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Drought stress reduces the
photosynthetic source of
subtending leaves and the transit
sink function of podshells,
leading to reduced seed weight
in soybean plants
Xiangbei Du1†, Xinyue Zhang2†, Xiaofei Chen1, Wenjun Jin1,
Zhiping Huang1* and Lingcong Kong1*

1Crop Research Institute, Anhui Academy of Agricultural Sciences, Hefei, Anhui, China, 2Jiaxing
Academy of Agricultural Sciences, Jiaxing, Zhejiang, China
Drought stress is the key factor limiting soybean yield potential. Soybean seed

formation involves a coordinated “subtending leaf-podshell-seed” process, but

little is known about the assimilation and transport of photoassimilates in

subtending leaves, podshells and seeds or their relationships with soybean

seed formation under drought stress. To address these research gaps, two-

year experiments with two soybean cultivars, Wandou 37 (drought tolerant) and

Zhonghuang 13 (drought sensitive), were conducted under three soil water

content (SWC) conditions in 2020 and 2021 based on the responses of their

yield to drought. We analyzed the photosynthetic assimilation and translocation

of photoassimilates in subtending leaves, podshells and seeds by stable isotope

labeling. Compared with those under 75% SWC, 60% SWC and 45% SWC

significantly decreased the Wandou 37 seed weight by 19.4% and 37.5%,

respectively, and that of Zhonghuang 13 by 26.9% and 48.6%, respectively.

Compared with those under 75% SWC, drought stress decreased the net

photosynthetic rate and the activities of sucrose phosphate synthase (SPS) and

sucrose synthase (SuSy), which in turn decreased the photosynthetic capacity of

the subtending leaves. The podshells ensure the input of photoassimilates by

increasing the SuSy activity, but the weakened source–sink relationship between

podshells and seeds under drought stress leads to a decrease in the translocation

of assimilates from podshells to seeds. The lack of assimilates under drought

stress is an important factor restricting the development of soybean seeds. We

conclude that the decrease in seed weight was caused by the decrease in the

photosynthetic capacity of the subtending leaves and the decrease in the overall

availability of photoassimilates; moreover, by a decrease in the translocation of

assimilates from podshells to seeds.
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Introduction

Soybean plants are among the most important oil and industrial

crop species worldwide (de Freitas et al., 2019; Pindit et al., 2021),

including in China, and are important sources of high-quality

protein and vegetable oil (Yang et al., 2016). In China, the

Huanghuai area is one of the main soybean producing areas in

the country, but droughts often occur from July to August every

year, which corresponds to the critical period of soybean seed

development, the flowering and pod stage; during this

development period, soybean seeds are extremely sensitive to the

external environment (Leisner et al., 2017; He et al., 2019). Drought

at this time tends to cause an increase in the number of poorly filled

pods and a decrease in soybean seed weight. Drought stress is now

recognized as a major threat to soybean production in Huanghuai

areas and worldwide and can reduce soybean yields by 18.6-83.0%

(He et al., 2017; He et al., 2019; Zou et al., 2021). Driven by global

climate change, the frequency and intensity of extreme climate

events such as droughts are increasing annually (IPCC, 2021).

Photosynthesis is the physiological basis of crop yield, and more

than 90% of crop yield is attributed to photoassimilates (Makino,

2011). The photosynthate assimilation and translocation between

sources and sinks play critical roles in crop yield formation (Du et al.,

2015). The unique growth habit of soybean plants results in the

distribution of reproductive organs throughout the plant body; thus,

the source–sink relationship in these plants is more complicated than

that in other grain crop species (Du et al., 2023). The photoassimilates

required for seed development are mainly exported from subtending

leaves and subsequently transported to seeds through podshells (Li

et al., 2017). Therefore, the soybean seed growth and development

processes involve the coordination of three main organs, namely,

subtending leaves, podshells and seeds.

Sucrose, the initial product of leaf photosynthesis and the main

form of the assimilate that is transported to the seed, is the central

hub of carbohydrate metabolism in the soybean source–sink

(Du et al., 2020). Sucrose is synthesized in the cytoplasm by

enzymes such as sucrose phosphate synthase (SPS) and sucrose

synthase (SuSy) (Ishimaru et al., 2008). Studies have shown that the

activities of SPS and SuSy in soybean leaves are inhibited under

long-term drought stress and that the content of carbohydrates in

soybean leaves is consequently reduced, which decreases the

synthesis and transport of assimilates (Getachew, 2014). Pods are

not only secondary sources of seed development but also

transitional sinks through which photoassimilates are translocated

from leaves to seeds, and the level of assimilate metabolism strongly

influences seed development (Liu et al., 2008; Li et al., 2017).

Soybean seeds are considered sinks, the strength of which is

determined mainly by the accumulation of assimilates and is

affected by the genetic characteristics of the cultivar and by

environmental factors, especially water availability (Rotundo and

Westgate, 2009; Bellaloui et al., 2015). Seed development also has an

important feedback effect on leaf and pod growth, development and

photosynthetic energy distribution (Rotundo et al., 2011). The

soybean yield is the result of the coordination of subtending

leaves, pods and seeds, and failure of one of these organs can lead
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to yield reduction (Chang and Zhu, 2017; Du et al., 2023). Research

on the transport and distribution mechanism of soybean assimilates

and their response to drought stress has focused mostly on the roles

of single source and sink organs (Bellaloui et al., 2015; He et al.,

2017; Leisner et al., 2017; He et al., 2019). However, due to the

limitations of research methods and technologies, relatively few

studies have investigated the mechanism of the coordinated

response of multiple organs to drought stress based on the

“subtending leaf-podshell-seed” system.

Our previous research revealed that drought stress significantly

reduces photosynthate production in subtending leaves, resulting in

a decrease in pod and seed weights (Du et al., 2023). However, the

physiological mechanism underlying the effect of drought stress on

subtending leaf photosynthate production, the changes in the

source–sink relationships of photoassimilates in subtending

leaves, podshells and seeds, and the main reasons for the decrease

in soybean seed weight under drought stress have not been

determined. We speculated that the reduced seed weight of

soybean plants under drought stress was associated with

subtending leaf photosynthate production and the source–sink

relationships of photoassimilates in subtending leaves, podshells

and seeds. Therefore, in this study, the effects of drought stress on

the assimilation and distribution of photoassimilates via subtending

leaf (source)-podshell (transfer sink)-seed (sink) interactions were

systematically studied using isotopic labelling technology. The

objective of the present study was to investigate the effects of

drought stress on the assimilation and translocation of

photoassimilates in subtending leaves, podshells and seeds and

their relationships with soybean seed formation. The findings of

this study are expected to provide insights into the physiological

mechanisms of soybean yield formation under drought conditions

and provide a new direction for exploring strategies to regulate the

soybean response to adverse conditions.
Materials and methods

Experimental design

A pilot pot experiment was conducted in Hefei, Anhui, China

(31°89′ N, 117°25′ E), in 2019 to test the most drought tolerant and

most susceptible soybean cultivars. We evaluated and compared the

drought resistance of 21 soybean (Glycine max (L.) Merrill)

cultivars (Hedou 33, Wanhua 518, Zheng 1307, Shangning 24,

Shengdou 101, Wansu 1019, Handou 15, Zhonghuang 302,

Shangdou 161, Zheng 1311, Wandou 37, Qihuang 34,

Zhonghuang 13, Wandou 39, Zhonghuang 39, Shangdou 1310,

Wansu 1208, Zhonghuang 40, Shengdou 5, Jidou 17 and Fudou 18)

commonly grown in the Huanghuai area. A two-year (2020-2021)

pot experiment was subsequently conducted with the two cultivars,

Wandou 37 and Zhonghuang 13, which were identified as the most

drought tolerant and the most sensitive cultivar, respectively.

The pot experiments were conducted in a semi-open

greenhouse with a transparent waterproof cover that could be

rolled up when not used to exclude precipitation. The soybean
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cultivars were planted in pots (55 cm in height and 60 cm in

diameter) that were filled with 30 kg of thoroughly mixed yellow

brown loam soil. The soybean cultivars were sown on 10 June 2019,

9 June 2020 and 11 June 2021. Five seeds were sown into each pot,

and at the cotyledon stage, the resulting plants were culled to two

plants per pot. Approximately 60 pots of each cultivar were planted

in 2019, and 300 pots of each cultivar were planted in 2020 and

2021. A uniform fertilizer consisting of 0.5 g N pot-1 (60% before

sowing and 40% at the flowering stage), 0.5 g P2O5 pot-1 (100%

before sowing), and 0.5 g K2O pot-1 was applied.

All the pots were well watered to maintain a soil water content

(SWC) of 75% before the water regimes were established. Drought

treatments were established at the R4 stage (there were 2-cm-long

pods at each of the 4 nodes in the uppermost part of the main stem

with fully grown leaves), and maintained for 30 days. Two water

regimes were imposed: 75% SWC and 55% SWC in 2019 and three

water regimes were imposed: 75% SWC, 60% SWC and 45% SWC in

2020 and 2021. The error in the SWC was maintained within ±5%.

The SWC was measured every 2 days using a soil moisture metre

(Spectrum TDR 150, USA) and quantified based on the weighting

method of alcohol combustion described by Buske et al. (2013). Every

pot was weighted at 17:00-18:00, and daily water consumption was

compensated to maintain the SWC. At harvest, all the soybean pods

were collected from each plant for measurements of seed yield.
Sampling and measurements

Flowers at nodes 5 to 8 of the plants were tagged for sampling to

determine the flowering date with the aim of ensuring that the

labelled flowers had equivalent metabolic and developmental ages.

The net photosynthetic rate (Pn) on the subtending leaves of the

tagged pods was measured using a Li-6400 photosynthetic system

(LI-COR Biosciences, Lincoln, NE, USA) under a light intensity of

1500 mmol m-2s-1 between 9:00 a.m. and 11:00 a.m. every 7 days

beginning 5 days after the start of drought treatment (DAT) until

pod maturity. The tagged pods and their subtending leaves were

sampled every 7 days beginning at 5 DAT until pod maturity. The

pods were separated into seeds and podshells, and the leaves were

washed with distilled water. One half of the seeds, podshells and

leaves were dry-heated at 105°C for 30 min and then at 70°C to a

constant weight for measuring the contents of starch and sucrose,

and the remainder of the seeds, podshells and leaves were

immediately placed in liquid nitrogen and stored at -80°C in an

ultralow temperature freezer for measurements of physiological

indices. Four replicates of each treatment were included.
Measurements of the sucrose and
starch contents

The sucrose and starch contents of the seeds, podshells and

leaves were measured according to the methods described by Chen

et al. (2019). The sucrose solution was extracted with 80% ethanol

(v/v) and analyzed via an UltiMate 3000 UHPLC (Thermo Fisher

Scientific, Waltham, MA, USA) coupled with an ELSD 6000
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(Alltech, Deerfield, IL, USA) instrument equipped with a Shodex

Asahipak NH2P-50 4E column. The residue was used to extract

starch with 9.2 mol L–1 HClO4. The starch concentrations were

determined using the anthrone method (Gao, 2006).
Measurement of enzymatic activity

The activities of SuSy and SPS were measured using biochemical

kits (Sucrose synthase test kit and sucrose phosphate synthase test

kit) from Suzhou Comin Biotechnology Co., Ltd. (Suzhou, China;

http://www.cominbio.com/). The samples were measured following

the manufacturer’s instructions.
13CO2 isotopic labelling

To investigate the photosynthetic capacity of the plants and the

translocation of photoassimilates from the subtending leaves to the

soybean seeds, 13CO2 feeding was conducted at 11 DAT and 32 DAT

in the 2020 and 2021 growing seasons. As the main sources of

photosynthetic products to pods, the subtending leaves of pods at the

5th to 8th nodes of the plant were tagged on four different plants from

each treatment. The subtending leaves were placed in a transparent

and sealed plastic bag between 08:30 a.m. and 9:30 a.m. on the day

before sampling, and 5 mL of 13CO2 (99.9% atom, Shanghai

Engineering Center of Stable Isotopes, China) was injected into the

plastic bag through a syringe. The bag was then sealed, and 24 h later,

the subtending leaf fed 13C and the pod attached to this subtending

leaf were sampled for determination of the 13C content.
Carbon isotope analysis

The subtending leaves and the pods labelled with 13C were

sampled and immediately separated from the soybean seeds, and

the plant organs were dry-heated at 105°C for 30 min and then at

70°C until a constant weight was reached. All the samples were

ground and subsampled for detection of the 13C content by using an

isotope ratio mass spectrometer (Finnigan MAT, Bremen,

Germany) equipped with a Flash HT Plus Elemental Analyser

(He et al., 2022). The 13C content was calculated according to the

equations reported by Baptist et al. (2009) as follows:

Atom% =
d + 1000

d + 1000 + 1000
Rstandard

whereby d is the isotopic signature of CO2 in the analysed tissue

and whereby Rstandard is the international standard reference

(13C/12C, PeeDee Belemnite). The percent atom excess was then

calculated as the difference in % Atom13C between labelled and

unlabelled kernels.

DAtom% = Atom%labeled −Atom%unlabeled

The label-derived 13C content per dry weight (DW) (g13C, in mg
13C g-1 DW) in the subtending leaf, podshell and seed was

calculated as follows:
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g13C = DAtom%�%C

The 13C allocation proportion (%) was calculated as follows:

13C allocation proportion  %

=
13C content in subtending leaf=podshell=seed

13C content in subtending leaf + podshell + seed
Determination of the soybean pod biomass

Soybean pods were collected on each measurement date and

separated into seeds and podshells, and their constant weight was

determined after they were dried at 70°C in an oven.
Statistical analysis

Two-way ANOVA, regression analysis and path analysis were

performed using IBM SPSS v. 24.0 statistical analysis software. The

differences in the means between the three water treatments were

tested based on least significant difference (LSD) post hoc analysis at

the P = 0.05 probability level. The Origin 2019 program was used to

construct the figures.
Results

Drought resistance of various
soybean cultivars

As shown in Figure 1, a SWC of 55% significantly decreased the

soybean yield relative to that observed with a SWC of 75%. The
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relative yield was obtained by dividing the yield under 55% SWC by

the yield under 75% SWC, and the range of variation between the

different cultivars was 57.5-80.9%, with substantial differences

among the cultivars. Different cultivars exhibited different degrees

of drought tolerance; for example, Wandou 37 was a drought-

tolerant cultivar with a relative value of 80.9%, and Zhonghuang 13

was a drought-sensitive cultivar with a relative value of only 57.5%.
Pod biomass accumulation and partitioning

The pod and seed weights were significantly (P< 0.05) affected by

the treatment and its interaction with the cultivar (Table 1). Compared

with those observed in response to a SWC of 75%, the soybean pod and

seed weights in response to SWCs of 60% and 45%, were significantly

lower, whereas these conditions had no significant impact on the

podshell weight of either cultivar. Compared with a SWC of 75%, a

SWC of 60% significantly decreased the pod and seed weights of the

drought-tolerant cultivar Wandou 37 by an average of 12.4% and

19.4%, respectively, and those of the drought-sensitive cultivar

Zhonghuang 13 by an average of 20.0% and 26.9%, respectively.

Across both years, a SWC of 45% resulted in 23.9% and 37.5%

decreases in the Wandou 37 pod and seed weights, respectively, and

37.5% and 48.6% decreases in the Zhonghuang 13 pod and seed

weights, respectively, compared with those observed with a SWC of

75%. No significant difference in the seed weight/pod weight ratio was

found between SWCs of 60% and 75%, but a SWC of 45% reduced the

seed weight/pod weight ratio for Zhonghuang 13 and Wandou 37.
Photosynthesis of subtending leaves

The Pn of the subtending leaves of both cultivars decreased

with time (Figure 2), and was significantly affected by treatment
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FIGURE 1

Effects of drought stress on the yield of different cultivars. The data represent the means of four independent replicates ± standard errors (SEs), and
different letters on the columns for each cultivar indicate significant differences (P< 0.05). SWC, soil water content.
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and its interaction with the cultivar. The leaf Pn significantly

decreased in response to SWCs of 60% and 45% compared with

that observed with a SWC of 75%. Across both years, SWCs of

60% and 45% resulted in 10.4% and 28.4% decreases,

respectively, in the average leaf Pn of Wandou 37, and 15.3%

and 36.4% decreases, respectively, in the average leaf Pn of

Zhonghuang 13, compared with those obtained with a SWC

of 75%.
Frontiers in Plant Science 05
Carbohydrate content and enzyme
activities in subtending leaves

The sucrose content in the subtending leaves decreased with time

in both cultivars, whereas the starch content increased with time

(Figure 3). The sucrose and starch contents in the subtending leaves

were significantly affected by the cultivar and treatment. Compared

with the results obtained with a SWC of 75%, the sucrose content of
TABLE 1 Soybean pod biomass production in response to drought stress in 2020 and 2021.

Cultivar Treatment

2020 2021

Pod
weight
(g)

Seed
weight
(g)

Podshell
weight
(g)

Seed weight/
pod

weight ratio

Pod
weight
(g)

Seed
weight
(g)

Podshell
weight
(g)

Seed weight/
pod

weight ratio

Wandou 37

75% SWC
0.67 ±
0.02 a

0.48 ±
0.01 a

0.19 ± 0.01 a 0.70 ± 0.02 a
0.75 ±
0.02 a

0.55 ±
0.02 a

0.20 ± 0.01 a 0.76 ± 0.01 a

60% SWC
0.60 ±
0.02 ab

0.40 ±
0.02 b

0.20 ± 0.01 a 0.66 ± 0.01 ab
0.64 ±
0.01 b

0.43 ±
0.02 b

0.21 ± 0.02 a 0.67 ± 0.02 ab

45% SWC
0.52 ±
0.02 b

0.31 ±
0.01 c

0.21 ± 0.02 a 0.59 ± 0.02 b
0.56 ±
0.02 c

0.34 ±
0.01 c

0.22 ± 0.01 a 0.60 ± 0.01 b

Zhonghuang
13

75% SWC
0.75 ±
0.02 a

0.52 ±
0.02 a

0.23 ± 0.01 a 0.69 ± 0.03 a
0.83 ±
0.01 a

0.59 ±
0.03 a

0.24 ± 0.02 a 0.71 ± 0.02 a

60% SWC
0.62 ±
0.01 b

0.40 ±
0.02 b

0.22 ± 0.02 a 0.65 ± 0.02 ab
0.64 ±
0.02 b

0.41 ±
0.02 b

0.23 ± 0.01 a 0.64 ± 0.02 ab

45% SWC
0.49 ±
0.02 c

0.28 ±
0.01 c

0.21 ± 0.01 a 0.57 ± 0.01 b
0.50 ±
0.02 c

0.29 ±
0.01 c

0.21 ± 0.01 a 0.58 ± 0.01 b

Analysis of variance

Cultivar (C) ns * * ns ns ns * **

Treatment (T) * ** ns ns ** ** ns ns

C*T ** ** ns ns ** ** ns **
Different letters on the column for each cultivar in the same year indicate significant differences (P< 0.05).
SWC, soil water content.
*P< 0.05; **P< 0.01; ns, not significant at P< 0.05.
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FIGURE 2

Effects of drought stress on the Pn of subtending leaves. The data represent the means of four independent replicates ± standard errors (SEs), and
different letters on the columns for each cultivar on the same day indicate significant differences (P< 0.05). SWC, soil water content; C, cultivar; T,
treatment. *P< 0.05; **P< 0.01; ns, not significant at P< 0.05.
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Wandou 37 first significantly increased and then decreased under

SWC conditions of 60% and 45%, and that of Zhonghuang 13

decreased under SWC conditions of 60% and 45%. Across both

years, SWCs of 60% and 45% resulted in 7.9% and 17.8% decreases,

respectively, in the average sucrose contents of Wandou 37, and

20.0% and 28.7% decreases, respectively, in the average sucrose

contents of Zhonghuang 13, compared with those obtained with a

SWC of 75%. The starch content significantly decreased under SWC

conditions of 60% and 45% compared with that obtained with a SWC

of 75%. Across both years, SWCs of 60% and 45% resulted in 21.3%

and 30.0% decreases, respectively, in the average starch contents of

Wandou 37, and 28.2% and 38.2% decreases, respectively, in the

average starch contents of Zhonghuang 13, compared with the results

obtained with a SWC of 75%.

The activity of SPS in subtending leaves exhibited a dynamic trend

with a low-high-low single-peak curve with time, and the activity of

SuSy in the subtending leaves tended to fluctuate with time (Figure 4).

The activities of SPS and SuSy in subtending leaves were significantly

affected by the cultivar and treatment. In both cultivars, compared

with that under a SWC of 75%, the activity of SPS in response to 60%

and 45% SWCs first significantly increased and then decreased. Across

both years, compared with a SWC of 75%, SWCs of 60% and 45%

reduced the activity of SPS inWandou 37 by 3.2% and 11.7%, and that

in Zhonghuang 13 by 11.5% and 21.0%, respectively. In addition, the
Frontiers in Plant Science 06
activity of SuSy under SWCs of 60% and 45% first significantly

increased and then significantly decreased, in both cultivars

compared with the results obtained under a SWC of 75%. In both

years, SWCs of 60% and 45% reduced the activity of SuSy in Wandou

37 by 5.6% and 14.9%, and that in Zhonghuang 13 by 8.7% and 19.3%,

respectively, compared with the results obtained with a SWC of 75%.
Carbohydrate content and enzyme
activities in the podshells

The sucrose content in the podshells was significantly affected

by the cultivar, and the starch content in the podshells was

significantly affected by the treatment (Figure 5). The sucrose and

starch contents in the podshells decreased with time in both

cultivars. The sucrose content first decreased and then increased

under SWCs of 60% and 45% compared with that observed with a

SWC of 75%. Across both years, SWCs of 60% and 45% resulted in

3.3% higher and 0.9% lower average sucrose contents in Wandou

37, respectively, and 0.4% and 3.6% lower average sucrose contents

in Zhonghuang 13, respectively, compared with the results obtained

with a SWC of 75%. Similarly, the starch content in the podshells

under SWC conditions of 60% and 45% were higher than those

observed under a SWC of 75%. Moreover, over both years, the
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FIGURE 3

Effects of drought stress on the sucrose and starch contents in subtending leaves. The data represent the mean of four independent replicates ±
standard errors (SEs), and different letters on the columns for each cultivar on the same day indicate significant differences (P< 0.05). SWC, soil water
content; C, cultivar; T, treatment. *P< 0.05; **P< 0.01; ns, not significant at P< 0.05.
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average starch content of Wandou 37 and Zhonghuang 13 increased

by 6.5% and 14.0%, respectively, under a SWC of 60%, and by 4.5%

and 8.9%, respectively, under a SWC of 45%, compared with the

results obtained with a SWC of 75%.

The activity of SPS in the podshells exhibited a dynamic trend

with a low-high-low single-peak curve with time, and the activity of

SuSy decreased with time (Figure 6). The activities of SPS and SuSy in

the podshells were significantly affected by the cultivar and treatment.

The activities of SPS and SuSy under SWC conditions of 60% and

45% increase in both cultivars compared with those observed under a

SWC of 75%. Across both years, compared with the results obtained

with a SWC of 75%, SWCs of 60% and 45% reduced the activity of

SPS in Wandou 37 by 7.3% and 15.5%, respectively, and by 9.1% and

16.9% in Zhonghuang 13, respectively, and the activity of SuSy was

reduced by 7.2% and 14.2% inWandou 37, respectively, and by 10.5%

and 19.3% in Zhonghuang 13, respectively.
Carbohydrate content and enzyme
activities in seeds

The sucrose and starch contents in the seeds were significantly

affected by the cultivar and treatment (Figure 7). The sucrose and

starch contents of the seeds increased with time, and significant
Frontiers in Plant Science 07
differences in the changes in the sucrose and starch contents were

observed among the treatments. The sucrose and starch contents in

both cultivars significantly decreased in response to SWCs of 60%

and 45% compared with those observed with a SWC of 75%. In both

years, SWCs of 60% and 45% resulted in 11.9% and 23.9% lower

average sucrose contents, respectively, in Wandou 37, and 19.7%

and 39.8% lower average sucrose contents, respectively, in

Zhonghuang 13, compared with those obtained with a SWC of

75%. Moreover, over the two years, the starch content showed

average decreases of 19.0% and 29.8% inWandou 37 and 24.8% and

37.9% in Zhonghuang 13 under SWC conditions of 60% and 45%,

respectively, compared with those obtained with a SWC of 75%.

The SPS and SuSy activities in the seeds were significantly

affected by the cultivar and treatment (Figure 8). The activity of SPS

in the seeds exhibited a dynamic trend with a low-high-low single-

peak curve with time, and the activity of SuSy tended to fluctuate

with time. The activities of SPS and SuSy under SWCs of 60% and

45% were significantly lower in both cultivars than under a SWC of

75%. Across both years, compared with the results obtained with a

SWC of 75%, SWCs of 60% and 45% reduced the activity of SPS by

8.0% and 14.7% in Wandou 37 and by 6.9% and 14.1% in

Zhonghuang 13, respectively, and reduced the activity of SuSy by

8.7% and 19.2% in Wandou 37 and by 7.7% and 20.1% in

Zhonghuang 13, respectively.
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FIGURE 4

Effects of drought stress on the activities of sucrose phosphate synthase (SPS) and sucrose synthase (SuSy) in subtending leaves. The data represent
the means of four independent replicates ± standard errors (SEs), and different letters above the columns for each cultivar on the same day indicate
significant differences (P< 0.05). SWC, soil water content; C, cultivar; T, treatment. *P< 0.05; **P< 0.01; ns, not significant at P< 0.05.
frontiersin.org

https://doi.org/10.3389/fpls.2024.1337544
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Du et al. 10.3389/fpls.2024.1337544
13C proportions in soybean organs

Our analysis of 13CO2 in subtending leaves showed that the 13C

proportions (%) in subtending leaves, podshells and seeds were

significantly affected by the treatment. The proportion of 13C in the

seeds significantly decreased under SWCs of 60% and 45% relative

to that found under a SWC of 75% at 12 and 33 DAT in both

cultivars, but the proportion of 13C in the podshells significantly

increased under SWCs of 60% and 45% relative to that under a

SWC of 75% at 12 and 33 DAT in both cultivars. Little difference

was found in the proportion of 13C in the leaves of Wandou 37 and

Zhonghuang 13 plants under the different treatments, with the

exception that significant decreases in the proportion of 13C in the

leaves under a SWC of 45% relative to that under a SWC of 75%

were found in Wandou 37 plants at 12 and 33 DAT and in

Zhonghuang 13 plants at 33 DAT (Figure 9). Under SWCs of

60% and 45%, the proportion of 13C in the podshells was increased

by 7.7% and 17.4% at 12 DAT and by 11.8% and 26.6% at 33 DAT,

respectively, in Wandou 37, and by 5.1% and 12.6% at 12 DAT and

by 9.4% and 20.0% at 33 DAT, respectively, in Zhonghuang 13,

compared with the results obtained with a SWC of 75% across the

two years. In addition, under SWCs of 60% and 45%, the proportion
Frontiers in Plant Science 08
of 13C in the seeds was decreased by 8.3% and 13.4% at 12 DAT and

11.8% and 15.1% at 33 DAT, respectively, in Wandou 37, and by

10.7% and 16.8% at 12 DAT and 15.0% and 20.8% at 33 DAT,

respectively, in Zhonghuang 13, compared with the results obtained

under a SWC of 75% across the two years.
Relationships between assimilation and
distribution photosynthates and
seed weight

Relationships between the assimilation and transport of

photoassimilates in subtending leaves, podshells and seed weight.

Seed weight was positively correlated with leaf Pn, leaf sucrose

content, leaf starch content, leaf SPS activity, leaf SuSy activity, seed

sucrose content, seed starch content, seed SPS activity, seed SuSy

activity, leaf 13C proportion (12 and 33 DAT) and seed 13C

proportion (12 and 33 DAT) and negatively correlated with the

podshell starch content, podshell SPS activity, podshell SuSy activity

and podshell 13C proportion (12 and 33 DAT) in Wandou 37.

Additionally, the seed weight was positively correlated with the leaf

Pn, leaf sucrose content, leaf starch content, leaf SPS activity, leaf
5 12 19 26 33 5 12 19 26 33
10

20

30

40

C *

T ns

C×T ns

b

a
ba

aa

a

b

a

a
a

ab
a

b

ab
a

a
b

a
a

b
a

aa

a
b

aa
a

S
u
cr

o
se

 c
o
n
te

n
t 

(m
g
 g

-1
)

Wandou 37                    Zhonghuang 13

a

5 12 19 26 33 5 12 19 26 33
10

20

30

40

C **

T ns

C×T ns

a

a

aaa

aaa

aa

ab
b

ab

ab
a

a

a
a

aba

b

aaa

b
ab
a

aa
Wandou 37                    Zhonghuang 13

20212020

5 12 19 26 33 5 12 19 26 33
1

2

3

4

C **

T **

C×T ns

a
a

a

b

a

b
b

bb
a

bb

a

ab
a

b

aa
a a

bb

ab
a

c

b

a

b
a

a

Wandou 37                    Zhonghuang 13

S
ta

rc
h
 c

o
n
te

n
t 

(m
g
 g

-1
)

Days after treatment (d)

 75% SWC

 60% SWC

 45% SWC

5 12 19 26 33 5 12 19 26 33
1

2

3

4

C ns

T *

C×T ns

a

b
ab

aa
a

a

a

a

a
a

a
ab
b

a

aa

aba

a

b
b

b

ab
b

a

Wandou 37                    Zhonghuang 13
a

aa

a

FIGURE 5

Effects of drought stress on the sucrose and starch contents in the podshells. The data represent the means of four independent replicates ±
standard errors (SEs), and different letters above the columns for each cultivar on the same day indicate significant differences (P< 0.05). SWC, soil
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SuSy activity, podshell sucrose content, seed sucrose activity, seed

starch content, seed SPS activity, seed SuSy activity and seed 13C

proportion (12 and 33 DAT) and negatively correlated with the

podshell SPS activity, podshell SuSy activity and podshell 13C

proportion (12 and 33 DAT) for Zhonghuang 13 (Figure 10).
Stepwise multiple regression analysis

The effects of various physiological indices of different organs

on the soybean seed weight could be further explained by a stepwise

regression equation (Table 2). The effects of the leaf starch content,

podshell SPS activity, seed starch content, seed SuSy activity and leaf
13C proportion (12 DAT) on seed weight were significant for

Wandou 37, and the effects of the seed starch content and seed

SuSy activity on seed weight were positive, whereas the effects of the

leaf starch content, podshell SPS content and leaf 13C proportion

(12 DAT) were negative. Moreover, the effects of the leaf Pn, leaf

sucrose content, leaf starch content, seed SuSy activity, and podshell
13C proportion (12 DAT) on the seed weight were significant for

Zhonghuang 13, and the effects of the leaf Pn, leaf starch content

and seed SuSy activity on seed weight were positive, whereas the
Frontiers in Plant Science 09
effects of the leaf sucrose content and the podshell 13C proportion

(12 DAT) were negative.
Path analysis

The direct diameter coefficient data indicated that the leaf starch

content, seed starch content, seed SuSy activity and leaf 13C

proportion (12 DAT) had direct negative effects on the seed

weight of Wandou 37 plants under drought stress, and the direct

path coefficients were -7.798, -3.519, -4.318 and -0.508, respectively

(Table 3). An analysis of the indirect path coefficients revealed that

the seed starch content and seed SuSy activity had stronger indirect

effects on the seed weight. In addition, the podshell SPS activity and

leaf 13C proportion (12 DAT) exerted direct positive effects on the

soybean seed weight. In Zhonghuang 13, the leaf Pn, leaf sucrose

content, leaf starch content and podshell 13C proportion (12 DAT)

had direct negative effects on the soybean seed weight; among these

factors, the leaf Pn had the greatest direct effect on the seed weight

under drought stress. Seed starch had a direct positive effect on the

soybean seed weight. By analyzing the indirect path coefficients, we

found that the leaf Pn and leaf sucrose content had the strongest
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Effects of drought stress on the activities of sucrose phosphate synthase (SPS) and sucrose synthase (SuSy) in the podshells. The data represent the
means of four independent replicates ± standard errors (SEs), and different letters above the columns for each cultivar on the same day indicate
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indirect effects on seed weight through effects on the seed starch

content and the podshell 13C proportion (12 DAT).
Discussion

Compared with a SWC of 75%, drought stress significantly

decreased the pod weight by 12.4-23.9% in Wandou 37 and 20.0-

37.5% in Zhonghuang 13, and these effects were mainly due to

significant decreases in seed weight (Table 1). Moreover, the

reduction observed with a SWC of 45% was significantly greater

than that obtained with a SWC of 60%, and a greater reduction was

observed in the drought-sensitive cultivar (Zhonghuang 13) than in

the drought-tolerant cultivar (Wandou 37). These results are

consistent with previous research results (Ergo et al., 2018; Du

et al., 2023). The reason for the decrease in the seed weight is the

observed decreases in photosynthetic capacity and the export and

transport of photoassimilates in the subtending leaf-podshell-seed

system (Griffiths et al., 2016).

Sucrose is the main form of transported photoassimilate and is

mainly transported from photosynthetic organs to sink organs over

long distances (Ruan, 2012). In this study, we found that the sucrose

content in subtending leaves decreased significantly (by 7.9-17.9%

and by 20.0-28.7% inWandou 37 and Zhonghuang 13, respectively)
Frontiers in Plant Science 10
under drought stress (Figure 3). Two factors led to the observed

decrease in the sucrose content in the subtending leaves. First, the

Pn decreased in response to drought stress (Figure 2). Drought

stress inhibits leaf photosynthesis (He et al., 2017; Du et al., 2023),

which reduces the formation of photoassimilates and the

photosynthetic capacity of leaves. Second, the sucrose synthesis

pathway was inhibited by drought stress. The activity of SPS in the

subtending leaves decreased significantly under drought stress

(Figure 4). Because SPS is one of the key enzymes involved in

sucrose synthesis in leaves, drought stress blocks the activity of

sucrose synthesis and significantly decreases the sucrose content

(Getachew, 2014). A decrease in the sucrose content in source

organs is not conducive to sucrose export, which leads to the

inability of sink organs to obtain sufficient photoassimilates from

source organs (Sevanto, 2018). Our results also revealed that the

starch content in the subtending leaves of Wandou 37 and

Zhonghuang 13 decreased significantly (by 21.3-30.0% and 28.2-

38.2%, respectively) under drought stress (Figure 3). The reduction

in starch content was due to significant decreases in photosynthetic

capacity and SuSy activity under drought stress (Figure 4). SuSy

mainly decomposes sucrose to provide a substrate for starch

synthesis (Coleman et al., 2009). The activity of SuSy in leaves

significantly decreased, and the amount of substrate for starch

synthesis decreased; thus, the starch content was significantly
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FIGURE 7

Effects of drought stress on the sucrose and starch contents in the seeds. The data represent the means of four independent replicates ± standard
errors (SEs), and different letters above the columns for each cultivar on the same day indicate significant differences (P< 0.05). SWC, soil water
content; C, cultivar; T, treatment. *P< 0.05; **P< 0.01; ns, not significant at P< 0.05.
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reduced under drought stress. Path analysis also revealed that the

factor associated with the direct negative effects of drought stress on

the seed weight of the drought-tolerant cultivar Wandou 37 was the

leaf starch content, whereas for the drought-sensitive cultivar

Zhonghuang 13, the factors were leaf Pn and leaf starch content

(Table 3). Therefore, we can conclude that the reduced

photosynthetic capacity of subtending leaves under drought stress

is an important factor limiting soybean seed formation.

The podshell mainly performs the functions of sucrose loading

at the leaf source and unloading at the seed sink (Dong, 2012).

Although the decrease in the photosynthetic capacity of the

subtending leaves led to a reduction in the amount of

photoassimilates transported to the podshells, the weight of the

podshells barely changed (Table 1). These results suggest that the

podshell is an organ that is almost impervious to drought stress;

this finding is consistent with the results of previous studies

showing that the podshell is stable under stress (Turner et al.,

2005). In the present study, the increase in SPS enzyme activity in

the podshells under drought stress promoted the synthesis of

sucrose (Figure 6), which is conducive to improving osmotic

potential, and thus increasing stress resistance (Gangola and

Ramadoss, 2018), which may be the reason for the high

resistance of podshells under drought stress. However, sucrose is

the main form of assimilate transport, and the transmembrane
Frontiers in Plant Science 11
transport of sucrose is regulated by multiple factors, such as

intracellular and extracellular sucrose concentration gradients

(Ayre, 2011). Excessive sucrose in the podshells would inhibit

the input of photoassimilates in the subtending leaves. We found

that SuSy enzyme activity in the podshells increased under

drought stress, which promoted the conversion of sucrose to

starch and ensured the input of photoassimilates from the

subtending leaves to the podshells. A portion of the starch can

be broken down into sucrose for seed development or converted to

other forms of storage. Further analysis indicated that drought

stress increased the proportion of assimilates exported from the

subtending leaves. The average proportions of assimilates

exported from the subtending leaves of the two soybean

cultivars under SWCs of 60% and 45% were 65.4% and 67.9%,

respectively, which increased by 0.1% and 3.9%, respectively,

compared with the results obtained with a SWC of 75%

(Figure 9). With increasing drought severity, the translocation

rate of assimilates from subtending leaves also increased

correspondingly. This founding is consistent with previous

studies on cotton (Sun et al., 2011). However, with increasing

drought severity, the translocation rate of assimilates from the

podshells to the seeds decreased. Under SWCs of 60% and 45%,

the average translocation rates of assimilates from the podshells to

the seeds were 38.0% and 34.5%, respectively, which were 11.4%
12 19 26 33 12 19 26 33
10

15

20

25

30

C **

T **

C×T ns

b

b

c

ab

ab

a

a

b

a

b c

ab
ab

a

b

ab

b

a

ab

a

b

a

S
P

S
 a

ct
iv

it
y
 (

m
g
 g

-1
 h

-1
) Wandou 37                    Zhonghuang 13

b

12 19 26 33 12 19 26 33
10

15

20

25

30

C **

T **

C×T ns

b

b
ab

b

a

c

b

a

ab
a

a

b

abb

a

b
ab

a

b

a

ab

ab
a

Wandou 37                    Zhonghuang 13

20212020

12 19 26 33 12 19 26 33
20

30

40

50

C **

T **

C×T ns

a

b

a

c

b

a

c

b

a

b

c

a

ab

b

a

a

c

b c

b

a

c

b

a

Wandou 37                    Zhonghuang 13

S
u
S

y
 a

ct
iv

it
y
 (

m
g
 g

-1
 h

-1
)

Days after treatment (d)

 75% SWC

 60% SWC

 45% SWC

12 19 26 33 12 19 26 33
20

30

40

50

C **

T **

C×T ns

c

c

b

b

c
b

b

a

a

a

c

a
b

c

a

c

b

a

b

ab

a

b
ab

a

Wandou 37                    Zhonghuang 13

FIGURE 8

Effects of drought stress on the activities of sucrose phosphate synthase (SPS) and sucrose synthase (SuSy) in the seeds. The data represent the
means of four independent replicates ± standard errors (SEs), and different letters above the columns for each cultivar on the same day indicate
significant differences (P< 0.05). SWC, soil water content; C, cultivar; T, treatment. *P< 0.05; **P< 0.01; ns, not significant at P< 0.05.
frontiersin.org

https://doi.org/10.3389/fpls.2024.1337544
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Du et al. 10.3389/fpls.2024.1337544
and 19.6% lower than those obtained with a SWC of 75%. Taken

together, these findings indicated that drought stress weakened the

source–sink relationship between podshells and seeds, which

reduced the translocation of assimilates from podshells to seeds.

The described effect results in relative increases in the fraction of

assimilates in the podshells, resulting in an increased proportion

of 13C in the podshells (Figure 9). The translocation of assimilates

from podshells to seeds was restricted under drought stress and

was not conducive to the formation of soybean seeds. Therefore,

the translocation of assimilates from podshells to seeds is an

important factor limiting the development of soybean seeds

under drought stress. The podshell is not only the “transition

reservoir” but also the “transit pump” of seed development.

Sucrose is the main carbon source for the development and

storage of soybean seeds, whereas starch is a temporary storage

form of carbohydrates and can be broken down into hexose to

support the development of soybean seeds when the sucrose content

is insufficient at the later stage of seed development (Rotundo et al.,

2011). In this study, we found that drought stress significantly

decreased the sucrose and starch contents in the seeds (Figure 7),

which indicated that drought stress reduced the distribution of
Frontiers in Plant Science 12
photoassimilates in the seeds and hindered biomass accumulation.

Two factors led to decreases in the sucrose and starch contents in

the seeds. First, the photosynthetic capacity of subtending leaves

decreased significantly under drought stress, leading to a decreases

in the translocation of assimilates from subtending leaves to

podshells, and the podshell photoassimilates failed to move

effectively to the seeds, resulting in a decrease in the translocation

of assimilates from podshells to seeds. Second, the activities of SPS

and SuSy in the seeds were significantly reduced under drought

stress (Figure 8), and the activities of sucrose and starch synthesis

were blocked (Getachew, 2014), leading to decreases in the sucrose

and starch contents in the soybean seeds. Under drought stress,

decreases in sucrose and starch contents are not conducive to

soybean seed development or the accumulation of stored

substances. Our results also revealed that the seed starch content

and seed SuSy activity were the major direct factors affecting the

negative regulation of seed weight under drought stress (Table 3).

Under drought stress, decreases in sucrose and starch contents

result in a significantly decreased proportion of 13C in the seeds

(Figure 9) and are not conducive to soybean seed development or

the accumulation of stored substances. Eventually, drought stress
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Effects of drought stress on the 13C proportion (%) in subtending leaves, podshells and seeds. The data represent the means of four independent
replicates ± standard errors (SEs), and different letters above the columns for each cultivar on the same day indicate significant differences (P< 0.05).
SWC, soil water content; C, cultivar; T, treatment. *P< 0.05; **P< 0.01; ns, not significant at P< 0.05.
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significantly decreased the seed weight (Table 1). Therefore, the lack

of assimilates under drought stress is an important factor restricting

the development of soybean seeds. Similarly, previous studies on

rice have shown that abiotic stress results in a decrease in the

proportion of assimilates transported to grains and abnormal

sucrose metabolism in grains, leading to the formation of blighted

grains (Zhang et al., 2017).
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In summary, in addition to the decrease in the photosynthetic

capacity of subtending leaves and the decrease in the overall

availability of photoassimilates, the decrease of translocation of

assimilates from the podshells to the seeds is also an important

reason for the decrease in seed weight. Drought stress weakened the

source–sink relationship between subtending leaves and podshells,

the transit sink function of podshells, and the source–sink

relationship between podshells and seeds, leading to a decreased

seed weight. The weakening effect under a SWC of 45% was

significantly greater than that under a SWC of 60%. At the same

drought level, the weakening effect of the drought-sensitive cultivar

was more obvious than that of the drought-tolerant cultivar. These

results confirm our hypothesis that the reduced seed weight of

soybean plants under drought stress was caused by a decrease in

the photosynthate assimilation in the subtending leaves and in their

translocation into podshells and seeds. These results further

confirmed that the variation in sucrose content in source and sink

organs is very important for the normal growth and development of

soybean seeds (He et al., 2017; Leisner et al., 2017). We also found

that the podshells plays an important role in the soybean seed yield

formation. In addition, this study analysed the effect of drought stress

only from the perspective of a single “subtending leaf-podshell-seed”

system. In the future, further consideration of the response to drought

stress from the perspective of the whole plant is needed. Moreover,

studying the compensatory effect of exogenous sucrose on seed
FIGURE 10

Coefficients of the correlations among the soybean seed weight and physiological indices of subtending leaves, podshells and seeds. SPS, sucrose
phosphate synthase; SuSy, sucrose synthase.
TABLE 2 Regression analysis of the soybean seed weight and
physiological indices of subtending leaves, podshells and seeds.

Cultivar Major
affecting
factors

Regression equation R2

Wandou 37 Leaf starch,
Podshell SPS,
Seed starch, Seed
SuSy, Leaf 13C
proportion
(12 DAT)

Y=0.01553-0.01449Leaf
starch-0.00518Podshell SPS
+0.03713Seed starch
+0.02157Seed SuSy-
0.00978Leaf 13C proportion
(12 DAT)

0.9980**

Zhonghuang
13

Leaf Pn, Leaf
sucrose, Leaf
starch, Seed
starch, Podshell
13C proportion
(12 DAT)

Y=0.10998 + 0.01786Leaf Pn-
0.00438Leaf sucrose
+0.00614Leaf starch
+0.02463Seed SuSy-
0.00516Podshell 13C
proportion (12 DAT)

0.9993**
SPS, sucrose phosphate synthase; SuSy, sucrose synthase.
**, significant at p≤0.01 probability levels.
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weight under drought stress and the mechanisms underlying sucrose

metabolism and signaling pathways between source and sink organs

under drought stress through joint omics analysis is necessary (Linh

et al., 2020).
Conclusion

Drought stress significantly reduced the seed weight of the

soybean plants, and the variation observed under a SWC of 45% was

significantly greater than that detected under a SWC of 60%. The

drought-sensitive cultivar exhibited more obvious yield reduction

effects than did the drought-tolerant cultivar. The main

physiological reasons for the decrease in seed weight were a

decrease in the photosynthetic capacity of the subtending leaves,

as well as the decrease in the translocation of assimilates from the

podshells to the seeds.
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TABLE 3 Path coefficients of physiological indices of subtending leaves, podshells and soybean seed weight.

Cultivar Independent
variable

Direct
path
coefficient

Indirect path coefficient

Leaf
starch

Podshell
SPS

Seed
starch

Seed
SuSy

Leaf 13C
propor-
tion
(12 DAT)

Total

Wandou 37 Leaf starch -7.798 — -1.396 -3.422 -3.949 -0.288 -9.055

Podshell SPS 1.761 6.179 — 2.543 3.091 0.138 11.951

Seed starch -3.519 -7.581 -1.272 — -4.066 -0.312 -13.231

Seed SuSy -4.318 -7.131 -1.261 -3.314 — -0.363 -12.069

Leaf 13C proportion
(12 DAT)

-0.508 -4.422 -0.479 -2.165 -3.087 — 10.153

Leaf Pn Leaf sucrose Leaf starch Seed starch Podshell 13C
proportion
(12 DAT)

Total

Zhonghuang
13

Leaf Pn -6.914 — -0.236 -1.481 11.135 2.145 11.563

Leaf sucrose -0.255 -0.638 — -1.529 11.159 1.935 10.927

Leaf starch -1.628 -6.29 -0.24 — 11.407 -1.949 2.928

Seed starch 11.639 -6.614 -0.245 -1.596 — 2.061 -6.394

Podshell 13C
proportion (12 DAT)

-2.218 6.689 0.223 -10.819 -4.57 — 8.477
SPS, sucrose phosphate synthase; SuSy, sucrose synthase.
frontiersin.org

https://doi.org/10.3389/fpls.2024.1337544
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Du et al. 10.3389/fpls.2024.1337544
References
Ayre, B. G. (2011). Membrane-transport systems for sucrose in relation to whole-
plant carbon partitioning. Mol. Plant 4 (3), 377–394. doi: 10.1093/mp/ssr014

Baptist, F., Tcherkez, G., Aubert, S., Pontailler, J. Y., Choler, P., and Nogués, S. (2009).
13C and 15N allocations of two alpine species from early and late snowmelt locations
reflect their different growth strategies. J. Exp. Bot. 60, 2725–2735. doi: 10.1093/jxb/erp128

Bellaloui, N., Reddy, K. N., and Mengistu, A. (2015). “Drought and heat stress effects
on soybean fatty acid composition and oil stability,” in Processing and Impact on Active
Components in Food. Ed. V. Preedy (Amsterdam: Elsevier Academic Press), 377–384.
doi: 10.1016/B978-0-12-404699-3.00045-7

Buske, T. C., Robaina, A. D., Peiter, M. X., Rosso, R. B., Torres, R. R., and Nunes, M.
S. (2013). Performance evaluation of the weighing method for the determination of soil
moisture. Rev. Bras. Agr. Irriga. 7 (6), 340–348. doi: 10.7127/rbai.v7n600186

Chang, T. G., and Zhu, X. G. (2017). Source-sink interaction: a century old concept
under the light of modern molecular systems biology. J. Exp. Bot. 68 (16), 4417–4431.
doi: 10.1093/jxb/erx002

Chen, L., Deng, Y., Zhu, H., Hu, Y., Jiang, Z., Tang, S., et al. (2019). The initiation of
inferior grain filling is affected by sugar translocation efficiency in large panicle rice.
Rice 12, 75. doi: 10.1186/s12284-019-0333-7

Coleman, H. D., Yan, J., and Mansfield, S. D. (2009). Sucrose synthase affects carbon
partitioning to increase cellulose production and altered cell wall ultrastructure. P. Natl.
Acad. Sci. U.S.A. 106 (31), 13118–13123. doi: 10.1073/pnas.0900188106

de Freitas, O. N., Rial, R. C., Cavalheiro, L. F., Barbosa, J. M., Nazario, C. E. D., and
Viana, L. H. (2019). Evaluation of the oxidative stability and cold filter plugging point
of soybean methyl biodiesel/bovine tallow methyl biodiesel blends. Ind. Crop Prod. 140,
111667. doi: 10.1016/j.indcrop.2019.111667

Dong, Z. (2012). Soybean yield physiology (Beijing: China Agriculture Press), 224.

Du, X. B., Chen, B. L., Shen, T. Y., Zhang, Y. X., and Zhou, Z. G. (2015). Effect of
cropping system on radiation use efficiency in double-cropped wheat-cotton. Field
Crops Res. 170, 21–31. doi: 10.1016/j.fcr.2014.09.013

Du, X. B., Zhang, X. Y., Wei, Z., Lei, W. X., Hu, G. Y., Huang, Z. P., et al. (2023).
Photosynthetic characteristics of subtending leaves and their relationships with
soybean pod development under heat, drought and combined stresses. J. Agron.
Crop Sci. 209 (1), 204–215. doi: 10.1111/jac.12616

Du, Y., Zhao, Q., Chen, L., Yao, X. D., Zhang, W., Zhang, B., et al. (2020). Effect of
drought stress on sugar metabolism in leaves and roots of soybean seedlings. Plant
Physiol. Bioch. 146, 1–12. doi: 10.1016/j.plaphy.2019.11.003

Ergo, V. V., Lascano, R., Vega, C. R. C., Parola, R., and Carrera, C. S. (2018). Heat and water
stressed field- grown soybean: Amultivariate study on the relationship between physiological-
biochemical traits and yield. Environ. Exp. Bot. 148, 1–11. doi: 10.1016/j.envexpbot.2017.12.023

Gangola, M. P., and Ramadoss, B. R. (2018). “Chapter 2–sugars play a critical role in
abiotic stress tolerance in plants,” in Biochemical, physiological and molecular avenues
for combating abiotic stress tolerance in plants. Ed. S. H. Wani (Academic: Elsevier
Academic Press), 17–38. doi: 10.1016/B978-0-12-813066-7.00002-4

Gao, J. F. (2006). Experimental guidance of plant physiology (Beijing: Higher
Education Press), 146.

Getachew, M. (2014). Influence of soil water deficit and phosphorus application on
phosphorus uptake and yield of soybean (Glycine max L.) at Dejen, North-West
Ethiopia. Am. J. Plant Sci. 5, 1889–1906. doi: 10.4236/ajps.2014.513203

Griffiths, C. A., Paul, M. J., and Foyer, C. H. (2016). Metabolite transport and
associated sugar signalling systems underpinning source/sink interactions. BBA
Bioenergetics 1857 (10), 1715–1725. doi: 10.1016/j.bbabio.2016.07.007

He, J., Du, Y. L., Wang, T., Turner, N. C., Yang, R. P., Jin, Y., et al. (2017). Conserved
water use improves the yield performance of soybean [Glycine max (L. Merr.)] under
drought. Agr. Water Manage. 179, 236–245. doi: 10.1016/j.agwat.2016.07.008

He, J. Q., Hu, W., Li, Y. X., Zhu, H. H., Zou, J., Wang, Y. H., et al. (2022). Prolonged
drought affects the interaction of carbon and nitrogen metabolism in root and shoot of
cotton. Environ. Exp. Bot. 197, 104839. doi: 10.1016/j.envexpbot.2022.104839
Frontiers in Plant Science 15
He, J., Jin, Y., Turner, N. C., Chen, Z., Liu, H. Y., Wang, X. L., et al. (2019).
Phosphorus application increases root growth, improves daily water use during the
reproductive stage, and increases grain yield in soybean subjected to water shortage.
Environ. Exp. Bot. 166, 103816. doi: 10.1016/j.envexpbot.2019.103816

IPCC (2021) Climate Change 2021: The physical science basis. Contribution of
working group I to the sixth assessment report of the intergovernmental panel on
climate change. Available at: https://www.ipcc.ch/report/ar6/wg1/downloads/report/
IPCC_AR6_WGI_Full_Report.pdf.

Ishimaru, K., Hirotsu, N., Kashiwagi, T., Macloka, Y., Nagasuga, K., Ono, K., et al.
(2008). Overexpression of a maize SPS gene improves yield characters of potato under
field conditions. Plant Prod. Sci. 11 (1), 104–107. doi: 10.1626/pps.11.104

Leisner, C. P., Yendrek, C. R., and Ainsworth, E. A. (2017). Physiological and
transcriptomic responses in the seed coat of field-grown soybean (Glycine max L.
Merr.) to abiotic stress. BMC Plant Biol. 17, 242. doi: 10.1186/s12870-017-1188-y

Li, J. H., Zhang, M. C., Jin, X. J., Wang, M. X., Ren, C. Y., Zhang, Y. X.,
et al. (2017). Sugar accumulation rule of high oil and high protein soybean during
the seed-filling period. Soybean Sci. 36 (01), 68–73. doi: 10.11861/j.issn.1000-
9841.2017.01.0068

Linh, T. M., Mai, N. C., Hoe, P. T., Lien, L. Q., Ban, N. K., Hien, L. T. T., et al. (2020).
Metal-Based nanoparticles enhance drought tolerance in soybean. J. Nanomater. 2020,
4056563. doi: 10.1155/2020/4056563

Liu, H. M., Li, Y., Bu, G. J., Lv, W., Cui, L., Cang, J., et al. (2008). Effects of
photosynahate transportation and distribution in soybean pods on the development of
soybean seeds. J. Nucl. Agric. Sci. 4, 519–523.

Makino, A. (2011). Photosynthesis, grain yield, and nitrogen utilization in rice and
wheat. Plant Physiol. 155 (1), 125–128. doi: 10.1104/pp.110.165076

Pindit, K., Thanapimmetha, A., Saisriyoot, M., and Srinopakun, P. (2021).
Biolubricant basestocks synthesis using 5-step reaction from jatropha oil, soybean
oil, and palm fatty acid distillate. Ind. Crop Prod. 166, 113484. doi: 10.1016/
j.indcrop.2021.113484

Rotundo, J. L., Borrás, L., and Westgate, M. E. (2011). Linking assimilate supply and
seed developmental processes that determine soybean seed composition. Eur. J. Agron.
35 (3), 184–191. doi: 10.1016/j.eja.2011.05.002

Rotundo, J. L., and Westgate, M. E. (2009). Meta-analysis of environmental effects on
soybean seed composition. Field Crop Res. 110, 147–156. doi: 10.1016/j.fcr.2008.07.012

Ruan, Y. L. (2012). Signaling role of sucrose metabolism in development. Mol. Plant
5 (4), 763–765. doi: 10.1093/mp/sss046

Sevanto, S. (2018). Drought impacts on phloem transport. Curr. Opin. Plant Biol. 43,
76–81. doi: 10.1016/j.pbi.2018.01.002

Sun, H. C., Ren, X. M., Li, C. D., Liu, L. T., and Zhang, Y. J. (2011). Effects of water
stress on assimilation and partitioning of 14C of different leaves on the main stem of
cotton. Cotton Sci. 23 (3), 247–252.

Turner, N., Davies, S. L., Plummer, J. A., and Siddique, K. H. M. (2005). Seed filling in
grain legumes under water deficits, with emphasis on chickpeas. Adv. Agron. 87, 211–
250. doi: 10.1016/S0065-2113(05)87005-1

Yang, X. F., Yu, X. Q., Zhou, Z., Ma, W. J., and Tang, G. X. (2016). A high-efficiency
Agrobacterium tumefaciens mediated transformation system using cotyledonary node
as explants in soybean (Glycine max L.). Acta Physiol. Plant 38, 1–10. doi: 10.1007/
s11738-016-2081-2

Zhang, C. X., Feng, B. H., Chen, T. T., Zhang, X. F., Tao, L. X., and Fu, G. F. (2017).
Sugars, antioxidant enzymes and IAA mediate salicylic acid to prevent rice spikelet
degeneration caused by heat stress. Plant Growth Regul. 83, 313–323. doi: 10.1007/
s10725-017-0296-x

Zou, J. N., Yu, H., Yu, Q., Jin, X. J., Cao, L., Wang, M. Y., et al. (2021). Physiological
and UPLC-MS/MS widely targeted metabolites mechanisms of alleviation of drought
stress-induced soybean growth inhibition by melatonin. Ind. Crop Prod. 163, 113323.
doi: 10.1016/j.indcrop.2021.113323
frontiersin.org

https://doi.org/10.1093/mp/ssr014
https://doi.org/10.1093/jxb/erp128
https://doi.org/10.1016/B978-0-12-404699-3.00045-7
https://doi.org/10.7127/rbai.v7n600186
https://doi.org/10.1093/jxb/erx002
https://doi.org/10.1186/s12284-019-0333-7
https://doi.org/10.1073/pnas.0900188106
https://doi.org/10.1016/j.indcrop.2019.111667
https://doi.org/10.1016/j.fcr.2014.09.013
https://doi.org/10.1111/jac.12616
https://doi.org/10.1016/j.plaphy.2019.11.003
https://doi.org/10.1016/j.envexpbot.2017.12.023
https://doi.org/10.1016/B978-0-12-813066-7.00002-4
https://doi.org/10.4236/ajps.2014.513203
https://doi.org/10.1016/j.bbabio.2016.07.007
https://doi.org/10.1016/j.agwat.2016.07.008
https://doi.org/10.1016/j.envexpbot.2022.104839
https://doi.org/10.1016/j.envexpbot.2019.103816
https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_Full_Report.pdf
https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_Full_Report.pdf
https://doi.org/10.1626/pps.11.104
https://doi.org/10.1186/s12870-017-1188-y
https://doi.org/10.11861/j.issn.1000-9841.2017.01.0068
https://doi.org/10.11861/j.issn.1000-9841.2017.01.0068
https://doi.org/10.1155/2020/4056563
https://doi.org/10.1104/pp.110.165076
https://doi.org/10.1016/j.indcrop.2021.113484
https://doi.org/10.1016/j.indcrop.2021.113484
https://doi.org/10.1016/j.eja.2011.05.002
https://doi.org/10.1016/j.fcr.2008.07.012
https://doi.org/10.1093/mp/sss046
https://doi.org/10.1016/j.pbi.2018.01.002
https://doi.org/10.1016/S0065-2113(05)87005-1
https://doi.org/10.1007/s11738-016-2081-2
https://doi.org/10.1007/s11738-016-2081-2
https://doi.org/10.1007/s10725-017-0296-x
https://doi.org/10.1007/s10725-017-0296-x
https://doi.org/10.1016/j.indcrop.2021.113323
https://doi.org/10.3389/fpls.2024.1337544
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Drought stress reduces the photosynthetic source of subtending leaves and the transit sink function of podshells, leading to reduced seed weight in soybean plants
	Introduction
	Materials and methods
	Experimental design
	Sampling and measurements
	Measurements of the sucrose and starch contents
	Measurement of enzymatic activity
	13CO2 isotopic labelling
	Carbon isotope analysis
	Determination of the soybean pod biomass
	Statistical analysis

	Results
	Drought resistance of various soybean cultivars
	Pod biomass accumulation and partitioning
	Photosynthesis of subtending leaves
	Carbohydrate content and enzyme activities in subtending leaves
	Carbohydrate content and enzyme activities in the podshells
	Carbohydrate content and enzyme activities in seeds
	13C proportions in soybean organs
	Relationships between assimilation and distribution photosynthates and seed weight
	Stepwise multiple regression analysis
	Path analysis

	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


