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Two chickpea genotypes viz. Bhakar-2011 (desi) and Noor-2013 (kabuli) were sown in soil filled pots supplied
with low (0.3 mgkg ™) and high (3 mg kg ™! soil) zinc (Zn) under control (70% water holding capacity and 25/
20 °C day/night temperature), drought (35% water holding capacity) and heat (35/30 °C day/night temperature)
stresses. Drought and heat stresses reduced rate of photosynthesis, photosystem II efficiency, plant growth and
Zn uptake in chickpea. Low Zn supply exacerbated adverse effects of drought and heat stresses in chickpea, and

caused reduction in plant biomass, carbon assimilation, antioxidant activity, impeded Zn uptake and enhanced
oxidative damage. However, adequate Zn supply ameliorated adverse effect of drought and heat stresses in both
chickpea types. The improvements were more in desi than kabuli type. Adequate Zn nutrition is crucial to
augment growth of chickpea plants under high temperature and arid climatic conditions.

1. Introduction

Chickpea (Cicer arietinum L.) is a highly nutritious grain legume and
is prone to abiotic stresses when grown under rainfed environment.
Across the globe, drought stress causes 40-45% yield losses (Ahmad
et al., 2005). Drought limits the vegetative growth of various legumes
by restricting water uptake, reducing the tissue water contents, de-
creasing the gas exchange rate (Farooq et al., 2017a). The reduction in
stomatal conductance increases leaf temperature (Sehgal et al., 2017)
which causes wilting of leaf (Farooq et al., 2017a). Drought causes
membrane damage (Awasthi et al., 2014), disruption of chlorophyll
synthesis (Rahbarian et al., 2011), impact photosynthesis (Samarah
et al., 2009), impairs mineral uptake (Gunes et al., 2006) and reduces
nitrogen fixation in legumes (Serraj, 2003).

Over last several decades, there has been a rise in daily mean
temperature. The global climatic models have simulated an increase of
4°C in temperature (Intergovernmental Panel on Climate Change
(IPCC) et al., 2013) by the end of this century that may induce severe
losses in agricultural production. Winter legumes are more sensitive to
high temperature stress (Hall, 2001), that have negative effects on the
crop growth and development (Devasirvatham et al., 2012) and cause
significant yield losses. Chickpea experiences a range of high

temperatures during the growing season (Devasirvatham et al., 2012);
heat stress at sowing directly affects crop germination and establish-
ment (Devasirvatham et al., 2012). Nodule size starts decreasing when
temperature rises from 35°C resulting in low nitrogen fixation and
decreased activity of nitrogenase (Piha and Munns, 1987). In chickpea,
temperature above 32/20 °C (day/night) cause reduction in RuBisCO
activity (28-30%) and denaturation of RuBisCO subunits (SPS/SS;
Kaushal et al., 2013) leading to reduced photosynthesis (Farooq et al.,
2017b; Rehman et al., 2019).

Zinc is vital for all life forms and plays a crucial role in plant defense
system due to its involvement in key enzymes activity, gene regulation
(Lopez-Millan et al., 2005) and protein synthesis (Liu et al., 2015). It
also helps maintain photosynthetic activities (Rehman et al., 2019),
stabilize biological membranes (Cakmak, 2000), maintain CO, con-
centration in mesophyll cells and repair the PSII during photo-inhibi-
tion (Hansch and Mendel, 2009). Zinc deficiency increases sensitivity to
heat (Rehman et al., 2019) and drought stresses and may result in
drastic reductions in grain yield (Bagci et al., 2007).

In many chickpea growing countries, Zn is a common micronutrient
which is deficient in the soils (Ahlawat et al., 2007; Ullah et al., 2019).
Seeds derived from Zn deficient soils not only have less nutritional
value for animal and humans but also result in poor crop stand,
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Table 1
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Interactive effect of drought stress and Zn supply (Zn X D) on the growth, leaf photosynthesis, specific leaf area, leaf malondialdehyde contents, seedling dry weight,

leaf free proline and shoot Zn concentration of chickpea types.

Chickpea types Treatments Control Drought stress

Mean (Zn. C.T)

Control Drought stress Mean (Zn. C.T)

Leaf CO, net assimilation rate (umol s~ m~2)

Photosystem I efficiency (Fv/Fm)

Kabuli Low Zn 10.3 ¢ 7.69 e 9.00C
Adequate Zn 11.9b 8.59 de 10.2B

Desi Low Zn 12.3b 8.98d 10.6 B
Adequate Zn 145a 10.3 ¢

Mean (stress) 122 A 8.88B

LSD value

124 A

Zn. C.T = 0.72; Stress = 0.37; Zn. C.T X stress = 1.23

0.59b 0.39e 0.49D
0.63b 0.47d 0.55C
0.77 a 0.52 ¢ 0.65B
0.80 a 0.59b 0.70 A
0.70 A 0.49B

Zn. C.T = 0.023; Stress = 0.012; Zn. C.T X stress = 0.041

Relative leaf water contents (%)

Specific leaf area (cm? g~ ! leaf DM)

Kabuli Low Zn 90.2d 79.6h
Adequate Zn 925¢ 825¢g 87.5C
Desi Low Zn 96.3b 85.6 f 90.9B
Adequate Zn 97.5a 88.5e

Mean (stress) 94.1 A 84.0B

LSD value

84.9 D

93.0 A

Zn. C.T = 0.51; Stress = 0.26; Zn. C.T X stress = 0.87

14.6d 9.43 f 12.0C
19.0b 12.2 e 15.6 B
19.3b 12.0e 15.6 B
25.2 a 158 ¢ 20.5A
19.5A 12.4B

Zn. C.T = 0.39; Stress = 0.20; Zn. C.T X stress = 0.67

Leaf malondialdehyde contents (umol g’1 FW)

Seedling dry weight (g)

Kabuli Low Zn 19.6 ¢ 289 a
Adequate Zn 15.4g 18.7d 17.0C
Desi Low Zn 16.6 f 23.3b 20.0B
Adequate Zn 13.9h 17.8 e
Mean (stress) 16.4B 222 A
LSD value Zn. C.T = 0.47; Stress = 0.24; Zn. C.T X stress = 0.81

24.2 A

15.8 D

9.28 ¢ 581e 7.55C
11.7b 7.30d 9.48B
11.7b 7.54d 9.60 B
146 a 9.60 ¢ 12.1 A
11.8 A 7.56 B

Zn. C.T = 0.19; Stress = 0.10; Zn. C.T X stress = 0.33

Leaf free proline (umol g~ FW)

Shoot Zn concentration (mg kg™ %)

Kabuli Low Zn 7.74¢8 11.2d
Adequate Zn 9.80 e 14.2b 12.0B
Desi Low Zn 8.81f 13.4 ¢ 11.1C
Adequate Zn 11.1d 16.9 a
Mean (stress) 9.36 B 139 A
LSD value Zn. C.T = 0.39; Stress = 0.20; Zn. C.T X stress = 0.66

9.45D

140 A

9.53¢g 8.94h 9.24 D
16.8d 20.6b 18.7B
11.8 e 11.2f 11.5C
18.9 ¢ 26.6 a 227 A
14.3B 16.8 A

Zn. C.T = 0.29; Stress = 0.15; Zn. C.T X stress = 0.50

Means sharing different letters within columns and rows, for each trait, are statistically different from each other at 5% probability level; Mean Zn = zinc;
C.T = Chickpea types; control = 70% water holding capacity; drought stress = 35% water holding capacity; low Zn = 0.3 mg kg~ '; adequate Zn = 3mgkg ' soil.

particularly in stressful growing conditions (Candan et al., 2018; Faran
et al., 2019). In many plants with an associated antioxidative response,
increase in Zn supply can up regulate antioxidant enzymes activity to
reduce the oxidative damages (Cakmak, 2000). Therefore, adequate Zn
fertilization is essential for sustainable crop production and mitigation
of drastic effects of various abiotic stresses (Rehman et al., 2018, 2019).

The combined effect of abiotic stresses (drought and heat) and Zn
deficiency on the photosynthesis, water relation, enzymes activity,
plant biomass and shoot Zn concentration of chickpea has been rarely
studied. Therefore, the present study is unique that here, We in-
vestigated the interactive effects of low Zn supply with drought stress
and supra-optimal temperature using two chickpea types (desi and ka-
buli) on plant photosynthetic assessment, antioxidant activities and
biomass production. The specific objective of this study was to improve
the drought and heat tolerance in chickpea types through sufficient Zn
supply at early growth stages.

2. Materials and methods
2.1. Plant material
Seeds of chickpea types ‘desi (cv. Bakhar-2011)’ and kabuli (cv.

Noor-2013) were received from the ‘Ayub Agricultural Research
Institute’, Faisalabad, Pakistan.

2.2. Experimental description

The current study comprising of two independent experiments was

conducted at department of Crop Sciences, College of Agricultural and
Marine Sciences, Sultan Qaboos University, Oman during 2018. The
experimental soil was sandy loam with pH 7.9, electrical conductivity
0.14 dSm ™!, organic matter 0.56%, nitrogen 380 mg kg~ ', phosphorus
09mgkg ™!, potassium 102mgkg~' soil, and diethylene triamine
penta acetic acid (DTPA) extractable Zn 0.63mgkg ™' soil. The ex-
traction of soil, analysis and nutrient status was performed using pro-
tocol of George et al. (2013). The experiments were executed in a
completely randomized design with factorial arrangement and repeated
thrice.

2.2.1. Experiment 1

Chickpea seeds of both types (desi and kabuli) (6 seeds per pot) were
sown in soil filled plastic pots (5 kg), maintained at 70% water holding
capacity (WHC) (control) and 35% WHC (drought stress). After emer-
gence (5 days after sowing), the pots were thinned to three plants per
pot and were kept in a growth chamber with a day/night temperature
(18/15°C), a light/dark photoperiod (16/8 h).

The all 24 pots (2 water levels X 2 Zn levels X 2 chickpea culti-
vars X 3 replications) were well-watered (70% WHC) by weighing and
adding water on daily basis (w/v) till imposing drought. Half pots were
maintained at 70% WHC during whole experimental duration as control
while remaining half pots were subjected to drought stress after one
week of emergence by maintaining 35% WHC. The WHC was de-
termined following the protocol as detailed in Faran et al. (2019) by
taking 100 g of dry soil on a filter paper and saturating it with 100 mL of
water and saturated weight was recorded after the drainage stopped.
Using the formula the 100% WHC of the experimental soil was
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Fig. 1. Interactive effect of drought stress and Zn supply (D X Zn) on the ascorbic acid contents and enzyme activities of chickpea types.

calculated;

WHC = Weight of saturated drained soil — weight of dry soil
/weight of dry soil

To maintain 70 and 35% WHC, the amount of water was calculated
on alternate days using the soil weight per pot.

2.2.2. Experiment 2

Chickpea seeds of both types (desi and kabuli) (6 seeds per pot) were
sown in soil filled plastic pots (5kg). After emergence (5 days after
sowing), the pots were thinned to three plants per pot and were kept in

13

a growth chamber with a day/night temperature (18/15 °C), a light/
dark photoperiod (16/8h) and the photosynthetic active photon flux
(350 umol s~ m™2) at the surface of pots measured with Ceptometer
AccuPAR LP-80 Decagon Devices, Pullman, WA, USA and temperature
was maintained as (25/20 °C day/night) normal condition, and (35/
30 °C day/night) as heat stress.

To impose heat stress, five days after emergence, half of the pots
were kept in a climate chamber with an optimal temperature (25/20 °C
day/night) (control), and remaining half of the pots having one week
old seedlings were subjected to heat stress (35/30 °C day/night). In
both experiments, Zn was applied as high Zn (3 mgkg ') and low Zn as
(0.3mgkg ™! soil) using ZnSO4.7H,0 as source. The plants in both
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Table 2
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Interactive effect of heat stress and Zn supply (Zn x H) on the growth, leaf photosynthesis, specific leaf area, leaf malondialdehyde contents, seedling dry weight, leaf

free proline and shoot Zn concentration of chickpea types.

Chickpea types Treatments Control Heat stress

Mean (Zn. C.T)

Control Heat stress Mean (Zn. C.T)

Leaf CO, net assimilation rate (umol s~ m~2)

PSII efficiency (Fv/Fm)

Kabuli Low Zn 10.1 ¢ 7.71e 8.91C 0.58b 0.38 e 0.48D
Adequate Zn 12.0b 8.65d 10.3B 0.61b 0.46d 0.54C

Desi Low Zn 12.0b 8.94d 10.5B 0.79 a 0.51c 0.65B
Adequate Zn 145a 10.6 ¢ 12.5 A 0.82 a 0.59b 0.70 A
Mean (stress) 121 A 8.97B 0.70 A 0.49B
LSD value Zn. C.T = 0.34; Stress = 0.17; Zn. C.T X stress = 0.58 Zn. C.T = 0.022; Stress = 0.011; Zn. C.T X stress = 0.038
Relative leaf water contents (%) Specific leaf area (cm? g_l leaf DM)

Kabuli Low Zn 93.0c¢ 78.1g 85.5D 15.0 e 9.82¢g 124D
Adequate Zn 95.4 a 80.9 f 88.2C 19.6 b 12.8 f 16.2B

Desi Low Zn 94.4b 84.0 e 89.2B 17.7 ¢ 125 f 15.1C
Adequate Zn 959 a 86.8d 91.4 A 23.1a 16.3d 19.7 A
Mean (stress) 94.7 A 82.4B 189 A 12.9B
LSD value Zn. C.T = 0.54; Stress = 0.28; Zn. C.T X stress = 0.93 Zn. C.T = 0.28; Stress = 0.15; Zn. C.T X stress = 0.48
Leaf malondialdehyde contents (umol g~* FW) Seedling dry weight (g)

Kabuli Low Zn 17.5d 28.7 a 231 A 9.11e 6.10h 7.60 D
Adequate Zn 13.7 f 188 ¢ 16.2C 114 c 7.63¢g 9.53C

Desi Low Zn 153 e 23.3b 19.3B 12.0b 8.05f 10.0B
Adequate Zn 12.7g 17.8d 15.3D 15.1a 10.1d 12.6 A
Mean (stress) 14.8B 221 A 119 A 7.97B
LSD value Zn. C.T = 0.49; Stress = 0.26; Zn. C.T X stress = 0.85 Zn. C.T = 0.10; Stress = 0.05; Zn. C.T X stress = 0.17
Leaf free proline (umol g~ FW) Shoot Zn concentration (mg kg™ %)

Kabuli Low Zn 7.60g 11.3d 9.43D 10.2¢g 9.74h 995D
Adequate Zn 9.61 e 14.2b 11.9B 17.3d 21.1b 19.2B

Desi Low Zn 8.65 f 13.4c 11.0C 12.4e 11.9f 12.1C
Adequate Zn 10.9d 16.9 a 139 A 19.3 ¢ 26.9 a 23.1A
Mean (stress) 9.19B 139 A 14.8B 17.4 A

LSD value

Zn. C.T = 0.36; Stress = 0.19; Zn. C.T X stress = 0.63

Zn. C.T = 0.24; Stress = 0.12; Zn. C.T X stress = 0.41

Means sharing different letters within columns and rows, for each trait, are statistically different from each other at 5% probability level; Mean Zn = zinc;
C.T = Chickpea types; control= (25/20 °C); heat stress= (35/30 °C); low Zn = 0.3 mgkg~'; adequate Zn = 3mgkg ™! soil.

experiments were harvested six weeks after planting.

2.3. Observations and measurements

2.3.1. Leaf photosynthesis

Leaf net CO, assimilation rate was measured with a portable LI-
6400 infrared gas analyzer (LiCor, Inc., Lincoln, NE, USA) between
09:00 to 11:00 a.m. The leaf maximum efficiency of photosystem II (Fv/
Fm) was determined using Handy PEA (Plant Efficiency Analyzer,
Hansatech, Norfolk, UK) having excitation light energy of
3000 umolm ™! s 1.

2.3.2. Plant growth

For recording the seedling dry weight (SDW), seedlings were har-
vested six weeks after planting and dried in an electric oven at
70 = 2°C. Before drying, the leaves were separated from harvested
plants and leaf area was recorded with a leaf area meter (DT Area
meter, Model MK2; Delta-T Devices, Cambridge, UK). The same leaves
were dried in an electric oven at 70 *+ 2°C for 96 h, and specific leaf
area (SLA) recorded as the ratio of leaf area to leaf dry weight.

2.3.3. Lipid peroxidation and free leaf proline

Lipid peroxidation was measured in terms of malondialdehyde
contents (MDA). Leaf samples of 1g were homogenized in 10 mL of
0.1% trichloroacetic acid and MDA contents estimated following the
protocol of Heath and Packer (1968). For free leaf proline, leaf samples
were homogenized with 10 mL of aqueous sulphosalicylic acid (w/v)
and then filtered. The filtrate (2 mL) was mixed with 2mL each of
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glacial acetic acid and acid ninhydrin and incubated at 100°C in a
water bath for 1 h. After vortexing for 20 s the reaction was terminated
in an ice bath and 4 mL of toluene. Following Bates et al. (1973) the
chromophore containing free proline was measured.

2.3.4. Engymatic analysis

The superoxide dismutase (SOD) was estimated following the
method of Giannopolitis and Ries (1977). In this method, the inhibition
of photochemical reduction of p-nitro blue tetrazolium chloride (NBT)
is noted spectroscopically at 560 nm. The reaction mixture contained
2.9mL potassium-phosphate buffer (K-P buffer), 0.5mL 50 mM
NayCOs3, 0.5mL 50 mM 12 mM l-methionine, 0.5mL 75uM NBT and
500 ul 2 uM riboflavin with 100 pl supernatants. After addition of Ri-
boflavin, the tubes containing reaction mixture were placed under light
in a growth room for 8 min and absorbance was taken at 560 nm.

The ascorbate peroxidase (APX) activity was estimated using the
protocol of Nakano and Asada (1981) by observing the decline in ab-
sorbance at 290 nm. For APX, the reaction mixture contained 50 mM
K-P 650-800ul K-P buffer (pH 7.6) containing 0.1 mM Na-EDTA,
100 ul of 12mM H50,, 50-150 pul sample and 100 ul of 0.25mM as-
corbic acid. The ascorbic acid was measured following the protocol of
Pisoschi et al. (2008).

2.3.5. Plant water relations (%)

To determine relative leaf water content (RLWC), fresh leaves (Wy)
were weighed and then soaked in water for 4h to record saturated
weight (W) at 5 °C. To record the dry weight (Wy) the same leaves were
then oven-dried at 80°C till constant weight. The RLWC (%) was



A. Ullah, et al. Plant Physiology and Biochemistry 143 (2019) 11-18

20
. )
18 - H Low Zn kabuli a
—_ [ Adequate Zn kabuli _T
S 161 I Low Zn desi
= [ Adequate Zn desi
= 14 b
=
T . c
Eﬂ 12 -
E 8- e
e
S s
S
= 4
2 4
(0]
20
a @®)
18 T
= c P
3 16 a5
= d
= 14 A
Teo e <
2 124 f o _f
= 10
L= I
=)
E s
S
£ 4
-t
2 -
o}
25
o
a
20 A+ T
3 b
e c
o0 15 4 d
E
o e
e £ M
o 10 —
= )
g
2
- 5
O T T
Control Heat

Fig. 2. Interactive effect of heat stress and Zn supply (H X Zn) on the ascorbic acid contents and enzyme activities of chickpea types.

calculated as described by Barr and Weatherley (1962); 2.4. Statistical analysis
RLWC = (W¢ -Wq)/(Ws ~Wq) > 100 The collected data were statistically analyzed with analysis of var-
iance using statistical software CO-Stat (CoHort, Berkeley, CA, USA)
and Least Significant Difference (LSD) test at 5% probability level was
2.3.6. Zinc determination used for mean separation (Steel et al., 1997). The graphs of experi-
To determine the shoot Zn concentration, inductively coupled mental data were developed using Sigma Plot 12.5 version.

plasma (ICP) atomic absorption with a PerkinElmer Optima 5300 DV

optical emission spectrometer (OES-Shelton, CT, USA) was used. The

samples were digested using concentrated H;O» and HNOj3 in a closed

microwave digestion system (MarsExpress, CEM Corp., Matthews, NC,

USA).
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3. Results
3.1. Drought stress experiment

3.1.1. Plant growth and leaf photosynthesis

Drought stress reduced the gas exchange traits, leaf area and bio-
mass accumulation in chickpea. This decline in plant photosynthetic
assessment traits and biomass production was further reduced under
low Zn supply. However, adequate Zn supply enhanced the chickpea
growth and leaf photosynthesis under optimal and drought stress con-
dition. In this regard, the highest leaf CO, net assimilation rate (22%),
PSII efficiency (27%), SLA (33%) and SDW (25%) was recorded under
normal condition with adequate Zn application in desi chickpea com-
pared to kabuli (Table 1).

3.1.2. Relative leaf water content (RLWC)

Drought stress drastically reduced the leaf water content and this
decrease was further worsen by Zn deficiency. Nevertheless, application
of adequate Zn in soil improved the RLWC of both chickpea types;
however, desi chickpea type showed more improvement in RLWC with
Zn application. The maximum RLWC (5.40 and 7.27%) was recorded in
desi chickpea with adequate Zn application under normal and drought
stress conditions respectively (Table 1).

3.1.3. Lipid peroxidation and free leaf proline

Water deficit condition increased the lipid peroxidation and reduced
the leaf proline accumulation which was further accelerated in Zn de-
ficient plants. Nevertheless, addition of adequate Zn in soil reduced the
lipid peroxidation and augmented the leaf free proline accumulation in
chickpea. Minimum leaf MDA contents were recorded in desi chickpea
with adequate Zn application under normal and drought stress condi-
tions (Table 1). Whereas, maximum leaf free proline contents (26%)
were recorded under drought stress with adequate Zn supply in desi
chickpea (Table 1).

3.1.4. Enzymes and shoot Zn concentration

Shoot Zn concentration was reduced in plants grown in soil re-
ceiving low Zn and the decrease in shoot Zn was further reduced under
drought stress condition. Adequate Zn supply enhanced the tissue Zn
level in both chickpea types under both drought and well watered
condition. Maximum shoot Zn concentration was recorded in desi
chickpea (29%) with adequate Zn application under drought stress
compared to kabuli (Table 1). The antioxidant enzyme activities were
increased under drought stress in chickpea and the greater response was
recorded with adequate Zn supply compared to low Zn. Moreover,
application of adequate Zn increased the SOD, APX activities and as-
corbic acid level under normal and drought stress conditions in both
chickpea types. However, the highest activities of SOD (51%), APX
(16%) and ascorbic acid contents (29%) were recorded in drought
stressed plants of desi chickpea supplied with adequate soil Zn com-
pared to kabuli (Fig. 1).

3.2. Heat stress experiment

3.2.1. Plant growth and leaf photosynthesis

Heat stress reduced the growth, leaf photosynthesis and biomass
accumulation in chickpea. The decrease in plant photosynthetic as-
sessment traits and biomass production was further accelerated under
Zn deficiency. The chickpea plants receiving adequate Zn supply ex-
hibited improved growth and leaf photosynthesis under normal and
heat stressed conditions. In this regard, the highest leaf CO, net as-
similation rate (21 and 23%), PSII efficiency (34 and 28%), SLA (18 and
27%) and SDW (33 and 32%) was recorded under normal as well as
heat stress conditions with adequate Zn supply in desi chickpea com-
pared to kabuli (Table 2).
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3.2.2. Relative leaf water content (RLWC)

Heat stress disturbed the plant RLWC and the decline in RLWC was
greater in chickpea plants supplied with low Zn. Nevertheless, the ap-
plication of Zn improved the RLWC of chickpea types; however, desi
chickpea had more improvement than kabuli. The maximum RLWC was
recorded in desi chickpea (1.58 and 3.33%) with adequate Zn applica-
tion under normal and heat stressed conditions (Table 2).

3.2.3. Lipid peroxidation and free leaf proline

Heat stress accelerated the lipid peroxidation and reduced the leaf
free proline accumulation in chickpea. Zinc deficiency further ac-
celerated the lipid peroxidation and reduced the leaf proline accumu-
lation. Nevertheless, addition of adequate Zn in soil reduced the lipid
peroxidation and augmented the leaf free proline accumulation in both
chickpea types. In this regard, minimum leaf MDA contents were re-
corded in desi chickpea with adequate Zn application under normal and
heat stress conditions (Table 2). Whereas, the maximum leaf free pro-
line contents (19%) were recorded under heat stress with adequate Zn
supply in desi chickpea compared to kabuli (Table 2).

3.2.4. Enzymes and shoot Zn concentration

Heat stress limits the Zn accumulation in leaves of chickpea.
However, adequate Zn supply enhanced the tissue Zn level in both
chickpea types under both normal and heat stressed conditions.
Nevertheless, the maximum shoot Zn concentration (27%) was re-
corded in desi chickpea with adequate Zn application under heat stress
(Table 2). The antioxidant enzyme activities were increased under heat
stress in chickpea and the greater response was recorded with adequate
Zn supply compared to low Zn. Moreover, the application of adequate
Zn increased the activities of SOD and APX with high ascorbic acid level
under optimal and heat stress conditions in both chickpea types. The
maximum SOD (48%), APX activities (15%) and ascorbic acid contents
(28%) were recorded under heat stress condition with adequate Zn
supply in desi chickpea (Fig. 2).

4. Discussion

Crop productivity is largely dependent upon plant nutritional status
and environmental stresses. This study demonstrated that drought and
heat stresses exacerbate the low Zn supply on photosynthesis of
chickpea (Tables 1 and 2). Under drought and heat stresses, the growth
and yield of grain legumes is negatively affected due to reduced nu-
trient supply and biosynthesis of carbohydrates (Farooq et al., 2017a,
b). Furthermore, Zn deficiency coupled with drought and heat stress
causes growth and yield losses in chickpea by net reduction in photo-
synthesis (Tables 1 and 2; Khan et al., 2004), PSII function, leaf
chlorophyll contents and damage biological membranes (Awasthi et al.,
2017; Hussain et al., 2019). Nevertheless, the harmful effects of abiotic
stresses on plant photosynthetic traits were counteracted by enhanced
Zn supply as chickpea plants receiving adequate Zn exhibited an in-
crease in leaf CO, net assimilation rate and photosystem II efficiency
under sub-optimal conditions (Tables 1 and 2; Rehman et al., 2019).
Under Zn deficiency, the decrease in photosynthetic traits was due to
reduction in chlorophyll biosynthesis (Rehman et al., 2019) along with
disruption of its biosynthetic pathway and involvement of Zn in
chloroplast functioning and development (Hansch and Mendel, 2009).
Both chickpea types differ for CO, assimilation in response to Zn supply
as higher rate of photosynthesis was recorded in desi chickpea com-
pared to kabuli as desi chickpea was more efficient in Zn uptake (Tables
1 and 2), which have resulted in better chloroplast functioning and
chlorophyll biosynthesis by involvement of Zn in these processes
(Hansch and Mendel, 2009; Rehman et al., 2019).

Under Zn deficiency, Drought and heat stresses decreased the
growth of chickpea by decreasing SLA, SDW and plant water relations
(Tables 1 and 2) due to disruption of water from xylem to elongating
cells and ceased cell division (Farooq et al., 2009, 2017a, b). However,



A. Ullah, et al.

application of adequate Zn supply increased the SLA, SDW with better
RWLC of chickpea under drought and heat stress (Tables 1 and 2) owing
to involvement of Zn in chloroplast functioning and development
(Hansch and Mendel, 2009). Adequate Zn supply improved the plant
biomass and SLA on the account of enhanced leaf photosynthesis,
RLWC, shoot Zn concentration and antioxidant enzymes activities
under sub-optimal conditions (Tables 1 and 2; Figs. 1-2; Rehman et al.,
2019; Faran et al., 2019). In case of interaction of Zn supply and
chickpea types, a better response was recorded in desi chickpea under
both sub-optimal and optimal conditions compared with kabuli as desi
chickpea was more efficient in Zn utpake which helped in better pho-
tosynthetic rate, biomass production and leaf expansion under normal
and stressful growth conditions (Tables 1 and 2; Rehman et al., 2019;
Faran et al., 2019).

Deficiency of Zn along with abiotic stresses (drought and heat)
damage the lipid membranes as was evident from enhanced leaf mal-
ondialdihyde (MDA) contents under abiotic stresses coupled with Zn
deficiency (Tables 1 and 2). Under stressful growth conditions, the heat
and drought stress cause over-production of reactive oxygen species
(ROS), damage cellular membranes (Faran et al., 2019; Hussain et al.,
2019; Rehman et al., 2019) and water relations (Sehgal et al., 2017).
Abiotic stresses (drought and heat) increase the activity of antioxidant
enzymes and in the present study, SOD activity was substantially in-
creased in both chickpea types. However, SOD is a Zn dependent en-
zyme and its activity was low in plants with limited Zn supply (Figs. 1
and 2; Rehman et al., 2019). Likewise, sufficient Zn supply increased
the APX activities, ascorbic acid and free proline level in chickpea
under sub-optimal conditions (Figs. 1 and 2) as enhanced Zn supply
increased the activities of APX (Li et al., 2013). Furthermore, increased
activities of antioxidant enzymes and secondary metabolites in ade-
quate Zn plants of chickpea were due to involvement of Zn in enzyme
activation, protein synthesis and gene regulation (Rehman et al., 2018).
Among the chickpea types, kabuli chickpea is more vulnerable to ROS
damage compared with desi as desi chickpea was more efficient in Zn
uptake and accumulation of free proline under sub-optimal conditions
which helped in better antioxidant activities and membrane stability
(Tables 1 and 2).

The activity of these antioxidants were impeded under low Zn
supply (Figs. 1 and 2), showing the enhanced sensitivity of chickpea to
drought and heat stress due to low capacity to detoxify ROS. Under Zn
deficiency, the activity of SOD-ZnCu decreases and the production of
free radicles increases which induces damage to the plant tissues
(Marschner, 1995; Rehman et al., 2019). Sufficient Zn supply improved
the shoot Zn concentration in chickpea under sub-optimal conditions
(Tables 1 and 2) as adequate supply enhanced the Zn uptake and its
translocation towards root and shoot (Rehman et al., 2019). Moreover,
high intrinsic Zn in stressed plants augmented the antioxidant enzymes
activity particularly SOD which helped in reducing the ROS damage
(Rehman et al., 2019) as was observed in this study. Moreover, increase
in free leaf proline with adequate Zn supply under abiotic stresses
(Tables 1 and 2) protects the plants against ROS damage (Farooq et al.,
2018a, b) and improved tolerance in chickpea against heat and drought
stresses by maintaining SLA (Tables 1 and 2), CO, assimilation and
efficiency of PSII (Tables 1 and 2) by involvement of Zn in chlorophyll
biosynthesis and carbonic anhydrase activity (Cakmak, 2000).

5. Conclusions

Drought and heat along with Zn deficiency reduced the chickpea
growth by limiting the photosynthesis, water relation, specific leaf area,
biomass production and enzymes activity. However, sufficient Zn
supply under abiotic stresses improved the chickpea growth, and pho-
tosynthesis by regulating the PSII efficiency, improving the water re-
lations, leaf free proline, antioxidant enzymes activity (SOD, and APX)
and leaf Zn concentration. Desi chickpea was more efficient in Zn up-
take and accumulation of free proline and performed better than kabuli
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under both optimal and sub-optimal conditions.
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