzyme GR.
The absorbance was measured at 412 nm. GSH concentration was

determined from a standard curve of known concentration.

2.4 | Reproductive function

The plants of chickpea and lentil were exposed to heat stress at the
onset of flowering (as detailed in Materials and Methods). The new
flowers, which emerged during heat stress, were collected on the day
of anthesis, from the entire plants, which have faced heat stress for
10 days. Pollen grains were gathered from these flowers that opened
on the same day and pooled for viability testing (Alexander, 1969).
Pollen viability was tested by treating the pollen with 0.5% acetocar-
mine/Alexander stain. Viable pollen grains were chosen on the basis
of shape and size (spherical or triangular) and the stain concentration
absorbed by the pollen (Kaushal et al., 2013). Observations were re-
corded in at least ten microscopic fields.

To measure pollen load and pollen germination (in vivo), the
flowers were collected with fully dehiscent anthers and with pollen
grains on the stigma. The number of pollen grains on the stigma sur-
face (pollen load) was scored on a 1-5 scale (1 = low and 5 = high;
Srinivasan, Saxena, & Johansen, 1999). At the same time, non-ger-
minating and germinating pollen grains on the stigma surface were
determined (Kaushal et al., 2013).

For analysis of in vitro pollen germination, pollen grains were col-
lected in three replications from five flowers per genotype and ger-
minated according to the method of Brewbaker and Kwack (1963).
The germination medium comprised 10% sucrose, 990 mM potas-
sium nitrate (pH 6.5), 1.3 mM calcium nitrate, 1.64 mM boric acid
and 812 mM magnesium sulphate. Pollen grains were considered
germinated when the size of the pollen tube exceeded the diameter
of the pollen grain. Germination (%) was recorded from at least 100
pollen grains per replicate (Kaushal et al., 2013).

Stigma receptivity was tested using an esterase test, which in-

volves a-naphthyl acetate as the substrate along with fast blue B

in the azo-coupling reaction (Mattson, Knox, Heslop-Harrison, &
Heslop-Harrison, 1974). Stigmas were collected from the flowers
one day prior to flower opening; these were dipped in a solution
prepared by dissolving a-naphthyl acetate and fast blue B in phos-
phate buffer. The stigmas remained immersed for 15 min at 37°C.
During this time, the stigma surface developed a reddish-brown
colour, the intensity of which indicated the receptivity and was
rated on a 1-5 scale (1 = lightest colour showing low receptivity
and 5 = deepest colour showing high receptivity) (Kaushal et al.,
2013).

Toassessovuleviability,the TTC(2, 3, 5-triphenyl-2 H-tetrazolium
chloride) reduction test was used. Fresh ovules were extracted from
ovaries one day before anthesis. A drop of TTC solution (0.5% TTC
in 1% sucrose solution) was placed on the ovules on a clean glass
slide, covered with coverslip, and the slide placed in a Petri dish with
moist layers of filter paper, which was further covered with black
paper and incubated in the dark at 25°C in a growth chamber for
15 min. Ovule viability was tested under the microscope based on
the intensity of red colour developed due to the conversion of TTC
to formazan, particularly in the central region. The intensity of the
red colour in the ovules depends on the oxidising ability of the cells
and was rated on a scale of 1-5 (1 = lowest colour intensity (lowest
viability) and 5 = highest colour intensity (highest viability) (Kaushal
etal., 2013).

2.5 | Yield traits

For yield trait observations, the plants were examined at maturity.
Seed and pod numbers and seed weight (per plant basis) were re-
corded in control and stressed plants.

2.6 | Statistical analysis

The experiments were arranged in a randomised block design with
replications, and mean values of the data are presented. The data
were analysed by ANOVA, and least significant differences (LSD)
were calculated (p < .05). To compare differences between mean

values, Turkey’s post hoc test was applied.

3 | RESULTS

3.1 | Phenology

3.1.1 | Days to flowering

Chickpea genotypes showed flowering in 103-106 days, while lentil
genotypes showed flowering in 98-99 days (Table 1). The plants

were transferred to high temperatures at 108 days after sowing for

both the species to maintain uniformity of exposure.
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3.1.2 | Days to podding

In chickpea genotypes, the podding was achieved in 125-126 days
after sowing (DAS) at 30/20°C, almost at the same time at
35/25°C, 109-111 days at 40/30°C and 108-110 days at 42/32°C
(Table 1). On the other hand, in lentil genotypes, the podding oc-
curred in 115-116 DAS at 30/20°C, 112-114 DAS at 35/25°C and
104-106 days at 38/28°C, whereas no podding occurred at higher
temperatures.

Flowering-to-podding interval (FPI) (Table 1) ranged 20-22 days
in chickpea and 17 days in lentil at 30/20°C. At 35/25°C, this in-
terval decreased to 18-21 days in chickpea and 14-15 days in
lentil. At 38/28°C, the interval between flowering and podding de-
clined to 5-9 days in chickpea and 6-7 days in lentil. At 40/30°C
and 42/32°C, in chickpea, this period was reduced to 5-6 days and
4-5 days, respectively, whereas no podding occurred in lentil at

these temperatures.

3.1.3 | Days to maturity

The plants growing at 30/20°C matured in 148-146 days for chick-
pea and 131-134 days in lentil (Table 1). With increase in tempera-
tures to 38/28°C, 40/30°C and 42/32°C, the plants matured in
134-135, 116-117 and 104-106 days, respectively, in chickpea. In
lentil, the maturity was achieved earlier and the corresponding days
were 120, 98-99 and 84-87 days, respectively.

The podding-maturity interval (PMI) (Table 1) in chickpea at
30/20°C ranged 22-26 days, which decreased to 19-23 days at
35/25°C, 16-20 days at 38/28°C, 5-6 days at 40/30°C and 4-5 days
at 42/32°C. At the same time in lentil, podding-maturity interval
was 15-19 days at 30/20°C, which was 17 days at 35/25°C and
14-16 days at 38/28°C, while no podding was observed at further

temperatures.

3.2 | Stress injury to leaves

Membrane damage, evaluated as electrolyte leakage (expressed in %
values), was noticed to be significantly higher in lentil than in chick-
pea, even at 35/25°C; at 38/28°C, it was 22.5%-24.3% in lentil gen-
otypes, compared to 16.3%-17.9% in chickpea genotypes (Figure 1).
The membrane damage at 40/30°C increased to 26.4%-28.8% in
lentil genotypes and 20.4%-20.7% in chickpea genotypes, and the
corresponding values at 42/32°C were 29%-30% in lentil and 22%-
23.5% in chickpea, showing significantly more tissue sensitivity of
lentil to heat stress.

Chlorophyll (chl) concentration at control temperature (30/20°C)
was 19.7-21.4 units (mg/g dw) in chickpea and 19.8-21.4 mg/g dw
in lentil, which did not show much change at 35/25°C in chickpea,
but decreased to 16.7-16.9 units in lentil genotypes (Figure 1). At
38/28°C, chlorophyll concentration decreased to 16.9-17.9 units
in chickpea genotypes and 11.4-12.8 units in lentil genotypes. At

&

temperatures of 40/30°C and 42/32°C, chlorophyll concentration
in chickpea reduced to 13.8-14.9 and 11.9-12.9 units, respectively,
while it declined to 7.3-8.7 and 6.9-7.8 units in lentil genotypes, re-
spectively (Figure 1).

Photochemical efficiency (PE) in control plants (at 30/20°C)
ranged 0.76-0.8 units (F /F); at 35/25°C, it decreased to 0.70-0.71
units in lentil genotypes, with no significant effect in chickpea geno-
types (Figure 1). At 38/28°C, PE declined to 0.69-0.73 units in chick-
pea and 0.57-0.59 units in lentil genotypes. At 42/32°C, PE in lentil
genotypes was inhibited to 0.22-0.24 units (69%-73% reduction
over control) compared to 0.53-0.57 units in chickpea (30%-45%
reduction), suggesting more damage to electron transport chain of
photosynthesis in the former case.

Stomatal conductance (gs) increased in chickpea genotypes
up to 40/30°C (413.4-435.8 mmol m2sY), before declining at
42/32°C (387.6-410.6 units), with some variations among gen-
otypes (Figure 2). In lentil, gs increased (424.3-467.9 units) until
38/28°C and declined significantly at 40/30°C and 42/32°C (267.8-
290.8 units). High-temperature stress (40/30°C and 42/32°C) had a
greater inhibitory effect on gs in lentil than chickpea, indicating less
transpirational cooling in lentil.

The relative leaf water content (RLWC) did not significantly
change in either crop species at 35/25°C or 38/28°C but declined
significantly at 40/30°C and 42/32°C, more so in lentil than chick-
pea, with minor differences among their respective genotypes
(Figure 2), which showed generation of more leaf water deficits in
lentil.

3.3 | Photosynthetic activity as carbon fixation and
assimilation

Ribulose 1,5 bisphosphate carboxylase (Rubisco) activity in control
plants (growing at 30/20°C) ranged 29.6-31.4 units (umol NADH
oxidised g™ dw min™?) in chickpea genotypes and 28.5-30.5 units in
lentil genotypes. At 35/25°C, the Rubisco activity in chickpea geno-
types increased, while in lentil genotypes, it decreased significantly,
relative to their respective controls (Figure 3). Similarly, at 38/28°C,
Rubisco activity increased in chickpea genotypes to 38.5-39.4 units
but decreased to 24.6-26.5 units in lentil genotypes. At higher tem-
peratures, Rubisco activity declined significantly in both species.
At 42/32°C, lentil genotypes had much significantly less activity
(10.6-12.6 units; 58%-63% reduction over control) than chickpea
(24.7-27.9 units; 22%-30% reduction over control), relative to their
respective controls.

At 35/25°C, sucrose concentration increased slightly in chickpea
genotypes, relative to the control, but did not change in lentil geno-
types (Figure 3). At higher temperatures, the sucrose concentration
significantly declined in both species, more so in lentil, than in chick-
pea. At 40/30°C, sucrose reduced to 11.6-13.8 units (umoles/g dw)
(50.8%-56.5% reduction over control) in lentil and 17.4-19.8 units
(25.2%-46.2% reduction over control) in chickpea; and at 42/32°C,
these values decreased to 7.9-8.6 units (69.3%-70.4% reduction
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FIGURE 1 Membrane damage (a), chlorophyll concentration (b) and photosystem Il function (c) in chickpea (CP) and lentil (LT) genotypes
subjected to varying degrees of heat stress at flowering. Small vertical bars represent standard errors. Different capital letters indicate
significant differences (p < .05) among genotypes of two species (as per nested ANOVA) across all the temperature treatments. Different
small letters on bars indicate significant differences (p < .05) between two species for a particular temperature. Measurements were
recorded after 10 days of exposure to heat stress
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FIGURE 2 Stomatal conductance (a) and relative leaf water content (b) in chickpea (CP) and lentil (LT) genotypes subjected to varying
degrees of heat stress at flowering. Small vertical bars represent standard errors. Different small letters on bars indicate significant
differences in a trait (p < .05). Different capital letters indicate significant differences (p < .05) among genotypes of two species (as per
nested ANOVA) across all the temperature treatments. Different small letters on bars indicate significant differences (p < .05) between two
species for a particular temperature. Measurements were recorded after 10 days of exposure to heat stress

over control) in lentil and 10.8-13.5 units (46.2%-61.9% reduction
over control) in chickpea.

Sucrose synthase (SS) activity ranged 14.9-16.5 units (umol suc
produced g’1 dw hr'l)in chickpea and 15.3-16.8 units in lentil gen-
otypes in leaves of control plants (30/20°C). The enzyme activity
increased at 35/25°C, in chickpea genotypes, but did not change
significantly in lentil genotypes, compared to their respective con-
trols (Figure 3). At 38/28°C, SS activity showed not much change

in chickpea genotypes but decreased to 10.7-11.3 units in lentil
genotypes. At 40/30°C, SS activity was significantly inhibited in
both species, relative to their respective controls, more so in lentil
(47%-48% reduction) than chickpea (20%-37%). At 42/32°C, SS
activity declined further in both species, considerably more in lentil
(71%-73% over control) than chickpea (39.1%-50% over control)
genotypes. These observations indicated more inhibition in carbon

fixation and assimilation in lentil at all the stressful temperatures.
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FIGURE 3 Ribulose 1,5 bisphosphate carboxylase activity (a), sucrose synthase (b) and sucrose concentration (c) in chickpea (CP) and
lentil (LT) genotypes subjected to varying degrees of heat stress at flowering. Small vertical bars represent standard errors. Different
capital letters indicate significant differences (p < .05) among genotypes of two species (as per nested ANOVA) across all the temperature
treatments. Different small letters on bars indicate significant differences (p < .05) between two species for a particular temperature.
Measurements were recorded after 10 days of exposure to heat stress
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3.4 | Oxidative damage and antioxidants
3.4.1 | Oxidative molecules

Oxidative damage was assessed using the concentrations of malon-
dialdehyde (MDA) and hydrogen peroxide (H,0,) (Figure 4). MDA
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At 38/28°C, 40/30°C and 42/32°C, MDA increased to 26.3-24.7,
28.9-32.3 and 38.7-41.3 units in lentil, while the increase was con-
siderably less in chickpea (12.9-14.7, 18.3-20.9 and 23.4-24.3 units,
respectively).

H,0, concentration in controls of chickpea and lentil was 1.34~
1.63 and 1.45-1.62 nmoles/g dw, which increased to 4.9-5.1 units

(3.16- to 3.37-fold) at 40/30°C in lentil and 2.78-3.15 units (1.95- to
2.0-fold) in chickpea. At 42/32°C, it increased further to 9.12-10.4

concentration ranged between 8.1 and 9.3 nmoles/g dw and 7.9-
8.9 units in controls of chickpea and lentil genotypes, respectively.
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FIGURE 4 Malondialdehyde (a) and hydrogen peroxide (b) concentration in chickpea (CP) and lentil (LT) genotypes subjected to varying
degrees of heat stress at flowering. Small vertical bars represent standard errors. Different capital letters indicate significant differences
(p < .05) among genotypes of two species (as per nested ANOVA) across all the temperature treatments. Different small letters on bars
indicate significant differences (p < .05) between two species for a particular temperature. Measurements were recorded after 10 days of
exposure to heat stress
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units (6.28- to 6.41-fold over control) in lentil and 2.98-3.86 units
(2.98- to 3.86-fold over control) in chickpea, clearly indicating more

oxidative damage to lentil genotypes.

3.4.2 | Enzymatic antioxidants

Superoxide dismutase (SOD) activity increased with increasing tem-

perature in both species up to 38/28°C, more so in lentil genotypes

(Figure 5). At 40/30°C and 42/32°C, chickpea genotypes had
greater SOD activity than lentil genotypes. Compared to SOD ac-
tivity in control of chickpea (1.89-1.96 units/mg protein) and lentil
(1.84-1.89 units), at 42/32°C, SOD activity in chickpea genotypes
increased to 3.46-3.67 units (78%-90% increase over control), while
it declined to 0.78-0.88 units (52%-58% reduction over control) in
lentil genotypes.

Similarly, catalase (CAT) activity increased with increasing tem-

perature in both species up to 38/28°C, more so in lentil genotypes
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FIGURE 5 Superoxide dismutase (a) and catalase (b) activities in chickpea (CP) and lentil (LT) genotypes subjected to varying degrees
of heat stress at flowering. Small vertical bars represent standard errors. Different capital letters indicate significant differences (p < .05)
among genotypes of two species (as per nested ANOVA) across all the temperature treatments. Different small letters on bars indicate
significant differences (p < .05) between two species for a particular temperature. Measurements were recorded after 10 days of exposure

to heat stress
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(Figure 5). At higher temperatures, CAT activity increased further
in chickpea genotypes, relative to the control, but decreased in
lentil genotypes. At 42/32°C, in chickpea genotypes, CAT activ-
ity increased to 3.67-3.87 (mmol H,0, decomposed/mg protein)
(95%-111% higher than its control), while the activity declined
in lentil genotypes to 0.82-0.89 units (51%-57% reduction over
control).

Ascorbate peroxidase (APX) activity in control plants ranged
between 0.78 and 0.91 mmol H,0O, decomposed/mg protein, which
increased to 1.23-1.35 units lentil genotypes at 35/25°C and 0.89-
0.97 units in chickpea genotypes (Figure 6). At 38/28°C, lentil gen-
otypes had considerably higher APX activity (2.78-2.91 units) than

it |
subsequent higher temperatures. Thus, at 42/32°C, chickpea gen-
otypes had 2.34-2.54 units of APX activity (181%-225% increase
over control) while lentil genotypes showed 0.59-0.71 units (22%-
29% reduction over control).

Glutathione reductase (GR) activity, at 38/28°C, was signifi-
cantly more in lentil genotypes (3.87-3.98 mmol H,O, oxidised
donor decomposed/mg protein) than chickpea genotypes (2.45-
2.67 units); on the other hand, at higher temperatures, GR activity in
lentil declined markedly, to below the control, at 42/32°C, compared
to increased activity in chickpea genotypes (Figure 6). At 42/32°C
too, chickpea genotypes had significantly higher GR activity (4.18-
4.99 units), while it was significantly lower (0.87-0.91 units) in lentil

chickpea genotypes (1.38-1.51 units), but the trend was reversed at genotypes.
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FIGURE 6 Ascorbate peroxidase (a) and glutathione reductase (b) activities in chickpea (CP) and lentil (LT) genotypes subjected to
varying degrees of heat stress at flowering. Small vertical bars represent standard errors. Different capital letters indicate significant
differences (p < .05) among genotypes of two species (as per nested ANOVA) across all the temperature treatments. Different small letters
on bars indicate significant differences (p < .05) between two species for a particular temperature. Measurements were recorded after

10 days of exposure to heat stress
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3.4.3 | Non-enzymatic antioxidants

Ascorbic acid (ASC) concentration increased with increasing tem-
perature in chickpea genotypes, but not in lentil genotypes, which
decreased considerably at 40/30°C and 42/32°C (Figure 7). At
42/32°C, ASC concentration in lentil genotypes declined below the
control value and was about 3.4-fold higher in chickpea genotypes
(65.8-68.4 nmoles/g dw) than lentil genotypes (19.9-22.3 units).
The reduced glutathione (GSH) concentration increased more in

lentil genotypes than chickpea genotypes at 35/25°C and 38/28°C,

relative to their respective controls (Figure 7). On the other hand, at
higher temperature (42/32°C), GSH concentration was 2.4- to 3.0-
fold more in chickpea genotypes (37.9-42.1 nmoles/g dw), compared
to lentil genotypes having 14.3-17.8 units.

3.5 | Reproductive function

The chickpea and lentil controls (30/20°C) had 83.5%-86.9% and
85.3%-88.1% viable pollen, respectively (Table 2). An increase
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FIGURE 7 Ascorbate (a) and reduced glutathione (b) concentration in chickpea (CP) and lentil (LT) genotypes subjected to varying
degrees of heat stress at flowering. Small vertical bars represent standard errors. Different capital letters indicate significant differences
(p < .05) among genotypes of two species (as per nested ANOVA) across all the temperature treatments. Different small letters on bars
indicate significant differences (p < .05) between two species for a particular temperature. Measurements were recorded after 10 days of

exposure to heat stress
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TABLE 2 Reproductive function of chickpea (CP) and lentil (LT) genotypes at different high temperatures

30/20°C 35/25°C
Pollen viability (%)
CP-ICCV07110 83.5 + 2.4Aa 87.3 + 2.5Aa
CP-ICVV92944 86.9 + 2.4Aa 84.3 + 2.4Aaa
CP-1CC5912 84.3 + 2.6Aa 82.5+2.5ABa
LT-LL699 88.1 + 2.5Aa 68.4 + 2.5Cb
LT-LL931 85.3 + 2.5Aa 65.2 +2.5Cb
Pollen germination (%)
CP-ICCV07110 84.7 + 4.1Aa 76.5 + 3.2Ba
CP-ICVV92944 81.6 + 4.2Aa 78.4 + 4.1Ba
CP-1CC5912 80.5 + 3.2Aa 713 +4.3Ca
LT-LL699 82.4 +4.1Aa 63.5 + 4.3Db
LT-LL931 82.7 +4.2Aa 67.5 + 3.3Db
Pollen tube size (um)
CP-ICCV07110 24.6 +1.31Ba 20.4 + 1.28BCa
CP-ICVV92944 27.9 + 1.35Aa 19.5+1.27BCa
CP-1CC5912 21.5 +1.31BCa 18.7 + 1.23BCa
LT-LL699 28.9 + 1.46Ba 16.9 + 1.24Cb
LT-LL931 31.4 +1.42Ba 18.7 + 1.21BCb

Stigma receptivity (1-5 scale)

CP-ICCV07110 4.1 +0.45Aa 3.8 +0.42Ba
CP-ICVV92944 4.3 + 0.34Aa 3.6 + 0.46Ba
CP-ICC5912 4.6 +0.28Aa 3.4 +0.35Ba
LT-LL699 4.4 +0.34Aa 2.7 +0.38Cb
LT-LL931 4.3 + 0.41Aa 2.8 + 0.41Cb
Pod set (%)
CP-ICCV07110 86.8 + 4.4Aa 88.6 + 3.8Aa
CP-ICVV92944 88.4 + 4.3Aa 85.7 + 3.6Aa
CP-ICC5912 89.2 + 4.6Aa 84.3 + 3.8Aa
LT-LL699 86.9 + 4.8Aa 71.5 + 3.4Bb
LT-LL931 86.9 + 3.2Aa 73.9 + 3.4Bb
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38/28°C 40/30°C 42/32°C
79.3 +2.4Ba 61.3 + 2.4Da 37.5+ 2.6Ea
72.5 + 2.6Ba 63.4 + 2.5Da 33.9 + 2.4Ea
78.3 +£2.5Ba 57.5 + 2.4dea 36.7 + 2.5Ea
55.3 +2.6Cb 18.0 + 2.6fb 0
58.4 + 2.6Cb 21.4 + 2.5fb 0
64.5 + 4.2Da 58.4 + 4.2DEa 29.5+24Ga
63.2 + 5.5Da 60.4 + 5.3Da 24.6 +1.9Ga
62.4 + 6.1Da 61.6 + 4.4Da 28.2 +2.6Ga
41.3 + 5.3Fb 12.5 + 5.3Hb 0
37.9 + 4.3Fb 10.9 + 5.5Hb 0
16.8 + 1.5Ca 9.4 +0.58Ca 4.2 + 0.32DEa
15.8 + 1.7Ca 8.3 +0.65Ca 4.6 + 0.44DEa
16.9 + 1.4Ca 9.1 +0.56Ca 3.8 + 0.42Ea
7.2 +1.6Db 1.3+ 0.65Eb 0
5.9 +1.6Db 1.7 + 0.42eb 0
3.1+0.31Ba 2.9 +0.32Ca 2.1 +0.11Ca
3.3 +0.38Ba 2.7 +£0.27Ca 2.4 +0.14Ca
3.4+0.42Ba 2.8+0.21Ca 2.3 +0.16Ca
1.5+ 0.46Db 1.4 + 0.26Db 0
1.8 + 0.42Db 1.3 +0.13Db 0
65.6 +2.7Ca 54.2 + 3.3Da 27.5+ 3.2Fa
64.3 +2.5Ca 51.4 +2.7Da 214 +2.7Fa
62.8 +£3.6Ca 479 + 2.6DEa 23.9 + 2.7Fa
43.4 + 2.4Eb 0 0
46.2 + 2.6Eb 0 0

Note: Mean values along with standard errors are presented. Different capital letters indicate significant differences (p < .05) among genotypes of
two species (as per nested ANOVA) across all the temperature treatments. Different small letters on bars indicate significant differences (p < .05)
between two species for a particular temperature. Measurements were recorded after 10 days of exposure to heat stress.

in temperature to 35/25°C had little effect on pollen viability
in chickpea but reduced it to 65%-68% in lentil genotypes. At
38/28°C, pollen viability decreased to 72%-79% in chickpea
and 55%-58% in lentil genotypes. At 40/30°C, it declined to
57%-63.4% in chickpea and 18%-21.4% in lentil genotypes and
genotypes. At 42/32°C, pollen viability showed reduction to
33.9%-37.5% in chickpea, while lentil pollen did not show any vi-
ability at this temperature.

In both species, an increase in temperature inhibited pollen
germination, more so in lentil genotypes than chickpea genotypes
(Table 2). At 30/20°C, pollen germination ranged 80%-84% in chick-
pea and 82%-87% in lentil genotypes. It decreased to 71%-78% in
chickpea and 63%-67% in lentil at 35/25°C. As the temperature

was increased to 40/30°C and 42/32°C, germination decreased to

58%-61% and 24%-29%, respectively, in chickpea genotypes, while
in lentil, it declined substantially to 11%-12.5% at 40/30°C, and
there was no germination at 42/32°C.

At 35/25°C, the pollen tube growth was inhibited more in lentil
genotypes than in chickpea genotypes, relative to their respective
controls (Table 2). At 38/28°C, pollen tube growth declined to 15.8-
16.9 um (21-43% reduction over control) in chickpea and 5.9-7.2
units (75%-80% reduction over control in lentil genotypes. A sim-
ilar trend was evident at higher temperatures. At 40/30°C, the tube
growth showed 62%-64% reduction over control in chickpea, while
it was 85%-90% in lentil genotypes. At 42/32°C, chickpea gen-
otypes showed markedly marked reduction in pollen tube growth
(3.8-4.6 units; 81%-88% reduction over control), while lentil geno-

types did not show any growth at this temperature.
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At 35/25°C, stigma receptivity in lentil genotypes was signifi-
cantly less (2.7-2.8 units (1-5 scale) than chickpea genotypes (3.4-
3.8 units) (Table 2). At 42/32°C, stigma receptivity was severely
inhibited in both species. Chickpea showed stigma receptivity of
2.1-2.4 units; 44%-50% reduction over control), while lentil geno-
types were completely inhibited.

Pod set declined more in lentil than chickpea genotypes, in all
the stress treatments (Table 2). At 38/28°C, 40/30°C and 42/32°C,
the pod set was 62.8%-65.6%, 51%-54% and 24%-27% in chickpea
genotypes. At the same time, in lentil, the pod set was 43.4%-46.2%
at 38/28°C, while no pods were produced at 40/30°C and 42/32°C.

3.6 | Growth and yield traits

3.6.1 | Biomass

Compared to the control (30/20°C), the aboveground biomass in-
creased significantly at 35/25°C in chickpea genotypes but de-
creased significantly in lentil genotypes (Table 3). At 38/28°C,
biomass declined to 5.29-5.50 g/plant (11%-25% reduction over
control) in chickpea genotypes, and 3.28-3.82 g/plant (40%-47%
reduction over control) in lentil genotypes. At 40/30°C, biomass de-
creased by 18%-42% in chickpea and 69%-71% in lentil genotypes
over control. At further higher temperature of 42/32°C, biomass de-
creased by 48%-54% over control in chickpea and 74%-79% over

control in lentil genotypes.

3.6.2 | Pods/plant

The controls (30/20°C) of chickpea and lentil showed 18.9-21.3
and 63.5-68.8 pods, respectively. With increase in temperature
to 35/25°C, the number of pods declined by 27%-35% in lentil
genotypes, while chickpea genotypes were relatively unaffected
(Table 3). With increase in temperature to 38/28°C and 40/30°C,
the number of pods decreased by 18%-25% and 38%-49% in chick-
pea, respectively, while lentil was inhibited by 38%-44% at 38/28°C,
and produced no pods at higher temperatures. When the tempera-
ture was raised to 42/32°C, pods decreased severely (72%-76% of
control) in chickpea genotypes.

3.6.3 | Seed yield/plant

The seed yield ranged 5.13-5.98 g/plant in controls (30/20°C) of
chickpea genotypes and 2.19-2.31 g/plant in lentil genotypes.
At 35/25°C, seed yield was unaffected in chickpea genotypes,
while it showed 9%-17% reduction in lentil genotypes (Table 3).
At 38/28°C, seed weight declined to 4.98-5.76 g/plant (19%-23%
of control) in chickpea and 1.87-1.98 g/plant (33%-51% of con-
trol) in lentil genotypes. At 40/30°C and 42/32°C, seed yield
diminished to 3.14-3.62 g/plant (31%-47% of the control) and
1.11-1.18 g/plant (77%-81% of control) in chickpea genotypes,
while lentil genotypes did not produce any pods and seeds, at

these temperatures.

TABLE 3 Growth and yield traits of chickpea (CP) and lentil (LT) genotypes at different high temperatures

30/20°C 35/25°C
Biomass (g/plant)
CP-ICCV07110 6.68 + 0.82Aa 7.13 £ 0.76Aa
CP-ICVV92944 6.89 + 0.84Aa 7.28 £ 0.82Aa
CP-ICC5912 6.34 +0.72Aa 7.69 + 0.84Aa
LT-LL699 6.13 + 0.80Ba 5.69 +0.83Cb
LT-LL931 6.24 + 0.80Ba 5.45 +0.76Cb
Pods (humber/plant)
CP-ICCV07110 21.3 +1.2Db 19.6 + 1.2Db
CP-ICVV92944 18.9 + 1.4Db 20.7 + 1.2Db
CP-ICC5912 20.5 +1.4Db 18.5+1.1Db
LT-LL699 63.5 + 2.1Da 46.3 + 1.3Ba
LT-LL931 68.8 +2.2Da 443 + 1.2Ba
Seed yield (g/plant)
CP-ICCV07110 5.98 + 0.76Aa 5.76 + 0.74Aa
CP-ICVV92944 5.27 + 0.67Aa 5.19 £ 0.73Aa
CP-ICC5912 5.13 +0.73Aa 4.98 + 0.65Aa
LT-LL699 2.19 +0.72Cb 1.98 £ 0.64Cb
LT-LL931 2.28 + 0.64Cb 1.87 £ 0.43Cb

38/28°C 40/30°C 42/32°C

5.29 +0.82CDa 5.12 +0.36CDa 3.43 +0.24Ea
5.45+0.69CDa 4.87 + 0.33DEa 3.24 + 0.28Ea
5.50 + 0.67CDa 4.72 + 0.37DEa 2.87 + 0.23EFa
3.82 £ 0.66Eb 1.93+0.28Cb 1.31 + 0.23Fb
3.28 + 0.68Eb 1.88 +0.29Cb 1.61 + 0.23Fb
17.4 + 1.2Db 13.2 + 1.3Ea 5.5+ 0.76Fa
19.2 + 1.2Db 11.3 + 1.2Ea 5.8 + 0.86Fa
15.4 + 1.5DEb 10.3 + 1.2EFa 4.8 +0.87Fa
29.2 +1.6Ca 0 0
28.1+1.8Ca 0 0

4.59 + 0.65ABa 3.09 +0.32Ba 1.14 + 0.22Ba
4.23 + 0.55ABa 2.89 +0.40Ba 1.11 + 0.23Ba
3.96 + 0.62ABa 2.84 +0.33Ba 1.18 £ 0.16Ba
1.06 +0.31Cb 0 0

1.02 +0.62Cb 0 0

Note: Mean values along with standard errors are presented. Different capital letters indicate significant differences (p < .05) among genotypes of
two species (as per nested ANOVA) across all the temperature treatments. Different small letters on bars indicate significant differences (p < .05)

between two species for a particular temperature. Measurements were recorded after 10 days of exposure to heat stress.
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A comparative table on the effects of heat stress for both the
species indicating changes in different traits (in percentage) as well
as days (for phenological traits) at various high temperatures over
control is shown in Table 4.

Principal component analysis (PCA) was employed to summarise
the information on large data set of multiple variables. In chickpea
(Figure 8), based on principal component analysis, PC1 and PC2 ex-
plained the whole variability contributing 88.3% and 11.7%, respec-
tively. The most important traits for the separation were those with
the biggest loading on PC; and PC, The largest group with positive
loading on PC, included biochemical traits viz., sucrose content,
H,0,, SOD, CAT, APX and GR (0.124-0.205), whereas the largest
negative loading was obtained mainly by reproductive (pollen viabil-
ity, stigma receptivity), physiological (Chl content, PE) and yield-re-
lated traits (pod setting, seed weight, pods/plant{(-0.205) - (-0.175)}.
Similarly, PC, revealed two groups of traits one with some phono-
logical (DAP, DAM, PMI) and physiological traits (Chl, PE) loading
positively (0.002-0.263), and the second one with physiological
traits (Sc, RLWC, pollen germination) and yield-related traits (pods/
plant) loading negatively {(-0.8991) - (-0.9926)}. Biomass showed
strong correlation with Rubisco, RLWC and PE, while seed yield cor-
related strongly with reproductive traits (pollen viability, pollen tube
growth, stigma receptivity) and pods, flowering-podding interval
(FPI1), and physiological traits such as PE, chl and sucrose synthase
(SS). Biomass and seed weight showed strong negative correlation
with stomatal conductance (Sc), oxidative molecules (MDA, H,0,)
and antioxidative (SOD, CAT, APX, GR, ASC, GSH) molecules.

In lentil (Figure 9), PC1 and PC2 explained the whole variability
contributing 87.3% and 12.7%, respectively. The largest group with
positive loading on PC, included biochemical traits (sucrose content,
H,0,, MDA, sucrose content), reproductive traits (pollen germina-
tion, pollen tube, stigma receptivity), yield traits (seed weight, seed
setting) and phenological traits (days to podding and podding inter-
val) with value ranging from 0.105 to 0.202. On the other hand, the
largest negative loading was obtained mainly by biochemical traits
(SOD, CAT, APX, GR, GSH), physiological traits (RWLC, Chl, PE, SC,
Rubisco) and yield trait (biomass) with value ranging from -0.202
to -0.194. Similarly, PC, explained reproductive traits (pollen ger-
mination, pollen tube, sigma receptivity), physiological (Chl content),
yield trait (biomass) and biochemical traits (SOD, CAT, MDA, su-
crose content, etc.) with loading positively (0.024-0.453). Biomass
was strongly and positively correlated with Chl, RLWC, SS, Rubisco,
Sc, PE and antioxidants such as GR, APX, CAT, SOD, GSH and ASC,
while it showed negative correlation with oxidative molecules. Seed
weight showed positive correlation with FPI, PMI, pod set and pod
number and sucrose.

4 | DISCUSSION

Heat stress could be a major factor affecting yield in cool-season
legumes in the near future (Sita, Sehgal, HanumanthaRao, et al.,

2017). Hence, it is vital to characterise the sensitivity of each food
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legume crop to high temperatures. In the present study, we evalu-
ated the responses of few selective chickpea and lentil genotypes at
the reproductive stage to the same degree of heat stress at varying
high temperatures, under controlled environment, involving several
traits (a comparative summary of the responses of both the crop
species is shown in Table 4). Our previous studies (Awasthi et al.,
2014; Sita, Sehgal, HanumanthaRao, et al., 2017) on these two crops,
undertaken in natural outdoor conditions, indicated the drastic ef-
fects of high temperatures, especially above 35/25°C (day/night), on
both the species. In the present study, we performed the experi-
ments in growth chambers to test the comparative impacts of vary-
ing high temperatures (35/25°C, 38/28°C, 40/30°C and 42/32°C)
in both species, as well as to avoid any confounding effects, such as
relative humidity, photoperiod and water stress, which might occur
in the outdoor environment.

Comparative observations on phenology, biomass, reproductive
and yield traits in the present study indicated that lentil was much
more sensitive to temperatures above 35/25°C than chickpea; con-
sequently, lentil showed greater reduction in yield than chickpea
in all of the high-temperature treatments. Biomass showed drastic
reduction at 38/28°C in both the species, which was associated
with accelerated phenology (days to podding, flowering-podding
and podding-maturity intervals) causing considerable reduction in
yield traits. The decrease in biomass correlated with significant leaf
damage and hence severe inhibition in photosynthetic ability in both
the species, especially lentil, at 38/28°C and above. Heat stress is
reported to induce earliness in reproductive stages in legumes (Sita,
Sehgal, HanumanthaRao, et al., 2017), which seriously limits the po-
tential production of pods and seeds. It was noticed that while len-
til's growth and yield were inhibited significantly even at 35/25°C,
chickpea genotypes were not affected significantly until 38/28°C
(Table 4), which matched the decrease in podding duration as well as
pod set in our studies. Moreover, at higher temperatures (40/30°C
and 42/32°C), lentil genotypes suffered more yield reduction than
chickpea genotypes, which was associated with more disruption in
its (lentil) biomass. In previous studies too, high temperature inhib-
ited the yield potential of chickpea (Devasirvatham et al., 2015) and
lentil (Roy, Tarafdar, Das, & Kundagrami, 2012) in studies performed
on individual crops. Here, we report for the first time the differential
sensitivity of these two cool-season legumes to high temperatures.
At the same time, we also investigated the mechanisms related to
these variations in heat sensitivity by examining reproductive and
leaf function of both the crops.

Pod set, which is a major determinant of seed yield in legumes,
depends on the successful completion of all reproductive events in-
volving pollen development, pollen germination, pollen tube growth
and fertilisation. Aberrations in any of these events would disrupt
pod set. Reproductive function was assessed on the basis of various
tests conducted on pollen grains. In general, these traits declined
significantly as the temperature increased, more so in lentil geno-
types than chickpea genotypes, indicating greater heat sensitivity of
pollen and stigma function in the former species. Heat stress may in-

hibit pollen activity by influencing pollen grain development (Bishop,
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TABLE 4 Comparative summary of various traits, as affected by increasing temperatures, in chickpea and lentil

Traits 35/25°C 38/28°C 40/30°C 42/32°C
Biomass

Chickpea +13.4% -17.2% -23.4% -51.0%

Lentil -12.6% -42.8% -69.8% -76.2%
Days to podding

Chickpea -1.9d, -2.6% -7.1d, -5.6% -14.9d, -12% -16.1d, -14%

Lentil -2.8d, -3.2% -11.3d, -9.1% No pods No pods
Days to maturity

Chickpea -4.0d, -2.6% -15.3d, -14% -33.6d, -22.6% -45.6d, -29%

Lentil -6.0d, -2.0% -12.5d, -9% -34.0d, -25.6% -47.0d, -35%
Flowering-to-podding interval

Chickpea -1.6d, -9.4% -13.9d, -68% -15.5d, -73% -16.8d, -79%

Lentil -3.5d, -17.2% -11.1d, -67% No pods No pods
Podding-to-maturity interval

Chickpea -2.6d, -13% -1.7d, -20% -19.4d, -77% -21.7d, -82%

Lentil -3.7d, -14% -5.3d, -35% No pods No pods
Pod set

Chickpea -1.8% -22.6% -36.9% -63.3%

Lentil -14.7% -48.3% No pods No pods
Pods per plant

Chickpea -4.6% -13.4% -42.6% -73.6%

Lentil -32.3% -53.7% No pods No pods
Seed weight per plant

Chickpea -3.0% -22.0% -45.6% -78.7%

Lentil -13.6% -46.0% No pods No pods
Pollen viability

Chickpea No change -9.2% -24.8% -49.3%

Lentil -19.8% -29.2% -64.3% -78.5%
Pollen germination

Chickpea -71% -18.7% -19.7% -54.9%

Lentil -17.4% -43.1% -69.3% No germination
Pollen tube size

Chickpea -27.5% -40.0% -64.3% -84.5%

Lentil -44.0% -76.7% -94.7% No germination
Stigma receptivity

Chickpea -13.9% -23.2% -34.8% -46.5%

Lentil -37.7% -62.2% -66.6% No receptivity
Membrane damage

Chickpea +1.8% +4.2% +7.7% +11.2%

Lentil +7.5% +12.0% +16.1% +18.2%
Chlorophyll

Chickpea No change -15.6% -30.7% -40.0%

Lentil -18.9% -41.2% -60.1% -64.5%
Photosynthetic efficiency

Chickpea No change -12.3% -25.0% -36.4%

Lentil -12.5% -25.0% -37.5% -75.0%

(Continues)



BHANDARI ET AL.

TABLE 4 (Continued)

Traits 35/25°C 38/28°C
Stomatal conductance
Chickpea +14.8% +18.0%
Lentil +23.9% +31.4%

Relative leaf water conten

Chickpea NSC NSC

Lentil NSC NSC
Rubisco

Chickpea +18.9% +29.0%

Lentil +9.3% -14.0%

Sucrose synthase

Chickpea +19.8% +19.6%

Lentil +4.1% -26.0%
Sucrose

Chickpea +11.6% +16.7%

Lentil +8.8% +33.3%
Malondialdehyde

Chickpea +11.2% +58.6%

Lentil +80.2% +213.0%

Hydrogen peroxide
Chickpea +24.0% +69.9%
Lentil +56.0% +166.0%

Superoxide dismutase

Chickpea +7.9% +59.1%

Lentil +18.2% +131.0%
Catalase

Chickpea +13.4% +49.2%

Lentil +25.6% +96.5%

Ascorbate peroxidase
Chickpea +11.1% +73.0%
Lentil +58.5% +217.0%

Glutathione reductase

Chickpea +6.6% +84.5%

Lentil +5.4% +150.5%
Ascorbate

Chickpea +18.7% +53.7%

Lentil +50.8% +99.4%

Reduced glutathione
Chickpea +6.8% +20.3%
Lentil +8.0% +80.0%
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40/30°C 42/32°C
+27.0% +20.0%
+2.0% -23.0%
-2.0% -10.5%
-11.2% -22.4%
+14.2% -24.5%
-31.4% -60.0%
-24.1% -43.9%
-43.0% -72.1%
+31.0% +53.6%
+53.4% +69.0%
+119.0% +183.0%
+278.0% +396.0%
+96.0% +115.0%
+225.0% +537.0%
+95.0% +80.0%
-34.0% -59.1%
+108% +120.8%
-18.1% -56.3%
+109.0% +208.0%
+76.0% -30.5
+198.0% +241.2%
-25.2% -40.6%
+79.0% +119.8%
+31.7% -25.2%
+68.3% +96.2%
+4.5% -24.7%

Note: The values indicate per cent change (- or +) over control temperature (30/20°C). In phenology-related traits, changes are also shown in days (d).

Abberviation: NSC, no significant change.

Potts, & Jones, 2016; Pressman, Peet, & Pharr, 2002), endogenous
levels of carbohydrates (Sato et al., 2006) and damage to the tape-
tum, epidermis, endothecium and stomium (Sakata & Higashitani,
2008; Sato, Peet, & Thomas, 2002). High temperatures may hin-

der pollen germination on the stigma surface due to loss of stigma

receptivity as a result of the reduction in esterase activity (Hedhly,
Hormaza, & Herrero, 2005). In our studies, in vitro pollen tube
growth was also retarded in heat-stressed plants, which might be at-
tributed to reduced vigour due to reduced carbohydrate accumula-

tion in pollen grains (Pressman et al., 2002) and/or the direct effects
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FIGURE 8 Principal component analysis (PCA) of percentage values about changes at high temperatures compared to control

temperature (30/20°C) in chickpea

of stressful temperatures on growth (Snider, Oosterhuis, Loka, &
Kawakami, 2011). Heat stress reduces carbohydrate accumulation in
pollen grains and stigmatic tissue by altering assimilate partitioning
(Kaushal et al., 2011), which might explain why pollen and stigmatic
function declined in our study. In sorghum, heat stress reduced car-
bohydrate accumulation in pollen grains and ATP in stigmatic tissue
(Jain, Prasad, Boote, Hartwell, & Chourey, 2007), which affected
reproductive function. Lentil genotypes showed lower temperature
thresholds (35/25°C) for reproductive function; the podding du-
ration and pod set were significantly less in lentil genotypes than
chickpea genotypes at these temperatures, which correlated with

greater damage to reproductive function in lentil.
4.1 | Water relations and tissue damage
Leaves act as sources of carbohydrates for the developing repro-

ductive structures; hence, maintenance of their function under

heat stress is vital. One of the primary effects of heat stress is on

leaf water status, which did not change significantly in chickpea or
lentil up to 38/28°C but declined at higher temperatures (40/30°C
and 42/32°C), more so in lentil than chickpea. Heat stress can af-
fect the hydraulics of roots and the stem (Wahid et al., 2007) to
decrease water absorption and hence leaf water content. Stomatal
conductance (gs) increased in both species to a variable extent up
to 38/28°C—which possibly contributed to an increase in transpira-
tion to reduce leaf temperature—but decreased at 40/30°C in lentil,
which correlated with a marked reduction in its leaf water content.
At 42/32°C, the decrease in gs was associated with a reduction
in RLWC in both species, more so in lentil, which accentuated the
damage to leaves and reproductive function since heat, in combina-
tion with water stress, is more detrimental than either stress alone
(Awasthi et al., 2014).

The damage to leaf tissue was measured with membrane dam-
age as electrolyte leakage test, which increased as the temperature
increased, less so in chickpea than in lentil genotypes, thus corrobo-
rating latter’s greater heat sensitivity. Previously, heat sensitivity in

food legumes (Srinivasan, Takeda, & Senboku, 1996) and other crops
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(Dias, Barreiro, Campos, Ramalho, & Lidon, 2010) was reported to

correlate with membrane damage. Membrane damage was evident
in lentil even at 35/25°C, but at higher temperatures in chickpea. At
42/32°C, membrane damage was highest and likely due to the com-
bined effects of heat and water stress (Awasthi et al., 2014). Heat
stress is known to cause membrane damage and hence a reliable in-
dicator of heat sensitivity in plants (Gulen & Eris, 2004; Liu & Huang,
2000). The results of this study indicate that leaf tissue in lentil is
significantly more sensitive to heat stress than chickpea.

4.2 | Carbon fixation and sucrose metabolism

Photosynthetic function—assessed by measuring Pn, chlorophyll
concentration, photosynthetic efficiency (PE), Rubisco (carbon-
fixing enzyme), sucrose synthase activity and sucrose concentra-
tion—decreased in both species to a variable extent in response

to high-temperature stress. As the temperature increased above

35/25°C, the chlorophyll concentration decreased significantly,
particularly in lentil genotypes. Chlorophyll loss may be due to
the direct effect of heat stress on chloroplast membranes (Kotak
et al., 2007) and is similar to observations on heat-stressed wheat
(Almeselmani, Deshmukh, & Sairam, 2009), tomato (Camejo &
Torres, 2001) and rice (Sohn & Back, 2007). Inhibited biosynthe-
sis or degradation of chlorophyll (Tewari & Tripathy, 1998) and/
or disorganisation of chloroplasts due to photooxidation (Camejo
et al., 2006), as a result of heat stress, might reduce chlorophyll
concentration. Along with the reduction in chlorophyll concentra-
tion, PE also declined in both species, similar to findings in tomato
(Willits & Peet, 2001), but not as much in chickpea genotypes
at all high temperatures. A previous report suggested that heat-
tolerant common bean genotypes maintain higher PE than their
counterparts (Petkova, Denev, Cholakov, & Porjazov, 2007). The
photosystem Il (PSIl) complex is thermally labile and considered
the most heat-sensitive component of the electron transport chain
(Almeselmani, Deshmukh, & Kushwaha, 2009; Havaux & Tardy,
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1996; Yamane, Shikanai, Kashino, Koike, & Satoh, 2000). In spin-
ach, high temperature caused cross-linking of the D1 protein with
D2 protein, resulting in a dramatic decrease in PSll yield (Ohira &
Yamamoto, 2001).

The activity of Rubisco, the first enzyme of the Calvin cycle,
decreased in a temperature-dependent manner in both spe-
cies, especially in lentil genotypes at all temperatures. Calvin
cycle reactions are more sensitive to heat stress than PSII elec-
tron transport. The primary site of inhibition of the Calvin cycle
under high temperature appears to be Rubisco activation via
Rubisco activase, as reported in wheat (Law & Crafts-Brandner,
1999). As the temperature increases, Rubisco activase becomes
less effective in maintaining Rubisco in a catalytically active state
(Salvucci & Crafts-Brandner, 2004b), which may have occurred in
this study. The reduction in Rubisco activity in the leaves of heat-
stressed plants implies a decline in carboxylation capacity as a re-
sult of damage to photosynthetic apparatus (Sainz, Diaz, Monza,
& Borsani, 2010) or direct inhibition of this enzyme (Salvucci &
Crafts-Brandner, 2004a; Wang et al., 1992). In this context, higher
Rubisco activity in chickpea than lentil genotypes during heat
stress possibly helps to maintain better photosynthetic function
to sustain sucrose production and support reproductive func-
tion as well, resulting in higher number of filled pods in chickpea.
Inhibition of Rubisco activity is likely to influence sucrose produc-
tion due to limitations in the availability of hexoses.

Sustaining sucrose levels in leaves is critical during stressed con-
ditions. The sucrose concentration in leaves of heat-stressed plants
declined in both crops, more so in lentil, which was correlated with a
decrease in the activity of the sucrose synthesising enzyme, sucrose
synthase, as reported previously (Kaushal et al., 2011). A reduction
in sucrose concentration in leaves restricts its availability to the
developing reproductive components (Kaushal et al., 2011; Snider
et al., 2011) and hence explains the disruptions in reproductive
function (Sita, Sehgal, HanumanthaRao, et al., 2017). Development
of pollen grains and the sustenance of pollen function are linked to
carbohydrate availability to flowers, which is affected under heat
stress (Kaushal et al., 2011; Pressman et al., 2002). In sorghum, heat
stress, especially during the night, was reported to inhibit the photo-
synthetic function in leaves to interrupt pollen function (Jain et al.,
2007; Prasad & Djanaguiraman, 2011; Snider et al., 2011). Thus, in
our studies, the accessibility of carbohydrates was restricted more in
lentil, than in chickpea, which explained more damage to reproduc-
tive function and pod set.

4.3 | Oxidative damage and antioxidants

This comparative study indicated more oxidative damage to leaves
of lentil genotypes, which appeared prominently at 35/25°C and in-
tensified further with increasing temperature. Previous studies have
indicated that heat-sensitive species (e.g., Brassica; Wilson, Sangha,
Banga, Atwal, & Gupta, 2014; Kentucky bluegrass; Li, Zhan, Xu, Han,
& Zhang, 2014, Chickpea; Kaushal et al., 2013) and their genotypes

show marked increase in malondialdehyde (MDA) and hydrogen per-
oxide concentration under heat stress—an indicator of damage due
to reactive oxygen species (ROS)—which may have been associated
with more injury to membranes and chlorophyll in lentil at 35/25°C
and above.

To manage oxidative damage by ROS induced by heat stress,
cells up-regulate diverse enzymatic and non-enzymatic antioxi-
dants (Awasthi et al., 2015). We assessed the activity profiles of
some of these enzymes (superoxide dismutase [detoxifies super-
oxides], catalase [detoxifies hydrogen peroxide], ascorbate per-
oxidase [detoxifies hydrogen peroxide], glutathione reductase
[detoxifies hydrogen peroxide, along with APX in ascorbate-glu-
tathione pathway]) as well as some non-enzymes (ascorbate and
reduced glutathione), and found marked variations in their expres-
sion patterns in both the crop types. Lentil up-regulated these an-
tioxidants at 35/25°C, which subsequently declined markedly as
the temperature increased that might have resulted in increased
ROS to intensify the oxidative damage. The inhibition of various
antioxidants at high temperature in lentil might occur due to de-
naturation of the proteins (Bita & Gerats, 2013), thus impairing
its ability to manage the ROS effectively causing more damage to
various leaf traits. At the same time, chickpea genotypes relatively
maintained higher expression of these antioxidants, resulting in
a reduced amount of oxidative damage, and hence less injury to
membranes. Thus, variation in the expression profiles of these
antioxidants might be a vital reason at the cellular level in caus-
ing more damage to leaves by heat stress to lentil genotypes than
chickpea genotypes. Earlier studies on various plant species and
their genotypes, contrasting in heat sensitivity, have also reported
that heat tolerance was associated with higher activity expres-
sion of various antioxidants, for example in cereals (Kumar, Gupta,
& Nayyar, 2012), chickpea (Kumar et al., 2013) and lentil (Sita,
Sehgal, Kumar, et al., 2017).

PCA revealed that sustenance of the biomass under heat stress
was strongly correlated with photosynthetic function (comprising of
chlorophyll, PS Il function, Rubisco activity), while seed number was
positively correlated with various reproductive traits (such as pollen
viability, pollen tube growth, stigma receptivity), flowering-podding
interval (FPI), sucrose synthase and sucrose concentration, which
might provide some useful leads on subsequent studies on heat re-
sponse of legumes.

The present study indicated that lentil gets inhibited even at
35/25°C, while chickpea showed significant heat damage at tem-
peratures exceeding 38/28°C suggesting more sensitivity of the
former to heat stress. The greater heat sensitivity in lentil may
be due to faster acceleration of its phenology, reduced biomass
coupled with poor ability to manage ROS, which resulted in more
damage to cell membranes and chlorophyll, and thus impaired its
photosynthetic ability to produce less sucrose. Consequently, the
deprivation of sucrose resulted in lesser biomass in lentil, which
also contributed towards poor reproductive function and pod
set, resulting in more yield reduction in lentil than in chickpea
genotypes.
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