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Abstract 
 
Soybean is one of the most economically important crops and has experienced adverse physiological and biochemical effects when 
subjected to drought stress and heat, resulting in lost productivity. Thus, the objective of this work was to evaluate the 
physiological, metabolic and growth responses of well-watered and drought-treated soybean cultivars under high temperature. The 
experimental design was set up in randomized blocks, in a factorial scheme with three soybean cultivars (7739 M, Anta 82 and 
Desafio) and two water levels (100% and 40% field capacity). The experiment was conducted in a controlled growth chamber with a 
gradual rise in temperature at 41°C for 5 hours daily. Morpho-physiological and metabolic analyses were performed 12 days after 
the treatments imposition. The parameters of water and osmotic potentials, relative water content, photosynthetic rate, stomatal 
conductance, transpiratory rate, electron flux for the carboxylation and oxygenation of RuBisCO were decreased for all cultivars 
under water deficit and high temperature. The results showed that the photorespiration and the rate of electrolyte leakage were 
increased as well. These results showed that these physiological behaviors are standard for soybean plants under water deficit, 
regardless of cultivars. The cultivars 7739 M and Desafio showed lower performance than the cultivar Anta 82 for the parameters 
of total electron flow and effective quantum yield of PS II. The 7739 M and Anta 82 were the only cultivars to show increased non-
photochemical quenching dissipation and total soluble sugar content, respectively, under stress conditions. Desafio cultivar 
demonstrated greater physiological and growth traits stability, which could potentially indicate double tolerance to these stresses.  
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Introduction 
 
Soybean (Glycine max (L.) Merrill) is one of the most 
economically important crops in the world. The central west 
region is the largest producer in Brazil (Conab, 2016). This 
region has a mean annual precipitation of 1200 to 1800 mm, 
which is concentrated in the spring and summer seasons. 
However, even during the rainy season, short periods of 
water deficit and heat waves can occur (Marcuzzo et al., 
2012). This climatic instability has not only intensified in 
Brazil (Conab, 2016), but also on a global scale. It is 
adversely affecting plant development in many agricultural 
areas (Dai et al., 2018).  
Water deficit promotes the reduction of leaf water 
potential, leading to stomatal closure, decreased CO2 
absorption, and reduced photosynthesis (Goisser et al., 
2016; Batista et al., 2018; Moura et al., 2018). In addition, 
water deficit increases foliar temperature (Heschel et al., 
2014), affects membrane properties, and decreases dry 
matter production, leading to premature senescence and 
causing reduced production (Arruda et al., 2015; Fernandes 
et al., 2015). High temperature combined with water deficits 
has been a frequent phenomenon due to the global warming 
(Gondim et al., 2010; Lubovská et al., 2014; Perdomo et al., 
2017). High temperatures have generally occurred in heat 
waves, which are characterized by temperatures above the 
historical average of a given period (Zuo et al., 2015; Qu et 
al., 2016). However, these combined stresses can occur in 

tropical regions even without heat waves, especially in the 
summer.  
The isolated effects of high temperatures include altering 
the plants photosynthetic capacity, particularly by affecting 
membrane permeability, reducing the content of 
chloroplastidic pigments, and disrupting electron transport 
(Ashraf and Harris, 2013; Lu et al., 2017; Mishra et al., 2017). 
This disruption induces the formation of reactive oxygen 
species (ROS), which may promote photo-inhibition, as well 
as inactivation of Calvin cycle proteins and enzymes (Mathur 
et al., 2014). The plant damage can also be exacerbated by 
combined drought and high temperature stresses, causing 
substantial losses in many agricultural areas (Arruda et al., 
2015; Harsh et al., 2016). According to Silva et al. (2010), the 
combined effects promote greater production of ROS, lower 
CO2 assimilation, and photochemical activity due to lower 
stomatal conductance in comparison to the individual 
stresses (Silva et al., 2010; Nankishore and Farrell, 2016). 
Therefore, elucidation of the plant strategies that confer 
tolerance to both drought and high temperature stresses is 
crucial to reduce productivity losses in soybean crops (Li et 
al., 2013). 
Several mechanisms are involved in the maintenance of 
plant growth, such as water use efficiency and osmotic 
adjustment. They are considered important characteristics in 
the search for plants that are tolerant to the combined 
stress of drought and high temperature since they help 
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reduce water loss (Messinger et al., 2006; Du et al., 2009). 
Osmotic adjustment occurs in an adaptive mechanism to 
maintain the water potential (Ψw) of plant cells and their 
turgor (Pintó-Marijuan and Munné-Bosch, 2013; Wu et al., 
2014). Even under water restriction, this adjustment allows 
the plant to keep the stomata partially open to assimilate 
CO2 and continue the processes of cell elongation and plant 
growth (Araújo and Deminicis, 2009; Monteiro et al., 2014).  
In order to allow osmotic adjustment, tolerant plants 
accumulate osmotically active compounds such as 
polyamines, glycine, organic acids, calcium, potassium, 
chloride ions, proline, sugars, and polyols, particularly 
sucrose (Cvikrová et al., 2013; Khan and Komatsu, 2016; 
Batista et al., 2018). Along with high efficiency in osmotic 
adjustment and water use, the ability to maintain 
photosynthetically active structures is also important for the 
selection of soybean cultivars with double tolerance to 
stresses caused by water deficit and high temperature.  
Several studies have indicated that synergistic effects 
between water deficit and high temperature intensify 
metabolic and physiological damage, and consequently the 
crop yield of beans (Araújo and Deminicis, 2009), cotton 
(Carmo-Silva et al., 2012), and wheat (Pradhan et al., 2012). 
Thus, understanding the physiological processes that 
regulate the double tolerance to water deficit and high 
temperature is important to characterize the defense 
responses and is crucial for cultivar selection (Ding et al., 
2015; Zhang et al., 2015).  
Considering this information, we tested the hypotheses: (1) 
combined water deficit and high temperature stresses 
intensify the morphological damage in soybean cultivars, 
and (2) physiological and morphological characteristics are 
good indicators for selecting soybean cultivars that are 
double tolerant to drought and heat. This work evaluates 
the morpho-physiological and metabolic responses of 
commercial soybean cultivars subjected to water deficit and 
high temperature  
 
Results 
 
Water relations and leaf temperature 
 
In all cultivars under water deficit, the water potential (Ψw) 
and the leaf (Ψsleaf) and root (Ψsroot) osmotic potential 
decreased by 55%, 28%, and 36% on average, respectively 
(Fig. 1A-C). Relative water content of leaves (RWC) was 
decreased by 10% regardless of cultivar (Fig. 1D). The leaf 
temperatures evaluated under growth chamber conditions 
of 25 and 41°C showed no differences between cultivars and 
water treatments (Supplementary Fig. S1). However, the 
absolute value of leaf temperature was 4.1°C higher on 
average than the growth chamber temperature in the early 
morning (Supplementary Fig. S1A). When the growth 
chamber temperature reached 41°C, the leaf temperature 
was around 3.6°C below the chamber temperature 
(Supplementary Fig. S1B).  
 
Gas exchange 
 
Gas exchange was differentially affected by the water stress 
and high temperature in function of different cultivars. The 
photosynthetic rate (A) did not differ among the cultivars, 
only for the water treatments, in which well-watered plants 
(100% FC) showed higher values (Fig. 2A). Cultivar 7739 M 
showed a significantly increased stomatal conductance (gs), 

transpiration rate (E), ratio between internal and external 
CO2 concentrations (Ci/Ca), and respiration (Rn) when 
compared to the Anta 82 and Desafio cultivars, independent 
from water treatment (Fig. 2B-D and 2F). The gs and E also 
differed for water treatments, with higher values in well-
watered plants (Fig. 2B and 2C). In addition, the efficiency of 
water use (WUE) was lower for cultivar 7739 M and higher in 
the Anta 82 and Desafio cultivars (Fig. 2E).  
 
Chlorophyll (a) fluorescence 
 
The maximum PSII quantum yield (Fv/Fm) was differed only 
among cultivars, with Anta 82 and Desafio showed higher 
values than 7739 M (Fig. 3A-B). The minimal chlorophyll 
fluorescence (F0) did not show differences between cultivars 
and water treatments (Fig. 3C-D). The interaction among 
cultivars and water treatments was significant for the 
quantum yield of photochemical energy conversion PSII (YII) 
and the electron transport rate (ETR), with decreased by 
18% in cultivar 7739 M and 9% in cultivar Desafio under 
water deficit compared to well-watered plants (Fig. 3E-F and 
3G-H). There was no difference between the treatments for 
the yield of non-regulated energy dissipation (YNO) (Fig. 3I-J). 
However, the interaction was significant for the yield of 
regulated energy dissipation (YNPQ), with increased 24% in 
cultivar 7739 M under water deficit (Fig. 3K-L). 
 
Electron flow and photorespiration 
 
The total electron flow (JT) was decreased by 17% in the 
cultivar 7739 M under water deficit (Fig. 4A). The electron 
flow to carboxylation (JC) was differed only in water 
treatment and the higher values were observed for well-
watered plants (Fig. 4B). The electron flow to oxygenation 
(JO) and the rate of CO2 produced by photorespiration (PR) 
differed separately for cultivars and water treatment. Anta 
82 and Desafio cultivars showed higher JO and PR compared 
to cultivar 7739 M (Fig. 4C and 4E). Cultivars 7739 M and 
Anta 82 also showed higher JC/JT ratios (Fig. 4D). The PR/A 
ratio did not differ for cultivars and between water 
treatments (Fig. 4F). 
 
Photosynthetic pigments and membrane permeability 
 
The interaction was not significant for the photosynthetic 
pigments. However, chlorophyll a (Chl a) and carotenoids 
differed only among cultivars and the highest contents were 
observed for cultivar Desafio, followed by Anta 82 (Fig. 5A 
and 5C). The content of chlorophyll b (Chl b) did not differ as 
a function of treatments (Fig. 5B). The rate of electrolyte 
leakage (REL) was increased in cultivars 7739 M and Anta 82, 
but higher REL values were observed for cultivar 7739 M, 
independent of the water treatment (Fig. 5D). In addition, 
there were difference between water treatments, whereas 
higher REL was occurred in plants under water deficit (40% 
FC).  
 
Sugars, starch and proline content 
 
The total soluble sugars (TSS) and non-reducing sugars (NRS) 
were higher in Anta 82 compared to the other cultivars 
under combined stress and TSS (16%) was increased 
compared to well-watered plants (Fig. 6A and 6B). Under 
water deficit, there was a reduction in TSS (24%) and NRS 
(21%) for cultivar Desafio, compared to irrigated plants. The 
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starch (Sta) concentration was differed only among cultivars, 
because the interaction was not significant, with higher 
values for Anta 82 and Desafio cultivars, respectively (Fig. 
6C). The proline (Pro) concentration was higher for the 
irrigated Desafio cultivar, but when subjected to the water 
deficit under high temperature, it was decreased by 40% 
(Fig. 8D).  
 
Plant growth parameters 
 
The leaf area (LA) was reduced in 7739 M (19%), Anta 82 
(29%) and Desafio (14%), when exposed to water deficit 
(Supplementary Fig. S2A). The specific leaf area (SLA) was 
increased in plants under water deficit, independent of 
cultivars (Supplementary Fig. S2C). In 7739 M and Anta 82 
cultivars, there was a reduction of 39% and 51% for leaf dry 
matter (LDM) and the number of nodes (NN) by 19 and 31%, 
respectively (Supplementary Fig. S2C and S2E). Reductions in 
stem diameter (DM) and stem dry matter (SDM) were also 
observed as a function of treatments with water, once the 
interaction was not significant and there was no difference 
between the cultivars (Supplementary Fig. S2D and S2F). 
Cultivar 7739 M showed higher plant height (H) among the 
cultivars (Supplementary Fig. S2G).  
 
Discussion 
 
The behavior of the photosynthetic mechanism in response 
to the combined water and thermal stresses differed in 
soybean cultivars. Gas exchange was more altered in cultivar 
7739 M under combined stress. The reduction of net 
photosynthetic rate (A) is possibly related to changes in the 
carboxylic efficiency of RuBisCO. This can be proved by 
maintaining the Ci/Ca ratio and reduction of electron flow 
used for RuBisCO carboxylation (JC), in all cultivars.  
The decrease in the activity, inactivation, or denaturation of 
RuBisCO has been suggested as one of the factors 
responsible for the decrease of photosynthetic efficiency in 
plants exposed to high temperatures (Marthur et al., 2014; 
Szymańska et al., 2017) and water stress (Silva et al., 2010; 
Carmo-Silva et al., 2012). These changes also promote 
accumulation of ATP and NADPH produced by ATPase in the 
photochemical stage of photosynthesis. This negatively 
affects the electron transport (Greer, 2015), as observed by 
reductions in YII and ETR in 7739 M and Desafio cultivars 
when exposed to combined stress. In addition, respiration 
(Rn) was lower for Anta 82 and Desafio cultivars; thus, 
contributing to lower carbon assimilation rates (Ribas-Carbo 
et al., 2005). However, no differences were observed for 
water treatments. 
Total electron flow (JT) is considered a general state of 
photochemical activity (Bai et al., 2008; Silva et al., 2015). 
The decrease of JT in cultivars 7739 M and Desafio is related 
to the decrease of YII and ETR. However, the electron flow to 
oxynenation (JO) was also decreased, indicating that the 
dissipation of surplus energy occurred via YNPQ (Fig. 3K-L). 
This thermal dissipation mechanism has been shown to be 
effective in preventing photo-inhibition under water deficit 
conditions (Silva et al., 2015). This can be confirmed by the 
maintenance of the Fv/Fm ratio among water treatments, 
also observed by Silva et al. (2015) in Jatropha curcas plants. 
Thus, there was no request for an increase in JO. By the other 
hand, the photorespiration was increased due to stomatal 
closure (Fig. 2B). This limitation to the gas exchange in 
function to the stomatal closure induced RuBisCO oxygenase 

activity, since the atmospheric O2 concentration is many 
times greater than that of CO2 (Santos et al., 2017). 
The decrease of JT, JC and JO, without an increase of the 
electron flux attributed to RuBisCO oxygenation reactions 
and the rate of CO2 produced by photorespiration (PR) in the 
cultivars, mainly Anta 82 and Desafio under combined stress. 
This indicates the binding of electrons to molecular oxygen 
and formation of reactive oxygen species (ROS), which are 
detrimental to cell membranes (Apel and Hirt, 2004; Gill and 
Tuteja, 2010). The increase in the rate of electrolyte leakage 
(REL), mainly in 7739 M and Anta 82 cultivars (Fig. 5D), 
suggests the degradation of cell membranes, in monitoring 
damage to cell membranes in sunflower leaves (Vital et al., 
2017). The ROS accumulation was not measured, but the 
increase in REL is a good indicator of lipid peroxidation and 
oxidant damage (Carvalho, 2008). 
However, the oxidative damage observed by the increase of 
REL did not affect the efficiency of energy absorption by the 
antenna complex (F0). Although the lowest pigment content 
was observed for the cultivar 7739 M and Anta 82 (Fig. 5A 
and 5C), these differences were due only to the different 
characteristics of the cultivars, because there was no 
difference between the water treatments. Normally, the 
increase in F0 is associated with damage to the reaction 
centers or energy dissipation via the antenna complex 
(Bolhar-Nordenkampf et al., 1989; Kumar et al., 2014). The 
stability and maintenance of the chloroplastidic pigments 
and consequently the antenna complex is required for an 
efficient photosynthetic process (DaMatta and Ramalho, 
2006), especially under stress conditions. In soybean plants, 
as there was no difference between the water treatments, 
the maintenance in the carotenoid content of the cultivars 
can been described as a protective mechanism of energy 
excess in PS II, since it binds to singlet oxygen and minimizes 
ROS production (Ramel et al., 2012; Carmody et al., 2016). 
In addition, quenching of regulated (YNPQ) and non-regulated 
(YNO) non-photochemical dissipation mechanisms are used 
by plants to avoid photochemical damages, when they are 
exposed to water and thermal stress (Hendrickson et al., 
2004; Kramer et al., 2004). The increase in YNPQ in cultivar 
7739 M under combined stress indicates thermal dissipation 
in the attempt to avoid oxidative stress and subsequent 
photoinhibition. According to Hetherington et al., (1998), 
the thermal dissipation is related to the acidification of the 
thylakoid lumen, which promotes the conversion of 
violaxanthin to zeaxanthin in the xanthophyll cycle and is 
responsible for the heat dissipation in the PSII (Kromdijk et 
al., 2016; Cardona et al., 2018). Unregulated energy 
dissipation protects against excess light energy absorption 
(Klughammer and Schreiber, 2008). Alternative energy 
dissipations; however, are protective mechanisms used as a 
first line of plant defense termed as a suppression 
mechanism (Kramer et al., 2004). The increase in YNPQ in 
cultivar 7739 M under water deficit and the stability of YNO in 
all cultivars suggest that these mechanisms are dynamic and 
depend on the severity of the stress. 
To prevent damage due to high temperature, the plants 
promote leaf cooling. In general, the cultivars decreased 
foliar temperature to 3.6°C below the ambient temperature 
(41°C) (Supplementary Fig. S1B). The stomata opening for 
temperature regulation by leaf transpiration is a common 
response in well-watered plants exposed to high 
temperature (Mathur et al., 2014), which was observed 
through the high transpiration rate. This regulation aims to 
maintain the ideal temperature range  for  metabolic  processes,  
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Fig 1. Predawn leaf water potential (Ψw, A), leaf osmotic potential (Ψsl, B), root osmotic potential (Ψsr, C) and relative water content 
of leaves (RWC, D), of soybean cultivars (Cv.) under well-watered [WW, 100% of the field capacity (FC)] and water deficit (WD, 40% 
FC) treatments combined with high temperature after 12 days of the treatments. Bars represent means ± SE (n = 5). Data presented 
from the double factorial scheme according to the significance of ANOVA. The interaction between Cv. x FC was not significant 
(n.s.) for these parameters. Thus, means followed by the different uppercase letters between water treatments (FC factor) differ 
significantly from each other, as determined by Tukey’s test (*p ≤ 0.05 and **p ≤ 0.01). 
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Fig 2. Net photosynthetic rate (A, A), stomatal conductance (gs, B), transpiration rate (E, C), ratio between internal and external CO2 
concentration (Ci/Ca, D), water use efficiency (WUE, E) and nocturnal respiration rate (Rn, F) of soybean cultivars (Cv.) under well-
watered [WW, 100% of the field capacity (FC)] and water deficit (WD, 40% FC) treatments combined with high temperature after 
12 days of the treatments. Bars represent means ± SE (n = 5). Data presented from the double factorial scheme according to the 
significance of ANOVA. The interaction between Cv. x FC was not significant (n.s.) for these parameters. Thus, means followed by 
the different uppercase letter among cultivars (Cv. factor) or water treatments (FC factor), differ significantly from each other, as 
determined by Tukey’s test (*p ≤ 0.05 and **p ≤ 0.01). 
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Fig 3. The maximum photochemical efficiency of PSII (FV/FM, A-B), minimal fluorescence (F0, C-D), quantum yield of photochemical 
energy conversion in PSII (YII, E-F), electron transport rate (ETR, G-H), quenching of non-regulated (YNO, I-J) and regulated (YNPQ, K-L) 
non-photochemical dissipation of soybean cultivars (Cv.) under well-watered [WW, 100% of the field capacity (FC)] and water 
deficit (WD, 40% FC) treatments combined with high temperature after 12 days of the treatments. Bars represent means ± SE (n = 
5). Data presented from the double factorial scheme according to the significance of ANOVA. Parameters wherein the interaction 
between Cv. x FC was significant (*), means followed by the same letter, uppercase between water treatments and lowercase 
between cultivars, differ significantly from each other. On the other hand, parameters wherein the interaction (Cv. x FC) was not 
significant (n.s.), means followed by the different uppercase letter among cultivars (Cv. factor), differ significantly from each other. 
The means were compared by the Tukey's test (*p ≤ 0.05 and **p ≤ 0.01). The false color code depicted at the bottom of images 
ranges from 0.0 (black) to 1.0 (pink).  
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Fig 5. Chlorophyll a (Chl a, A), chlorophyll b (Chl b, B), carotenoids (C), and rate of electrolyte leakage (REL, D) of soybean cultivars 
(Cv.) under well-watered [WW, 100% of the field capacity (FC)] and water deficit (WD, 40% FC) treatments combined with high 
temperature after 12 days of the treatments. Bars represent means ± SE (n = 5). Data presented from the double factorial scheme 
according to the significance of ANOVA. The interaction between Cv. x FC was not significant (n.s.) for these parameters. Thus, 
means followed by the different uppercase letter among cultivars (Cv. factor) or water treatments (FC factor), differ significantly 
from each other, as determined by Tukey’s test (*p ≤ 0.05 and **p ≤ 0.01). 
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Fig 6. Total soluble sugars (TSS, A), non-reducing sugar (NRS, B), starch (Sta, C), and proline (Pro, D) of soybean cultivars (Cv.) under 
well-watered [WW, 100% of the filed capacity (FC)] and water deficit (WD, 40% FC) treatments combined with high temperature 
after 12 days of the treatments. Bars represent means ± SE (n = 5). Data presented from the double factorial scheme according to 
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letter among cultivars (Cv. factor) differ significantly from each other. The means were compared by the Tukey's test (*p ≤ 0.05 and 
**p ≤ 0.01). 
 
such as photosynthesis, and prevent cell damage and 
enzyme denaturation (Chaves et al., 2016), in addition to 
favoring CO2 input (Mathur et al., 2014) as a 
thermotolerance strategy.  
The cultivars were able to maintain a high photosynthetic 
rate under well-watered conditions, but with reductions 
under water deficit. Associated with gas exchange 
measurements, the cultivars Anta 82 and Desafio present 
higher values of WUE, regardless of the water treatment. 
This was possible because of the regulation of the stomatal 
closure. In field conditions, considering the low WUE, the 
water soil can be depleted, resulting in severe damage, such 
as permanent wilting and consequent plant death (Han et 
al., 2016; Mckenzie-Gospsill et al., 2016). 
One of the first responses to the water deficit is stomatal 
closure to avoid loss of water by transpiration (Pinheiro and 
Chaves, 2001; Silva et al., 2015). The stomata closure was 
observed in water deficit plants in all cultivars, 
demonstrating rapid mechanism to prevent dehydration. 
However, the reduction of ΨW and RWC indicates that 
stomatal regulation was not enough to avoid water loss. In 
this sense, the reduction of Ψsleaf and Ψsroot observed in the 
three cultivars can be related to the accumulation of osmo-
regulatory compounds, which acts to maintain cellular 
turgor (Batista et al., 2018). 
To increase or maintain the water plant status, osmolytes 
are synthetized, which reduce the leaf and root osmotic 
potential. Also, the osmotic adjustment is important for 
maintaining water uptake, CO2 assimilation, and growth 
(Araújo and Deminicis, 2009; Monteiro et al., 2014). Among 
the osmolytes, proline has been described to alleviate water 
stress (Díaz et al. 2005; Batista et al., 2018). However, under 
high temperature, sugars such as sucrose act in the 
osmoregulation since proline constitutes a toxic substance 
(Rizhsky et al., 2004).  

In this study, the decrease in total soluble sugars (TSS), non-
reducing sugars (NRS) and proline (Pro) that  was observed 
along with water deficit under high temperature suggests 
that the osmotic potential is regulated by other compounds 
in cultivar Desafio. In cultivar Anta 82, there was an 
accumulation of TSS under combined stress, demonstrating 
a differential osmoregulatory mechanism. However, even 
with higher sugar accumulation and maintenance of 
photochemical efficiency, Anta 82 showed a reduced 
growth. The starch in plant metabolism acts according to the 
circadian clock, accumulating during the day and used at 
night (Zeeman et al., 2007). Wang et al. (2016) observed that 
during the day the concentration of starch in the leaves of 
cotton plants submitted to the water deficit is decreased, 
indicating that the sucrose transport and growth rate were 
reduced. However, in this study, starch (Sta) content in 
leaves among the cultivars did not differ as a function of 
water treatments. These results suggest that the Sta content 
was not affected by the water deficit.  
NN is directly reflected on productivity since they emit new 
pods (Mundstock and Thomas, 2005). Under drought and 
heat stress conditions, the cultivar Desafio showed higher 
stability in NN, indicating greater production safety (Arruda 
et al., 2015). The increase in SLA under water deficit was 
directly associated with the lowest increases in LDM. In 
addition, all cultivars showed a decrease in diameter and 
stem dry matter. This suggests a greater allocation of 
biomass in other organs, such as roots. This is an important 
adaptive strategy for tolerating water stress (Hasibeder et 
al., 2015). On the other hand, considering the reduction in A, 
YII, ETR and growth, the cultivar 7739 M demonstrated to be 
sensitive to the water deficit under high temperature. 
However, the cultivar Anta 82 showed reduction in NN even 
with greater stability in the gas exchange parameters, 
chlorophyll a fluorecsence and REL than cultivar 7739 M. 
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The evaluated morpho-physiological and metabolic 
characteristics are important for understanding the 
responses of soybean plants to water deficit and high 
temperature stresses and may contribute to the selection of 
tolerant cultivars. 
 
Materials and methods 
 
Plant material and experimental conditions 
 
An experiment was performed in a growth chamber at the 
Ecophysiology and Plant Productivity Laboratory at the 
Goiano Federal Institute of Education, Science and 
Technology (IF Goiano), Rio Verde Campus (17°48’07”S, 
50°54’20”W, 755-m altitude). Soybean plants (Glycine max 
(L.) Merrill) were grown in polyethylene pots containing 12 
kg of substrate. The substrate was prepared from a mixture 
of Red Latosol (LVdf) soil and sand at a ratio of 2:1, which 
was fertilized according to a chemical analysis of the soil and 
specific recommendations. Each pot contained a plastic 
base, and the soil was covered with a plastic film. Three 
soybean cultivars were used: 7739 M IPRO (Monsoy Seeds, 
São Paulo, Brazil), Anta 82 RR (Geneze Seeds, São Paulo, 
Brazil), and Desafio 8473 RSF (Brasmax Seeds, Cambé, 
Brazil). The conditions of the growth chamber were ≈65% 
relative humidity, irradiance of ≈ 650 µmol m

-2
 s

-1
, and 

temperatures of 25/20ᴼC (day/night). 
Treatments consisted of a combination of water deficit and 
high temperature applied at the V3 development stage (Fehr 
and Caviness 1977). The water deficit was determined by the 
gravimetric method, and two moisture levels were 
maintained: well-watered (WW, 100% of the field capacity 
(FC)) and water deficit (WD, 40% FC). The high temperature 
was imposed by gradually increasing the temperature from 
ambient temperature at 10 h to 41±0.5ᴼC at 12 h. This 
condition was maintained for five hours and then gradually 
reduced to 20ᴼC at around 7:30 pm, which was maintained 
until a new cycle began on the next day (Supplementary Fig. 
S3). The evaluations were performed after 12 days of 
applying the combined stress. 
 
Water relations and leaf temperature 
 
Pre-dawn water potential (Ѱw) was measured using a 
Scholander-type pressure chamber between 4 h and 6 h. Cell 
solution was extracted to evaluate the osmotic potential of 
the leaf (Ѱsleaf) and root (Ѱsroot) using an osmometer 
(VAPRO 5600 model, Elitech, France) according to Pask et al. 
(2012). The osmotic potential values were obtained using 
the Van’t Hoff’s equation:  
Ѱs = −𝑅 x 𝑇 x 𝐶𝑠 
Where; R is the universal gas constant (0.08205 L atm mol

-1
 

K
-1

), T is the temperature in Kelvin (T ºK) and Cs the solute 
concentration (M), usually expressed in atmospheres and 
converted to MPa (0.987 ≈ 1 atm = 0.1 MPa). The relative 
water content in leaves (RWC) was evaluated according 
Barrs and Weatherley (1962) with the formula:  

𝑅𝑊𝐶 (%) =
𝐹𝑀 − 𝐷𝑀

𝑇𝐷 − 𝐷𝑀
𝑋100 

Where; FM is the fresh matter, TM is the turgid matter and 
DM is the dry matter. 
Leaf temperature of soybean plants was evaluated at 8 h 
and 13 h at 25 and 41°C, respectively. A digital infrared 
thermometer (TI–920 model, Instrutherm, Brazil) was used 
for the determination of leaf temperature at a distance of 
≈15 cm from the leaf blade. 

Physiological and biochemical evaluations 
 
Gas exchange  
 
Gas exchange from G. max plants was measured in fully 
expanded leaves to determine the net photosynthetic rate 
(A, µmol CO2 m

-2
 s

-1
), stomatal conductance (gs, mol H2O m

-2
 

s
-1

), transpiration rate (E, mmol H2O m
-2

 s
-1

), ratio between 
internal and external CO2 concentrations Ci/Ca, and 
nocturnal respiration (Rn, µmol CO2 m

-2
 s

-1
). The water use 

efficiency (WUE) was calculated as the ratio between A and 
E. The parameters were measured using an infrared gas 
analyzer (IRGA, model LI6400xt, Li-Cor, Nebraska, EUA). The 
measurements of A, gs, E, and Ci/Ca were performed 
between 8:30 and 11:00 am under constant 
photosynthetically active radiation (PAR, 1000 µmol photons 
m

-2
 s

-1
) and temperature (25°C). For measuring Rn, the leaves 

were dark-adapted for at least 3 h, and the evaluation was 
performed after 10:30 pm. The respiration was assessed the 
night before photosynthetic measurements. 
 
Chlorophyll a fluorescence 
 
Chlorophyll a fluorescence was measured in the same leaf of 
the photosynthesis using an IRGA, and images of chlorophyll 
a fluorescence were obtained using a modulated imaging-
PAM fluorometer (Heinz, Walz, Effeltrich, Germany). To 
obtain the images, the fluorescence signals at all examined 
points of the leaf area were captured by a CCD camera 
coupled to the device, which provided the images. The pixel-
value images of the fluorescence variables were displayed 
with the help of a color code ranging from black (0.000) to 
pink (1.000). For the measurements, leaves were initially 
dark-acclimated for 40 min so that the reaction centers were 
fully opened to obtain the minimal (F0) and maximal 
chlorophyll fluorescence (Fm). From these values, the 
maximum photochemical efficiency of PSII (Fv/Fm) was 
calculated according to Genty et al. (1989).  

𝐹v/𝐹m =
𝐹m − 𝐹0

𝐹m
 

After sample illumination, saturation pulses were applied to 
determine the light-acclimated variables: the quantum yield 
of photochemical energy conversion in PSII (YII), the 
quenching of regulated (YNPQ), and the non-regulated (YNO) 
non-photochemical dissipation. The YII was also used to 
estimate the apparent electron transport rate (ETR, Bilger et 
al., 1995), 
𝐸𝑇𝑅 =  𝑌II × 𝑃𝐴𝑅 × 𝐴leaf × 0.5 
Where; PAR is the photon flux (µmol m

-2
 s

-1
) on the leaves, 

Aleaf is the amount corresponding to the fraction of incident 
light absorbed by the leaves, and 0.5 is the excitation energy 
fraction directed to the PSII (Laisk and Loreto, 1996). 
 
Assessing photorespiration in vivo  
 
The rate of photorespiration was calculated using the gas 
exchange and chlorophyll fluorescence parameters 
according to Epron et al. (1995) and Valentini et al. (1995). 
For these calculations, the linear electron flow was assumed 
to be driven by the carboxylation and oxygenation of 
ribulose-1,5-bisphosphate (i.e., all other processes 
consuming light-driven electrons are negligible). Four 
electrons are required for each carboxylation or oxygenation 
cycle, and one CO2 molecule is released per every two 
oxygenation cycles by glycine decarboxylation in the 
photorespiration pathway. Thus,  
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𝐽t =
𝐹m’ − 𝐹s

𝐹m
’ × PAR × 0.454 

𝐽c =
1

3
[𝐽t +  8 (𝐴 +  Rm)] 

𝐽o =
2

3
[𝐽t −  4 (𝐴 +  Rm)] 

𝑃𝑅 =  
[𝐽t −  4 (𝐴 +  Rm)]

12
 

Where; JT is the total rate of electron transport through PSII 
to photosynthesis and photorespiration; (Fm’-Fs)/Fm’ is the 
quantum efficiency of linear electron flow through PSII; PAR 
is the photosynthetically active radiation (photon flow, µmol 
m

-2
 s

-1
) incident on the leaf; 0.454 represents the 

proportional quanta used by PSII centers (Melis et al., 1987), 
JC and JO are the electron costs attributable to the 
carboxylation and oxygenase RuBP reactions, respectively; A 
is the net CO2 assimilation rate; Rm is the rate of 
mitochondrial respiration during the day; and PR is the rate 
of CO2 production by photorespiration. Rm was estimated 
using nocturnal respiration (Rn) according to Larcher (1983) 
and Bai et al., (2008), 

𝑅m =  𝑅n ×
𝑄10Td−Tn

10
 

Where; Q10 = 2.2; Tn is the leaf temperature at which Rn was 
measured, and Td is the leaf temperature at which Rm was 
calculated. 
 
Photosynthetic pigments  
 
Chlorophyll a (Chl a), chlorophyll b (Chl b), and total 
carotenoids (Carot) were measured according to Costa et al. 
(2014). Three leaf discs (0.6 cm

2
) were immersed in 5 mL of 

a dimethyl sulfoxide (DMSO) solution saturated with calcium 
carbonate and incubated at 65ᴼC for 24 h. Absorbance was 
measured at 665.1, 649.1, and 480.0 nm in a UV-VIS 
spectrophotometer (model 60S, Thermo Scientific, Madison, 
USA), and the concentrations were calculated according to 
Wellburn (1994) and expressed by the leaf area.  
 
Sugars, starch  and proline content 
 
To determine the contents of total soluble sugars, reducing 
sugars, non-reducing sugars and starch, 200 mg of leaf tissue 
were immersed in ethanol 80%, heated for 30 min at 65ᴼC, 
and ground. The extract was centrifuged, and three washes 
of the pellet were collected in a new tube. The ethanolic 
extract (supernatant) was used to determine the total 
sugars, reducing sugars, and non-reducing sugars, and the 
pellet was used to determine the starch content. Total 
soluble sugars were quantified according to the phenol-
sulfuric method (DuBois et al., 1956) with a reading at 40 
nm. The results were calculated using a standard sucrose 
curve. Reducing sugars were determined according to the 
dinitrosalicylic acid method (Miller, 1959) at 540 nm using a 
standard glucose curve. The non-reducing sugars were 
calculated using the differences between the total soluble 
sugars and reducing sugars. For starch quantification, the 
solid residue from the extraction was dried in an oven at 
65°C for 72 h and determined according to McCready et al., 
(1950). The absorbance was read at 490 nm and calculated 
using a standard sucrose curve. Absorbance measurements 
were read with a UV-VIS spectrophotometer, and the results 
were expressed in milligrams per gram of fresh matter (mg 
g

-1
). For the measurement of free proline expressed in μmol 

g
-1

 FW, 0,2 g of fresh leaf material was used following the 
method of Bates et al. (1973).  
 

 
 
 
Rate of electrolyte leakage 
 
Leaf discs (3 cm

-2
) were immersed in ultrapure water, and 

the initial conductivity was measured after 24 h. The 
samples were then kept at 100°C for 1 h, and the final 
conductivity was evaluated. The electrical conductivity of 
the leaf sample was measured using a conductivity meter 
(CD-850 model, Instrutherm, Brazil), and the rate of 
electrolyte leakage (%) was calculated according to Pimentel 
et al., (2002).  
 
Biometric analyses 
 
The plants were measured to determine their height (H, m), 
number of nodes (NN) and stem diameter (SD, mm). Leaves 
and stems were separated, packed in paper bags, and dried 
in a forced air circulation oven (65 °C) for 2 h to obtain leaf 
dry matter (LDM, g) and stem dry matter (SDM, g). The leaf 
area (LA, m

2
) was measured using ImageJ software. The 

specific leaf area (SLA, m
2
 g

-1
 LDM) was calculated as the 

ratio between LA and LDM.  
 
Statistical analyses 
 
The experimental design involved a randomized block with a 
3 x 2 factorial scheme (three soybean cultivars and two field 
capacities). The data were subjected to analysis of variance, 
and the means were compared by the Tukey test (*p ≤ 0.05 
and **p ≤ 0.01) using the Variance Analysis System (SISVAR, 
v. 5.4). 
 
Conclusion 
 
It could be concluded that 7739 M, Anta 82 and Desafio 
cultivars showed the similar performance under water 
deficit and high temperature for many parameters, such as 
the decrease in water and osmotic potential, photosynthetic 
rate, partition of electrons destined for photosynthesis and 
the increase of the electrolyte release. However, the cultivar 
Desafio demonstrated higher physiological stability and 
growth, potentially indicating double tolerance to these 
stresses. Thus, physiological traits such as gas exchange, 
chlorophyll a fluorescence, photorespiration, and rate of 
electrolyte leakage are good indicators in the selection of 
tolerant soybean cultivars to combine to water deficit under 
high temperature.  
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