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A B S T R A C T   

Our aim was to understand how moderately increased light intensities influenced the response of chickpea to 
high temperature. Three chickpea genotypes (Acc#3, Acc#7 and Acc#8) were treated at control (26 �C and 300 
μmol m� 2 s� 1 photosynthetic photon flux density/PPFD), high temperature (38 �C and 300 μmol m� 2 s� 1 PPFD), 
increased light intensity (26 �C and 600 μmol m� 2 s� 1 PPFD) and combination of increased light and temperature 
(38 �C and 600 μmol m� 2 s� 1 PPFD). The net photosynthetic rate (PN) of Acc#3 and Acc#8 significantly 
decreased at high temperature regardless of light intensity. The PN of all three genotypes at increased light in
tensity was significantly higher than that at high temperature. The intracellular CO2 concentration (Ci), stomatal 
conductance (gs) and transpiration rate (E) of Acc#3 and Acc#8 at increased light intensity with or without high 
temperature significantly decreased in comparison with control and individually high temperature treatment. 
The relative water content of Acc#3 at high temperature and the combination treatment decreased as compared 
with control. The relative water content of Acc#7 at control was higher than the other three treatments. The Fv/ 
Fm (Maximum quantum efficiency of photosystem II) of leaves from the three genotypes at 38 �C were lower than 
at 26 �C regardless of light intensity. The high temperature decreased chlorophyll content in the lower bottom 
leaf of Acc#7 and Acc#8 than control. In conclusion, chickpeas showed a higher net photosynthetic rate at 
increased light intensity to withstand heat stress, which was genotype-dependent. Physiological responses of 
different chickpea genotypes to increased temperature and light intensity indicated that distinct responsive 
mechanism of photosynthesis. This study provides information on how chickpea respond to high temperature 
and increased light intensity, which will help us to improve chickpea to deal with future climate changes.   

1. Introduction 

Chickpea (Cicer arietinum L.) is an important cool-season food 
legume that is globally grown due to its high nutrition quality and ability 
to improve soil fertility (Awasthi et al., 2014). Chickpea is one of most 
significant pulse crop with 14.56 million ha growth area across more 
than 50 countries (FAOSTAT, 2017). The range in change rate and 
average value of global-mean temperature is higher by the year of 2020 
than the historical period (Smith et al., 2015). The steadily increased 
temperature, especially in tropical and subtropical regions, lead to 
growth inhibition and massive yield loss of various crops (Kaushal et al., 
2013; Gaur et al., 2014; Balfag�on et al., 2019). Optimal temperatures for 
the growth and development of chickpea is in a broad range from 10 �C 

to 30 �C (Gaur et al., 2019). Chickpea is quite sensitive to heat stress 
especially at its reproductive growth stage, resulting in significant yield 
loss of chickpea at high temperature (Kaushal et al., 2013; Gaur et al., 
2019). Chickpea experiences significantly yield losses when exposed to 
high temperature especially at the reproductive stage (Gaur et al., 
2014). The photosynthetic apparatus is recognized as one of the most 
sensitive components of chickpea to heat stress (Kaushal et al., 2013). 
Besides, high temperature (�32 �C) decreased stomatal conductance 
(gs), water content, chlorophyll content and photochemical efficiency 
with a larger effect on heat-sensitive chickpea than heat-tolerant geno
types (Kaushal et al., 2013). Moreover, it is worth noting that large 
genetic variation in heat susceptibility were reported in chickpea ac
cording to Awasthi et al. (2014) and Krishnamurthy et al. (2011), 
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leading to heat-sensitive and tolerant chickpea identification. Mea
surements of chlorophyll fluorescence parameter such as Fv/Fm or 
maximum quantum efficiency of PSII (photosystem II) is an efficient way 
to determine the damage of stress on PSII (Baker and Rosenqvist, 2004). 
Makonya et al. (2019) found that heat-tolerant chickpeas showed not 
only higher Fv/Fm, but also higher photosynthetic rates and grain yield 
than sensitive chickpeas at a warmer site in South Africa. These previous 
studies focused on the physiological effects of the individual heat stress 
on chickpea genotypes with different heat susceptibilities. 

More importantly, plants growing under natural field conditions are 
affected by the interaction of different environmental factors (Mittler, 
2006; Carvalho et al., 2016). Temperature and light are examples of 
environment factors that could differ between environments and affect 
plant growth and development (Szyma�nska et al., 2017). Crop produc
tion is based on plant photosynthesis that is affected by temperature and 
light (Gao et al., 2019). Moreover, high temperatures often occur 
together with other abiotic stresses such as high light intensity under 
field condition (Balfag�on et al., 2019). The joint effect of heat stress and 
high light on various plants is well documented (Sandhu and Hodges, 
1971; Zhao et al., 2011; Gao et al., 2019). For instance, high tempera
ture (40 �C) and very high light (1500 μmol m� 2 s� 1) for 3 h had 
negative effects on photosynthetic capacity of bayberry (Gao et al., 
2019). Similarly, high temperature (36 �C) and very high light (1800 
μmol m� 2 s� 1) stress for 2 h caused damages on D1 protein and photo
system II (PSII) with low photosynthetic capacity of wheat leaves (Zhao 
et al., 2011). Chickpea plants at 28,063 lux light intensity provided by 
fluorescent and incandescent lamps for 16 h and 22.5 �C generated more 
flowers and seeds than the other treatment combination (16,136 lux 
light intensity, 8 h or 12 h photoperiods and 15 �C or 30 �C) (Sandhu and 
Hodges, 1971). Tomato plants acclimate better to the combination of 
high light (800 μmol m� 2 s� 1) and elevated temperature (38/29 �C) for 6 
days than individual treatment (Gerganova et al., 2016). However, the 
physiological response of the chickpea to different light intensity is 
lacking and the information on the interactive effects of increased light 
and heat stress on chickpea physiology remained unclear. 

With the global climate change, understanding the adaptation re
sponses and strategies to complex environmental conditions is urgent for 
improving global food security (Bowne et al., 2018; Dhankher and 
Foyer, 2018). Knowledge on how different chickpea genotypes deal with 
the co-occurrence of increased temperature and light intensity play a 
crucial role in crop management and genetic improvement for climate 
tolerance. Since anthesis stage is a key reproductive growth stage that 
was more sensitive to high temperature than seedling stage, three 
chickpea genotypes at anthesis stage with known differences in heat 
stress were treated at control, high temperature, increased light and 
their combination in this study. Our aim was to understand the effect of 
moderately increased light intensity on the physiological response of 
different chickpea genotypes to heat stress. We hypothesized that a) the 
physiological responses of chickpeas to the combination of high tem
perature and increased light depended on genotype and b) moderately 
increased light intensity might alleviate the damage of high temperature 
on chickpea’s photosynthesis. The knowledge will enhance our ability to 
understand how chickpea deal with climate changes and be beneficial 
for crop improvement. 

2. Materials and methods 

The chickpea seeds of genotypes named Acc#3, Acc#7 and Acc#8 
were provided by University of Venda, South Africa. The three geno
types were originally from India, which is the top producer country of 
chickpea (FAOSTAT, 2017). The three genotypes were chosen since 1) 
they showed different heat susceptibilities; 2) they reached anthesis 
stage at similar age in our preliminary trial. The seeds were sown in 
plastic pots (11 cm/9 cm, diameter/height) with commercial substrate 
(Pindstrup 2; Pindstrup Mosebrug A/S, Ryomgaard, Denmark) on 7th, 
Dec 2018 in a greenhouse. The environmental parameters of the 

greenhouse were set to 23/16 �C (day/night), ambient CO2 concentra
tion (405 ppm) and 50 � 10% RH (relative humidity). Supplementary 
light was provided with LED lamps (Senmatic Fionia Lighting, FL300, 
Senmatic Søndersø Denmark) and the actual light intensity was 
150–220 μmol m� 2 s� 1 during the day period in the greenhouse. The 
plants were irrigated twice a day with nutrient solution (pH ¼ 6, EC ¼
2.18, NH4 ¼ 10.9%, N ¼ 191 ppm, P ¼ 35 ppm, K ¼ 275 ppm, Mg ¼ 40 
ppm, Ca ¼ 140 ppm). 

After 38 days the plants reached anthesis stage and were moved to 
climate chamber on 15th, Jan 2019 for treatments. The plants were 
treated at (1) 26 �C and 300 μmol m� 2 s� 1 photosynthetic photon flux 
density (PPFD) (control); (2) 38 �C and 300 μmol m� 2 s� 1 PPFD (high 
temperature treatment); (3) 26 �C and 600 μmol m� 2 s� 1 PPFD 
(increased light treatment) and (4) 38 �C and 600 μmol m� 2 s� 1 PPFD 
(combined treatment). The four treatments started from 16:00 p.m. on 
day 0 and lasted 18 h with six uniform sized plants per genotype per 
treatment, during which the plants were irrigated three times to avoid 
water deficit. The light source in the chambers were Sunlight FL300 
(Fionia, Søndersø, Denmark). The light level was determined at the level 
of the seedlings’ height when they were moved in the chambers using an 
LI-250A quantum sensor (LI-COR, Lincoln, NE, USA). The five locations 
were randomly chosen in the chambers for the light level measurements. 

2.1. Gas exchange 

The second full-expanded top leaf was chosen for gas exchange 
measurements with three replications starting from 16 h of the treat
ments (8:00 a.m. on day 1) and lasting for 2 h. The 1.7 cm2 cuvette was 
fully covered by the whole leaf with no visible gap between each small 
leaflet. This was feasible by removing the light source before putting the 
leaf into the cuvette. Then, we covered the cuvette by the whole leaf 
when we can check though the top of the cuvette. After carefully 
checking that the cuvette was fully covered by the leaf, the light source 
was put on. Four parameters including PN (net photosynthetic rate), Ci 
(intracellular CO2 concentration), gs and E (transpiration rate) were 
measured using a portable photosynthesis system (CIRAS-2, PP Systems, 
Amesbury, USA). The cuvette settings were 26 �C and 38 �C with 300 
μmol m� 2 s� 1 PPFD for control and high temperature, respectively. By 
comparison, the cuvette settings were 26 �C and 38 �C with 600 μmol 
m� 2 s� 1 PPFD for increased light and combination, respectively. The 
leaves were placed in 1.7 cm2 cuvette with 400 μmol m� 2 s� 1 CO2 
concentration and 40–70% RH with 0.7–2.4 kPa VPD. The results of the 
measurements were taken records every 10 s when the four parameters 
were steady. The last six records were averaged as the result. 

2.2. Chlorophyll fluorescence, chlorophyll content and leaf temperature 

The second full-expanded top and bottom leaf were used for chlo
rophyll fluorescence measurements by both Handy PEA (Hansatech In
strument, King’s Lynn, England) and Mini PAM (Walz, Effeltrich, 
Germany). The measurements were performed after 18 h of the treat
ments when the gas exchange measurements were finished. Then, the 
leaves were dark-adapted for 30 min with a leaf clip before the mea
surements of Fv/Fm with four replications. 

Chlorophyll content of the top and bottom leaf were determined by 
Dualex 4 (ForceA, Orsay, France) with four replications from four 
different plants. For each plant, three leaflets were measured after 18 h 
of the treatments and the results were averaged per plant. 

Leaf temperature with four replications was measured using a 
Raynger 3i infrared gun (Raytek, Santa Cruz, CA, USA) after about 18 h 
of the treatments on the top leaf. 

2.3. Destructive measurements 

The top leaf was sampled after 16 h of the treatments to measure leaf 
relative water content (three replications) and water loss rate (four 
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replications). Fresh weight (FW) was immediately determined after 
cutting. Turgid weight (TW) was measured after immersing the leaf in 
the dd-H2O for 4 h at room temperature. Dry weight (DW) was deter
mined after dying the leaf in an oven for 24 h at 80 �C. The relative water 
content (%) was calculated as [(FW – DW)/(TW - DW)]. Water loss rate 
(%) was calculated as [(FW0min - FWxmin)/FW0min] � 100. The FW of leaf 
was determined at 0 min, 10 min, 15 min, 20 min, 30 min, 45 min, 1 h, 2 
h, 3 h, 4 h and 5 h after taking the samples. 

2.4. Data analysis 

Analysis of variance (ANOVA) between the physiological parameters 
of chickpea at the control, high temperature, increased light and com
bination were performed using SPSS 16.0 (SPSS Inc. Chicago, IL, USA). 
The ANOVA was conducted among the treatments within each geno
type. Pearson correlation between leaf temperature and gas exchange 
parameters as well as between environmental settings and gas exchange 
parameters were conducted using SPSS 16.0. 

3. Results 

The PN of Acc#3 and Acc#8 at high temperature significantly 
decreased as compared with 26 �C at both 300 μmol m� 2 s� 1 PPFD 
(44.61%, 43.01%) and 600 μmol m� 2 s� 1 PPFD (50.23%, 46.54%) 
(Fig. 1A). The PN of Acc#7 at 600 μmol m� 2 s� 1 PPFD was significantly 
higher (61.70%) than that at high temperature (Fig. 1A). As compared 
with control, the Ci and E of Acc#3 at high temperature significantly 
increased (12.83%, 53.82%), while that of Acc#3 at 600 μmol m� 2 s� 1 

PPFD both with 26 �C (40.61%, 49.97%) and 38 �C (20.55%, 43.05%) 
significantly decreased (Fig. 1B and D). The Ci and E of Acc#8 at 600 
μmol m� 2 s� 1 PPFD were significantly lower than that at 300 μmol m� 2 

s� 1 PPFD with both 26 �C (32.15%, 64.49%) and 38 �C (12.86%, 
28.17%) (Fig. 1B and D). The gs of Acc#3 and Acc#8 at 600 μmol m� 2 

s� 1 PPFD significantly decreased as compared with that at 300 μmol m� 2 

s� 1 PPFD at both 26 �C (68.86%, 72.39%) and 38 �C (70.05%, 62.20%) 
(Fig. 1C). The leaf temperature of the three genotypes at 38 �C were 
significantly higher than that at 26 �C both with 300 μmol m� 2 s� 1 PPFD 
(55.47%, 50.36%, 57.35%) and 600 μmol m� 2 s� 1 PPFD (55.13%, 
50.59%, 58.09%) (Fig. S1). 

The relative water content of Acc#3 at 38 �C at both light levels (300 
and 600 μmol m� 2 s� 1 PPFD) was significantly lower than control 
(5.85%, 6.41%) (Fig. 2). The relative water content of Acc#7 at control 
was significantly higher than that at high temperature (9.11%), 
increased light (6.01%) and combination (5.97%) (Fig. 2). The water 
loss rate of Acc#3 and Acc#8 at 38 �C both with 300 and 600 μmol m� 2 

s� 1 PPFD and at 26 �C with 600 μmol m� 2 s� 1 PPFD at the time points 

Fig. 1. (A) Net photosynthetic rate (PN), (B) intracellular CO2 concentration (Ci), (C) stomatal conductance (gs) and (D) transpiration rate (E) in the second fully 
expanded top leaves from three chickpea genotypes at the treatments for 18 h ‘Control’, 26 �C þ 300 μmol m� 2 s� 1; ‘High temperature’, 38 �C þ 300 μmol m� 2 s� 1; 
‘Increased light’, 26 �C þ 600 μmol m� 2 s� 1; ‘Combination’, 38 �C þ 600 μmol m� 2 s� 1. The data represent average values � SD (n ¼ 3). 

Fig. 2. Relative water content of the second fully expanded top leaves from 
three chickpea genotypes at the treatments for 18 h ‘Control’, 26 �C þ 300 
μmol m� 2 s� 1; ‘High temperature’, 38 �C þ 300 μmol m� 2 s� 1; ‘Increased light’, 
26 �C þ 600 μmol m� 2 s� 1; ‘Combination’, 38 �C þ 600 μmol m� 2 s� 1. The data 
represent average values � SD (n ¼ 3). 
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from 10 min to 4 h after taking samples were significantly lower than 
control (Fig. 3). 

The Fv/Fm of the top leaf from Acc#3 at 38 �C irrespective of light 
level were significantly lower than the control using Handy PEA 
(Fig. 4A). The Fv/Fm of the top leaf from Acc#7 at control condition were 
significantly higher than high temperature (3.02%), increased light 
(1.23%) and combination (2.77%) (Fig. 4A). By comparison, the Fv/Fm 
of the top leaf from Acc#8 at 38 �C with 600 μmol m� 2 s� 1 PPFD was 
significantly lower than control (3.58%), high temperature (2.09%) and 
increased light (3.78%) (Fig. 4A). The Fv/Fm of the bottom leaf from all 
genotypes at 38 �C both with 300 and 600 μmol m� 2 s� 1 PPFD were 
significantly lower than control except that of Acc#3 at 38 �C with 300 
μmol m� 2 s� 1 PPFD (Fig. 4C). The Fv/Fm of the top and the bottom leaf 
from the three genotypes at 38 �C both with 300 and 600 μmol m� 2 s� 1 

PPFD by Mini PAM were significantly lower than control except that of 
Acc#8 at 38 �C with 300 μmol m� 2 s� 1 PPFD (Fig. 4B and D). 

The chlorophyll content of both top and bottom leaf from Acc#3 at 
600 μmol m� 2 s� 1 PPFD was significantly higher than the other three 
treatments (Fig. 5A and B). By comparison, the chlorophyll content of 
the top leaf of Acc#7 at 600 μmol m� 2 s� 1 PPFD with both 26 �C and 38 
�C significantly increased as compared with that at 300 μmol m� 2 s� 1 

PPFD with 38 �C (30.61% and 19.02%, respectively) (Fig. 5A). The 
chlorophyll content of the top leaf of Acc#8 at 600 μmol m� 2 s� 1 PPFD 
with 26 �C were significantly higher than that at 300 μmol m� 2 s� 1 PPFD 
with 38 �C (24.98%) (Fig. 5A). The chlorophyll content of bottom leaf 
from Acc#7 and Acc#8 at 38 �C significantly decreased as compared 
with that at 26 �C with both 300 μmol m� 2 s� 1 (22.37% and 22.63%, 
respectively) and 600 μmol m� 2 s� 1 (29.59% and 23.78%, respectively) 
PPFD (Fig. 5B). 

The leaf temperature by infrared gun and CIRAS was significantly 
positively correlated (R ¼ 0.988**) (Fig. 6A). The PN was significantly 
negatively correlated with the leaf temperature by infrared gun (R ¼ - 
0.813**) and CIRAS (R ¼ 0.-853**) (Fig. 6B and C). The E was signifi
cantly positively correlated with gs and Ci (R ¼ 0.887** and 0.907**) 
(Fig. 6D and E). The gs was significantly positively correlated with the Ci 
(R ¼ 0.814**) (Fig. 6F). Moreover, temperature was significantly 
negatively correlated with PN (R ¼ - 0.825**), while the light intensity 
was significantly negatively correlated with the Ci, gs and E (R ¼ - 
0.818**, - 0.714** and - 0.741**) (Fig. 7). Thereby, heat stress resulted 
in lower PN while increased light caused decreased the Ci, gs and E. 

The three main factors (genotype, temperature and light intensity) 
had significant effects on the PN, Ci and E (Table S1). The gs was 
significantly affected by genotype and light intensity, while the leaf 
temperature by infrared gun was significantly affected by temperature 
and light intensity (Table S1). The interaction between genotype and 
light intensity had significant effects on gs and E (Table S1). By com
parison, the interaction between genotype and temperature, 

temperature and light intensity significantly affected leaf temperature 
by infrared gun and Ci (Table S1). 

4. Discussion 

Abiotic stresses such as high temperature are expected to aggravate 
due to climate change, which are primary restrictions to the production 
of chickpea-a cool season crop (Gaur et al., 2019). In addition to tem
perature, light intensity is of particular interest among environmental 
factors, which affect photosynthesis (Szyma�nska et al., 2017). High light 
levels usually induce photoinhibition, leading to decreased photosyn
thetic capacity in plants (Zhao et al., 2011; Gao et al., 2019). Avoidance 
of photoinhibition is key for plant growth and production (Takahashi 
et al., 2002). Photoinhibition did not occur in this study as the light 
intensity were not very high, and no significant decline in PN and Fv/Fm 
of all genotypes at higher light was seen. This explained why the 
increased light did not aggravate the damage of heat stress on chickpea. 
Accordingly, moderate light levels (1000 μmol m� 2 s� 1) had a protective 
effect on PSII when barley was exposed to heat stress (42 �C) for 5 h as 
indicated by fluorescence, thermoluminescence and O2 evolution 
(Georgieva et al., 2003). More interesting, tomato plants acclimate 
better to the combination of high light (800 μmol m� 2 s� 1) and elevated 
temperature (38/29 �C) for 6 days than to individual treatment from the 
perspective of both photosystems activity (Faik et al., 2016; Gerganova 
et al., 2016). The doubling light intensity enhanced the PN of Acc#3 at 
high temperature as indicated by higher PN of Acc#3 at combined 
treatment than that at high temperature. However, this trend was not 
observed in Acc#7 and Acc#8, suggesting the effect of higher light in
tensity on the photosynthesis of chickpea at heat stress was 
genotype-dependent. 

Due to the high sensitivity of the photosynthesis to heat stress, lower 
net photosynthesis rate was observed in heat-sensitive tomato at heat 
stress (Zhou et al., 2015). Similarly, heat-sensitive chickpea genotypes 
had lower photosynthetic function at high temperature (Kaushal et al., 
2013; Makonya et al., 2019). In accordance, unfavorably higher leaf 
temperature due to heat stress resulted in lower PN since both leaf 
temperature and temperature setting exhibited significantly negatively 
correlation with PN. Here, the negative effects of high temperature were 
less pronounced in Acc#7 than in Acc#3 and Acc#8 as indicated by PN 
under moderate light levels. This implied that Acc#7 was more tolerant 
to heat stress than the other two genotypes, which was also reported by 
Makonya et al. (2019). The low PN could be due to stomatal limitation 
with decreased Ci and non-stomatal limitation with unaffected Ci (Von 
Caemmerer and Farquhar, 1981) Reduced PN together with unaffected 
Ci in chickpea at high temperature was caused by non-stomatal limita
tion, which agreed with our findings in tomato (Zhou et al., 2015). 
However, the low PN in chickpea at high temperature and higher light 

Fig. 3. Water loss rate of the second fully expanded top leaves from three chickpea genotypes at the treatments for 18 h ‘Control’, 26 �C þ 300 μmol m� 2 s� 1; ‘High 
temperature’, 38 �C þ 300 μmol m� 2 s� 1; ‘Increased light’, 26 �C þ 600 μmol m� 2 s� 1; ‘Combination’, 38 �C þ 600 μmol m� 2 s� 1. The data represent average values 
� SD (n ¼ 4). 
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intensity was due to stomatal limitation where low gs was accompanied 
by decreased Ci. Here, the Ci, gs and E was significantly correlated with 
light intensity setting despite the significant correlation between PN and 
temperature setting. Thereby, there were different responsive and reg
ulatory mechanism in the chickpea genotypes to high temperature and 
increased light intensity. 

The relative water content, a quantitative indicator of leaf water 
status, was lower in the four chickpea genotypes with contrasting heat 
sensitivities at high temperature than control during reproductive stage 
(Kaushal et al., 2013). This could be due to a reduction in water uptake 
and increased water loss. The relative water content decreased in three 
tomato genotypes after five days of drought (no irrigation) but not heat 
(32/26 �C) (Zhou et al., 2017). We found that relative water content of 
Acc#3 and Acc#7 at high temperatures irrespective of light intensity 
was lower than control, while that of Acc#8 showed no significant dif
ference. This suggested that there was genotype difference in leaf water 
status induced by heat stress. The drop in the relative water content of 
Acc#7 at high temperature, increased light and their combination cor
responded to no difference in gs. Nevertheless, the difference in relative 
water content of Acc#8 did not correspond to decreased gs at the three 
treatments, indicating that regulation of gs was closely related to leaf 
water status (Kaushal et al., 2013). 

PSII reaction center in leaf chloroplasts is a primary apparatus that is 
sensitive to stress conditions such as heat and high light (Su et al., 2014). 
Chlorophyll fluorescence is a non-invasive and effective index to detect 
the damage of stress on PSII (Baker and Rosenqvist, 2004). Fv/Fm was 
reported to decrease in heat-sensitive chickpea at high temperature 
conditions (Makonya et al., 2019). Here, in most cases, the Fv/Fm of the 
top and bottom leaves in the three chickpea genotypes decreased at 38 
�C regardless of light intensity as compared with control and increased 
light condition. However, the chlorophyll fluorescence parameters 
including Fv/Fm was unchanged for heat-tolerant chickpeas such as 
Acc#7 (Makonya et al., 2019). The inconsistent result could be due to 
the treatment difference between well-controlled climate chamber and 

Fig. 4. Fv/Fm by Handy PEA and Mini PAM in the second fully expanded top (A, B) and bottom (C, D) leaves of three chickpea genotypes at the treatments for 18 h 
‘Control’, 26 �C þ 300 μmol m� 2 s� 1; ‘High temperature’, 38 �C þ 300 μmol m� 2 s� 1; ‘Increased light’, 26 �C þ 600 μmol m� 2 s� 1; ‘Combination’, 38 �C þ 600 μmol 
m� 2 s� 1. The data represent average values � SD (n ¼ 4). 

Fig. 5. Non-destructively measured chlorophyll content by Dualex 4 in the 
second fully expanded top (A) and bottom (B) leaves from three chickpea ge
notypes at the treatments for 18 h ‘Control’, 26 �C þ 300 μmol m� 2 s� 1; ‘High 
temperature’, 38 �C þ 300 μmol m� 2 s� 1; ‘Increased light’, 26 �C þ 600 μmol 
m� 2 s� 1; ‘Combination’, 38 �C þ 600 μmol m� 2 s� 1. The data represent average 
values � SD (n ¼ 4). 

R. Zhou et al.                                                                                                                                                                                                                                    



Plant Physiology and Biochemistry 154 (2020) 353–359

358

field conditions. The direct damage of high temperature on chloroplast 
membranes in plants might be chlorophyll loss (Kotak et al., 2007). We 
found that the chlorophyll content of the bottom leaves in Acc#7 and 
Acc#8 at high temperature and the combination of treatments were 
lower than that at control and increased light intensity, indicating that 
heat stress accelerated the leaf senescence. Our results on chlorophyll 
loss corresponded to previous studies on chickpea subjected to heat 
stress (Kumar et al., 2012). The low chlorophyll content, in turn, 
reduced chlorophyll fluorescence in chickpea at high temperature. 
Chlorophyll loss also results in a loss of photosynthesis, which occurred 
to a larger extent in Acc#8 and Acc#3 than Acc#7. 

Based on the responses of the three chickpea genotypes, moderately 
increased light intensity decreased Ci, gs and E regardless of tempera
ture, while high temperature increased leaf temperature and decreased 
PN, Fv/Fm and chlorophyll content regardless of light. Even though the 

physiological responses of chickpea in the lab could be different from 
those under open fields, the results are beneficial for understanding 
plant response and adaption as well as managing crop. Chickpea leaf of 
Acc#3 showed a higher PN at the combination of high temperature and 
moderately increased light than that at high temperature, while it did 
not occur for Acc#7 and Acc#8. Thereby, each genotype showed spe
cific physiological responses to high temperature and moderately 
increased light, indicating that chickpea adapt to the different temper
ature and light intensity. This study help to understand the response of 
chickpea to high temperature and increased light intensity, which will 
contribute to chickpea improvement to deal with future climate 
changes. 

Fig. 6. Correlation between leaf temperature and gas exchange parameters of three chickpea genotypes. ** indicated that the correlation is significant at 0.01 level.  

Fig. 7. Correlation between environmental settings and gas exchange parameters of three chickpea genotypes. ** indicated that the correlation is significant at 
0.01 level. 
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physiological response of the grapevine varieties Touriga Nacional and Trincadeira 
to combined heat, drought and light stresses. Plant Biol. 18, 101–111. 

Dhankher, O.P., Foyer, C.H., 2018. Climate resilient crops for improving global food 
security and safety. Plant Cell Environ. 41, 877–884. 

Faik, A., Popova, A.V., Velitchkova, M., 2016. Effects of long-term action of high 
temperature and high light on the activity and energy interaction of both 
photosystems in tomato plants. Photosynthetica 54, 611–619. 

FAOSTAT, 2017. http://faostat.fao.org/faostat/. 
Gao, Y.B., Zheng, W.W., Zhang, C., Zhang, L.L., Xu, K., 2019. High temperature and high 

light intensity induced photoinhibition of bayberry (Myrica rubra Sieb. et Zucc.) by 
disruption of D1 turnover in photosystem II. Sci. Hortic. 248, 132–137. 

Gaur, P.M., Jukanti, A.K., Samineni, S., Chaturvedi, S.K., Basu, P.S., Babbar, A., 
Jayalakshmi, V., Nayyar, H., Devasirvatham, V., Mallikarjuna, N., et al., 2014. 

Climate Change and Heat Stress Tolerance in Chickpea. Climate Change and Plant 
Abiotic Stress Tolerance. Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, 
Germany, pp. 837–856. 

Gaur, P.M., Samineni, S., Thudi, M., Tripathi, S., Sajja, S.B., Jayalakshmi, V., Mannur, D. 
M., Vijayakumar, A.G., Ganga Rao, N.V., Ojiewo, C., Fikre, A., 2019. Integrated 
breeding approaches for improving drought and heat adaptation in chickpea (Cicer 
arietinum L.). Plant Breed. 138, 389–400. 

Georgieva, K., Fedina, I., Maslenkova, L., Peeva, V., 2003. Response of chlorina barley 
mutants to heat stress under low and high light. Funct. Plant Biol. 30, 515–524. 

Gerganova, M., Popova, A.V., Stanoeva, D., Velitchkova, M., 2016. Tomato plants 
acclimate better to elevated temperature and high light than to treatment with each 
factor separately. Plant Physiol. Biochem. (Paris) 104, 234–241. 

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

Kotak, S., Larkindale, J., Lee, U., von Koskull-D€oring, P., Vierling, E., Scharf, K.D., 2007. 
Complexity of the heat stress response in plants. Curr. Opin. Plant Biol. 10, 310–316. 

Krishnamurthy, L., Gaur, P.M., Basu, P.S., Chaturvedi, S.K., Tripathi, S., Vadez, V., 
Rathore, A., Varshney, R.K., Gowda, C.L.L., 2011. Large genetic variation for heat 
tolerance in the reference collection of chickpea (Cicer arietinum L.) germplasm. 
Plant Genet Resour 9, 59–69. 

Kumar, S., Kaushal, N., Nayyar, H., Gaur, P., 2012. Abscisic acid induces heat tolerance 
in chickpea (Cicer arietinum L) seedlings by facilitated accumulation of 
osmoprotectants. Acta Physiol. Plant. 34, 1651–1658. 

Makonya, G.M., Ogola, J.B., Muasya, A.M., Crespo, O., Maseko, S., Valentine, A.J., 
Ottosen, C.O., Rosenqvist, E., Chimphango, S.B., 2019. Chlorophyll fluorescence and 
carbohydrate concentration as field selection traits for heat tolerant chickpea 
genotypes. Plant Physiol. Biochem. (Paris) 141, 172–182. 

Mittler, R., 2006. Abiotic stress, the field environment and stress combination. Trends 
Plant Sci. 11, 15–19. 

Sandhu, S.S., Hodges, H.F., 1971. Effects of photoperiod, light Intensity, and temperature 
on vegetative growth, flowering, and seed production in Cicer arietinum L. Agron. J. 
63, 913–914. 

Smith, S.J., Edmonds, J., Hartin, C.A., Mundra, A., Calvin, K., 2015. Near-term 
acceleration in the rate of temperature change. Nat. Clim. Change 5, 333. 

Su, X., Wu, S., Yang, L., Xue, R., Li, H., Wang, Y., Zhao, H., 2014. Exogenous 
progesterone alleviates heat and high light stress-induced inactivation of 
photosystem II in wheat by enhancing antioxidant defense and D1 protein stability. 
Plant Growth Regul. 74, 311–318. 

Szyma�nska, R., �Slesak, I., Orzechowska, A., Kruk, J., 2017. Physiological and 
biochemical responses to high light and temperature stress in plants. Environ. Exp. 
Bot. 139, 165–177. 

Takahashi, S., Tamashiro, A., Sakihama, Y., Yamamoto, Y., Kawamitsu, Y., Yamasaki, H., 
2002. High-susceptibility of photosynthesis to photoinhibition in the tropical plant 
Ficus microcarpa L. f. cv. Golden Leaves. BMC Plant Biol. 2, 2. 

Von Caemmerer, S.V., Farquhar, G.D., 1981. Some relationships between the 
biochemistry of photosynthesis and the gas exchange of leaves. Planta 153, 376–387. 

Zhao, H.J., Zhao, X.J., Ma, P.F., Wang, Y.X., Hu, W.W., Li, L.H., Zhao, Y.D., 2011. Effects 
of salicylic acid on protein kinase activity and chloroplast D1 protein degradation in 
wheat leaves subjected to heat and high light stress. Acta Ecol. Sin. 31, 259–263. 

Zhou, R., Yu, X., Kjær, K.H., Rosenqvist, E., Ottosen, C.O., Wu, Z., 2015. Screening and 
validation of tomato genotypes under heat stress using Fv/Fm to reveal the 
physiological mechanism of heat tolerance. Environ. Exp. Bot. 118, 1–11. 

Zhou, R., Yu, X., Ottosen, C.O., Rosenqvist, E., Zhao, L., Wang, Y., Yu, W., Zhao, T., 
Wu, Z., 2017. Drought stress had a predominant effect over heat stress on three 
tomato genotypes subjected to combined stress. BMC Plant Biol. 17, 24. 

R. Zhou et al.                                                                                                                                                                                                                                    

https://doi.org/10.1016/j.plaphy.2020.06.030
https://doi.org/10.1016/j.plaphy.2020.06.030
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref1
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref1
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref1
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref2
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref2
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref2
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref3
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref3
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref3
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref4
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref4
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref5
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref5
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref5
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref6
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref6
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref7
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref7
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref7
http://faostat.fao.org/faostat/
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref9
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref9
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref9
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref10
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref10
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref10
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref10
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref10
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref11
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref11
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref11
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref11
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref12
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref12
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref13
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref13
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref13
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref14
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref14
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref14
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref14
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref15
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref15
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref16
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref16
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref16
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref16
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref17
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref17
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref17
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref18
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref18
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref18
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref18
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref19
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref19
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref20
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref20
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref20
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref21
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref21
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref22
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref22
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref22
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref22
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref23
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref23
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref23
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref24
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref24
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref24
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref25
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref25
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref26
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref26
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref26
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref27
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref27
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref27
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref28
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref28
http://refhub.elsevier.com/S0981-9428(20)30311-9/sref28

	Genotype-dependent responses of chickpea to high temperature and moderately increased light
	1 Introduction
	2 Materials and methods
	2.1 Gas exchange
	2.2 Chlorophyll fluorescence, chlorophyll content and leaf temperature
	2.3 Destructive measurements
	2.4 Data analysis

	3 Results
	4 Discussion
	Declaration of competing interest
	CRediT authorship contribution statement
	Acknowledgments
	Appendix A Supplementary data
	References


