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ARTICLE INFO ABSTRACT
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An average temperature increase between 2.6 and 4.8 °C, along with more frequent extreme temperatures, will
challenge crop productivity by the end of the century. To investigate genotypic variation in soybean response to
cha)f . elevated temperature, six soybean (Glycine max) genotypes were subjected to elevated air temperature of +
iie:grmon 4.5 °C above ambient for 28 days in open-top field chambers. Gas exchange and chlorophyll fluorescence were
Seed composition measured before and during heating and yield as well as seed composition were evaluated at maturity. Results

show that long-term elevated air temperature increased nighttime respiration, increased the maximum velocity
of carboxylation by Rubisco, impacted seed protein concentration, and reduced seed oil concentration across
genotypes. The genotypes in this study varied in temperature responses for photosynthetic CO, assimilation,
stomatal conductance, photosystem II operating efficiency, quantum efficiency of CO; assimilation, and seed
protein concentration at maturity. These diverse responses among genotypes to elevated air temperature during
seed development in the field, reveal the potential for soybean heat tolerance to be improved through breeding

and underlines the importance of identifying efficient selection strategies for stress-tolerant crops.

1. Introduction

As a part of climate change, atmospheric temperatures are projected
to increase worldwide at an average rate of 0.3 °C per decade, with a
likely + 1.5 °C rise in the next 20 years, corresponding to projections
under the most severe climate models (Collins et al., 2013; Lee et al.,
2021). In the United States, heat waves surpassing the optimum tem-
peratures for crops are expected to increase in frequency, particularly in
regions with high agricultural productivity (Gornall et al., 2010; Hat-
field et al., 2011; Herring et al., 2016; Liang et al., 2017). The highest of
the projected global mean temperature scenarios for the end of the
century, RCP8.5, predicts an average temperature increase of 2.6-4.8 °C
above current conditions (Collins et al., 2013). In addition, work by
Zhao et al. (2017) predicts a yield reduction of 11.6% under RCP8.5 for
soybean (Glycine max). Modeling predicts that a temperature change of

even 1.8-2.4 °C will stall soybean yield gains by mid-century (lizumi
et al., 2017). Yield reductions have been observed in elevated temper-
ature field studies that have exposed soybean to short-term heat waves
(Hatfield and Dold, 2019; Siebers et al., 2015; Thomey et al., 2019) as
well as season-long warming (Ruiz-Vera et al., 2013). Soybean is
responsible for 65% of protein feed globally (FAO, 2002) with over 82
million acres of soybean harvested in the United States in 2020 (United
States Department of Agriculture, 2020). Improving soybean heat
tolerance is vital for food security and identifying and harnessing genetic
variation for heat stress response could play an important role in crop
improvement.

In vitro and pot studies have found genotypic variation in soybean
temperature response for seedling growth (Alsajri et al., 2019), seed
composition (Alsajri et al., 2020; Chebrolu et al., 2016; Nakagawa et al.,
2020; Pipolo et al.,, 2004), photosynthetic responses (Herritt and

Abbreviations: Ap, net photosynthetic rate; AT, ambient temperature; ET, elevated temperature; g, stomatal conductance to water vapor; F,/Fp, maximum
quantum efficiency of PSII; F, /Fm', quantum efficiency of PSII in the light; iWUE, intrinsic water use efficiency; Jyax, maximum rate of linear electron transport
through PSII; NPQ, nonphotochemical quenching; R, nighttime leaf respiration; Ry, mitochondrial respiration; Tiear, leaf temperature; Vemay, maximum rate of
carboxylation of RuBP; VPD, vapor pressure deficit; ®CO,, quantum efficiency of CO; ®PSII, quantum efficiency of PSIIL.
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Fritschi, 2020; Kumangai and Sameshima, 2014), and reproductive
development (Kumangai and Sameshima, 2014; Salem et al., 2007). In
situ studies enable the evaluation of temperature responses for crop
canopies in open-air conditions with unbound root systems. To date,
these studies have been restricted to a single genotype at a time
(Rosenthal et al., 2014; Ruiz-Vera et al., 2013; Siebers et al., 2015;
Thomey et al., 2019) or relied on historic data rather than experimen-
tally controlled comparisons (Zheng et al., 2009). Multi-genotype field
experiments are needed to evaluate genotypic variation in field condi-
tions to support germplasm improvement.

This study tested the hypothesis that soybean will have genotypic
variation for long-term heat stress responses in the field. This was tested
by growing six soybean genotypes at + 4.5 °C elevated air temperature
in the field during seed development, which occurs during what is
typically the hottest period of the growing season. Air within open-top
field plots was heated for four weeks during the seed development for
maturity group III and IV genotypes in the absence of soil moisture
limitation to identify responses that vary among genotypes under tem-
peratures similar to the RCP8.5 projections for the end of the century
(Collins et al., 2013).

2. Materials and methods
2.1. Site description and experimental design

Eight open-top field chambers of 9 m by 3 m, previously described by
Qiu et al. (2018), were built at the Lake Wheeler Road Field Laboratory,
in Raleigh, NC, USA. Each plot had two parallel, bi-layer 9 m plastic
walls, perforated on the interior layer. At the center of the walls, the
plastic connected to fan boxes which distributed heated air along the
entire length of the plot through the perforations in the bi-layer plastic.
The fan boxes attached to heated plots housed electrical resistance
heating elements. In the split-plot design, an elevated temperature (ET)
treatment was applied to four randomly selected plots. Untreated plots
were only exposed to ambient temperatures (AT) with fan boxes
distributing unheated air through the plots. Each plot was divided into
six 3 m long subplots with two rows at 38 cm spacing. One of six soybean
lines was randomly assigned to each subplot. The seeds were planted at a
density of 20 seeds per meter and thinned to 12 plants per meter after
emergence. Publicly released cultivars and advanced breeding lines
were selected for favorable yield and/or seed composition traits.
Wyandot-HP-47, Wyandot and Hiprol were in maturity group III, and
DBHIF 62-1, DBHIF 62-2 and NI19-0346 were in maturity group IV.

Soils were fertilized according to soil quality tests, with 22 kg ha™! of
NH4NO;5 and 100.8 kg ha™! of K0 prior to planting. Seeds were inoc-
ulated by spraying a suspension of 70 g N-Dure Bradyrhizobium japoni-
cum inoculant (Verdesian, Cary, NC, USA) per 22.7 kg water after
planting to ensure nodulation and atmospheric N fixation.

The heat treatment lasted four weeks from August 17th to September
14th 2020, as maturity group III plants entered developmental stage R5
and maturity group IV plants were in R4, and heating ended when
maturity group III plants reached R7 and maturity group IV were in R6,
at which time leaf senescence had begun. Irrigation was applied through
a drip line four days a week to maintain soils as close to field capacity as
possible, as observed by sensor data (~0.28 m3 m’B), to focus the
experiment on direct heat responses rather than indirect responses that
would result from soil moisture limitation.

2.2. Physiological measurements

Leaf gas exchange and chlorophyll a fluorescence were measured
with a LI-6800 photosynthesis system equipped with a leaf chamber
fluorometer (6800-01 A, LI-COR Biosciences, Lincoln, NE, USA) to
evaluate short-term physiological responses to elevated temperature. All
gas exchange and fluorescence measurements were taken from an up-
permost fully expanded leaf’s middle leaflet. Dark-adapted chlorophyll
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fluorescence (F,/Fp, or the maximum quantum efficiency of photo-
system II [PSII]) and respiration (R) were measured four hours after last
light the night before treatment onset (day 0) and seven days into
heating (day 7). Light-adapted chlorophyll fluorescence and gas ex-
change parameters were measured at midday on day O before temper-
ature elevation began at 4:30 pm, and then repeated at midday 24 h (day
1) and 48 h (day 2) later. The physiological parameters measured at
midday include net photosynthetic rate (A,), stomatal conductance (gs),
the operating efficiency of PSII (F,’/Fy’), PSII quantum efficiency
(®PSII), and non-photochemical quenching (NPQ). Intrinsic water use
efficiency (iWUE) was calculated from A, and g. Light intensity, [CO2],
and air temperature inside the measurement chamber were set to match
ambient conditions in the plots. Leaf temperature (Tje,¢) and leaf-to-air
vapor pressure deficit (VPD) measured inside the LI-6800 chamber
during midday measurements are also reported.

Photosynthetic intercellular CO; response (A/C;i) curves were
measured for all sub-plots. Replicates were blocked into four groups so
that one replicate for each genotype-treatment combination was
measured on each of four consecutive days, beginning seven days after
heating. Before sunrise, the uppermost fully expanded leaves were
excised at the base of the petiole and immediately placed in de-ionized
water; the petioles were re-cut under water upon return to the lab to
remove embolized vessels. Leaves were acclimated to actinic light for 30
min before measuring. The middle leaflet was clamped into a LI-6800 for
measurement, and A, and g; were permitted to reach steady state. Gas
exchange was measured in under 12 different CO, concentrations: 300,
200,100, 50, 400, 400, 600, 800,1000,1200,1500, 2000 umol mol L.
Light and temperature settings were based on average midday light in-
tensity (1800 umol m™2 s’l) and average treatment temperatures (32 °C
and 36 °C for AT and ET, respectively) as recorded by canopy air sensors.
The maximum rate of carboxylation by Rubsico (V¢max), maximum rate
of electron transport (Jmax), and respiration in the light (Rq) were
calculated from fitted simultaneous estimation based on the Farquhar,
von Caemmerer, and Berry model (1980) and Dubois et al. (2007). K¢, K,
and I'* were calculated using the Michaelis-Menten constants for
Rubisco O and CO, measured using transgenic tobacco (Sharkey et al.,
2007).

Daytime survey measurements of nonphotochemical quenching
(NPQ) were calculated by pairing mean nighttime measurements from
each plot following Eq. (1).

(Fm - le)

NPQ =
Q le

@
Where Fp, is the nighttime maximal fluorescence and Fy,’ is light adapted
maximal fluorescence as measured by the LI-6800.

2.3. Yield and seed composition

When plots reached maturity, all shoots were clipped at soil level and
mechanically threshed. Seeds were weighed to determine yield for each
subplot. Homogenous, whole-seed subsamples from each subplot were
analyzed with near infrared spectroscopy (NIR) (DA 7250, Perten In-
struments, Springfield, IL, USA) to measure protein and oil concentra-
tion. The calibration equation was created with thousands of seed
samples of known oil and protein seed composition, processed with
typical chemical protocols. Protein and oil concentrations were
normalized to 13% moisture content.

2.4. Sensor network

Air temperature and relative humidity sensors (RXW-THC-900,
Onset, Bourne, MA, USA) were installed in the center of each plot, 1 m
above ground, just above the top of the crop canopy. Plot-level vapor
pressure deficit (VPD) was calculated from these air temperature and
relative humidity data. Soil moisture, electrical conductivity, and
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temperature HOBOnet sensors (RXW-T12-900, Onset, Bourne, MA,
USA) were installed at 10 and 40 cm depths at the center of each of the
Wyandot genotype subplots. All sensor data was logged in 15-minute
intervals.

2.5. Statistical analyses

All statistical analyses were conducted in R version 3.6.3. All data
were fitted to the model(s) described below, and when the residuals for a
variable were not normally distributed, it was transformed using the
Box-Cox transformation or the Tukey Ladder of Powers with R packages
MASS and rcompanion (Venables and Ripley, 2002; Mangiafico, 2016)
(Table S1). Variables that did not require transformation included R,
Vemax, yield, seed protein concentration, and seed oil concentration.
Residuals from the linear model for F,/Fp, and ®PSII were not normally
distributed even after transformation; therefore, the non-parametric
Wilcoxon-rank sum test was used to test for differences between treat-
ments and genotypes. All other variables were analyzed using linear
mixed models described below, using Imer and lmerTest packages in R
(Bates et al., 2015; Kuznetsova et al., 2017; R Core Team, 2019).

Measurements from day O (before heating) were used as a covariate
for midday and nighttime gas exchange and chlorophyll fluorescence
measurements. For midday measurements, date, treatment, and geno-
type were used as fixed effects, and plot number was a random intercept.
Treatment comparisons within date were performed with the least-
square means test from the ImerTest package. For nighttime measure-
ments and variables derived from A/C; data, treatment and genotype
were fixed effects and block was a random intercept to account for the
different days on which A/C; responses was measured. Yield and seed
composition data were analyzed with genotype and treatment as a fixed
effect, and plot number was a random intercept. Three-way ANOVA and
least square means from the mixed models were used to determine
simple main effects and pairwise comparisons of genotype by treatment
per day of measurement. These tests were performed in the ImerTest
package. Pearson’s correlation values were calculated for z-scores. All
significant p-values from pairwise comparisons for gas exchange,
nighttime respiration, Vemax, Jmax, yield and seed composition are pre-
sented in the Supplementary Materials (Table S2).

To reduce type II error when testing hypotheses with highly variable
field data, a was selected to minimize the average of both type I and type
II errors for each test (Mudge et al., 2012). Error rates were calculated
over a range of power values from 0.1 to 0.9 with a Cohen’s f corre-
sponding to a medium effect size (Cohen, 1988) using the wp.kanova
function from the WebPower package (Mudge et al., 2012; Zhang and
Mai, 2018). This strategy yielded a = 0.17 for gas exchange and chlo-
rophyll fluorescence data and o = 0.16 for harvest data. For pairwise
comparisons within main effects, raw p-values were adjusted using the
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Benjamini and Hochberg correction (Benjamini and Hochberg, 1995)
and tested with a = 0.32, which was determined as described above. For
correlation tests, the same strategy yielded a = 0.14 for a moderate ef-
fect size.

3. Results
3.1. Air temperature elevation achieved in open-air field plots

Mean air temperature difference between AT and ET plots was 4.5 °C
from August 17th through September 14th. Mean canopy air tempera-
ture was 26 °C in AT and 30.5 °C in ET, with average day/night tem-
peratures of 26.7/24.9 °C in AT and 31/29.9 °C in ET (Fig. 1). Relative
humidity in ET plots was 18% lower than AT (66.2% and 85.3%,
respectively) during the 4-week heating period. Average VPD in the
plots was 0.65 kPa in AT and 1.6 kPa in ET plots. Ambient temperatures
dropped approximately 4 °C, 13 days into heating. This change reduced
both AT and ET averages for four days. The average solar noon tem-
peratures in ET plots (22 °C) during this period were also lower than the
warmest AT temperatures recoded during the treatment period (23 °C).
An additional dip in nighttime temperatures 20 days into heating
dropped AT to 23 °C and ET to 30 °C, when a few days before, these had
been 28 °C and 32 °C, respectively.

Mean soil temperature was 2 °C higher in ET plots (Table 1). The
mean difference in volumetric water content (VWC) between ET and AT
plots at 10 cm and 40 cm depth was 0.01 m®m~3 (Table 1; Fig. 2),
indicating that irrigation sufficiently compensated for the greater
evapotranspiration in elevated temperature plots.

3.2. Leaf-level responses

3.2.1. A/Cj-derived responses

Photosynthetic responses were measured across a range of CO»
concentrations from 50 to 2000 umol mol ™! to calculate biochemical
limitations to photosynthesis for AT and ET plants. Here, only the

Table 1

Mean and standard deviation (Sd) for soil VWC and temperature by treatment
and soil depth, & 2 Sd, where AT and ET are ambient and elevated temperature
treatments.

Treatment  Depth Mean soil Mean soil Sd VWC Sd soil
(cm) VWC temperature m®m~3)  temperature
@m™) (0 0
AT 10 0.295 24.3 0.030 1.31
AT 40 0.312 24.7 0.030 0.71
ET 10 0.307 26.3 0.023 1.29
ET 40 0.299 26.2 0.011 0.91
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Fig. 1. A) Mean canopy air temperature and B) VPD measured within AT and ET plots during the treatment period, when plants were in R5-R7 developmental stages.
Solid gray lines are measurements from AT plots, and orange dashed lines are measurements from ET plots. Sensors were mounted in the center of each plot, and

temperature and relative humidity values were recorded every 15 min.
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Fig. 2. A) Mean soil temperatures and B) and volumetric water content (VWC) at 10 cm and 40 cm soil depth in AT (grey) and ET (orange) plots. Solid lines are
10 cm depth measurements, and dashed lines are 40 cm depth measurements. The sensors were installed at the specified depths in the center of each Wyandot-47
sub-plot when plants were at the VC developmental stage, values were logged every 15 min.

genotype factor significantly affected Jn.x and Rq (p =0.02 and
p = 0.0034, Table 2). Non-transformed mean values for Vemax, Jmax and
Ry are presented in Table 3. Vpax Was significantly affected by both
temperature and genotype (p < 0.01, Table 2). Vepax was higher at ET
for DBHIF 62-1, DBHIF 62-2 and NI9-0346 (Table 3). There was no
significant genotype by treatment effect for the A/C;-derived
parameters.

3.2.2. Nighttime measurements

Temperature significantly increased R by an average of 32% across
genotypes (Table 3). The ET vs AT pairwise comparison was significant
for DBHIF 62-2 and Wyandot genotypes. For F,/Fp,, no significant dif-
ferences between treatments or genotypes were found (Fig. 3). Only the
Wyandot genotype had significantly different F,/Fp, in ET plots
(Table 4). Non-transformed mean values for nighttime respiration and
maximum quantum efficiency in of PSII are presented in Table 3.

3.2.3. Midday measurements

Gas exchange and leaf chlorophyll fluorescence were measured at
midday, when photosynthesis typically peaks, on day 1 and 2 of heating.
Measurements taken before heating (day 0) were used as a covariate in
the analysis. Air temperature was controlled inside the LI-6800 sample
chamber during measurements to ensure that measurement conditions
matched atmospheric conditions as closely as possible. Mean Ay, g, Fy'/
Fn’ and ®CO, (statistically significant midday survey measurement
variables) of non-transformed data per genotype, treatment and mea-
surement day are presented in Table 5. Treatment did not significantly
affect A,. Genotype significantly affected A, (p = 0.01), and the date by
treatment interaction (p = 0.09) as well as the genotype by treatment
interaction (p = 0.07) were significant (Table 6). A, in DBHIF 62-1 was
higher in ET at day 1 but not significantly different on day 2 (Table 7).
DBHIF 62-2 had significantly higher A, in ET than in AT, on day 2
(p = 0.05, Table 7, Table S1). Hiprol had significantly lower A, in ET
plots than in AT plots two days into heating (p = 0.09, Table S1,
Table 7).

Leaf temperature, measured inside the LI-6800 sample chamber
while air temperature was controlled as in the plot treatment, was

Table 2

p-values from ANOVA for R, Vemax, Jmax, and Rq measured on Day 7. T indicates
the fixed effect of the temperature treatment (ET vs. AT), G indicates the fixed
effect of genotype, and T x G indicates the interaction between temperature and
genotype.

Vemax Jmax Rq
T 0.008* 0.8 0.96
G 0.0009* 0.02* 0.0034*
TxG 0.39 0.88 0.35

affected by date, treatment, and date by treatment interactions
(Table 6). In addition, leaf temperatures were on average 12% higher for
all genotypes on day 1 and 16% higher for all genotypes on day 2
(Table 7).

Stomatal conductance (g;) was significantly affected by genotype
(p = 0.06), but leaf temperature was not (Table 6). Interactions between
date and treatment, date and genotype, and treatment and genotype
were also significant (Table 6). On average, g; decreased — 7.6% at ET
two days into heating (Table 7). Only the main effect of date was sig-
nificant for iWUE; with a significant interaction between date and ge-
notype (Table 6).

The maximum quantum efficiency of photosystem II (F, Fy, ) did not
have significant main effects, but there were significant interactions
between date and treatment, date and genotype, and treatment and
genotype (Table 6). On day 2, F, /Fy, was significantly different between
AT and ET for Wyandot HP-47.

Only the genotype effect was significant for NPQ (Table 6). The
quantum efficiency of PSII (®PSII) had significantly different values
only on day 1 for all genotypes except NI9-0346 and Wyandot HP-47
(Table 4).

3.3. Harvest responses: yield and seed composition

At maturity, all plants were harvested, and seed yield and seed
composition were evaluated for all genotypes and treatments. Genotype
significantly affected yield (p = 0.04, Table 8). Treatment and genotype
by treatment effects were not significant. Both protein and oil concen-
tration were significantly affected by treatment and genotype (Table 8),
and the treatment by genotype interaction was significant only for
protein concentration. All genotypes had significantly lower oil con-
centration in ET plots (Table 9 and Table S2).

3.4. Multivariate analyses

Correlation coefficients highlight the negative relationship between
leaf temperature and Ay, g, Fv’/Fm’, Jmax, and R, similar to the responses
of these variables to leaf temperature observed in the previous analyses.
In addition, yield was negatively correlated with g, F,’/Fp,’, and Rq and
positively correlated with NPQ (Table 10). Seed protein concentration
was positively correlated with A, and F,’/Fy,’ and negatively correlated
with R and seed oil concentration.

4. Discussion
This study was conducted to evaluate the responses of soybean

genotypic variability during long-term elevated air temperature. The
findings reveal variation among genotypes in short-term elevated
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Table 3
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Mean values of R, Fy/Fp, Vemaxs Jmax, and Ry for each combination of geotype and treatment, and percent change for ET compared to AT. Asterisks indicate significant

changes between AT and ET.

Genotype R (umol CO, m™2571) F/Fm Vemax (umol m™2 s71) Jimax (umol m 2 s71) Rg (umol CO, m2s71)
AT ET % change AT ET % change AT ET % change AT ET % change AT ET % change
DBHIF 62-1 1.79 230 0.831 0.849 2.16 275.76  377.83  37.01* 33292 313.77 -5.75 3.98 299 -24.71
1.75
DBHIF 62-2 2.29 51.0* 0.852 0.853 0.11 261.90 339.63 29.68* 337.54 325.06 -3.70 452 4.69 381
1.52
Hiprol 214 21.70 0.851 0.852 0.21 264.68 301.88 14.06 315.36  305.72 -3.06 576 4.82 -16.24
1.76
NI9-0346 2.02 41.30 0.830 0.846 1.88 305.11 450.31 47.59* 330.36 356.17 7.81 3.23 257 -20.41
1.44
Wyandot 2.09 51.8*% 0.846  0.851 0.56* 221.04 285.07 28.96 264.79 302.85 14.37 5.07 7.88 55.32
1.37
Wyandot HP-47 226  24.90 0.853 0.846 -0.78 196.32 187.59 -4.45 263.86 245.54 -6.94 3.95 396 0.25
1.81
Average 210 22.55 0.844  0.850 0.69 257.13  323.72 2548 307.47 308.19 0.45 4.42 449 -0.32
1.61
Tr * * 0.87 - -
T 25 T *
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Fig. 3. Means and standard deviations for A) nighttime respiration and B) F,/Fy, seven days into heating. Grey dots and error bars arer AT, and orange dots and error
bars are ET. Asterisks indicate significant differences between treatments for a genotype.

Table 4

p-values from Wilcoxon-rank sum test for differences between ET and AT values
for each genotype for midday measurements of ®PSII on Day 1 and nighttime
measurements of F,/Fy, on Day 7.

Midday- Day 1 Nighttime- Day 7

Genotype ®PSII Fy/Fm
DBHIF 62-1 0.114* 1
DBHIF 62-2 0.028* 0.625
Hiprol 0.114* 0.625
NI9-0346 0.486 0.875
Wyandot 0.057* 0.125*
Wyandot HP-47 0.68 0.375

temperature responses as well as seed composition after long-term seed
development at ET.

4.1. Genetic variability in leaf level responses

The elevated air temperature treatment in this study increased air
temperatures at canopy height by 4.5 °C over ambient, reduced relative
humidity by 18%, and elevated plot VPD by 1 kPa for 28 days during
reproductive development in the field. Although higher VPD increases
transpiration demand, irrigation was applied to minimize the soil
moisture differential between treatments. Therefore, this experiment
tested the direct effects of a warmer atmosphere rather than indirect
temperature effects via progressive soil moisture limitation.

Heating the air, rather than the leaf surface (e.g., by infrared
heaters), meant that plant biochemical responses to the elevated tem-
perature treatment could vary among genotypes depending on geno-
typic differences in latent heat exchange via stomatal conductance.
Although g responses to air temperature varied among genotypes, no
genotypic differences were observed for leaf temperature measured in
the LI-6800 leaf chamber, while air temperature was controlled. Sto-
matal conductance responses to temperature varied among genotypes
and between measurement days. All the genotypes had increased g; after
one day of heating, except for Wyandot HP-47, but only two genotypes,
DBHIF 62-2 and NI19-0346 increased g; after two days, making these less
sensitive to heat stress (Table 7). Although biochemical responses are
more difficult to interpret in the context of air temperature than in
relation to leaf temperature (Jagadish et al., 2021), plant physical traits
and stomatal responses to atmospheric warming will be an integral
component of crop response and potential adaption to global warming
(Buckley, 2019; Lin et al., 2017).

Only three physiological parameters measured in this study, Vemax,
R, and oil, responded to elevated temperature without a treatment by
genotype interaction. Oil concentration consistently declined at ET and
had a negative correlation with protein, as is commonly observed across
soybean datasets (Lee et al., 2019). Soybean’s market value partly
hinges on this component, and a decrease could reduce soybean’s value.

For A, and F,’/Fy’, elevated temperature had different effects among
genotypes and between measurement days (Table 7, Table S2). Prior
single-genotype studies have found soybean A;, to generally be reduced
by elevated temperature and heat waves (Ruiz-Vera et al., 2013; Siebers
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Table 5
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Mean values for An, gs, Fv'/Fm’, and ®CO2 measurements on day 1 and day 2 of the elevated temperature treatment, grouped by treatment (AT or ET) and genotype.

These values were transformed for statistical analysis as described in Table S1.

Aq (umol CO, m™2571) g (mmol Hy0 m 257 1) Fy'/F’ ®CO,

Day1l Day2 Day1l Day2 Day1l Day2 Dayl Day2
Genotype AT ET AT ET AT ET AT ET AT ET AT ET AT ET AT ET
DBHIF 62-1 41.75 46.35 37.44 36.54 1.12 1.18 0.90 0.78 0.62 0.63 0.61 0.59 0.03 0.03 0.03 0.03
DBHIF 62-2 33.53 43.16 36.12 45.29 0.57 0.97 0.76 1.04 0.57 0.62 0.60 0.63 0.02 0.03 0.02 0.03
HiPro 1 42.39 44.81 43.97 37.68 0.89 0.75 1.17 0.78 0.63 0.64 0.63 0.59 0.03 0.03 0.03 0.03
NI9-0346 41.25 41.31 37.25 34.75 0.89 1.01 0.98 0.94 0.62 0.62 0.63 0.61 0.03 0.03 0.03 0.02
Wyandot 35.00 40.24 38.37 32.58 0.95 0.98 1.09 0.83 0.61 0.61 0.65 0.60 0.02 0.03 0.03 0.02
Wyandot HP-47 27.12 30.46 38.83 34.58 0.55 0.58 0.92 0.85 0.57 0.55 0.66 0.59 0.02 0.02 0.03 0.02
Average 36.84 41.06 37.27 36.9 0.83 0.91 0.91 0.87 0.60 0.61 0.63 0.61 0.03 0.03 0.03 0.03

Table 6 on elevated temperature during the seed fill period only and included

able

P-values from ANOVA for A, Tieaf, 8s, Fv'/Fm’, NPQ, and iWUE measured at mid-
day on Day 1 and Day 2 of the ET treatment as well as R measured at nighttime
on Day 7. T indicates the fixed effect of the temperature treatment (ET vs. AT), G
indicates the fixed effect of genotype, and D indicates the day effect (day 1 vs day
2) for parameters measured on two days.

Midday Nighttime
A Tiear g iWUE  F,/Fn, NPQ R
DO 0.78 0.85 0.76 0.87 0.57 0.79 0.08
D 0.22 0.02* 0.6 0.02*  0.45 0.22
T 0.6 0.02*  0.99 0.93 0.48 0.92 0.01*
G 0.01*  0.33 0.06*  0.17 0.88 0.01*  0.17
DxT 0.09*  0.01*  0.07* 0.34 0.07* 0.18
DxG 0.26 0.36 0.07*  0.10*  0.04* 0.27
TxG 0.07*  0.21 0.03*  0.33 0.08* 0.27 0.21
DxTxG 0.86 0.91 0.59 0.84 0.93 0.86

et al., 2015); although the effect varied somewhat among measurement
days in both of these studies. In this study, A, responded significantly for
three specific genotypes. At day 1 of temperature elevation, A, was
higher in one out of six genotypes despite g; not responding significantly
for any genotype. At day 2, A, was significantly lower for Hiprol at ET
(Table 7). The shift in A, response to ET between days may have resulted
from higher Vmax observed in ET paired with reduced F,’/Fy,’ at day 2
(Table 7). DBHIF 62-2 was the only genotype with a large increase in A,
(25.4%) under ET on day 2 (Table 7). Although g, was reduced by direct
canopy heating in the field (Ruiz-Vera et al., 2013; Siebers et al., 2015),
the g; responses observed here from air warming were not consistent.
This finding also differs from the consistent g increase at warmer air
temperatures in growth chambers that was observed by Herritt and
Fritschi (2020).

Another difference between this and prior canopy warming experi-
ments in the field is the timing and duration of temperature elevation.
For example, Ruiz-Vera et al. (2013) applied a +3.5 °C throughout the
entirety of the growing season and Siebers et al. (2015) applied a +6 °C
heatwave for three days during four different developmental stages.
Possible early-season acclimation to elevated temperature in this
experiment might not have been captured by this study, which focused

Table 7

the beginning of leaf senescence. Conversely, the four-week duration of
the treatment in this study may have allowed for acclimation to occur
that would not have been observed in the prior short-term heatwave
experiment.

Seed composition was affected by ET (Tables 8, 10). Oil concentra-
tion was the most consistent of all variables measured in this study: ET
reduced oil concentration by a similar magnitude across all six geno-
types. Although the effect of ET on protein was not significant for in-
dividual genotypes, the direction of change was positive in four
genotypes (DBHIF 62-1, DBHIF 62-2, NI9-0346 and Wyandot) and
negative in the other two. Yield was too highly variable to resolve
temperature effects statistically, but it is important to note that trends
for yield responses to ET were dissimilar in direction and magnitude
across the six genotypes.

The maximum rate of carboxylation of ribulose-1, 5-biphosphate
(RuBP) by carboxylase-oxygenase (Rubisco) activity (Vemax) commonly
limits photosynthetic carbon assimilation in non-stressed plants under
ambient conditions (Bernacchi et al., 2009). Rosenthal et al. (2014) and
Cen and Sage (2005) have shown that supra-optimum temperatures for
plant growth do not limit V .y, and that high Vi pay at higher temper-
atures may shift the limitation to Jy,ax at similar intercellular CO5 con-
centrations. Above the temperature optimum, V.p.x increases, but
Rubisco activity is limited as oxygenation increases and CO» solubility
declines (Jordan and Ogren, 1984; Salvucci and Crafts-Brandner, 2004).
As temperatures increase above the optimum, linear electron transport

Table 8

ANOVA table for mixed models comparing the effect of treatment and genotype
on yield, protein, and oil concentration. p-values from ANOVA for yield, seed
protein concentration, and seed oil concentration measured at maturity. T in-
dicates the fixed effect of the temperature treatment (ET vs. AT) and G indicates
the fixed effect of genotype.

Yield Protein Oil
T 0.83 0.02* <0.001*
G 0.04* <0.001* <0.001*
TxG 0.28 0.16* 0.76

Percent change at ET compared to AT for Ap, Tieaf, 8, Fv'/Fm’, NPQ, and iWUE measured at mid-day on day 1 and day 1 of ET treatment. Asterisks indicate significant

changes between AT and ET.

Day 1 Day 2

Genotype A, Tleaf & F,/Fy’ NPQ iWUE A, Tleaf & F,/Fy’ NPQ iWUE
DBHIF 62-1 11.02* 11.82* 4.79 0.64 5.72 6.21 -2.42 15.39* -13.41 -3.43 8.24 8.12
DBHIF 62-2 28.71 7.69 69.99 8.47 -19.56 -37.51 25.40* 12.74* 37.01 4.25 -18.42 -11.73
Hiprol 5.72 16.00* -16.22 1.49 -17.78 11.83 -14.32* 21.81* -33.54 — — 26.62
NI9-0346 0.14 12.76* 13.48 -0.54 -107.56 -12.18 -6.71 14.97* -3.69 -5.26 -106.25 3.94
Wyandot 14.97 13.02* 3.43 0.26 -5.99 -12.39 -15.11 19.16* -23.92 -5.95 9.91 15.46
Wyandot HP-47 12.30 11.66* 5.62 -3.66 -1.54 -12.51 -10.95 15.97* -8.12 -8.84* 31.43 -4.58
Average 12.14 12.16 13.52 111 -24.45 -9.42 -4.02 16.67 -7.61 -3.85 -15.02 6.31
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Table 9
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Mean values of yield, seed oil concentration, and seed protein concentration measured at maturity for each combination of geotype and treatment, and percent change
for ET compared to AT. Asterisks indicate significant changes between AT and ET. Seed oil and protein concentrations are expressed on a 13% seed moisture basis.

Genotype Yield (kg m~2) 0il (%) Protein (%)
AT ET % change AT ET % change AT ET % change
DBHIF 62-1 0.77 0.74 -3.89 17.9 17.08 -5.02% 39.57 40.8 3.29
DBHIF 62-2 0.9 0.83 -7.77 17.96 17.31 -3.35% 39.28 40.43 3.06
HiPro 1 0.61 0.62 1.63 18.48 17.77 -3.80* 43.16 42.6 -1.16
NI9-0346 0.866 0.66 -23.25 20.74 19.38 -6.31% 38.76 40.15 2.82
Wyandot 0.64 0.76 18.75 21.4 20.99 -2.33% 36.12 36.42 0.83
Wyandot HP-47 0.69 0.79 14.49 18.66 18.5 -3.22% 41.12 40.66 -0.97
Average 0.75 0.73 -0.01 19.19 18.51 -24.03 39.67 40.18 1.31
Table 10

Correlation coefficients for leaf gas exchange, chlorophyll a fluorescence, and harvest parameters measured in this experiment. Correlation coefficients were based on
z-scores calculated across all genotypes and both treatments. Asterisks indicate significant correlation (p < 0.14).

& F,/Fy’ NPQ Tieaf Ve.max Jmax Ry R Yield Protein il
An 0.81* 0.83* -0.46* -0.41* 0.33* 0.27* -0.26* -0.01 -0.09 0.26* -0.19%
& 0.62* -0.23* -0.47* 0.24* 0.21* -0.26* -0.01 -0.19* 0.17 -0.17
Fy /Fm -0.66* -0.42% 0.15 0.13 -0.16 -0.01 -0.19% 0.29* -0.04
NPQ -0.04 -0.14 -0.01 0.06 0.03 0.20% -0.16 -0.12
Tieaf 0.10 -0.27* 0.11 -0.34* 0.00 0.02 -0.13
Ve.max 0.57* -0.48* 0.09 0.07 -0.12 0.06
Jinax -0.22% 0.19% 0.04 0.04 -0.07
R4 -0.27* -0.34* 0.09 0.02
R 0.16 -0.25* 0.19*
Yield -0.18 -0.08
Protein -0.61*

rate efficiency decreases, and RuBP regeneration, which is directly
linked to Jpax through PSII limits A, (Farquhar et al., 1980). However,
Jmax Was not affected by treatment after the first week of heating, and
the lower ambient temperature that occurred during the heating event
might have protected yield by preventing ET from exceeding the
optimum.

Although supra-optimum temperatures would likely not limit V¢pay,
and the main temperature effect was significant across genotypes in this
study, the overall increase in Vemax was driven by larger, significant
increases for three of the six genotypes. It is possible that the variation in
Vemax responses observed here is related to genotypic variation in
Rubisco activase (RCA) between genotypes or morphological differences
affecting mesophyll conductance. The expression of Rubisco activase
was shown to vary and correlate with seed yield across population of
soybean landraces (Chao et al., 2014). Another potential source of
genotypic variation in Vipax response is mesophyll conductance (gy),
which has been found to vary among 12-15 soybean genotypes in two
separate studies (Bunce, 2016; Tomeo and Rosenthal, 2017). The tem-
perature response of g, also varied among three soybean genotypes in
another study (Shrestha et al., 2019). Although increasing g, with
temperature may improve photosynthesis until Jy,x becomes limiting,
the benefit of higher g, could be offset by reduced stomatal conductance
(Flexas et al., 2014), as was observed for Wyandot HP-47 at ET in this
study.

Although this experiment was conducted at ambient atmospheric
CO,, which was approximately 415 ppm during the 2020 growing sea-
son, this value could increase to as high as 1000 ppm by the end of the
century (Collins et al., 2013). Most directly, atmospheric CO, concen-
tration at this level would increase intercellular CO, concentration
beyond the saturation point of Rubisco, while Vmax and Jpax are ex-
pected to acclimate to higher CO, concentration (Bernacchi et al., 2005;
Rogers and Humphries, 2000). This could reduce the temperature effect
observed here in all genotypes, even at more moderately elevated CO2
concentration (Rosenthal et al., 2014). In the context of this study, if
Vemax Were to acclimate rapidly to a concomitant elevation in atmo-
spheric COy concentration, the increase in A, observed here at day 1
might not occur.

Short-term dips in ambient temperature during the heating event
shifted ET closer to optimum temperatures, partially ameliorating the
impact of ET on yield and seed composition. Rapid recovery from heat
waves has been observed following brief heat waves in soybean, wheat,
and Eucalyptus parramattensis (Drake et al., 2018; Rashid et al., 2018;
Siebers et al., 2015).

Nighttime respiration increases with temperature have been linked
with yield loss in rice (Mohammed and Tarpley, 2009; Peng et al., 2004;
Saitoh et al., 1998) and wheat (Tan et al., 2013). Although ET increased
R in this study, yield may have been rescued by higher A; observed in
some genotypes, enabled by irrigation. In contrast with previous work
(Siebers et al., 2015), ET increased R by an average of 32%, but the
increase ranged from 2% to over 50% among genotypes. If higher R
reduces yield in the absence of irrigation, this wide R response range
could be harnessed to mitigate yield loss at higher temperatures.

4.2. Temperature sensibility and timing

The developmental timing of temperature elevation can affect its
impact on yield and seed composition (Rotundo and Westgate, 2009;
Siebers et al., 2015). Yield can be highly influenced by heat stress during
flowering or pod development, when flowers and seeds may be aborted.
Lesser effects of temperature on protein have been found in vitro when
soybean is in seed filling stages than when temperature is increased
during flowering and seed pod development (R1-R5) (Rotundo and
Westgate, 2009). Similarly, chamber and in vitro studies by Xu et al.
(2016) and Pipolo et al. (2004) found increased protein concentration
when temperature exceeds 25-28 °C or 25-33 °C, respectively. In this
study, seed protein concentration was dissimilar across genotypes and
negative correlations with oil concentration were found. This negative
correlation is commonly reported for soybean (Watanabe and Naga-
sawa, 1990; Li et al., 2014; Wijewardana et al., 2019). The reduction in
seed oil concentration across genotypes in this field study contrasts
starkly with prior chamber and in vitro studies, which found higher oil
concentration at higher temperatures (Nakagawa et al., 2020; Chebrolu
et al., 2016; Pipolo et al., 2004). The explanation for the reduction in
seed oil concentration observed here is not immediately clear, although
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previous studies have found variability in fatty acid responses to high
temperature. Linoleic and linolenic acids have been found to decline at
higher temperatures, while oleic acid percentages increased at higher
temperatures during seed fill (Carrera et al., 2011; Gibson and Mullen,
1996).

5. Conclusion

Our initial hypothesis, that soybean genotypes will vary in physio-
logical and agronomic responses to elevated temperature, was sup-
ported by data from six soybean genotypes grown at 4.5 °C above
ambient during seed development in open-air field plots. Photosynthesis
and related parameters were affected differently among genotypes and
between 1 and 2 days into heating. Elevated temperatures induced
higher nighttime respiration rates, although yield was unaffected in the
absence of water stress. Higher temperatures reduced oil concentration
in all genotypes and affected seed protein differently among genotypes,
which will greatly affect soybean’s value to end users in future climate
conditions. These findings indicate that genetic variability in existing
soybean germplasm, even among existing cultivars and advanced
breeding lines, could be harnessed to improve crop resiliency in a
warmer future and highlight the importance of considering grain
composition in abiotic stress studies. Future work in experimental field
settings like the one presented here will be able to identify temperature
tolerant soybean genotypes that can help adapt crops for future climate
conditions.
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