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Abstract 
 
Heat stress affects physiological traits and biomass production in major crops, including maize. We researched the responses of 
maximum efficiency of photosystem II (Fv/Fm), relative cell injury (RCI), stomatal conductance (gs), internal CO2 concentration (Ci), 
leaf photosynthesis (CER), and crop growth rate (CGR) in two maize cultivars exposed to high temperatures around silking (R1) 
under field conditions. Temperature regimes (i.e. control and heat) were performed during the pre-silking (–15d R1 to R1) and 
post-silking (R1+2d to R1+17d) periods. In the heat treatments, polyethylene shelters were used in order to increase daytime 
temperatures around midday (from 10 A.M. to 2 P.M.) during each period (i.e., pre- and post-silking). In the control treatments, the 
shelters remained open during the entire growing season. Gas exchange variables, Fv/Fm and relative cell injury (RCI) were 
measured on ear leaves. CGR was estimated based on biomass samples. CER and Fv/Fm presented maximum reductions at the end 
of the daytime heating. However, 30 min after the shelters were reopened, Fv/Fm of heated leaves reached values similar to 
controls, which were closely linked to CER recoveries. RCI was negatively associated with Fv/Fm, and cell injury increased gradually 
as heating continued. Ci was unaffected by heat treatment, indicating that gs was not the primary cause of CER reduction. Heat 
stress decreased CGR, and the reduction was positively associated with CER and Fv/Fm in both heating periods. We attempted to 
scale from cell to crop level and identify some physiological traits that could be helpful in breeding programs for heat stress 
tolerance. 
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Abbreviations: CER_carbon exchange rate; Ci_internal CO2 concentration; CGR_crop growth rate; CMS_cell membrane stability; 
CUL_cultivar; E_leaf transpiration; Fv/Fm_maximum efficiency of photosystem II; gs_stomatal conductance; LT_leaf temperature; 
Md_measurement day; RCI_relative cell injury; TR_temperature regime; Tr_tropical maize cultivar; Tx_tropical × temperate maize 
cultivar. 
 
Introduction 
 
Agricultural production, and thus global food security, is 
directly affected by global warming (Fischer et al., 2005, 
Schmidhuber and Tubiello, 2007, Ainsworth and Ort, 2010). 
It has been projected that, by 2050, global food production 
should increase 70% in relation to that of 2010. This must be 
achieved in a climate change scenario that tends to escalate 
the problems of food insecurity (Varshney et al., 2010). In 
tropical and subtropical climates, heat stress may become a 
major limiting factor for field crop production (Wahid et al., 
2007). This is particularly relevant for crops such as maize 
(Zea mays L.), which accounts for a high percentage of total 
cereal production worldwide. 
Heat stress can produce metabolic limitations such as ion-
leakage, as indicated by relative cell injury (RCI) (Saadalla et 

al., 1990, Shanahan et al., 1990, Howarth et al., 1991), and 
decreases photosystem II (PSII) activity (Sinsawat et al., 
2004, Ergo et al., 2018). Inactivation of PSII by high 
temperature is generally not reversible (Karim et al., 1999, 
Sinsawat et al., 2004); however, it depends on several 
factors, such as growing temperatures, acclimation factors, 
intensity, and duration of heat stress. Hence, the recovery of 
the maximum efficiency of PSII (Fv/Fm) and leaf 
photosynthesis after heat stress deserves special attention. 
Recently, Neiff et al. (2016) found leaf photosynthesis 
recovery within one hour after heat stress. However, leaf 
photosynthesis recovery after heat stress and the related 
physiological traits remain poorly understood under field 
conditions. 
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It is well known that heat stress involves decreases in leaf 
gas exchange variables. Photosynthesis declines as a 
consequence of the photo-inhibition of PSII activity, which 
has been shown to be the most thermally labile component 
of the electron transport chain (Quinn and Williams, 1985, 
Havaux et al., 1991, Havaux and Tardy, 1996, Havaux et al., 
1996). Furthermore, there is evidence that heat stress also 
modifies stomatal conductance (Heckathorn et al., 1998, 
Bunce, 2005). Stomatal limitations, however, could only be 
considered when the internal CO2 concentration is reduced 
(Zhou et al., 2007). There is not enough evidence to 
distinguish between stomatal and non-stomatal limitations 
responsible for the inhibition of photosynthesis under heat 
stress. 
A sufficiently high photosynthetic rate and radiation use 
efficiency were crucial for maintaining crop growth rates 
under high temperatures (Rattalino Edreira et al., 2012, Neiff 
et al., 2016). In this study, we attempt to “scale up” different 
levels of organization that could be involved in biomass 
production around flowering in maize. The main goal of this 
research is to analyze, for two maize cultivars under field 
conditions, the effect of high temperatures around flowering 
on gas exchange variables, cell membrane stability, maximum 
efficiency of PSII and crop growth rate, including post-stress 
recovery of some physiological traits. The proposed 
hypotheses are: i) the recovery of leaf photosynthesis rate is 
directly related to the recovery of PSII activity; ii) 
photosynthesis reduction produced during heat stress under 
field conditions is mainly determined by non-stomatal 
factors; and iii) crop growth rate at pre- and post-silking is 
directly associated with Fv/Fm and CER, and inversely 
associated with RCI. 
 
Results 
 
High temperature effects on physiological traits measured 
on ear leaves 
 
Temperature regimes (TR) significantly affected (p < 0.01) 
leaf temperature (LT), stomatal conductance (gs), leaf 
transpiration (E) and leaf photosynthesis rate (CER) in both 
cultivars under saturating irradiances (Table 1 and Fig. 1). As 
a result of artificial heating, differences between 
temperature regimes were significant as indicated by the LT 
records measured at ear level (Table 1). Average 
temperature at ear level during heating was increased up to 
4.3°C during H1 and 4.7°C during H2 on heated plots, when 
compared with control plots (additional data in Table 1 and 
Fig.1; Neiff et al., 2016). 
Four hours after the start of the daytime heating, Fv/Fm was 
reduced to 0.627 and 0.652 (averaged across days and 
cultivars) for H1 and H2, respectively (Fig. 1). However, no 
significant differences were found between cultivars for this 
trait (p > 0.05). Surprisingly, Fv/Fm presented a fast recovery 
30 min after the end of the daytime heating (94.5 and 93.9% 
for pre- and post-silking, respectively; averaged across days 
and cultivars). In fact, no significant differences in Fv/Fm 
were found between control and heated plots at dawn of 
the next day (data not shown).  
As a result of heat stress, CER measured at the end of the 
daytime heating showed a reduction when compared to the 
control treatment in both cultivars (H1: −29.0 and −35.8% 

for Tr and Tx, respectively; and H2: −23.0 and −30.7%). 
Cultivars subjected to high temperatures seemed to have 
fully recovered 60 min after the daytime heating, as 
indicated by CER levels (Fig. 1). As expected, major 
decreases in Fv/Fm and CER were observed at the end of the 
daytime heating on both heating periods (Fig. 1; 240 min)., 
gs and consequently leaf transpiration decreased as a result 
of high temperatures 120 and 240 min after the shelters 
were closed for both pre- and post-silking (Fig. 1). 
In contrast, internal CO2 concentration (Ci) was not affected 
by heat stress (Fig. 1). Heating significantly increased 
average cell injury in H1 (+13.8 and +47.8% for Tr and Tx, 
respectively) and H2 (+24.9 and +42.2%), when compared to 
the control treatments. Linear relationships between Fv/Fm 
and RCI presented a significant negative association for both 
genotypes (Fig. 2: R

2
 = 0.84 and R

2
 = 0.53 for Tr and Tx, 

respectively). 
 
Biomass production under heat stress and its association 
with physiological traits 
 
In addition, crop growth rate (CGR) declined when high 
temperatures were applied during pre- (16.7% and 29.9% for 
Tr and Tx, respectively; Fig. 3) and post-silking (22.4% and 
47.2%, respectively). Strong associations were found 
between CGR and RCI, Fv/Fm and CER. For example, crop 
growth rate measured during post-silking (CGRPOST) on Tx 
cultivar was strongly associated with RCI (r = –0.79*, 
measured on day 7; and –0.92***, measured on day 14), 
Fv/Fm (r = 0.88** and 0.96**, respectively) and CER (r = 
0.85* and 0.93**, respectively), when these variables were 
measured 120 min after the start of the daytime heating. 
The principal component analysis (PCA, Fig. 4) allowed 
differentiating between temperature regimes and cultivars 
based on physiological traits and CGR. Thus, PC1 and PC2 
explained 91% (pre-silking) and 87% (post-silking) of total 
variability. The PC1 of the biplots (Fig. 4) revealed that Fv/Fm, 
gs, E, CER, and CGR were positively associated. All these 
vectors were positioned towards control plots. Conversely, 
RCI and LT were positioned in the opposite direction, 
towards the heat stress treatments (Fig. 4, A: pre-silking and 
B: post-silking), and no solid associations were inherent of 
the cultivar type. As a difference, Ci was represented in PC2 
and was not associated with any heat treatment or cultivar. 
 
Discussion 
 
Leaf temperature in heated plots reached nearly 40°C, 
highlighting the heat treatments’ effectiveness (i.e., H1 and 
H2; Table 1). Despite similar increases in average 
temperature (difference between control and heated plots), 
heating intensity was different between experiments; the 
number of hours plants in heated plots were exposed to 
temperatures exceeding 34°C nearly doubled during post-
silking (H2) when compared to pre-silking (H1). 
Our results revealed that CER was closely related to Fv/Fm 
decreases during daytime heating and CER recovery seems 
strongly associated with the fast recoveries of Fv/Fm after 
heat stress, in accordance with our first hypothesis. The 
temporary decline of Fv/Fm in ear leaves, as well as the 
subsequent recovery from heat stress, indicate that damage 
to PSII was transient with exceptionally fast recoveries when  
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Table 1. Effect of treatments on leaf temperature (LT: °C), stomatal conductance (gs: mmol H20 m
-2

 s
-1

), leaf transpiration rate (E: mmol 
H20 m

-2
 s

-1
), internal CO2 concentration (Ci), and leaf photosynthesis rate (CER: μmol CO2 m

-2
 s

-1
). Data corresponded to measurements 

taken in the middle (120 min) and at the end (240 min) of the daytime heating in two maize cultivars (Tr: tropical and Tx: temperate × 
tropical). Temperature regimes corresponded to control (C) and heated treatments (H) during a 15-d period before silking (pre-silking) and 
heating from R1 + 2-d to R1 + 17-d (post-silking). ANOVA results are presented at the bottom of each heating period. All traits were 
measured in the middle (7 d) and at the end of the treatment period (14 d). LSD0.05 is provided two-way interactions within each column. 
  

Pre-silking 

   
120 minutes after the beginning of the daytime 
heating 

240 minutes after the beginning of the daytime 
heating 

Day TR CUL LT‡ gs§ E Ci¶ CER LT gs E Ci CER 

7 C1 Tr 33.1 0.438 7.75 129.5 36.1 34.4 0.415 6.54 109.7 38.0 
  Tx 32.9 0.460 7.80 151.1 36.3 34.6 0.440 6.60 107.8 37.7 
 H1 Tr 38.5 0.252 6.03 130.4 31.3 40.0 0.203 4.49 105.4 24.6 
  Tx 38.6 0.255 6.00 144.6 25.3 40.5 0.181 4.63 108.5 20.8 
TR *** *** *** ns† ** *** *** *** *** *** 
CUL ns ns ns ns ns ns ns ns ns ns 
TR*CUL ns ns ns ns * ns ns ns ns * 

LSD 
(interacti
on) 

1.1 0.051 0.34 26.4 4.4 1.2 0.030 0.78 40.3 3.8 

Day TR CUL LT gs E Ci CER LT gs E Ci CER 

14 C1 Tr 32.5 0.373 6.37 131.7 35.0 31.8 0.340 6.02 125.3 32.9 
  Tx 31.5 0.403 6.53 158.0 34.2 32.5 0.333 5.80 110.0 32.2 
 H1 Tr 40.9 0.239 5.25 145.0 28.4 41.7 0.245 4.82 101.7 25.3 
  Tx 41.7 0.220 5.00 125.0 25.9 42.1 0.233 4.61 130.7 23.5 
TR *** *** *** ns *** *** *** *** ns *** 
CUL ns ns ns ns ns ns ns ns ns ns 
TR*CUL ns ns ns ns ns ns ns ns ns * 
LSD (interaction) 2.4 0.059 0.78 35.9 4.4 1.7 0.028 0.53 35.5 2.3 

Post-silking 

   
120 minutes after the beginning of the daytime 
heating 

240 minutes after the beginning of the daytime 
heating 

Day TR CUL LT gs E Ci CER LT gs E Ci CER 

7 C2 Tr 32.4 0.387 6.49 116.7 34.8 34.6 0.313 5.93 118.3 32.9 
  Tx 32.8 0.378 6.00 153.7 34.0 34.2 0.314 5.80 116.7 32.1 
 H2 Tr 41.6 0.305 4.80 146.3 29.6 44.8 0.223 3.83 112.7 25.5 
  Tx 41.3 0.299 4.37 137.3 28.4 44.8 0.215 3.90 126.3 20.9 
TR *** *** ** ns ** ** *** ** ns *** 
CUL ns ns ns ns ns ns ns ns ns * 
TR*CUL ns ns ns ns ns ns ns ns ns ns 
LSD (interaction) 2.5 0.028 1.09 37.6 2.3 2.0 0.031 1.56 45.3 3.8 

Day TR CUL LT gs E Ci CER LT gs E Ci CER 

14 C2 Tr 32.1 0.395 6.48 151.7 34.8 34.9 0.324 5.82 124.0 32.9 
  Tx 32.0 0.402 6.48 133.3 31.9 34.7 0.312 5.57 112.3 29.8 
 H2 Tr 38.1 0.303 5.10 133.0 27.3 43.5 0.234 4.13 127.3 24.5 
  Tx 38.9 0.294 4.95 159.0 26.5 43.7 0.237 4.19 123.7 21.7 
TR *** *** *** ns *** *** *** *** ns *** 
CUL ns ns ns ns * ns ns ns ns *** 
TR*CUL ns ns ns ns ns ns ns ns ns ns 
LSD (interaction) 1.4 0.030 0.80 33.2 2.31 0.93 0.019 0.71 33.2 3.6 

* Significant at the 0.05 probability level. ** Significant at the 0.01 probability level. *** Significant at the 0.001 probability level. † nonsignificant at the 0.05 probability level. 
‡ ºC (LT). § mol H20 m-2 s-1 (gs and E). ¶ µmol mol-1 (Ci). # µmol CO2 m-2 s-1 (CER)  
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Fig 1. Leaf photosynthesis rate (CER, circles), maximum efficiency of PSII (Fv/Fm, squares), stomatal conductance (gs, triangles) and 
internal CO2 concentration (Ci, diamonds) as a function of time during and after the daytime heating. Data corresponds to the 
average of two maize cultivars under control (closed symbols) and heat conditions (open symbols). Arrows indicate the time when 
shelters were reopened at the end of the daytime heating treatment. Measurements were taken on day 7 (A, B, E and F) and day 
14 (C, D, G and H) after the start of the heating period in pre- and post-silking. Relative cell injury (RCI) was also measured (inset) 
120 min after initiating the daytime heating in both cultivars (Tr: tropical and Tx: tropical × temperate). Leaf photosynthesis data 
(CER) were partially obtained from Neiff et al., 2016.   
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Fig 2. Relationship between maximum efficiency of PSII (Fv/Fm) and relative cell injury. Data corresponds to two maize genotypes, 
(A; Tropical and B; Tropical × Temperate) under control (open symbols) and heating conditions (closed symbols). Treatments were 
performed during a 15-d period before silking (circles) and from R1 + 2-d to R1 + 17-d (triangles). Symbols with or without a plus 
sign represent measurements taken on day 7 or day 14, respectively. Data corresponded to measurements taken 120 min after the 
start of the daytime heating. 
 
 

 
Fig 3. Crop growth rate (g m

-2
 d

-1
) at pre- (A) and post-silking (B). Data corresponded to two maize cultivars (Tr: tropical and Tx: 

tropical × temperate) under control (shaded bars) or heated conditions (blank bars). Vertical bars denote ± S.E. of means. Bars with 
same letters are not significantly different (P < 0.05).  
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Fig 4. Biplot showing the relationships between crop growth rate during pre- (A: CGRPRE) or post-silking (B: CGRPOST) and the 
physiological traits measured in each period: relative cell injury (RCI), maximum efficiency of PSII (Fv/Fm), stomatal conductance 
(gs), leaf transpiration (E), leaf temperature (LT), internal CO2 concentration (Ci), and leaf photosynthesis rate (CER). Data 
corresponded to the average of two maize cultivars, (Tr) Tropical and (Tx) Tropical x Temperate; under control (blank symbols) and 
heat (shaded symbols) stress conditions. Measurements were taken in the middle (7-d; symbols without a plus sign) and at the end 
(14-d; symbols with a plus sign) of each heating period. 
 

 
Fig 5. Chart showing possible non-stomatal and stomatal effects of heat stress under field conditions in maize. 
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compared to other studies. Fv/Fm of heated leaves reached 
~95% of the corresponding control values 30 min after the 
end of the daytime heating (Fig. 1). This is one of the most 
remarkable findings of the current research. Similarly, 
Haldimann and Feller (2005) reported relative fast recoveries 
of Fv/Fm in pea (Pisum sativum L.) leaves acclimated to heat 
stress. Conversely, in maize, several studies indicated that 
Fv/Fm in dark-adapted leaves and leaf photosynthesis 
recoveries occurred within a window of time from hours to 
even days (Heckathorn et al., 1998, Sinsawat et al., 2004, 
Souza et al., 2004).  
The results also clearly reveal that the photosynthesis 
reduction during heat stress under field conditions was 
mainly determined by non-stomatal factors, in agreement 
with our second hypothesis. Although stomatal conductance 
was affected by the temperature regimes, this did not seem 
to be the direct cause of photosynthesis reduction, because 
it was not directly related to changes in CO2 concentration in 
the stomatal cavity (Ci, Fig. 4). Hence, stomatal closure 
appeared to be a secondary response to heat stress, 
according to earlier studies (Berry and Bjorkman, 1980, 
Heckathorn et al., 1998). Similarly, Camejo et al. (2005) 
concluded that heat shock treatment in tomato caused 
important reductions in CER associated with non-stomatal 
components. In contrast, Zhou et al. (2007) found that 
photosynthesis decreases by drought stress in rice were due 
to both diffusive (stomatal conductance) and metabolic 
(oxidative damage to the chloroplast) limitations, depending 
on the intensity of the drought stress. In this research, both 
temperature regimes (TR) and the cultivar x treatment 
interaction did not have a significant effect on Ci during 
heating (Table 1 and Fig. 1). Similarly, Sharma et al. (2015) 
also found that Ci was unaffected by heat stress in wheat 
(Triticum aestivum). 
Relative cell injury (RCI) was acceptably (Tr, Fig. 2 A: R

2 
= 

0.53*) or strongly (Tx, Fig. 2 B: R
2 

= 0.84**) associated with 
Fv/Fm. As a consequence of the artificial heating, cell injury 
increased from –7 d before silking to +14 d post-silking. 
Furthermore, cell membranes in ear leaves of Tx were highly 
susceptible to heat stress in comparison with Tr, and 
consequently less stable as temperature increased, resulting 
in a massive leakage of ions from the damaged cells. These 
findings support the use of cell membrane stability to 
discriminate heat-tolerant and susceptible cultivars (Coskun 
et al., 2011, Rahman et al., 2004). 
Crop growth rate (CGR) was reduced by heat stress in both 
heating periods. These results are supported by previous 
findings based on maize cultivars, where authors reported 
greater effects of heating on radiation efficiency use than on 
light interception (Cicchino et al., 2010; Rattalino Edreira and 
Otegui, 2012). In addition, we found that CGR was positively 
associated with CER and Fv/Fm across heating periods and 
cultivars, and negatively associated with RCI, in agreement 
with our third hypothesis. Apparently, CER and Fv/Fm 
recoveries observed in our study could be translated to crop 
level, as indicated by previous studies (Rattalino Edreira and 
Otegui, 2012). The authors showed that after the removal of 
heat stress, plants subjected to heat stress around silking 
exhibited a recovery in growth and reached crop growth rate 
values similar to those registered among non-heated plants. 
In addition, Neiff et al. (2016) found an important recovery 
effect of CGRPOST when heating was applied during pre-
silking. Sharma et al. (2015), also found that dry matter 

accumulation in wheat after 7 days of heat stress was 
positively correlated to Fv/Fm, and this trait was used to 
compare the ability of chlorophyll fluorescence parameters 
to detect genetic differences in heat tolerance (Sharma et 
al., 2012). Furthermore, heat treatments were clustered 
with high relative cell injury and high leaf temperatures, and 
physiological traits were reduced significantly under heat 
stress conditions each day measurements were taken (Fig. 
4). 
Finally, non-stomatal limitation seems to be the main cause 
of CER and crop growth rate decreases in maize when heat 
stress was applied close to silking under field conditions, 
since Ci was not affected by heating. Stomatal closure could 
have indirectly contributed to an increase in cell injury 
through a decrease of transpiration rate, and hence, an 
increase in leaf temperature. Cell injury could affect 
photosynthesis by directly affecting PSII potential activity 
(quantified as Fv/Fm) or by other metabolic ways, such as 
rubisco activity, reactive oxygen species, etc. The 
consequence of what was described above is, clearly, a 
reduction of dry matter production. A fairly generalized 
scheme is given in Fig. 5, which shows the relationships 
among some of the measured traits under high 
temperature. 
Further research is needed in order to analyze the impact of 
heat on the other metabolic traits mentioned above. The 
observed correlations between physiological traits and crop 
growth rate during heat stress under field conditions are 
indicative of the potential use of these traits in breeding 
programs for heat tolerance. 
 
Materials and Methods 
 
Plant material and growing conditions 
 
Field experiments were conducted at the Universidad 
Nacional del Nordeste experimental station (Corrientes, 
Argentina; 27°28’ S; 58°49’ W; 70 masl). The area has a 
humid subtropical climate. Two single cross maize cultivars 
(Tr: tropical and Tx: temperate × tropical; cultivar: CUL) with 
contrasting temperature tolerance (Neiff et al., 2016) were 
planted on January 18

th
 (Tr) and 20

th
 (Tx), 2014. The sowing 

dates were used to synchronize silking dates between 
cultivars based on previous experiments (data not shown). 
Two seeds were sown per hill, and then thinned to one plant 
per hill at V3 stage, resulting in a final plant density of 7.5 
plants m

-2
 (0.5 m row to row spacing). The cultivars were DK 

390 VT3Pro (Tr) and Exp 8282 VT3Pro (Tx), both produced by 
Monsanto Argentina. The soil was a Hyperthermic Aquic 
Udipsament. Soil water was kept over 50% field capacity in 
the first meter of depth during the entire growing season 
using drip irrigation. Plots were fertilized with 250 kg N ha

-1
, 

60 kg P ha
-1

, and 199 kg K ha
-1

 via drip irrigation system. 
Weeds, insects, and diseases were controlled as needed. 
 
Experimental design 
 
The experiments were established in a split-plot design with 
three replications. The main plots (30 m

-2
) were enclosed in 

polyethylene film shelters (5 m long, 7.5 m wide with a 
maximum height of 3 m), which were used to control 
temperature increases. High temperature was induced by 
shelter closure through roll-up shutters arranged on both 
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sides of each shelter during the pre- (15-day period before 
silking to R1) and post-silking periods (15-day period 
beginning two days after silking). Thus, two temperature 
regimes were applied during the pre- (C1: control and H1: 
heated) and post-silking periods (C2 and H2). During heating 
in H1 and H2, the roll-up shutter was not fully closed leaving 
an opening of 0.5 m above ground at the sides of shelters in 
order to allow adequate gas exchange and avoid excessive 
heating. Temperature increases in H1 (pre-silking) and H2 
(post-silking) treatments varied from 4° to 10°C from 1000 to 
1400 h during the treatment period (15 d). Temperatures 
were left at ambient levels in control treatments (C1 and C2) 
in which the roll-up shutter remained fully open. 
Temperature regimes were randomly assigned to main plots, 
whereas cultivars were randomly assigned to sub-plots (10 
m

-2
) within the main plots. 

 
Leaf gas exchange and chlorophyll fluorescence 
 
Steady-state leaf photosynthesis (CER, µmol CO2 m

−2
 s

−1
) was 

measured with a LI-COR 6400 portable photosynthesis 
system (LI-COR, Lincoln, NE) under saturated irradiances. 
Simultaneously, leaf transpiration (E, mol H2O m

−2
 s

−1
), 

stomatal conductance to water vapor (gs, mol H2O m
−2

 s
−1

), 
and internal CO2 concentration (Ci, µmol mol

-1
) were also 

determined. All measurements were taken from fully 
expanded ear leaves. CER at leaf surface measured 2000 
µmol m

-2
 s

-1
 PPFD (i.e., photosynthetic photon flux density) 

using a 6400-40 leaf chamber on a 2 cm
-2

 area of the leaf 
that did not include the midrib. Flow rate through the 
chamber and sample side IRGA was set to 500 µmol s

-1
. CO2 

concentration of the reference cell (CO2R) was set at 400 
ppm. In order to assess the daily evolution of CER, E, gs and 
Ci, measurements were performed 0, 120, and 240 minutes 
after initiating the daytime heating and every 30 minutes 
after the removal of heat stress on days 7 and 14 during the 
heating period (measurement day: Md). Measurements of 
maximum efficiency of PSII (Fv/Fm) were taken 
simultaneously with CER. The ear leaves were dark-adapted 
for 30 min before using a Handy-PEA chlorophyll 
fluorometer (Hansatech, UK). The transients were induced 
by 1 s illumination with an array of six light-emitting diodes 
providing maximum light intensity (3500 µmol m

-2
 s

-1
 PPFD) 

and homogeneous irradiation over a leaf area of 0.13 cm
-2

. 
Fv/Fm measurements were also performed in the middle and 
at the end of each heating period (i.e., days 7 and 14). 
 
Cell membrane stability (CMS) 
 
Relative cell injury (RCI) was calculated with the following 
equation: 
𝑅𝐶𝐼 (%) = 100 −  𝐶𝑀𝑆 [1] 
CMS: cell membrane stability 
CMS was measured with the method suggested by Sullivan 
(1972) and adapted by Rhaman et al. (2004). The 
combination of temperature and duration treatments 
exposing maximum genotypic differences (40°C for 60 min) 
was selected for these experiments. Measurements were 
taken on days 7 and 14 of each heating period (i.e., pre- and 
post-silking). Ear leaf samples were taken from maize plants 
to determine relative injury at noon (120 min after initiating 
the daytime heating). Leaves were brought to the laboratory 
as quickly as possible. A special steel puncher was used for 

punching leaf discs (0.95 cm
-2

). Two samples were taken 
from each ear leaf (one on either side of the rib). Leaf discs 
were excised between 1200 and 1300 h and placed in tubes. 
Leaf discs were thoroughly rinsed thrice in deionized water 
to wash out any adherent electrolytes. After the final 
washing, 2 mL water were added to each tube and capped 
to avoid desiccation and evaporation during heating. One 
sample was treated in a controlled temperature water bath 
maintained at 40°C for 60 minutes. The other sample was 
kept at 25°C for the same period. After heating, 10 mL 
deionized water were added to each vial and held at 10°C 
for 24 h to allow for diffusion of electrolytes. Vials were 
brought to 25°C and shaken to mix the contents. Electrical 
conductivity (EC) was measured with an EC-meter (Model, 
HI-933300, Hanna Instruments, USA). Vials were autoclaved 
for 15 minutes at 0.10 MPa pressure to completely kill 
tissues and release all electrolytes. Vials were then brought 
to 25°C and the final EC was measured with the same tool. 
CMS was calculated with the following equation (Sullivan, 
1972): 

CMS (%) = [
1−(

T1

T2
)

1−(
C1

C2
)
] x 100 [2] 

T and C refer to EC values of heat-treated and controlled 
vials, and subscripts 1 and 2 denote the initial and final EC 
readings, respectively. 
 
Crop growth rate 
 
Crop growth rate data (CGR, g m

-2
 d

-1
) was obtained from 

Neiff et al., 2016. Briefly, authors measured dry matter 
destructively by harvesting five consecutive plants at pre-
silking (–15 d R1), silking (R1) and 15 d after silking. The 
calculation was performed as the quotient of the difference 
of shoot dry matter produced and the time elapsed between 
samplings. Crop growth rate was estimated for the pre- 
(CGRPRE) and post-silking (CGRPOST) periods. 
 
Statistical analysis 
 
Data were compared using ANOVA, Pearson’s correlations 
among traits and simple linear regression analysis for 
pairwise comparisons. Differences among treatment means 
were separated by the least significant difference (LSD) 
Fisher’s test at 0.05 probability level. A principal component 
analysis (PCA) was used to identify physiological variables 
associated with dry matter production in both heating 
periods (i.e., pre- and post-silking). All tests were performed 
with Infostat 2011 software. 
 
Conclusion 
 
Our results indicate that, for maize plants growing under 
high temperatures, relative cell injury (RCI) and Fv/Fm were 
strongly associated with decreases in CER, and that Fv/Fm 
recoveries were exceptionally faster in comparison with 
other studies. These findings reaffirm the close relationship 
between Fv/Fm and leaf photosynthesis recoveries. In this 
sense, measurement of post-stress recovery could be a 
relevant trait in order to aid breeding for heat-tolerant 
germplasm. Moreover, internal CO2 concentrations were 
similar among temperature regimes, discarding a causal 
primary effect of stomatal conductance and highlighting the 
damage on non-stomatal factors such as PSII activity under 
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heat stress. 
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