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Introduction: Soybean is sensitive to light and temperature. Under the background

of global asymmetric climate warming.

Methods: The increase of night temperature may have an important impact on

soybean yield. In this study, three varieties with different level of protein were

planted under 18°C and 28°C night temperatures for investigating the effects of

high night temperatures on soybean yield formation and the dynamic changes of

non-structural carbohydrates (NSC) during the seed filling period (R5-R7).

Results and discussion: The results indicated that high night temperatures resulted in

smaller seed size, lower seed weight, and a reduced number of effective pods and

seeds per plant, and thus, a significant reduction in yield per plant. Analysis of the seed

composition variations showed carbohydrates were more substantially affected by

high night temperature than protein and oil. We observed “carbon hunger” caused by

high night temperature increased photosynthesis and sucrose accumulation in the

leaves during the early stage of high night temperature treatment. With elongated

treated time, the excessive carbon consumption led to the decrease of sucrose

accumulation in soybean seeds. Transcriptome analysis of leaves after 7 days of

treatment showed that the expression of most sucrose synthase and sucrose

phosphatase genes decreased significantly under the high night temperature. Which

could be another important reason for the decrease of sucrose. These findings

provided a theoretical basis for enhancing the tolerance of soybean to high

night temperature.
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1 Introduction

Soybean (Glycine max) is one of the most important food crops. One of the major

compositions in soybean seeds is protein, which is necessary for human nutrition; soy is also

a valuable source of edible oil (Medic et al., 2014). During the developmental stage, soybeans

are often at risk of high temperature stress. The Intergovernmental Panel on Climate Change

(IPCC) reports that future climate change will expose crops to heightened average
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temperatures and increase the frequency of short-term high

temperatures (Solomon, 2008). High temperature causes significant

agricultural losses, affects nutrient cycling in many crops, and leads

to substantial yield decline (Asseng et al., 2014, Schauberger et al.,

2017; Zhao et al., 2017). When soybeans suffer high temperatures

during the seed filling stage, their yields are reduced and their seed

compositions changed (Medic et al., 2014; Song et al., 2016;

Nakagawa et al., 2020). For legumes such as faba beans, various

genetic approaches have been used to breed for heat stress tolerance

varieties (Lavania et al., 2015; Lavania et al., 2016). Global climate

model projections indicate that nighttime warming rises more

rapidly than daytime warming and is the primary driver of global

warming (Davy et al., 2016), reducing diurnal temperature

differences (Vose et al., 2005). A study by our research group

found that the diurnal temperature difference had a greater effect

on soybean protein and oil contents relative to the average daily

temperature, suggesting that night temperature plays an important

role in soybean protein and oil accumulation (Song et al., 2016).

Therefore, studying the effects of nighttime warming on soybean

growth and yield will provide a theoretical basis for developing

future food security strategies in China.

Several studies have confirmed the effects of temperature on

soybean seed growth in different developmental stages, duration of

high temperature treatments, and intensities of temperatures (Gibson,

1992; Tacarindua et al., 2013; Nakagawa et al., 2020). The impact of

high temperatures on soybean yield and quality has been studied

using open-enclosure facilities, controlled artificial climate chambers,

or crop models based on historical data (Gibson, 1992; Tacarindua

et al., 2013; Nakagawa et al., 2020). A negative correlation between

soybean yield and seasonal warming has been discovered (Kucharik

and Serbin, 2008). For every 1°C increase, soybean yield decreases by

an average of 17% (Lobell and Asner, 2003). The high temperature

associated with damage to soybean growth and development took

place in controlled chambers and greenhouses (Gibson, 1992;

Tacarindua et al., 2013; Nakagawa et al., 2020). Some studies

reported a decrease in yield at high temperatures in the soybean

seed filling stage (Gibson andMullen, 1996; Siebers et al., 2015). It was

observed that high temperature stress experienced during mid-

reproductive growth is more detrimental to seed yield and seed size

than that experienced during early or late reproductive development

stage (Puteh et al., 2013). Extreme heat or heat stress can cause

irreversible damage to soybean growth and development, and can

even cause death (Feng et al., 2020). The moderately high

temperatures are more likely to lead to morphological, structural,

physiological, and biochemical changes in the thermal adaptation to

warming conditions (Puteh et al., 2013). It was found that moderate

high night temperature of 29°C reduced photosynthetic rates and

pollen germination, resulting in decreased pod numbers and seed

weight (Djanaguiraman et al., 2013). However, the effect of high night

temperature, seed’s C and N accumulation, and corresponding

underlying mechanisms in soybeans remains unclear.

It has been suggested that high night temperature stimulate

carbohydrate usage (Loka and Oosterhuis, 2010). The yield decline

is mainly due to a reduction in the biomass allocated to the coffers and

a decrease in the content of dry matter and its synthetics. Losses

caused by high night temperature are usually accompanied by a

decline in biomass accumulation (Zhang et al., 2013; Jing et al., 2016).
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Daytime is a crucial period for photosynthesis in soybeans; at night,

the plants turn into mere consumers of the bioproducts of

photosynthesis, which accumulate during the day (Xu et al., 2021).

Many studies have confirmed that respiration rates of many crops

such as rice (Alvarado-Sanabria et al., 2017), wheat and barley (Garcıá

et al., 2015), maize (Kucharik and Serbin, 2008), and cotton (Loka and

Oosterhuis, 2010) increase at high night temperature. The same result

was also reported for soybeans (Bunce, 2005; Djanaguiraman et al.,

2013; Lin et al., 2021). As plants enhance nocturnal respiration (Rn),

more photosynthetic bioproducts are consumed, thereby reducing the

sugar reserves available for seed filling (Xu et al., 2021), night

temperatures of 10°C above ambient lead to a 2.6-fold

enhancement in rapid nocturnal respiration. However, the response

diminishes after thermal acclimation and causes yield loss (Peraudeau

et al., 2015). It was reported that the high night temperature resulted

in the higher Rn and decline of the yield in soybean by 4.6% per °C

(Lin et al., 2021). Another study found that various soybean varieties

showed different level of tolerance to high temperature, only a few

varieties showed decrease yield under high night temperature (Shu,

2021). One study has also observed that high night temperature

causes many environmental variables and that respiration has no

effect on yield or biomass (Frantz et al., 2004).

Non-structural carbohydrates in leaves, such as sucrose and

starch, represent the state of photosynthesis in the leaf, provide

whole-plant energy, and contribute to the accumulation of

structural carbohydrates (Hussain et al., 2019; Stitt et al., 1987).

Leaf senescence may affect crop yield in two different ways. On one

hand, delayed leaf senescence can increase yield by prolonging

photosynthesis and extending seed filling period; On the other

hand, delayed leaf senescence may affect nutrient reuse to the sink

organ, which may harm yield (Guo et al., 2021). Sucrose is the

main source of carbon energy for developing seeds and sucrose

transport is the central system of carbon resource allocation for the

whole plant (Ruan, 2014; Petridis et al., 2020; Zhang et al., 2016). It

has been reported that sucrose content decreases with the increase

in temperature (Loka and Oosterhuis, 2010). Studies have shown

proteomic changes in different tissues like leaves and anthers of

plants at high temperatures, as well as differential expression of

proteins related to various physiological processes, such as

carbohydrate metabolism (Das et al., 2015; Kumar et al., 2022;

Zhou et al., 2017). The balance between sucrose synthesis and

catabolism in leaves is mediated by influencing the activity of

sucrose synthase (SS) and sucrose phosphate synthase (SPS), two

key enzymes that also control the biosynthesis of carbon into

starch (Stitt and Zeeman, 2012) However, few researchers have

studied the effect of night temperature on the biosynthesis of

leaf sucrose.

Currently, RNA-seq technology is widely used in temperature

regulation studies in plants (Gillman et al., 2019; Shu et al., 2020).

RNA-Seq analysis of whole wheat kernels showed that high

temperature induced down-regulation of genes involved in

regulating pericarp cell wall expansion (Kino et al., 2020). This

down-regulation coincided with a reduction in total grain water

content and weight after the same treatment period, supporting the

theory that high temperature may lead to a reduction in mature grain

weight (Kino et al., 2020). Proteins like heat shock proteins also

known to play a key role in leguminous plants like Vicia faba and
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other plants under heat stress (Kumar et al., 2015; Kumar et al., 2016;

Kumar et al., 2020; Tiwari et al., 2021).

The aims of the study were (i) to evaluate the effect of high night

temperature during the seed filling stage on the yield and seed

compositions, (ii) to discover the dynamic changes of photosynthetic

physiological characteristics, dry matter accumulation and NSC linked to

stress tolerance triggered by high night temperature, and (iii) to analyze

the molecular basis of changes in the leaves, specifically

sugar metabolism.
2 Materials and methods

2.1 Experimental site and materials

The experiment was conducted for two years (2020-2021) at the

Photothermal Control Complex at Changping Experimental Station

(Beijing, 40°18′ N,116°25′ E), Institute of Crop Sciences, Chinese

Academy of Agricultural Sciences.

The high-protein variety Zhonghuang 39 (ZH39), medium-

protein variety Zheng 1307 (Z1307), and low-protein variety

Zhonghuang 76 (ZH76), which have the same growth period traits

(belonging to MG III, with similar flowering time and growth period),

were selected as experimental materials. All the materials were

planted in pots with dimensions of 18.5 cm in height and 18 cm in

diameter and filled with 10 kg of soil. Ten seeds were sown in each pot

on June 24th, and the plants were thinned to five healthy and uniform

plants in each pot after emergence. All the plants were grown to the

beginning of seed stage (R5) under natural light and temperature

conditions, and good agronomic practices were carried out. From the

stage of R5 to R7 (physiological maturity), the materials were treated

with different night temperature.
2.2 Experimental design and management

Four temperature-controlled chambers (6m×3m×2.5m) were used

to study the impact of high night temperature. According to the average

daily and nightly temperatures (28°C and 18°C) and the sunlight

duration (12.5 h) during seed filling stage (September) in Beijing, all

the plants were exposed to 18°C or 28°C night temperature with a

natural day temperature and 12-h light (7 pm - 7 am) treatment. Each

night temperature treatment corresponded to a chamber installed with

two platform trailers, and the pots were placed on the trailers during the

experimental period. During the day time, the trailers were pushed

outside the chambers, and all the plants grew under the natural light

and day temperature, and at night they were pushed into the chambers

with different temperature treatment.

Temperature and humidity data were recorded every 30 min from

the seed filling stage to the maturity stage using a temperature and

humidity recorder (OM-EL-WIFI-TH, OMEGA Engineering, USA).

The temperature changes during the treatment period (R5-R7) are

shown in Figure S1. The average night temperature of 18 °C treatment

during the period in 2020 was 18.06 °C, with a minimum of 17.36 °C

and a maximum of 21.52 °C. The average temperature of the 28 °C

treatment was 27.16 °C, with a minimum of 25.21 °C and a maximum
Frontiers in Plant Science 03
of 28.79 °C. During the treatment period in 2021, the average

temperature of the 18 °C treatment temperature was 18.29°C, with

a minimum of 17.36°C and a maximum of 21.52°C. The average

temperature of 28°C treatment was 27.53°C, with a minimum of

25.21°C and a maximum of 28.79°C. Any observed differences were

acceptable for the single-night temperature control, and the

differences between temperature treatments remained constant,

making the two years of experimental condition control reliable.
2.3 Seed size

We randomly selected pods grown in similar positions for

sampling and analysis. We peeled and photographed the seeds after

they reached maturity. Vernier calipers were used as a scale, and LED

light was used to remove the soybean seeds’ shadows, in order to get

as clear an image as possible. Each seed’s basic dimensions and

thickness were measured using a standard vernier caliper (Baek et al.,

2020). Each measurement was repeated five times.
2.4 Dry matter, sucrose and starch content

Three plants were cut at the cotyledon scars so that aboveground

parts could be extracted every 7 days at 9 am - 11 am. Different organs

of the plants were separated and placed in an oven at 105°C for 30

minutes for dehydration, then dried at 70°C to constant mass, and

weighed. Keming Sucrose Content Test Kit (ZHT-1-Y, Keming,

China) and Keming Starch Content Test Kit (DF-1-Y, Keming,

China) were used for sucrose and starch content determinations.

Each sample was analyzed five times.
2.5 Net photosynthesis and SPAD

The net photosynthetic rate of leaves was measured at the same

time using a Li-6400 portable photosynthesizer (LI-COR 6400, Lincoln,

USA) with the following parameters set: light quantum flux at 1200

umol/(m2·s), CO2 concentration at 450 umol/m2, flow rate at 500 umol/

s, and temperature at 25°C. Ten plants were measured during each

treatment. The leaf chlorophyll content, denoted by the SPAD value,

was measured on a SPADmeter (Chlorophyll Meter Model SPAD-502,

Konica Minolta Inc, Japan) every 7 days at 9-11 am after different night

temperature treatments (Ergo et al., 2018).
2.6 Agronomic traits

Ten mature plants were taken to investigate yield-related

agronomic traits (plant height, number of nodes, number of pods

per plant, number of seeds per plant, and 100-seed weight) for each

treatment. Protein and oil contents of seeds were determined using

near-infrared spectroscopy NIR (MPA, Bruker Optics, Germany),

and the sum of protein and oil content were calculated. Any

remaining fractions (primarily carbohydrates) were labeled

‘residual’ (Tamagno et al., 2022).
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2.7 RNA-seq (transcriptome) and
data analysis

The middle leaves of the third ternately compound leaves from

the top of ZH39 at 7 DAT (about 30 days after flowering and 77 days

after planting) were collected and flash-frozen with liquid nitrogen,

and stored at -80°C freezer for transcriptome analysis. For each

treatment, three leaves were sampled and pooled as one biological

replicate, and three biological replicates were used. According to the

method described by Metware Biotechnology Co. Ltd. (Wuhan,

China), total RNA was extracted using RNAprep Pure Plant Plus

Kit (DP441, Tiangen, China) according to its protocol. Before library

construction, the RNA quality was assessed using the

NanoPhotometer spectrophotometer (IMPLEN, CA, USA), Qubit

2.0 Fluorometer (Life Technologies, CA, USA), and Agilent

Bioanalyzer 2100 system (Agilent Technologies, CA, USA). Then

cluster generation, the library preparations were sent to the llumina

Novaseq6000 system for sequencing. Clean data (clean reads) were

obtained by removing reads with adapter reads containing ploy-N

and low quality reads from raw data. Gene expression levels were

determined using the fragments per kilobase of transcript per million

reads (FPKM) to compare among different samples. The thresholds

for differentially expressed genes (DEGs) were defined by p < 0.05 and

log2 fold ≥ 1 or ≤ -1.
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The RNA-seq reads used for this study were deposited at the National

Center for Biotechnology Information under project SUB12180172, and

the accession number was SAMN31361599-31361604.
2.8 Data analysis

Data were entered using Excel 2019 software (Microsoft

Corporation, USA) and plotted using Graphpad 8.0.2 (San Diego,

USA) and Rstudio 4.20 (R team 2021, USA). Analysis of variance

(ANOVA) was done using DPS 7.05 statistical software (Data

Processing System, China). Duncan’s multiple comparisons tested

the significant differences between means (P < 0.05). Other statistical

analyses were performed using SPSS 22.0 software (IBM, USA).
3 Results and analysis

3.1 Seed yield and yield components

High night temperature induced significantly (P < 0.01) lower

yield in all the three varieties compared (Table 1) in 2020 and 2021. In

2020, the yield of ZH39 decreased the most by 33.69%, while the yield

of ZH76 dropped the most by 45.45% in 2021. It was shown that the
TABLE 1 Effects of different high night temperature on yield and components of soybean.

Year Cultivars Treatment (°C) Effective pods number per plant Seed number per plant 100-seed weight (g) Yield(g/
plant)

2020

Z1307
18 26.67±0.33aA 62.00±1.73aA 16.31±0.06aA 8.41±0.21aA

28 21.00±1.73bA 28.33±1.45bB 15.40±0.17bB 7.32±0.29bA

ZH39
18 16.00±0.58aA 41.67±2.33aA 21.98±0.10aA 8.40±0.57aA

28 10.33±1.86bA 32.67±0.88bA 19.04±0.13bB 5.57±0.35bA

ZH76
18 22.00±1.53aA 47.33±5.24aA 18.86±0.16aA 7.97±0.35aA

28 15.33±0.67bA 25.00±1.00bA 17.79±0.07bB 5.96±0.07bB

2021

Z1307
18 34.00±1.00aA 65.67±2.73aA 15.92±0.09aA 9.28±0.29aA

28 21.33±0.33bB 31.33±4.81bB 13.45±0.07bB 6.12±0.28bB

ZH39
18 20.33±0.88aA 42.67±2.19aA 22.24±0.11aA 8.09±0.03aA

28 17.00±0.58bA 22.67±1.20bB 19.69±0.76bA 6.61±0.21bB

ZH76
18 26.67±1.86aA 55.33±5.67aA 18.40±0.42aA 6.93±0.19aA

28 20.67±0.33bA 18.00±0.58bB 15.14±0.53bB 3.78±0.28bB

F-value

Year(Y) 53.21** NS 18.02** 7.63**

Cultivar(C) 75.24** 18.55** 316.34** 31.38**

Treatment(T) 103.60** 225.18** 152.11** 183.77**

Y*C NS NS 11.95** 12.24**

Y*T NS 6.52* 9.97** NS

C*T 4.29* 11.61** NS NS

Y*C*T 4.81* NS 4.78* 9.10**
*, ** represent the test significant at the 5% level (P < 0.05) and 1% level (P < 0.01), respectively; NS, test non-significant at the 5% level.
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yield components of number of pods per plant, seed number per

plant, 100-seed weight, and seed yield per plant completely dropped

in various degree under high night temperature condition. The

interaction between year and variety effected the 100-seed weight

and yield significantly. The interaction between year and treatment

showed significant differences in the number of seeds per plant. The

interaction of variety and treatment showed significant differences in

effective pod number per plant and highly significant differences in

seed number per plant. The year, variety, and treatment interaction

showed significant differences in effective pods per plant, 100-seed

weight, and yield.
3.2 Seed compositions

The protein, oil, and residue contents in soybean seeds were

affected in various degree by the high night temperature in three

varieties (Figure 1). Under high night temperature, the protein

content of ZH76 significantly increased in 2020 (3.69%) and 2021

(7.87%), as well as ZH39 (3.95%) in 2021. However, the protein

content of Z1307 showed insignificant change under high night

temperature condition in both growing seasons. The oil content of

ZH76 significantly increased in 2020 (5.59%) and 2021 (2.31%), as

well as Z1307 (6.21%) in 2021 under high night temperature. While,

the oil content of ZH39 showed insignificant change in both two

years. For the total protein plus oil, ZH76 and ZH39 showed a

significant increase average by 5.07% and 3.72% in 2020 and 2021

under the high night temperature, while non-significant difference

was found in Z1307 between the treatments. The residual content in

ZH39 and ZH76 significant decreased by 5.69% and 6.97% on average

under high night temperature condition, respectively. However, the

residual content of Z1307 showed non-significant change under high

night temperature in both two years.
Frontiers in Plant Science 05
3.3 Dry matter accumulation

The aboveground dry matter accumulation of the three varieties

showed the same trend of increasing during the 14 DAT and then

decreased (Figures 2A-C). The peak of aboveground dry matter

accumulation appeared at 21 DAT for the 18°C night temperature

treatment and 14 DAT for the 28°C night temperature (Figures 2D-F).

The seed yield per plant of ZH39 was higher under high night

temperature before 21 DAT at 28°C night temperature treatment, and

it was lower after 21 DAT. For Z1307 and ZH76, the seed yield per plant

was consistently lower at 28°C night temperature comparing with 18°C

night temperature. No significant differences in the pod ratio were found

among the treatments in the three varieties (Figures 2G-I).
3.4 Seed size

High night temperature had a detrimental effect on seed size in

the three varieties (Figure 3 and Figure S2). Generally, the length,

width and diameter of seeds showed a significant decrease under high

night temperature in the two years (Table 2). Among the traits, the

length of the seed was mostly affected. The length of Z1307 was

reduced by 12.8% and 9.4% in 2020 and 2021, and it was reduced by

11.3% and 16.1% in ZH76. The seed of ZH39 also showed a slight

decrease in the length. The seed-length-to-width ratio did not change

significantly between the two treatments.
3.5 Photosynthetic characteristics

There was no change of the SPAD value in both varieties until 28 DAT

in the three varieties, while it was obviously raised under 28°C night

temperature treatment at 35 DAT, indicating that high night temperature

induced slight green-stay of the leaves (Figures 4A-C). The high night
A B D

E F G H

C

FIGURE 1

Effect of high night temperature on protein, oil, protein plus oil and residual contents in mature soybean seeds. The soybean seed protein (A-2020, E-
2021), oil (B-2020, F-2021), protein plus oil content (C-2020, G-2021) and residual (D-2020, H-2021) contents of the three varieties Z1307, ZH39 and
ZH76 under 18°C and 28°C night temperature during seed-filling stage were showed in the figure. The different letters indicate significant difference at
0.05 level (small letter) and 0.01 level (big letter).
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temperature significantly improved the net photosynthetic rate of leaves

before 14 DAT (Figures 4D-F), while it was decreased gradually after 14

DAT in the three varieties. No significant difference in the net

photosynthetic rate between the two treatments during 21 and 28 DAT

in both varieties. In addition, no significant difference in net photosynthetic

rate was found between the two treatments at 35DAT in Z1307 and ZH39,

while it was significantly increased in ZH76 at 35 DAT.
3.6 Sucrose and starch content

The dynamic change pattern of sucrose in stem and seed was similar

under different night treatments for the three varieties, however, it was

obviously different in leaf (Figure 5). The sucrose content in leaf was
Frontiers in Plant Science 06
significantly higher before 14 DAT, while decreased rapidly during 14-21

DAT. The sucrose content in stem and seed of 28°C night temperature

treatment was always lower than 18°C treatment. The three varieties

showed the same trend, but the period of difference was not consistent.

Leaf starch content in the elevated night temperature treatment was

significantly higher in ZH39 and ZH76 at 7 DAT, and it showed no

difference in Z1307 (Figure 6). For the three varieties, leaf starch content

changed non-significantly after 14 DAT. Under the 28°C night

temperature, stem starch content peaked at 21 DAT and then

decreased, with significant differences in Z1307 and ZH39 varieties and

no difference in ZH76. High night temperature improved the starch

accumulation in the seed, with significant differences in Z1307 and ZH39

at 21 DAT, highly significant differences in ZH39 and ZH76 at 28 DAT,

and non-significant differences at maturity between treatments.
A B C

FIGURE 3

Dynamic changes of soybean seed weight under different night temperatures. The dark blue/black blue line indicates the 18 ℃/28 ℃ treatment. The
broken lines respect the dynamic changes of soybean seed weight of the variety Z1307 (A), ZH39 (B) and ZH76 (C) under different night temperatures.
Values shown are means ± SE from three biological replicates. (*,P < 0.05;**, P < 0.01).
A B

D E F

G IH

C

FIGURE 2

Effects of high night temperature on total dry matter(DM), seed yield and pod ratio. The light blue /dark blue line indicates the 18 ℃/28 ℃ treatment. DM
means dry matter. The broken lines respect the dynamic changes of soybean above ground DM (A-C), seed yield (D-F) and pod ratio (G-I) with the days
of different high night temperature treatments for the three varieties of Z1307, ZH39 and ZH76. Values shown are means ± SE from three biological
replicates. (*,P < 0.05; **, P < 0.01).
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A B

D E F

C

FIGURE 4

Effects of high night temperature on SPAD value and net photosynthetic rate of leaves under different night temperatures. The light blue/ black blue line
indicates the 18 ℃/28 ℃ treatment. The broken lines respect the dynamic changes of the SPAD value (A-C) and photosynthetic rate (D-F) of soybean
leaves with the days of different high night temperature treatments for the three varieties of Z1307, ZH39 and ZH76. Values shown are means ± SE from
three biological replicates. (*, P < 0.05; **, P < 0.01).
TABLE 2 Effects of different night temperature on seed size of soybean.

Year Cultivars Treatment(°C) Seed length (mm) Seed width (mm) Seed diameter (mm) Ratio of seed length to width

2020

Z1307
18 7.57±0.07aA 6.23±0.03aA 6.73±0.07aA 1.21±0.02aA

28 6.60±0.00bB 5.63±0.07bB 6.07±0.03bB 1.17±0.01aA

ZH39
18 7.83±0.03aA 6.50±0.06aA 6.93±0.18aA 1.21±0.01aA

28 7.33±0.09bB 6.27±0.07aA 6.53±0.03aA 1.17±0.02aA

ZH76
18 7.70±0.06aA 5.97±0.12aA 6.67±0.03aA 1.29±0.02aA

28 6.83±0.07bB 5.58±0.02bA 6.37±0.09bA 1.22±0.01aA

2021

Z1307
18 7.23±0.13aA 6.40±0.09aA 6.73±0.02aA 1.13±0.03bA

28 6.55±0.12bA 5.10±0.06bB 5.71±0.22bA 1.28±0.03aA

ZH39
18 7.96±0.05aA 6.51±0.15aA 7.01±0.10aA 1.22±0.02aA

28 7.57±0.07bB 5.95±0.08bA 6.70±0.02bA 1.27±0.02aA

ZH76
18 8.27±0.10aA 5.56±0.08aA 6.89±0.06aA 1.49±0.04aA

28 6.95±0.17bB 4.96±0.22aA 6.05±0.15bB 1.41±0.06aA

F-value

Year(Y) 4.48* 23.29** NS 26.17**

Cultivar(C) 60.77** 61.33** 21.78** 33.15**

Treatment(T) 229.04** 109.99** 94.67** NS

Y*C 9.46** 3.87* NS 9.52**

Y*T NS 12.49** 4.82* 6.80*

C*T 13.02** 8.62** 5.46* 5.04*

Y*C*T 4.56* NS NS NS
F
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*, ** represent the test significant at the 5% level (P < 0.05) and 1% level (P < 0.01), respectively; NS, non-significant at the 5% level.
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FIGURE 6

Effect of high night temperature on starch content in soybean leaf, stem and seed. The light blue/ black blue line indicates the 18 ℃/28 ℃ treatment. The broken
lines respect the dynamic changes of the starch content of leaf (A-C), stem (D-F) and seed (G-I) with the days of different high night temperature treatments for
the three varieties of Z1307, ZH39 and ZH76. Values shown are means ± SE from three biological replicates. (*, P < 0.05; **, P < 0.01).
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FIGURE 5

Effects of high night temperature on sucrose content in soybean leaf, stem and seed. The light blue/ black blue line indicates the 18 ℃/28 ℃ treatment. The
broken lines respect the dynamic changes of the sucrose content of leaf (A-C), stem (D-F) and seed (G-I) with the days of different high night temperature
treatments for the three varieties of Z1307, ZH39 and ZH76. Values shown are means ± SE from three biological replicates. (*, P < 0.05; **, P < 0.01).
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3.7 Relationships between dry matter
accumulation and yield per plant

As shown in Figure 7, single plant yield was positively correlated

with single seed weight (P<0.001), starch (P<0.001) and sucrose

content in seeds (P<0.05) and negatively correlated with both the
Frontiers in Plant Science 09
net photosynthetic rate (P<0.01) and sucrose content in leaf(P<0.05).

Single seed weight was positively correlated with starch content in

seeds (P<0.001), and negatively correlated with the net photosynthetic

rate in leaves (P< 0.001), the SPAD value (P<0.001), the sucrose

content (P<0.001) and the starch content in leaves (P<0.05), and the

sucrose content in stems (P<0.01).
3.8 Transcriptome analysis

A total of 1861 differentially expressed genes (DEGs) were

identified between 18°C and 28°C treatment, 953 of which were

down-regulated (Figure S3 and Table S1). GO and KEGG analysis

indicated that these DEGs perform a wide range function, but the

most of them are involved in carbohydrate metabolism,

transmembrane transport, and ion channel-related processes,

photosynthesis, amino acid metabolism, biosynthesis of other

secondary metabolites and biological clock (Figure S4). This

analysis suggests that DEGs are associated with energy expenditure,

ion uptake, transport, stress tolerance, oxidative stress and scavenging

under high night temperature.

High night temperature regulated the major differential pathways

of carbohydrate metabolism in soybean leaves, including 11 DEGs for

photosynthetic carbon fixation (7 up-regulated and 4 down-

regulated), 30 DEGs for carbon metabolism (14 up-regulated and

16 down-regulated), 19 DEGs for glycolysis/gluconeogenesis (7 up-

regulated and 12 down-regulated), 19 DEGs for pyruvate metabolism

(9 up-regulated and 10 down-regulated), 29 DEGs for starch and

sucrose metabolism (8 up-regulated and 21 down-regulated), 16

DEGs for amino and nucleotide sugar metabolism (5 up-regulated

and 11 down-regulated), 5 DEGs for pentose phosphate pathway (1

up-regulated and 4 down-regulated), and 6 DEGs for fructose and

mannose metabolism (3 up-regulated and 3 down-regulated).

It was found that among the DEGs for sucrose metabolism, 7

of 8 sucrose synthase genes and 2 Sucrose-phosphatase genes were

down-regulated, including LOC100802045(Glyma.19G212800),

LOC100788584 (G l yma . 17G045800 ) , LOC100788717
FIGURE 8

A simplified version of the starch and sucrose metabolic pathway. Heat map indicates the Differential Expression Genes (DEGs) associated to the starch
and sucrose metabolic pathway. Red indicates up-regulated genes, and blue indicates down-regulated genes. The pathway is modified from a figure in
ref (Fünfgeld et al., 2022).
FIGURE 7

Pearson correlation analysis showing the relationships between
growth factors and grain yield. The circle size shows the significant
level and the circle color exhibited the positive or negative
correlations. P-values less than 0.001, 0.01, 0.05 are indicated by the
asterisks and dot symbols: ‘* ** ’, ‘* *’ and ‘* ’.The abbreviations used in
the figure are followed as: seed yield per plant (SY), seed weight (SW),
seed sucrose content (SeSu), seed starch content (SeSt),
photosynthetic rate (Pn), leaf sucrose content (LeSu), leaf starch
content (LeSt), stem sucrose content (StSu), stem starch content (StSt),
dry matter per plant (DM).
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(Glyma.15G151000), LOC102662162 (Glyma.03G048351v4), LOC1

00806761 (Glyma.09G073600), LOC100793371 (Glyma.03G216300),

SS, LOC100819730 (Glyma.15G182600), LOC100800397 (Glyma.

10G086600), LOC100796915 (Glyma.20G070500), implying the

sucrose synthesis of leaves was regulated at the transcriptional level

by high night temperature at 7 DAT (Figure 8). Among the

photosynthetic carbon fixation-related genes, RBCS2, which

catalyzes the reaction of fixing CO2 in photosynthesis and is an

important enzyme related to chloroplast function (Xing et al., 2022) is

found up-regulated, which may be related to the rise of the

photosynthesis at 7 DAT in this study.
4 Discussion

Soybean is sensitive to light and temperature. When subjected to

photothermal change, it must constantly employ adaptive

mechanisms to maintain homeostasis in photosynthesis, carbon

fixation, and photosynthetic production (Pommerrenig et al., 2018).

These adaptive mechanisms can both ensure the normal growth of the

soybean but caused changes of biomass accumulation, individual

development, material partitioning, and yield (Du et al., 2020). A

systematic understanding of the relationship between elevated night

temperatures and yield-related physiological indicators is beneficial

for improving field cropping strategies and achieving improved

soybean yield and quality.

The negative effect of high night temperature on soybean yield

was reported in previous studies (Egli, 2010; Nakagawa et al., 2020),

and it was consistent with the results of many other crops such as rice

(Bahuguna et al., 2016, Welch et al., 2010), wheat (Garcıá et al., 2015;

Garcıá et al., 2016), and cotton (Loka and Oosterhuis, 2010). It was

found that high night temperature increased respiration-driven

carbon losses and hindered the transport of photosynthetic

assimilation products from source organs to reservoir, resulting in

inadequate seed filling and ultimately a reduction in yield, which is

consistent with the study of Tacarindua et al. (2013). The source-sink

relationship during grain development was affected by temperature

was also studied in many crops, such as rice (Arshad et al., 2017) and

wheat (Hein et al., 2022). The negative correlation of soybean yield

and quality under high night temperature reported in previous study

(Choi et al., 2016) was confirmed in our study. It has also been

reported that high temperature may affect seed weight by altering

protein content (Nakagawa et al., 2020). A “concentration effect”

resulted from a decline in the proportion of carbohydrate and seed

size, caused the increase relative protein and oil content was also

observed in our study. Furthermore, the protein and oil yield of

individual soybean plants was found reduced under high night

temperature, implying the high night temperature affects the

accumulation of different components, but it had more effects on

the carbohydrates than proteins and oils.

In this study, 28°C high night temperature treatment led to an

increase in net photosynthetic rate in early 7 DAT functional leaves,

contrary to the results of some studies of heat stress (Jumrani et al.,

2016; Prasad et al., 2017; Ferguson et al., 2021), this may as a result

of treatment carried out in the night and the 28°C night temperature

was a mild heat stress for soybean (Hatfield et al., 2011). Some
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studies investigating the effects of night temperature concluded that

there was no effect on net photosynthetic rate (Zhang et al., 2020),

which was also different from our results. This may be due to the

differences of treatment and crop species. Previous studies have

reported that soybean leaves senesce later in controlled temperature

treatments with 1-3°C higher environmental temperature

(Tacarindua et al., 2013). This is consistent with the findings of

our study and the stay-green of the leaf could be the reason for the

decrease translocation of accumulated photosynthetic assimilation

products in the leaves and the weakened efficiency of the

photosynthetic product utilization.

Elevated levels of sucrose occurred early in this study, which may

be related to the compensation for the carbon starvation caused by its

accelerated degradation at night (Peraudeau et al., 2015; MacNeill et

al., 2017). After a period of treatment, the sucrose content begins to

remain relatively stable as it adapts to the change in temperature. The

starch content in stems and leaves was found to be lower than the

control under the high night temperature treatment after 21 DAT.

The decrease in sucrose content in the seeds partly explains the

decrease of the residue in seeds. Similarly, in rice, it was found that

one of the causes for grain stunting under heat stress during

reproductive growth was the restricted carbohydrate availability,

and that heat stress reduced the movement of photosynthetic

assimilation products into the seeds and inhibited the accumulation

of starch in the seeds (Arshad et al., 2017).

The identified DEGs for photosynthetic and carbohydrate are

associated with early increased sugar accumulation in the leaves

treated under high night temperature treatment. Photosynthesis

could be improved by the increased carbon fixation and sugar

metabolism. Also, leaf senescence triggered by sugar accumulation

leads to increase of nitrogen content (Wingler et al., 2006, Kaschuk

et al., 2010). DEGs related to the transported nitrogenous compounds

glutamine and glutamate were identified (Masclaux-Daubresse et al.,

2010). Some amino acids or organic acids, such as proline and

glutamate, are synthesized in large quantities when plants are

subjected to heat stress (Vergara-Diaz et al., 2020; Wahid, 2006),

and we also find the DEGs for these compounds. The transcriptome

results reflect the response mechanism to high night temperature

treatment conditions at the beginning of the seed filling stage. Some

previous studies have suggested that changes in seed size and quality

under heat treatment conditions could be associated with the

expression of some heat-stimulated proteins (Kumar et al., 2015;

Kumar et al., 2016; Kumar et al., 2020; Tiwari et al., 2021). Most HSP-

related genes showed down-regulation in our study (Table S1), it

could be explained by the mild stress caused by the moderate high

night temperature we used.

This study expounds on the current understanding of the

relationships between photosynthesis, plant development, carbon

and nitrogen transport, and metabolism under high night

temperature conditions. In addition to exploring response and

tolerance mechanisms at the molecular level, we also need to

optimize crop management strategies to improve soybean plants’

resistance to nighttime warming. In the context of global warming,

breeding soybean varieties with low respiration and high energy

efficiency is one of the most important ways to effectively address

the world food crisis.
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5 Conclusion

This study indicated that high night temperature during the

soybean seed filling period (R5-R7) reduced seed yield and changed

the proportion of the seed compositions. The decline of

carbohydrates in seeds was the primary reason for the reduction

in yield. The dynamic changes of dry matter accumulations, non-

structural carbohydrates, net photosynthetic rate and SPAD value,

as well as the transcriptome analysis explained the adaptive

mechanisms for soybean to high night temperature stress at

physiological and molecular level. The study is of significance for

improving soybean breeding and cultivation practice to fight the

global warming.
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Garcıá, G. A., Serrago, R. A., Dreccer, M. F., and Miralles, D. J. (2016). Post-anthesis
warm nights reduce grain weight in field-grown wheat and barley. Field Crops Res. 195,
50–59. doi: 10.1016/j.fcr.2016.06.002
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fpls.2023.1065604/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2023.1065604/full#supplementary-material
https://doi.org/10.15835/nbha45110627
https://doi.org/10.1016/j.plaphy.2017.03.011
https://doi.org/10.1038/NCLIMATE2470
https://doi.org/10.3390/s20010248
https://doi.org/10.1111/ppl.12485
https://doi.org/10.1093/aob/mci117
https://doi.org/10.1371/journal.pone.0165977
https://doi.org/10.1007/s11033-015-3923-5
https://doi.org/10.1002/joc.4688
https://doi.org/10.1002/joc.4688
https://doi.org/10.2135/cropsci2012.07.0441
https://doi.org/10.3390/ijms21020618
https://doi.org/10.2135/cropsci2009.09.0518
https://doi.org/10.2135/cropsci2009.09.0518
https://doi.org/10.1016/j.envexpbot.2017.12.023
https://doi.org/10.1016/j.foodchem.2019.125914
https://doi.org/10.1111/pce.14015
https://doi.org/10.1093/aob/mch122
https://doi.org/10.1093/aob/mch122
https://doi.org/10.1038/s41477-022-01140-y
https://doi.org/10.1111/gcb.13009
https://doi.org/10.1016/j.fcr.2016.06.002
https://doi.org/10.3389/fpls.2023.1065604
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Yang et al. 10.3389/fpls.2023.1065604
Gibson, L. (1992). Day and night temperature effects on soybean (Glycine max merr.) seed
yield, seed quality, and seed composition recommended citation. master (Iowa State University).

Gibson, L. R., and Mullen, R. E. (1996). Influence of day and night temperature on soybean
seed yield. Crop Sci. 36 (1), 98–104. doi: 10.2135/cropsci1996.0011183X003600010018x

Gillman, J. D., Biever, J. J., Ye, S., Spollen, W. G., Givan, S. A., Lyu, Z., et al. (2019). A
seed germination transcriptomic study contrasting two soybean genotypes that differ in
terms of their tolerance to the deleterious impacts of elevated temperatures during seed
fill. BMC Res. Notes 12 (1), 1–8. doi: 10.1186/s13104-019-4559-7

Guo, Y., Ren, G., Zhang, K., Li, Z., Miao, Y., and Guo, H. (2021). Leaf senescence:
progression, regulation, and application.Mol. Horticult. 1 (1), 1–25. doi: 10.1186/s43897-
021-00006-9

Hatfield, J. L., Boote, K. J., Kimball, B. A., Ziska, L. H., Izaurralde, R. C., Ort, D., et al.
(2011). Climate impacts on agriculture: implications for crop production. Agron. J. 103
(2), 351–370. doi: 10.2134/agronj2010.0303

Hein, N. T., Impa, S. M., Wagner, D., Bheemanahalli, R., Kumar, R., Tiwari, M., et al.
(2022). Grain micronutrient composition and yield components in field-grown wheat are
negatively impacted by high night-time temperature. Cereal Chem. 99 (3), 615–624. doi:
10.1002/cche.10523

Hussain, S., Iqbal, N., Rahman, T., Liu, T., Brestic, M., Safdar, M. E., et al. (2019). Shade
effect on carbohydrates dynamics and stem strength of soybean genotypes. Environ. Exp.
Bot. 162 (4), 374–382. doi: 10.1016/j.envexpbot.2019.03.011

Jing, P., Wang, D., Zhu, C., and Chen, J. (2016). Plant physiological, morphological and
yield-related responses to night temperature changes across different species and plant
functional types. Front. Plant Sci. 7, 1774. doi: 10.3389/fpls.2016.01774

Jumrani, K., Bhatia, V. S., and Pandey, G. P. (2016). Impact of elevated temperatures on
specific leaf weight, stomatal density, photosynthesis and chlorophyll fluorescence in
soybean. Photosynth. Res. 131 (3), 333–350. doi: 10.1007/s11120-016-0326-y

Kaschuk, G., Hungria, M., Leffelaar, P. A., Giller, K. E., and Kuyper, T. W. (2010).
Differences in photosynthetic behaviour and leaf senescence of soybean (Glycine max [L.]
Merrill) dependent on N2 fixation or nitrate supply. Plant Biol. 12 (1), 60–69.
doi: 10.1111/j.1438-8677.2009.00211.x

Kino, R. I., Pellny, T. K., Mitchell, R. A. K., Gonzalez-Uriarte, A., and Tosi, P. (2020).
High post-anthesis temperature effects on bread wheat (Triticum aestivum L.) grain
transcriptome during early grain-filling. BMC Plant Biol. 20 (1), 170. doi: 10.1186/s12870-
020-02375-7

Kucharik, C. J., and Serbin, S. P. (2008). Impacts of recent climate change onWisconsin
corn and soybean yield trends. Environ. Res. Lett. 3 (3), 034003. doi: 10.1088/1748-9326/
3/3/034003

Kumar, R., Bahuguna, R. N., Tiwari, M., Pal, M., Chinnusamy, V., Sreeman, S., et al.
(2022). Walking through crossroads–rice responses to heat and biotic stress interactions.
Theor. Appl. Genet. 135, 1–17. doi: 10.1007/s00122-022-04131-x

Kumar, R., Khungar, L., Shimphrui, R., Tiwari, L. D., Tripathi, G., Sarkar, N. K., et al.
(2020). AtHsp101 research sets course of action for the genetic improvement of crops
against heat stress. J. Plant Biochem. Biotechnol. Lett. 29 (4), 715–732. doi: 10.1007/
s13562-020-00624-2

Kumar, R., Lavania, D., Singh, A. K., Negi, M., Siddiqui, M. H., Al-Whaibi, M. H., et al.
(2015). Identification and characterization of a small heat shock protein 17.9-CII gene
from faba bean (Vicia faba l.). Acta Physiologiae Plantarum 37 (9), 1–13. doi: 10.1007/
s11738-015-1943-3

Kumar, R., Singh, A. K., Lavania, D., Siddiqui, M. H., Al-Whaibi, M. H., and
Grover, A. (2016). Expression analysis of ClpB/Hsp100 gene in faba bean (Vicia faba
l.) plants in response to heat stress. Saudi J. Biol. Sci. 23 (2), 243–247. doi: 10.1016/
j.sjbs.2015.03.006

Lavania, D., Kumar, R., Goyal, I., Rana, S., andGrover, A. (2016). Genetic improvement of
rice crop under high temperature stress: Bridging plant physiology with molecular biology.
Indian J. Plant Physiol. 21 (4), 391–408. doi: 10.1007/s40502-016-0255-y

Lavania, D., Siddiqui, M. H., Al-Whaibi, M. H., Singh, A. K., Kumar, R., and Grover, A.
(2015). Genetic approaches for breeding heat stress tolerance in faba bean (Vicia faba l.).
Acta Physiologiae Plantarum 37 (1), 1–9. doi: 10.1007/s11738-014-1737-z

Lin, T., Okamoto, Y., Nagasaki, Y., and Shiraiwa, T. (2021). The influence of high night
temperature on yield and physiological attributes of soybean cv. Fukuyutaka Plant
Product. Sci. 24 (3), 267–278. doi: 10.1080/1343943X.2020.1842215

Lobell, D. B., and Asner, G. P. (2003). Climate and management contributions to recent
trends in US agricultural yields. Science 299 (5609), 1032–1032. doi: 10.1126/
science.1077838

Loka, D. A., and Oosterhuis, D. M. (2010). Effect of high night temperatures on cotton
respiration, ATP levels and carbohydrate content. Environ. Exp. Bot. 68 (3), 258–263. doi:
10.1016/j.envexpbot.2010.01.006

MacNeill, G. J., Mehrpouyan, S., Minow, M. A. A., Patterson, J. A., Tetlow, I. J., and
Emes, M. J. (2017). Starch as a source, starch as a sink: The bifunctional role of starch in
carbon allocation. J. Exp. Bot. 68 (16), 4433–4453. doi: 10.1093/jxb/erx291

Masclaux-Daubresse, C., Daniel-Vedele, F., Dechorgnat, J., Chardon, F., Gaufichon, L.,
and Suzuki, A. (2010). Nitrogen uptake, assimilation and remobilization in plants:
challenges for sustainable and productive agriculture. Ann. Bot. 105 (7), 1141–1157.
doi: 10.1093/aob/mcq028

Medic, J., Atkinson, C., and Hurburgh, C. R. (2014). Current knowledge in soybean
composition. J. Am. Oil Chemists’ Soc. 91 (3), 363–384. doi: 10.1007/s11746-013-2407-9

Nakagawa, A. C. S., Ario, N., Tomita, Y., Tanaka, S., Murayama, N., Mizuta, C., et al.
(2020). High temperature during soybean seed development differentially alters lipid and
Frontiers in Plant Science 12
protein metabolism. Plant Product. Sci. 23 (4), 504–512. doi: 10.1080/
1343943X.2020.1742581

Peraudeau, S., Lafarge, T., Roques, S., Quiñones, C. O., Clement-Vidal, A., Ouwerkerk,
P. B. F., et al. (2015). Effect of carbohydrates and night temperature on night respiration in
rice. J. Exp. Bot. 66 (13), 3931–3944. doi: 10.1093/jxb/erv193

Petridis, A., van der Kaay, J., Sungurtas, J., Verrall, S. R., McCallum, S., Graham, J., et al.
(2020). Photosynthetic plasticity allows blueberry (Vaccinium corymbosum l.) plants to
compensate for yield loss under conditions of high sink demand. Environ. Exp. Bot. 174,
104031. doi: 10.1016/j.envexpbot.2020.104031

Pommerrenig, B., Ludewig, F., Cvetkovic, J., Trentmann, O., Klemens, P. A. W., and
Neuhaus, H. E. (2018). In concert: orchestrated changes in carbohydrate homeostasis are
critical for plant abiotic stress tolerance. Plant Cell Physiol. 59 (7), 1290–1299. doi:
10.1093/pcp/pcy037

Prasad, P. V. V., Bheemanahalli, R., and Jagadish, S. V. K. (2017). Field crops and the
fear of heat stress–opportunities, challenges and future directions. Field Crops Res. 200,
114–121. doi: 10.1016/j.fcr.2016.09.024

Puteh, A., Thuzar, M., Monjurul, M., Mondal, A., Abdullah, N., Ridzwan, M., et al.
(2013). Soybean [Glycine max (L.) Merrill] seed yield response to high temperature stress
during reproductive growth stages. AJCS 7 (10), 1472–1479. doi: 10.3316/
informit.618691733672149

Ruan, Y. L. (2014). Sucrose metabolism: gateway to diverse carbon use and sugar
signaling. Annu. Rev. Plant Biol. 65 (1), 33–67. doi: 10.1146/annurev-arplant-050213-
040251

Schauberger, B., Archontoulis, S., Arneth, A., Balkovic, J., Ciais, P., Deryng, D., et al.
(2017). Consistent negative response of US crops to high temperatures in observations
and crop models. Nat. Commun. 8 (1), 1–9. doi: 10.1038/ncomms13931

Shu, T. (2021). Soybean phenotypic variation under high night temperature stress master
(Auburn State University).

Shu, Y., Zhou, Y., Mu, K., Hu, H., Chen, M., He, Q., et al. (2020). A transcriptomic
analysis reveals soybean seed pre-harvest deterioration resistance pathways under high
temperature and humidity stress. Genome 63 (2), 115–124. doi: 10.1139/gen-2019-0094

Siebers, M. H., Yendrek, C. R., Drag, D., Locke, A. M., Rios Acosta, L., Leakey, A. D. B.,
et al. (2015). Heat waves imposed during early pod development in soybean (Glycine max)
cause significant yield loss despite a rapid recovery from oxidative stress. Global Change
Biol. 21 (8), 3114–3125. doi: 10.1111/gcb.12935

Solomon, S. (2008). Climate change 2007: mitigation of climate change: contribution of
working group III to the fourth assessment report of the intergovernmental panel on climate
change Vol. 45 (Choice Reviews Online). 45-500645-5006.

Song, W., Yang, R., Wu, T., Wu, C., Sun, S., Zhang, S., et al. (2016). Analyzing the
effects of climate factors on soybean protein, oil contents, and composition by extensive
and high-density sampling in china. J. Agric. Food Chem. 64 (20), 4121–4130. doi:
10.1021/acs.jafc.6b00008

Stitt, M., Huber, S., and Kerr, P. (1987). Control of photosynthetic sucrose formation.
photosynthesis 10, 327–409. doi: 10.1016/B978-0-12-675410-0.50012-9

Stitt, M., and Zeeman, S. C. (2012). Starch turnover: pathways, regulation and role in
growth. Curr. Opin. Plant Biol. 15 (3), 282–292. doi: 10.1016/j.pbi.2012.03.016

Tacarindua, C. R. P., Shiraiwa, T., Homma, K., Kumagai, E., and Sameshima, R. (2013).
The effects of increased temperature on crop growth and yield of soybean grown in a
temperature gradient chamber. Field Crops Res. 154, 74–81. doi: 10.1016/j.fcr.2013.07.021

Tamagno, S., Sadras, V. O., Aznar-Moreno, J. A., Durrett, T. P., and Ciampitti, I. A.
(2022). Selection for yield shifted the proportion of oil and protein in favor of low-energy
seed fractions in soybean. Field Crops Res. 279, 108446. doi: 10.1016/j.fcr.2022.108446

Tiwari, L. D., Kumar, R., Sharma, V., Sahu, A. K., Sahu, B., Naithani, S. C., et al. (2021). Stress
and development phenotyping of Hsp101 and diverse other hsp mutants of Arabidopsis
thaliana. J. Plant Biochem. Biotechnol. Lett. 30 (4), 889–905. doi: 10.1007/s13562-021-00706-9

Vergara-Diaz, O., Vatter, T., Vicente, R., Obata, T., Nieto-Taladriz, M. T., Aparicio, N.,
et al. (2020). Metabolome profiling supports the key role of the spike in wheat yield
performance. Cells 9 (4), 1025. doi: 10.3390/cells9041025

Vose, R. S., Easterling, D. R., and Gleason, B. (2005). Maximum and minimum
temperature trends for the globe: An update through 2004. Geophys. Res. Lett. 32 (23), 1–
5. doi: 10.1029/2005GL024379

Wahid, A. (2006). Physiological implications of metabolite biosynthesis for net
assimilation and heat-stress tolerance of sugarcane (Saccharum officinarum) sprouts. J.
Plant Res. 120 (2), 219–228. doi: 10.1007/s10265-006-0040-5

Welch, J. R., Vincent, J. R., Auffhammer, M., Moya, P. F., Dobermann, A., and Dawe, D.
(2010). Rice yields in tropical/subtropical Asia exhibit large but opposing sensitivities to
minimum and maximum temperatures. Proc. Natl. Acad. Sci. 107 (33), 14562–14567. doi:
10.1073/pnas.1001222107

Wingler, A., Purdy, S., MacLean, J. A., and Pourtau, N. (2006). The role of sugars in
integrating environmental signals during the regulation of leaf senescence. J. Exp. Bot. 57
(2), 391–399. doi: 10.1093/jxb/eri279

Xing, J., Pan, J., Yi, H., Lv, K., Gan, Q., Wang, M., et al. (2022). The plastid-encoded
protein Orf2971 is required for protein translocation and chloroplast quality control.
Plant Cell 34 (9), 3383–3399. doi: 10.1093/plcell/koac180

Xu, J., Misra, G., Sreenivasulu, N., and Henry, A. (2021). What happens at night?
physiological mechanisms related to maintaining grain yield under high night
temperature in rice. Plant Cell Environ. 44 (7), 2245–2261. doi: 10.1111/pce.14046

Zhang, Y., Tang, Q., Peng, S., Zou, Y., Chen, S., Shi, W., et al. (2013). Effects of
high night temperature on yield and agronomic traits of irrigated rice under field
frontiersin.org

https://doi.org/10.2135/cropsci1996.0011183X003600010018x
https://doi.org/10.1186/s13104-019-4559-7
https://doi.org/10.1186/s43897-021-00006-9
https://doi.org/10.1186/s43897-021-00006-9
https://doi.org/10.2134/agronj2010.0303
https://doi.org/10.1002/cche.10523
https://doi.org/10.1016/j.envexpbot.2019.03.011
https://doi.org/10.3389/fpls.2016.01774
https://doi.org/10.1007/s11120-016-0326-y
https://doi.org/10.1111/j.1438-8677.2009.00211.x
https://doi.org/10.1186/s12870-020-02375-7
https://doi.org/10.1186/s12870-020-02375-7
https://doi.org/10.1088/1748-9326/3/3/034003
https://doi.org/10.1088/1748-9326/3/3/034003
https://doi.org/10.1007/s00122-022-04131-x
https://doi.org/10.1007/s13562-020-00624-2
https://doi.org/10.1007/s13562-020-00624-2
https://doi.org/10.1007/s11738-015-1943-3
https://doi.org/10.1007/s11738-015-1943-3
https://doi.org/10.1016/j.sjbs.2015.03.006
https://doi.org/10.1016/j.sjbs.2015.03.006
https://doi.org/10.1007/s40502-016-0255-y
https://doi.org/10.1007/s11738-014-1737-z
https://doi.org/10.1080/1343943X.2020.1842215
https://doi.org/10.1126/science.1077838
https://doi.org/10.1126/science.1077838
https://doi.org/10.1016/j.envexpbot.2010.01.006
https://doi.org/10.1093/jxb/erx291
https://doi.org/10.1093/aob/mcq028
https://doi.org/10.1007/s11746-013-2407-9
https://doi.org/10.1080/1343943X.2020.1742581
https://doi.org/10.1080/1343943X.2020.1742581
https://doi.org/10.1093/jxb/erv193
https://doi.org/10.1016/j.envexpbot.2020.104031
https://doi.org/10.1093/pcp/pcy037
https://doi.org/10.1016/j.fcr.2016.09.024
https://doi.org/10.3316/informit.618691733672149
https://doi.org/10.3316/informit.618691733672149
https://doi.org/10.1146/annurev-arplant-050213-040251
https://doi.org/10.1146/annurev-arplant-050213-040251
https://doi.org/10.1038/ncomms13931
https://doi.org/10.1139/gen-2019-0094
https://doi.org/10.1111/gcb.12935
https://doi.org/10.1021/acs.jafc.6b00008
https://doi.org/10.1016/B978-0-12-675410-0.50012-9
https://doi.org/10.1016/j.pbi.2012.03.016
https://doi.org/10.1016/j.fcr.2013.07.021
https://doi.org/10.1016/j.fcr.2022.108446
https://doi.org/10.1007/s13562-021-00706-9
https://doi.org/10.3390/cells9041025
https://doi.org/10.1029/2005GL024379
https://doi.org/10.1007/s10265-006-0040-5
https://doi.org/10.1073/pnas.1001222107
https://doi.org/10.1093/jxb/eri279
https://doi.org/10.1093/plcell/koac180
https://doi.org/10.1111/pce.14046
https://doi.org/10.3389/fpls.2023.1065604
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Yang et al. 10.3389/fpls.2023.1065604
chamber sys tem condi t ion . AJCS 7 (1) , 7–13 . doi : 10 .3316/ informit .
142507520197589

Zhang, Y., Wang, J. K., and Wang, Y. L. (2020). Response of rice starch synthesis to night
temperature changes.Chin. J. OF Rice Sci. 34 (6), 525–538. doi: 10.16819/j.1001-7216.2020.0701

Zhang, L., Zhu, L., Yu, M., and Zhong, M. (2016). Warming decreases photosynthates
and yield of soybean [Glycine max (L.) Merrill] in the north China plain. Crop J. 4 (2),
139–146. doi: 10.1016/j.cj.2015.12.003
Frontiers in Plant Science 13
Zhao, C., Liu, B., Piao, S., Wang, X., Lobell, D. B., Huang, Y., et al. (2017). Temperature
increase reduces global yields of major crops in four independent estimates. Proc. Natl.
Acad. Sci. 114 (35), 9326–9331. doi: 10.1073/pnas.1701762114

Zhou, R., Kjaer, K., Rosenqvist, E., Yu, X., Wu, Z., and Ottosen, C. O. (2017).
Physiological response to heat stress during seedling and anthesis stage in tomato
genotypes differing in heat tolerance. J. Agron. Crop Sci. 203, 68–80. doi: 10.1111/
jac.12166
frontiersin.org

https://doi.org/10.3316/informit.142507520197589
https://doi.org/10.3316/informit.142507520197589
https://doi.org/10.16819/j.1001-7216.2020.0701
https://doi.org/10.1016/j.cj.2015.12.003
https://doi.org/10.1073/pnas.1701762114
https://doi.org/10.1111/jac.12166
https://doi.org/10.1111/jac.12166
https://doi.org/10.3389/fpls.2023.1065604
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Effects of high night temperature on soybean yield and compositions
	1 Introduction
	2 Materials and methods
	2.1 Experimental site and materials
	2.2 Experimental design and management
	2.3 Seed size
	2.4 Dry matter, sucrose and starch content
	2.5 Net photosynthesis and SPAD
	2.6 Agronomic traits
	2.7 RNA-seq (transcriptome) and data analysis
	2.8 Data analysis

	3 Results and analysis
	3.1 Seed yield and yield components
	3.2 Seed compositions
	3.3 Dry matter accumulation
	3.4 Seed size
	3.5 Photosynthetic characteristics
	3.6 Sucrose and starch content
	3.7 Relationships between dry matter accumulation and yield per plant
	3.8 Transcriptome analysis

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References


