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A B S T R A C T   

This study was conducted to investigate the mechanisms of assimilate distribution and sugar metabolism in 
spike-stem that inhibit the formation of fertile florets and grains per spike in winter wheat under pre- 
reproductive drought stress. Two winter wheat cultivars, CH58 (relatively strongly drought tolerant) and LH6 
(relatively weakly drought tolerant), were subjected to successive soil drought treatments from jointing to 
heading during the 2020–2022 growing seasons. The results showed that pre-reproductive drought stress 
intensified the degradation and abortion of wheat florets. Compared to CH58, the decrease in the number of 
fertile florets and grains per spike of LH6 under drought stress increased by an average of 5.3%− 8.0% and 8.3%−

9.0%, respectively. Drought significantly inhibited the distribution of 13C-photosynthates in wheat spikes 
(15.7%− 24.7%) and stems (8.5%− 11.7%) during the booting stage. The number of differentially expressed 
genes enriched in starch and sucrose metabolic pathways was much higher in the spike and stem of LH6 than in 
those of CH58. Drought significantly reduced sucrose and hexose in young spikes but increased hexose and 
fructan concentrations in stems. Compared to LH6, the higher invertase activity and accompanying high 
expression of sugar transporter protein (STP) in CH58 spikes under drought stress contributed to the utilization of 
sucrose in young spikes. Additionally, under severe drought, the higher fructan concentration and expression of 
sugar transport proteins (SWEET and SUT) in the stem of CH58 improved the ability of the stem to transport 
assimilates to young spikes and thus alleviated the loss of grain number per spike. Exogenous spermidine 
optimized hexose and sucrose allocation in young wheat spikes and stems after drought stress, thereby increasing 
the number of fertile florets under drought stress. Overall, the ability of the dominant spike to utilize sugar and 
the ability to compete for assimilates between the spike and stem contribute to the resistance to drought stress- 
induced grain reduction in the spike. Exogenous chemicals can regulate the number of fertile florets through this 
pathway, thereby promoting the formation of wheat grain number.   

1. Introduction 

Drought events, which are worsened by climate change, pose a sig
nificant risk to food security both regionally and globally (Barnabas 
et al., 2008; Lobell et al., 2014; Gupta et al., 2020; Sheoran et al., 2022). 
Wheat, as one of the main food crops, mainly grows in arid and semi-arid 
regions of the world, and its production is significantly affected by the 
combined challenges of climate drought and water resource scarcity 
(Tian et al., 2023). Grains per spike is one of the key components of 
wheat yield, and it is the final manifestation of the development, 
degradation, and setting of wheat florets (Guo et al., 2016). There is a 

linear relationship between the number of fertile florets and grains per 
spike (Dreccer et al., 2014; Zhang et al., 2021). Therefore, it is essential 
to study the underlying mechanisms of the failure to form fertile florets 
and grain numbers per spike in wheat under sustained soil drought 
conditions, which will be crucial for future food security measures such 
as cultivation and/or molecular improvement under abnormal climate 
change conditions. 

The period from jointing to booting is a crucial stage for wheat 
development and degradation. During this period, the meiotic and 
mitotic stages of floret development are highly susceptible to drought 
conditions (Yu et al., 2019). Although drought stress after floret 
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differentiation does not affect floret primordia, it significantly increases 
the rate of floret degradation and pollen sterility, thereby reducing the 
number of grains per spike (Dolferus et al., 2011; Dong et al., 2017; 
Danilevskaya et al., 2019). Among them, the process of floret develop
ment and degradation in relatively drought-sensitive varieties of wheat 
is significantly influenced by drought (Dong et al., 2017). However, its 
specific mechanism still needs further investigation. 

The scarcity of available resources is a crucial factor that signifi
cantly impacts the developmental quality of florets. (Fischer, 2011; 
Zhang et al., 2020). The assimilates allocated to the young spike are 
primarily determined by the availability of carbohydrates provided by 
source organs and the competition between the young spike and stem 
organs. Under drought stress, the closure of stomata in leaves restricts 
photosynthetic capacity, resulting in a decrease in the efficiency of 
assimilate production (Tang et al., 2017; Wang et al., 2019). Addition
ally, after the jointing stage, there is competition between nutrient or
gans and reproductive organs, and the ability of different organs to 
compete for assimilates in response to environmental factors also plays a 
role in determining the fate of floret development. (Smith and Stitt, 
2007; Yang et al., 2023). According to Liu et al. (2020, 2022) and Gao 
et al. (2023), it has been observed in corn that when resources are 
limited, allocating more assimilates to the spike can help reduce the loss 
of grain number caused by drought. The allocation of assimilates among 
organs under drought stress is influenced by the tolerance of the plant 
organs to drought (Inoue et al., 2004; Ji et al., 2010; He et al., 2022). 
However, the relationship between floret development and grain num
ber formation in spikes, as well as the differential ability of spikes and 
stems to compete for assimilates in wheat plants with varying levels of 
drought resistance, still needs to be further investigated. 

Assimilates accumulate in crops mainly in the form of carbohydrates, 
which consist mainly of sucrose, fructans, fructose, glucose, and starch 
(Scofield et al., 2009; Ayre, 2011; Hou et al., 2018). Sucrose, hexose and 
starch in the spike are the main assimilates involved in the develop
mental state of the spike (Clement and Audran, 1995; Dreccer et al., 
2014). There is a slightly controversial view on the changes in sugar 
content in young spikes after experiencing drought stress (Ji et al., 2010; 
Zhang et al., 2020). However, there is no doubt that the process of su
crose utilization in the young spike directly determines floret develop
ment, whether under normal or adverse conditions such as drought 
(Shen et al., 2020), low temperature (Liang et al., 2021), high temper
ature (Santiago and Sharkey, 2019), and low light (Yang et al., 2023). 
Invertase is responsible for the irreversible decomposition of sucrose 
into hexose (Jiang et al., 2020). Wang and Ruan (2012) observed that in 
cotton, reduced expression of GhVIN in the seed coat is the main cause of 
impaired female fertility. Meanwhile, the impaired activities of ADP 
glucose prophorphase (AGP) and soluble starch synthase (SS) are the 
main reasons for the decrease in starch content in drought-stressed an
thers, which in turn leads to the reduction in pollen fertility under water 
deficit conditions (Hu et al., 2020). However, the ability to utilize su
crose in young spikes under drought stress was also affected by the 
amount of assimilates transported from the stem to the spike. Fructan is 
the main storage form of soluble carbohydrates in wheat stems (Liv
ingston et al., 2009; Xue et al., 2011), and it also participates in stress 
responses as a buffer substance (Van den Ende, 2013; Peshev and Van 
den Ende, 2014). The fructan contents and synthase activities (SST, FEH, 
FFT, etc.) in stems have an impact on both plant drought tolerance and 
the efficiency of carbohydrate reactivation in stems (Khoshro et al., 
2014; Zhang et al., 2015a, 2015b). Sucrose is the main form of carbon 
assimilate transported from stems to spikes (Greco et al., 2012), and it is 
loaded into the phloem and unloaded into sinks (pollen, pistils, grains, 
etc.) by sucrose transporters (SUTs), and sugar will eventually be 
exported transporters (SWEETs) (Shen et al., 2023). During water 
shortage, the SUT1 gene is up-regulated and expressed in mono
cotyledonous plants such as maize, rice, wheat and barley to maintain 
sucrose transport in the phloem (Lemoine et al., 2013; Kaur et al., 2021; 
Durand et al., 2016). However, the pattern of SWEET gene expression in 

wheat under drought is different, with most of them being up-regulated 
to assist anther and pollen development (Qin et al., 2020; Mathan et al., 
2021; Gautam et al., 2022). In addition, sucrose is transported to the 
sink and absorbed into recipient cells under the action of cell wall 
invertase (CWINV) and sugar transporter protein (STP) (Ruan, 2014; 
Wang and Ruan, 2012). Previous studies have shown that STP is 
involved in seed and pollen development (Rottmann et al., 2018) and is 
involved in the physiological response of plants to drought stress 
(Bavnhoj et al., 2021). Therefore, exploring the mechanisms of 
drought-induced differences in sugar utilization by young spikes as well 
as stem-to-spike translocation of sugars in different drought-resistant 
wheat varieties is essential to explain the differences in the number of 
grains. 

We conducted a field shelter experiment over two winter wheat 
growing seasons using 13C isotope labelling to quantify assimilate par
titioning between organs and further combined it with physiology and 
transcriptomics to investigate key differences in assimilate transport 
between organs and sucrose and starch metabolism in response to 
drought stress and their relationship with floret development and grain 
number in spikes. Therefore, we hypothesized that (1) the transport of 
assimilates in various organs of wheat is linearly related to the degra
dation of florets under drought conditions; (2) wheat with strong 
drought resistance has a stronger ability to utilize sucrose in young 
spikes and an advantageous ability to transport assimilates from stem to 
spike; and (3) dominant spike-stem competition for assimilates con
tributes to spike grain number under drought stress. 

2. Materials and methods 

2.1. Experimental design 

Experiment I: The experiment was conducted during 2020–2022 at a 
rain shelter (78 m × 18 m) in the Yangling Smart Agriculture Valley in 
the Yangling Demonstration Area, Shaanxi Province, China (34◦15′N, 
108◦02′E). The daily average temperature during the growth period of 
winter wheat was shown in Li et al. (2023). Winter wheat (Triticum 
aestivum L.) cultivars Changhan58 (CH58, strong drought resistance) 
and Luohan6 (LH6, weak drought resistance) were selected. The winter 
wheat was sown on October 25 and 20, 2020 and 2021, with a seeding 
rate of 165 kg ha − 1 and a row spacing of 25 cm. Three soil water 
gradient treatments were set in the experiment: well-watered condition 
(WW) treatment (soil relative humidity 70–75%), moderate soil drying 
(MD) treatment (soil relative humidity 60–65%) and severe soil drying 
(SD) treatment (soil relative humidity 50–55%). The two water-deficit 
treatments started at the jointing stage (S1, Feekes8, Feekes, 1941) 
and lasted until the heading stage (S3, Feekes10.5). A two-factor ran
domized block design with cultivar and soil water treatment was 
adopted in the experiment. The specific details of soil water control as 
described by Li et al. (2023). The relative soil water content during the 
three critical periods is shown in Fig. 1. The plots were all restored back 
to the control level after the heading stage. The initial soil nutrients of 
the upper soil layer (0–20 cm) at the beginning of the experiment are 
shown in Table S1. 

Experiment II: The chemical application experiment was conducted 
at the above experimental site in the 2021–2022 growing season. As 
described by Li et al. (2023), three experimental treatments were 
established: WW + water spray (WW); several drought stress + water 
spray (DS); and several drought stress + spermidine spray (DS-Spd). The 
area of each plot was 6 m2 (2 m × 3 m) at an interval of 2 m. The 
experimental cultivars and soil watering regime are the same as in 
Experiment I. Water and chemical solutions were carefully sprayed from 
16:00 to 18:00 for 2 consecutive days, starting 5 days before the booting 
stage (S2, flag leaf pillow pulled out 4–6 cm). 
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2.2. Soil water storage and consumption 

The 1 m long TDR tubes were buried vertically between the wheat 
rows of each plot, and an AZS-100 TDR sensor was used to determine the 
soil water content in situ. Measurements were taken every three days 
from jointing to heading and every 1–2 weeks at other times at 20 cm 
intervals to a depth of 100 cm. The soil water storage (SWS) (mm) for 
each layer was determined according to the following equation:  

SWS=
∑

SWCi×SDi×10/100                                                            (1) 

where SWS is the soil water storage of soil layer i (mm), SWCi is the 
volumetric soil water content (%) in soil layer i, and SDi is the depth of 
soil layer i (cm). 

Water consumption in all treatments was estimated by calculating 
the water balance in the 0–100 cm soil layer:  

Water consumption (mm) =I+ΔSWS +P -R-D                                    (2) 

where I is the irrigation (mm), ΔSWS is the decrease in soil water stored 
in the 0–100 cm soil layer from jointing to heading (mm), P is the pre
cipitation (mm), which could be disregarded because the experimental 
site had a rain shelter to avoid rainfall during the whole growth period, 
R is the runoff (mm), D is the deep penetration, and R and D could be 
disregarded because the experimental site is flat and the underground 
water level is deep. 

2.3. Plant sampling and measurements 

2.3.1. Development of wheat florets 
The process of spike differentiation was observed and recorded by an 

XTS2022 electron optical microscope (Beijing Tech). At the jointing 
stage (S1, Feekes8, flag leaf of wheat was exposed for 2–4 cm) and 
heading stage (S3, Feekes10.5, the spike of wheat was pulled out for 

4–6 cm), fifteen main stems with consistent development were taken to 
observe and record the maximum differentiation number of florets and 
the number of fertile florets at each flower position at different spikelet 
positions (the florets with complete green anthers and pinnate stigmas as 
the judgment standard of fertile florets). At maturity, fifteen spikes were 
sampled to determine the grain number per spike. Three replicates were 
performed for each plot. 

2.3.2. Relative water content (RWC), photosynthetic parameters and 
relative chlorophyll content (SPAD value) 

RWC (%) was determined using the Hunt et al. (1987) method. At the 
booting stage, six flag leaves were selected from each plot, and their 
fresh weight was recorded. Samples were then dipped in a plastic box 
filled with water and kept for 24 h. After 24 h, the samples were 
removed, and the turgor weight was recorded. Next, these leaves were 
kept in an oven at 75 ◦C for 72 h, and the dry weight was recorded. The 
RWC was calculated by the following formula:  

RWC=(FW-DW)/(TW-DW)×100                                                      (3) 

where FW is fresh weight (g), DW is dry weight (g), and TW is turgor 
weight (g). 

The photosynthetic parameters, including net photosynthesis rate 
(Pn), stomatal conductance (Gs), and transpiration rate (Tr), were 
determined for the flag leaves using a Li-6400XT system (Li-COR, USA) 
at the booting stage of winter wheat (April 1 and 5 from 2021 to 2022, 
respectively) during 9:00–11:30 am on sunny days, and six leaves were 
selected at random to measure for each treatment. The light intensity 
and flow rate were maintained at 1100 μmol⋅m− 2⋅s− 1 and 
500 mL min− 1, respectively. The ambient CO2 concentration was 
measured to be 400 μmol mol− 1. The instantaneous water use efficiency 
(WUEi) of leaves was calculated as follows (Ou et al., 2015):  

WUEi=Pn/Tr                                                                                  (4) 

Fig. 1. Soil volumetric water content in the 0–100 cm soil layer at the jointing-heading stage. SWC (%) means relative soil water content (%). S1: the jointing stage 
(Feekes8) (the flag leaf tip was 2–4 cm); S2: the booting stage (Feekes9) (the wheat flag leaf pillow emerged 4–6 cm); and S3 (Feekes10.5): the heading stage (the 
spike of wheat emerged 4–6 cm). 
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where WUEi (μmmol mmol− 1) is the instantaneous water use efficiency 
of leaves, Pn (μmol m− 2 s− 1) is the net photosynthetic rate, and Tr (mmol 
m− 2 s− 1) is the transpiration rate. 

The SPAD values were determined for the flag leaves using a SPAD 
502 Plus system (Konica Minolta, Japan) at the booting stage in winter 
wheat (March 30 and April 5 from 2021 to 2022, respectively) during 
9:00–11:00 am on sunny days. Nine leaves were selected at random for 
each treatment. 

2.3.3. Lipid peroxidation and antioxidant enzymes 
The malondialdehyde (MDA) content was measured as a product of 

lipid peroxidation using thiobarbituric acid (TBA) according to Hodges 
et al. (1999). Fresh leaves (0.15 g) were ground with 5.0 mL of 5% (w/v) 
trichloroacetic acid (TCA) in a mortar that was placed in an ice bath, and 
then the supernatant fluid was collected after centrifugation for the 
MDA assay. MDA content was measured by a spectrophotometer at 
600 nm and 532 nm. As described by Jiang and Zhang (2002), super
oxide dismutase (SOD; EC 1.15.1.1) activity was assayed by monitoring 
the inhibition of photochemical reduction of nitro blue tetrazolium 
(NBT) at 550 nm, and catalase (CAT; EC 1.11.1.6) activity was assayed 
by measuring the disappearance of H2O2 at 240 nm. The method of 
Maehly and Chance (1955) was used to determine the peroxidase (POD) 
activity, in which guaiacol was converted to tetraguaiacol, which was 
monitored at 470 nm (Jiang et al., 2020). Ascorbate peroxidase (APX; 
EC 1.11.1.11) activity was determined by the decrease in absorbance at 
290 nm following the method of Sharma and Dubey (2004). 

2.3.4. Assimilate accumulation and distribution, 13CO2 labelling, sampling 
and calculations 

At the jointing, booting and heading stages, fifteen representative 
plants were harvested from each plot. Each plant was divided into spike, 
leaf, stem, and sheath sections, dried at 105 ℃ for half an hour, and then 
dried at 75 ℃ to a constant weight. 

The labelling principle is to use HCl (1 mol L− 1) and Na2
13CO3 (99 

atom% 13C, Sigma–Aldrich) to react to generate 13CO2 gas so that the 
concentration of CO2 gas in the labelling room reaches 500 μL L− 1. The 
CO2 analyser, four 50 mL centrifuge tubes with the same amount of 
Na2

13CO3 and an empty beaker (50 mL) were placed into the labelling 
room before isotopic labelling, and then the bottom of the chamber was 
sealed with water. The labelling room was a transparent PVC box 
(0.4 m × 0.4 m × 0.7 m, l×w×h) fitted with a circulating fan at the top 
(Fig. S1). It started at 8:00 on a sunny morning (March 20 (LH6) and 
March 22 (CH458) in 2021, jointing stage) using an infrared CO2 ana
lyser to monitor the CO2 concentration in the labelling room (Wu et al., 
2009). When it dropped to 80 μL L− 1, HCl (1 mol L− 1, 10 mL) was added 
to one of the centrifuge tubes containing Na2

13CO3. Then, the fan was 
turned on, and the newly generated 13CO2 in the room was evenly 
distributed. When the CO2 concentration in the labelling room dropped 
again to 80 μL L− 1 (approximately 15 min), the same amount of HCl was 
added to the second centrifuge tube. The same steps were performed for 
the third and fourth beakers containing Na2

13CO3, and the same amount 
of HCl was added. After adding HCl for the fourth time for 15 min, NaOH 
solution was added to the empty beaker to absorb the remaining 13CO2 
in the room and reduce the diffusion loss of 13CO2 into the air. At the 
end, the marking chamber was moved away when the CO2 concentra
tion dropped below 80 μL L− 1, and the whole marking process was over. 

After isotope labelling for 6 h (S1-AL6h) and 8 days (boot stage, S2- 
AL8d), 15 individual plants were selected for each treatment and 
divided into leaves, stems, sheaths, and spikes. The wheat tissues were 
oven dried at 85 ◦C for 3 h and then dried at 65 ◦C until a constant 
weight was reached for mass measurements. The dried samples were 
ground to pass through a 0.149-mm sieve for subsequent analyses. The 
total C contents and δ13C values of plants were measured by using an 
elemental analyser (Elementar Vario PYRO cube, Germany) coupled 
with an isotope ratio mass spectrometer (IsoPrime 100 isotope ratio 
mass spectrometer, Isoprime100, Germany). The results of the C isotope 

analyses are expressed in δ units as follows:  

δ13C (‰) = [(Rsample/Rstandard) − 1] × 103                                     (5) 

where R is the ratio of 13C/12C for both samples (Rsample) and standards 
(Rstandard). The δ13C of all tissues is shown in Fig. S2. 

The photosynthesized C (mg) in wheat was represented by the 
product of the C content percentage (%) and dry matter weight (mg). 
The content of 13C-photosynthates of each tissue in wheat was calcu
lated as follows (Liu et al., 2020):  

13C-photosynthates (i) (mg) = photosynthesized C(i) × (δ13C t(i)- δ13C 0(i))(6) 

where i represents each wheat tissue, including the young spikes, leaves, 
stems and sheaths; δ13C0(i) andδ13C t(i) (‰) represent the δ13C of each 
wheat tissue i of 13C unlabelled and labelled, respectively. 

The distribution rate of 13C-photosynthates (%) was calculated by 
the percentage of 13C-photosynthates of each tissue in the 13C-photo
synthates of the whole plant (Zhao et al., 2021). The transport rate of 
13C-photosynthates (13C-photosynthates TR) from the S1 to S2 period 
was calculated as follows:  

13C-photosynthates TR (i) (%) = (13C-photosynthates 2 (i) - 13C-photosynthates 
1 (i))/13C-photosynthates 2 (i) × 100                                                    (7) 

where i represents the same as formula (7); 13C-photosynthates 2 
represent the 13C-photosynthates (i) (mg) of S2, and 13C-photosynthates 
1 represent the 13C-photosynthates (i) (mg) of S1. 

2.3.5. Concentrations of glucose, sucrose, fructose, fructan and starch 
The dried samples were ground into powder and sieved (0.5 mm 

aperture) for sugar and starch measurement. Sugars were extracted ac
cording to Wardlaw and Willenbrink (1994) with slight modifications. 
In brief, 100 mg tissue samples were extracted directly in 5 mL alcohol 
(90%, v/v) in an 80 ℃ water bath for 10 min, the supernatant was 
collected, and the residues were extracted a second time by the same 
method. The supernatant was merged and evaporated in a 90 ℃ water 
bath until dryness. It was dissolved thoroughly in 1 of distilled water and 
then passed through a 0.45 µm filter membrane. Ten microliters of ex
tractives was used to quantify glucose, fructose, and sucrose concen
trations by HPLC (Agilent 1260, Agilent Technologies, Santa Clara, 
USA). The HPLC column was a ZORBAX Carbohydrate column (4.6 ×

150 mm, 5 µm), the column temperature was 35 ℃, the mobile phase 
system was an acetonitrile:water mixture (80:20, v/v), and the flow rate 
was 1 mL min− 1. According to Hanft and Jones (1986) with slight 
modifications, the WSC and starch concentrations were obtained via the 
anthrone method. The total fructan concentration was calculated as the 
total WSC minus the glucose, fructose, and sucrose (Zhang et al., 2015a, 
2015b). 

2.3.6. Activities of invertase, 1-fructan exohydrolase, and sucrose:sucrose 
1-fructosyltransferase 

The extract of soluble vacuolar invertase (INV) and cell wall inver
tase (CWIN) was reported by Zinselmeier et al. (1999). Enzyme activities 
were determined using a spectrophotometer, according to Shen et al. 
(2018). Frozen tissue samples (0.1 g) were ground to a fine powder in 
liquid nitrogen and then homogenized in extraction buffer (pH 7.4 PBS 
buffer, 0.9 mL). The extracts were centrifuged at 8000 rpm for 30 min at 
4 ◦C, and the supernatant was used for determination of 1-fructan exo
hydrolase (1-FEH) and sucrose: sucrose 1-fructosyl-transferase (1-SST) 
activities. 1-FEH and 1-SST activities were measured using ELISA kits 
from Ruixin Biotechnology Co., Ltd. (Quanzhou, China). 

2.3.7. RNA extraction, transcriptome sequencing and differential gene 
expression analysis 

After sampling, the samples of S2 (peak period of floret degenera
tion, Feekes9) were immediately stored in liquid nitrogen and placed at 
− 80 ℃ for RNA extraction and sequencing. Total RNA was extracted 
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from the spike and root samples using an E.Z.N.A. plant RNA kit (Omega 
Bio-Tek, USA) following the manufacturer’s instructions. Only high- 
quality RNA samples (OD260/OD280 was 1.9–2.0) were used for li
brary construction. Sequencing libraries were constructed according to 
the manufacturer’s protocol of Illumina’s NEBNext Ultra II RNA Library 
Prep Kit (NEB, Ipswich, USA). Subsequently, the libraries were 
sequenced using an Illumina HiSeq 2500 platform by BioMarker Tech
nologies Inc. (Beijing, China). 

After removing adaptor sequences and filtering low-quality se
quences, clean reads from each sample were mapped to the reference 
genome of IWGSC_RefSeq_v1.1 (https://urgi.versailles.inra.fr/downloa 
d/iwgsc/IWGSC_RefSeq_Annotations/v1.1/) by HISAT2. The expres
sion of each gene was normalized to fragments per kilobase of transcript 
per million reads (FPKM) to compare among different samples. DESeq2 
was adopted to estimate the differential gene expression between SD and 
CK. Genes with a p value ≤ 0.01 and a fold change ≥ 1.5 were defined as 
differentially expressed genes (DEGs). Functional enrichment analyses 
of DEGs were performed using KEGG. As TPM values are more suitable 
for comparison between samples, we analysed the genes encoding su
crose and starch metabolism enzymes by converting FPKM values to 
TPM values using the following formula (Li et al., 2010): 

TPM =

(
FPKM

∑
all genes FPKM

)

× 106 (8) 

Quantitative real-time PCR (qRT–PCR) analysis was performed to 
test the results of RNA-seq of nine selected genes using RNA extracted 
from independently grown and treated wheat. 

2.3.8. Observation of vascular bundles in wheat nodes 
In S2 during the 2022 growth season, the fresh stem (the second 

internode below the spike) was used to observe vascular bundles. The 
fresh materials were removed, immediately placed in the fixing solution 
and stored overnight at 4 ℃. The conventional paraffin sectioning 
method was used for embedding materials and continuous sectioning, 
with a thickness of 10 μM. The slices were double stained with saffron 
and solid green. Slices were imaged using stereomicroscopy (SZX16, 
Olympus, Japan). The graphics software ImageJ was used to measure 
the vascular bundle areas. Three to four technical replicates were per
formed for each biological replicate. 

2.3.9. Content of endogenous spermidine 
Spermidine was extracted and measured according to the methods of 

Liu et al. (2016). Briefly, 0.5 g of fresh sample was ground into ho
mogenate with 3 mL of precooled 5% (v/v) perchloric acid (PCA) in a 
precooling mortar. The supernatant was derivatized with benzoyl 
chloride and used for determination. 10 μL of extract was quantified by 
HPLC (Agilent 1260, Agilent Technologies, Santa Clara, USA). 

2.4. Statistical analysis and graphing 

SPSS 26 software (SPSS Inc., Chicago, IL, USA) was used to analyse 
significance. Three-way ANOVA with year, cultivar and treatment as 
fixed factors were conducted to determine the significance of treatment 
effects. Differences between means were compared by a least significant 
difference (LSD) test at a P value < 0.05. Linear fitting was used to 
describe the relationship between the floret degeneration rate and the 
transportation ratio of 13C-photosynthate grains. Figures were 
completed using Origin 2022, R language (version 3.6.1, RStudio, Bos
ton, USA), Adobe Illustrator (version CS6, Adobe, San Jose, USA), and 
Microsoft PowerPoint 2016 (Microsoft, Redmond, USA). 

3. Results 

3.1. Soil water storage and consumption, floret development and setting 
characteristics 

In the 0–100 cm soil layer, the 20–80 cm soil layer had higher water 
storage (Fig. 2A). With the progress of wheat growth, compared with 
WW, the soil water storage of MD and SD showed a decreasing trend. 
Under MD and SD conditions, soil water storage in the 0–100 cm soil 
layer from S1 to S3 decreased by an average of 12.6–15.7% (CH58) and 
10.0–16.5% (LH6), respectively. Drought significantly suppressed the 
water consumption of wheat in the S2-S3 stage, but there was no sig
nificant difference in water consumption between the two cultivars 
(Fig. 2B). 

The cultivar, soil moisture and their interaction significantly affected 
the number of fertile florets, floret degradation rate and grain number 
per spike (Table 1). The number of fertile florets and grains per spike 
showed highly significant positive correlations with soil water content, 
while the rate of floret degradation and abortion showed highly signif
icant negative correlations with soil water content, respectively 
(Fig. S3). Under the conditions of MD and SD, the number of grains was 
significantly reduced by 7.9%− 21.0% in 2021 and 4.9%− 15.7% in 2022 
compared to CK for CH58 and reduced by 17.7%− 32.4% in 2021 and 
12.9%− 20.9% in 2022 for LH6. Further analysis of the change in floret 
number showed that drought stress (MD and SD) did not significantly 
affect the maximum number of florets in the two growing seasons but 
significantly decreased the number of fertile florets by 5.2%− 16.5% in 
2021 and 4.2%− 8.6% in 2022 compared to CK for CH58 and reduced it 
by 11.4%− 26.4% in 2021 and 8.7%− 14.5% in 2022 for LH6, thus 
significantly increasing the average rate of floret degradation by 2.1%−

4.2% (CH58) and 2.9%− 7.1% (LH6). In addition, the abortion rate was 
significantly reduced by 1.4%− 5.8% (CH58) and 5.0%− 6.5% (LH6) 
under MD and SD treatment. In general, soil drought stress had more 
severe effects on floret development and seed setting in LH6. 

3.2. Photosynthesis of leaves and antioxidant capacity of young spikes 
and leaves 

In the 2020–2022 growing seasons, drought stress (MD and SD) 
significantly reduced the relative water content (RWC) and relative 
chlorophyll content (SPAD) of flag leaves at the booting stage compared 
to WW, and the decline increased with the intensification of drought 
(Fig. 3). At the same time, compared with WW, SD significantly reduced 
the net photosynthetic rate (Pn) by 15.7–48.2% (CH58) and 25.0–30.3% 
(LH6), transpiration rate (Tr) by 11.7–17.2% (CH58) and 15.7–17.1% 
(LH6), stomatal conductance (Gs) by 42.4–48.2% (CH58) and 
38.2–54.9% (LH6), and instantaneous water use efficiency (WUEi) of 
leaves by 1.5%− 4.7% (CH58) and 10.9%− 16.0% (LH6). The Pn, Gs, Tr, 
RWC and SPAD of flag leaves were significantly and positively corre
lated with the number of fertile florets and the number of grains per 
spike (Fig. S4). The degradation rate of fertile florets was significantly 
negatively correlated with the Pn, Gs, RWC, and SPAD of flag leaves. 

In comparison to WW, drought (MD and SD) stress significantly 
increased malondialdehyde (MDA) content (especially from S2) and 
ascorbate peroxidase (APX) and catalase (CAT) activities, while the 
content of soluble protein (except LH6) was reduced in spikes (Fig. 4). 
Among them, the increase in MDA and APX in the spike of CH58 was 
higher than that of LH6. With increasing drought (from S1 to S3), su
peroxide dismutase (SOD) and peroxidase (POD) activities in the spikes 
of both cultivars first increased and then decreased. For leaves, drought 
significantly increased MDA content (higher for LH6 than for CH58) 
when soluble protein, SOD, POD, CAT, and APX were significantly 
inhibited. Therefore, the antioxidant capacity of the spike gradually 
weakened, and the degree of leaf peroxidation was higher (LH6 was 
more pronounced) as drought intensified. 
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3.3. Accumulation and distribution of assimilation and 13C enrichment in 
wheat tissues 

At the S2 stage, the SD treatment significantly reduced the dry matter 
accumulation of the whole wheat plant, while moderate drought had no 

significant inhibition trend, especially for LH6 (Fig. 5A). Further uti
lizing 13C labelling to quantify assimilate allocation, the results showed 
that the abundance of 13C in labelled young spikes was the highest 
(Fig. S2). SD significantly reduced the 13C-photosynthates of young 
spikes at the booting stage (S2) by 15.7% (CH58) and 24.7% (LH6), as 

Fig. 2. Soil water storage (A) and wheat water consumption (B) in the 0–100 cm soil layer. S1: the jointing stage (Feekes8) (the flag leaf tip was 2–4 cm); S2: the 
booting stage (Feekes9) (the wheat flag leaf pillow emerged 4–6 cm); and S3 (Feekes10.5): the heading stage (the spike of wheat emerged 4–6 cm). 

Table 1 
Wheat floret development and grain set characteristics during the 2020–2021 and 2021–2022 growing seasons.  

Years Cultivars Treatments Maximum number of floret differentiation fertile florets Floret degradation rate (%) Grains number Abortion rate (%) 

2020-2021 CH58 WW 146a 50.2b 65.6c 41.6b 17.2b 
MD 153a 47.6c 68.9b 38.3c 19.4 ab 
SD 154a 42.0d 72.7a 32.9d 21.6a 

LH6 WW 150a 53.5a 64.3c 44. 7a 16.5b 
MD 151a 47.4c 68.6b 36.8c 22.4a 
SD 153a 39.4e 74.3a 30.2d 23.2a 

2021-2022 CH58 WW 154a 50.4a 67.6d 46.7a 7.4c 
MD 153a 48.3b 68.5cd 44.4a 8.0c 
SD 148a 46.1c 69.0c 39.3b 13.0a 

LH6 WW 155a 48.2b 69.0c 41.0a 14.9c 
MD 150a 44.0d 71.6ab 35.7b 18.9ab 
SD 154a 41.2e 73.3a 32.4d 21.2a 

ANOVA Year (Y) ns ns ns * * * * 
Treatment (T) ns * * * * * * * * 
Cultivar (C) ns * * * * * * * * 
Y×C ns * * * * * * * * 
Y×T ns * * * * * ns 
C×T ns ** * * ns 
Y×C×T ns ns ns ns ns 

Note: WW, MD and SD represent well-water condition (as the control group), moderate drought and severe drought stress treatment, respectively, from booting to 
heading stage. Data were from two study years (2020-2021 and 2021-2022). Different lowercase letters denote significant differences at 0.05 levels. * and * * indicate 
significance at the P < 0.05 and 0.01 levels, respectively; ns, no significant difference. 
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well as the 13C-photosynthates of leaves of CH58 and LH6 by 9.7% and 
33.4%, respectively, compared with WW (Fig. 5B). In the S1 and S2 
stages, 63.2%− 70.0% of the 13C-photosynthates were allocated to stems 
and sheaths (Fig. 5C). During the S2 period, compared with WW, SD 
significantly reduced the 13C photosynthetic carbon content of the stem 
by 8.5% (CH58) and 11.7% (LH6), as well as the 13C photosynthetic 
carbon content of the sheath of CH58 and LH6 by 18.3% and 13.2%, 
respectively (Fig. 5B). 

We further analysed the transportation ratio of 13C-photosynthates 
from the S1 to S2 stages and found that 42.5%− 59.3% of 13C-photo
synthates in young spikes were transported from other organs, and 
drought stress played an inhibitory role in this process (Table 2). Under 
drought conditions, 13C-photosynthates translocated to young spikes 
originating from leaves, stems, and sheaths for LH6 but only from stems 
for CH58. Therefore, there are significant differences in the allocation 
strategies of assimilates between the two cultivars under drought con
ditions. Linear fitting was performed on the 13C allocation ratio and 
floret degradation rate of each organ in the two cultivars, and the results 
showed that the 13C allocation rate of the stems of CH58 was positively 
correlated with the floret degradation rate, with a coefficient of R2 

= 0.77, while that of LH6 was negatively correlated, with a coefficient of 
R2 = 0.74 (Fig. 5D). 

3.4. Differentially expressed genes in spike and stem 

To understand the different responses of young spikes and stems of 
the two genotypes to drought, we conducted four pairwise comparisons 
of stems and spikes of CH58 and LH6 between well-watered (WW) and 
severe drought (SD) treatments (Fig. 6). A total of 396 (232 genes were 
upregulated and 164 were downregulated) differentially expressed 
genes (DEGs) were identified in spikes and 459 (334 genes were upre
gulated and 125 were downregulated) DEGs in stems (DEG threshold: P 
value <0.01 and fold change ≥1.5) of CH58 under SD treatment 
compared to WW (Fig. 6A). LH6 showed stronger drought-induced 
changes, with a total of 9886 (5512 genes were upregulated and 4374 
were downregulated) DEGs in spikes and 11227 (4885 genes were 
upregulated and 6342 were downregulated) DEGs in stems. The reli
ability of the transcriptome data was determined by qRT–PCR with 9 
randomly selected genes. The results showed that the trend of upregu
lation or downregulation of gene expression was consistent with the 

Fig. 3. Leaf water status, chlorophyll content and photosynthetic parameters of flag leaves under different treatments. (A) Relative water content; (B) Relative 
chlorophyll content (SPAD); (C) Net photosynthetic rate (Pn); (D) Transpiration rate (Tr); (E) Stomatal conductance (Gs); (F) Water use efficiency (WUEi). The data 
for A-F were from S2 (Feekes9) of the 2020–2021 and 2021–2022 growing seasons. Values are means ± SD (n = 3). Different lowercase letters denote significant 
differences (ANOVA, Fisher’s least significant difference test, P < 0.05). 
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transcriptome data (Fig. S5). 
A large number of DEGs were enriched in pathways related to car

bohydrate metabolism, including carbon metabolism (Ko01200), car
bon fixation in photosynthetic organisms (ko00710), starch and sucrose 
metabolism (ko00500), glycolysis/gluconeogenesis (ko00010), and 
glyoxylate and dicarboxylate metabolism (ko00630) (Fig. 6B; Table S2). 
Significantly, there were 138 and 140 DEGs enriched in sucrose and 
starch metabolism pathways in the spike and stem of LH6, respectively, 
which were far more than those in CH58. Therefore, the number of DEGs 
in the spike and stem of LH6 was far greater than that of CH58, and more 
DEGs for LH6 were also enriched in the pathway of sucrose and starch 
metabolism by drought. 

3.5. Concentration of sucrose, hexose, fructan, and starch in spike and 
stem 

The contents of sucrose and hexose in young spikes and stems during 
the booting and heading stages were greatly affected by soil drought 
(Fig. 7). In young spikes, drought significantly reduced sucrose, fructose 
and glucose contents (Fig. 7A-C), and in S2, the decrease in fructose and 
glucose contents was higher in LH6 than in CH58 (especially in the 
2021–2022 growing season) (Fig. S6). In the stems, MD and SD signif
icantly increased the glucose and fructose contents (SD increased more 
in LH6 than in CH58), while the sucrose content decreased. Notably, the 
decrease in sucrose in CH58 stems was higher than that in LH6 stems. 
For fructan, SD treatment significantly reduced fructan in the young 
spikes of S2 and S3 but significantly increased it in the stems (the 

increase in CH58 was higher than that in LH6) (Fig. 7D). Meanwhile, 
drought significantly reduced the starch content in young spikes when 
the starch content in stems first increased and then decreased by 
drought, and there was no significant difference in the reduction be
tween the two cultivars (Fig. 7E). The effect of drought on hexose, su
crose, fructan and starch in the 2021–2022 growing season was the same 
as that in the 2020–2021 growing season (Fig. S6). Hence, the hexose 
and sucrose contents in the spikes of LH6 and sucrose and fructan con
tents in the stems of CH58 were more responsive to drought, which was 
related to enzymes and genes involved in sucrose transport and 
metabolism. 

3.6. Gene expression and enzymatic activity involved in sucrose transport 
and metabolism 

The genes involved in sucrose transport and metabolism pathways in 
these young spikes and stems are shown in Fig. 8A. Compared to WW, 
the genes encoding sucrose synthesis-related enzymes (e.g., sucrose- 
phosphate synthase (SPS) and sucrose synthase (SUS)) were highly 
expressed in the spike and stem of CH58 under SD treatment but were 
downregulated in LH6. The expression of genes encoding sucrose 
decomposition-related enzymes such as invertase (INV), hexokinase 
(HK), fructokinase (FRK), and alpha-glucosidase (malZ) was increased 
by SD in young spikes of CH58. INV and HK were highly expressed under 
drought in the stems of CH58, while FRK and malZ were downregulated. 
The above genes related to sucrose decomposition (except HK) were 
suppressed in the young spike of LH6 and were upregulated in the stem 

Fig. 4. Osmolyte and antioxidant activity of spikes and leaves under different treatments. (A) Soluble protein content. (B) Malondialdehyde (MDA) content. (C) 
Superoxide dismutase (SOD) activity. (D) Peroxidase (POD) activity. (E) Catalase (CAT) activity. (F) Ascorbate peroxidase (APX) activity. The data were from the 
2021–2022 growing season. Values are means (n = 3). Different lowercase letters denote significant differences (ANOVA, Fisher’s least significant difference 
test, P < 0.05). 
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Fig. 5. Accumulation and distribution of dry matter (A) and 13C-photosynthates (B-C) in wheat organs and the linear relationship between the floret degradation rate 
and translocation rate of 13C-photosynthates (D). S1: the jointing stage (Feekes8) (after labelling for 6 h); S2: the booting stage (Feekes9) (after labelling for 8 days). 
The data for B-D were from S1 (Feekes8) to S2 (Feekes9) of the 2020–2021 growing season. Values are means ± SD (n = 3). Different lowercase letters denote 
significant differences (ANOVA, Fisher’s least significant difference test, P < 0.05). 

Table 2 
Transportation ratio of 13C photosynthate from the jointing stage (6 h after labeling) to the booting stage (9 d after labeling) in wheat organs.  

Cultivars Treatments Treatment combination Spike (%) Leaf (%) Stem (%) Sheath (%) 

CH58 WW WW-C 50.32b 12.41a -23.09b 6.44a 
MD MD-C 47.33b 6.61a -26.92bc 9.39a 
SD SD-C 45.65b 3.43a -43.15c 13.54a 

LH6 WW WW-L 58.13b 12.23a -32.95bc -31.70c 
MD MD-L 59.33a -25.97b -6.37a -13.84b 
SD SD-L 42.53b -27.29b -3.27a -13.99b 

ANOVA Cultivar (C) * * * * * * * 
Treatment (T) * * * * * * 
C×T * * * * ns 

Note: WW, MD and SD represent well-water condition (as the control group), moderate drought and severe drought stress treatment, respectively, from booting to 
heading stage. Data were from the 2020-2021 growing season. Different lowercase letters denote significant differences at 0.05 levels. * and ** indicate significance at 
the P < 0.05 and 0.01 levels, respectively; ns, no significant difference. 
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Fig. 6. Analysis of differentially expressed genes (DEGs) and enriched pathways in young spikes and stems of S2 (Feekes9). (A) Volcano diagrams of DEGs for WW vs 
SD of CH58_Spike, CH58_Stem, LH6_Spike and LH6_Stem. (B) KEGG pathway enrichment analysis of the DEGs by P–adj value. The first lap indicates the top 20 KEGG 
pathways, which were assigned to five main categories: genetic information processing, metabolism, environmental information processing, cellular processes, and 
organismal systems. The second lap indicates the number of this category in the background gene and -Log10P-adj values for gene enrichment for the specified 
category. The third lap indicates the number of genes that were upregulated (light green) and downregulated (yellow) in the specified category. The fourth lap 
represents the rich factor value of each category, and each cell of the background auxiliary line represents 0.1. 
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of LH6 under SD conditions. At the protein level, the activity of INV was 
higher in young spikes of CH58 at the S2 and S3 stages. In response to 
drought, the activities of INV and CWIN were significantly increased in 
the young ears and stems of CH58, as well as in the stems of LH6, while 
they were inhibited in the spikes of LH6 (Fig. 9). 

For starch synthesis and decomposition, the expression of genes 
encoding SS, AGP, and alpha mylase (AMY) was upregulated in the 
young spikes and stems of CH58. However, AGP and beta-amylase 
(BMY) in the spike of LH6 were upregulated, while AGP and AMY 
were downregulated in the stem of CH58. Drought also changed the 
synthesis and decomposition of fructan. Specifically, MD and SD 
significantly increased the activity of FEH in the young spikes of CH58 
and stems of LH6 at S2 and S3 but significantly decreased the activity of 
FEH in the spikes of LH6 and stems of CH58. Under SD conditions, the 
activity of SST was increased in the stems of both cultivars (Fig. 9). 

The sucrose transport protein (SUC/SUT) and sugar final output 
protein (SWEET) in the spike of CH58 were upregulated under SD 
treatment but downregulated in the spike of LH6. The SUC/SUT and 
SWEET of both cultivars were upregulated in the stem by drought, and 
the upregulation of CH58 was higher than that of LH6 (Fig. 8B). How
ever, the response of STP in the spikes of the two cultivars to drought 
was opposite, with upregulation in CH58 but downregulation in LH6. In 
the stem, the downregulation of STP in LH6 was more pronounced than 
that in CH58 (Fig. 8B). Therefore, after severe drought, the sugar 

unloading capacity of spikes of CH58 and the sugar loading capacity of 
stems were stronger than those of LH6. 

3.7. Endogenous spermidine content and the number of fertile florets and 
sugar content after exogenous spermidine application 

We also observed that a large number of DEGs in young spikes were 
enriched in the arginine and proline synthesis (Fig. 6B; Table S2) and 
that arginine was a biosynthetic precursor of polyamines. Therefore, we 
further determined the content of the major form of polyamine (sper
midine) in young spikes. The results showed that compared to WW, 
drought stress (MD and SD) significantly reduced endogenous spermi
dine content in young wheat spikes at S2 and S3 (Fig. 10A). Interest
ingly, compared to SD, exogenous spermidine (SD-Spd) effectively 
increased the number of fertile florets under drought stress (Fig. 10B). 
Further analysis of sugar status in young spikes and stems showed that 
SD-Spd significantly increased fructose, glucose, and sucrose contents in 
young spikes at S2, as well as fructose and sucrose contents in young 
spikes at S3, especially in LH6 (Fig. 10C). Meanwhile, SD-Spd decreased 
fructose and glucose but increased sucrose content in LH6 stems under 
drought stress (Fig. 10C). Therefore, exogenous Spd application altered 
sugar partitioning in young spikes and stems and affected the number of 
fertile florets. 

Fig. 7. Fructose (A), glucose (B), sucrose (C), fructan (D) and starch (E) concentrations in the spike and stem under different treatments. S1: the jointing stage 
(Feekes8) (the flag leaf tip was 2–4 cm); S2: the booting stage (Feekes9) (the wheat flag leaf pillow emerged 4–6 cm); and S3 (Feekes10.5): the heading stage (the 
spike of wheat emerged 4–6 cm). The data for A-E were from the 2020–2021 growing season. Values are means ± SD (n = 3). * and ** indicate significance at the 
P < 0.05 and 0.01 levels, respectively. 
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4. Discussion 

4.1. Drought inhibits the photosynthetic assimilation capacity of leaves to 
provide fewer assimilates for sinks 

The present study focuses on the changes in water content and 
storage capacity of the 0–100 cm soil layer from the jointing stage to the 
heading stage. As the soil textures were sandy loam (in the top) and clay 
loam (at the bottom), the 20–80 cm layer has the highest water storage 
capacity (Fig. 2). With the consumption of soil moisture, drought stress 

in the pre-reproductive stage mainly inhibits the formation of wheat 
grain number per spike but has little impact on spike number and 
thousand-grain weight (Ji et al., 2010; Zhang et al., 2020; Gao et al., 
2023). In this study, moderate and severe drought significantly reduced 
the number of fertile florets and grains per spike of CH58 and LH6 
(Table 1). Under severe drought, the degradation rate of florets of LH6 
was higher (Table 1), which is related to the inhibition of leaf photo
synthetic capacity by drought stress (Fig. S4). The accumulation of 
photosynthetic assimilates in leaves (sources) is the main source of 
carbohydrates for spike (sink) development (Tang et al., 2023; Shen 

Fig. 8. Starch and sucrose metabolism (A) and sugar transporter protein-encoding gene expression (B) in young spikes and stems of CH58 and LH6 under different 
treatments. The heatmap shows the expression levels (Log10(TPM)) of genes involved in sucrose and starch metabolism. The transporter proteins and transcription 
factors are represented in yellow rectangles, whereas metabolites are displayed in bold black text. Detailed information on some featured genes involved in sucrose 
and starch metabolism in different organs is presented in Table S3. INV, betafructofuranosidase; HK, hexokinase; FRK, fructokinase; malZ, alpha-glucosidase; bglX, 
beta-glucosidase; CELB, cellulase; GPI, glucose-6-phosphate isomerase; SPP, sucrose-phosphate phosphatase; SPS, sucrose-phosphate synthase; SUS, sucrose synthase; 
AGP, ADP-glucose pyrophosphatase; SS, starch synthase; GBE1, 1,4-alpha-glucan branching enzyme; TPS, trehalose 6-phosphate synthase; TPP, trehalose 6-phos
phate phosphatase; treA, alpha, alpha-trehalase; AMY, alpha-amylase; BMY, beta-amylase. SUC/SUT: sucrose transport protein; SWEET: sugar final output pro
tein; STP: sugar transporter protein. 
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et al., 2023). However, our results showed that drought stress during 
booting significantly reduced the relative water content and chlorophyll 
content of leaves, thereby significantly reducing wheat Pn, Tr, and Gs 
(Fig. 3), which is consistent with the results of Song et al. (2018) and 
Kang et al. (2023). This is because (1) drought inhibits the activities of 
SOD, POD, and CAT, damages the antioxidant enzyme system, leads to 
ROS outbreaks in cells, and disrupts the stability of biofilms and proteins 
(Fig. 4; Rane et al., 2021); and (2) severe drought causes severe damage 
to the thylakoid grana and photosynthetic proteins of chloroplasts, 
leading to a decrease in light harvesting capacity (Kang et al., 2023). As 
photosynthetic capacity decreases, plant growth is inhibited, and dry 
matter accumulation significantly decreases (Fig. 5A), which marks the 
beginning of poor reproductive organ development. 

4.2. Assimilate allocation strategies related to drought resistance in spikes 
and stems affect the degradation of wheat florets 

The distribution of assimilates has a significant impact on plant 
growth, competition, and structural formation and is crucial for the 
development of plant reproductive organs (Li et al., 2019). Under water 
scarcity conditions, the allocation of assimilates in spikes and stems is 
jointly influenced by organ sensitivity to drought and differences in 
plant drought resistance (Ji et al., 2010; Cai et al., 2023). In this study, 
drought significantly inhibited the 13C-photosynthates in the spike, leaf, 
stem, and sheath, and the degree of inhibition in LH6 was greater 
(Fig. 5B). Young spikes are the most sensitive organs to water scarcity 
(Danilevskaya et al., 2019), and even mild drought can easily lead to an 
insufficient supply of assimilates in the spikes and irreversible floret 
degradation (especially in drought-sensitive varieties) (Dolferus et al., 
2011). Assimilates in spikes originate from long-distance transport in 
leaves, stems and sheaths (Zhao et al., 2022). Thus, floret degradation is 
closely related to the assimilate transfer rate of the organ. Interestingly, 
the transport of assimilates in the stems of two varieties with different 
drought resistance (CH58 and LH6) showed an opposite linear rela
tionship with floret degradation (Fig. 5D). RNA-Seq results help explain 
this phenomenon, and the results showed that the number of DEGs in 
young spikes and stems of LH6 was significantly higher than that of 
CH58 under drought stress conditions (Fig. 6A). Previous studies have 
also observed that an increase in the number of DEGs in organs may lead 

to a rapid decrease in the number of grains (Bhardwaj et al., 2013; 
Sapeta et al., 2016). Therefore, the allocation strategies of assimilates in 
the spike and stem of wheat with different drought resistance affect the 
degradation of wheat florets. 

4.3. The great ability of spikes to utilize sugar and stems to transport 
sugar helps to resist the decrease in grain number per ear under drought 
stress 

A large number of DEGs in young spikes and stems were enriched in 
carbohydrate metabolism-related pathways, and LH6 had more DEGs 
than CH58 in sucrose and starch metabolism pathways (Fig. 6B). Ghi
glione et al. (2008) found that excellent development of wheat florets 
was associated with increased sugar concentration in the growing spike. 
In this study, the contents of glucose, fructose, sucrose and starch in 
young spikes were positively correlated with the number of fertile florets 
and grains per spike and negatively correlated with the rate of floret 
degeneration (Fig. S7A). Glucose and fructose are produced from the 
breakdown of sucrose catalysed by the enzymes invertase (INV) and 
sucrose synthase (SuSy) (Ayre, 2011). Consistent with Zhang et al. 
(2020), drought significantly reduced the concentrations of sucrose, 
fructose and glucose in young spikes (Fig. 7A-C). Notably, drought 
induced relatively high INV enzyme activity and significant upregula
tion of the sucrose catabolism enzyme-encoding gene INV in young 
spikes of CH58 (Fig. 9; Fig. 8A). This may be the cause of the higher 
decrease in fructose and glucose concentrations in LH6 than in CH58 
during the S2 period. However, severe drought downregulated SUC/SUT 
and SWEET expression in LH6 spikes but upregulated SUC/SUT, SWEET 
and STP expression in CH58 spikes (Fig. 8B), which is a compensatory 
pathway for low sucrose content in young CH58 spikes. The expression 
of sugar transporter proteins and convertase activity in spikes were 
positively correlated with the number of fertile florets (Fig. S7B). The 
involvement of OsSUT2 and OsSWEET4 has also been found in rice to 
synergistically regulate the number of grains per spike (Sun et al., 2023). 
Moreover, meiotic drought-induced reductions in invertase activity and 
changes in starch metabolism-related enzymes tend to cause starch 
synthesis deficiencies and pollen development disruption (Jin et al., 
2013). In this study, drought upregulated the expression of AGP, AMY 
and BMY, leading to a significant decrease in starch content in young 

Fig. 9. Invertase and fructan synthase activities in the spike and stem under different treatments. CWIN: cell wall invertase; INV: soluble vacuolar invertase; FEH: 1- 
fructan exohydrolase; SST: sucrose: sucrose 1-fructosyl-transferase. S1: the jointing stage (Feekes8) (the flag leaf tip was 2–4 cm); S2: the booting stage (Feekes9) (the 
wheat flag leaf pillow emerged 4–6 cm); and S3 (Feekes10.5): the heading stage (the spike of wheat emerged 4–6 cm). The data were from the 2021–2022 growing 
season. Values are means (n = 3). Different lowercase letters denote significant differences (ANOVA, Fisher’s least significant difference test, P < 0.05). 
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spikes (Fig. 7E and Fig. 8A), which may also explain the abortion rate of 
florets (Table 1). Overall, the superior sucrose unloading and utilization 
capacity in young spikes of CH58 is beneficial for the formation of grain 
number under water deficit stress. 

Sugar metabolism and sugar transporters in the stem, which serves as 
a support and transport organ for the uptake of assimilates from the 
roots and leaves to the spike, play an important role in the uptake and 
transport of assimilates in the spike (Dreccer et al., 2009; Gautam et al., 
2022). The main form of transport of assimilates from photosynthetic 
organs to reproductive organs in plants is sucrose (Greco et al., 2012). 
The sucrose in reproductive organs is transported by starch and fructans 

stored in the stems and sheaths after first hydrolysing them to single 
sugars and then resynthesizing sucrose (Ayre et al., 2011; Shen et al., 
2018). In this study, the MD and SD treatments significantly reduced the 
sucrose content in stems, and notably, the reduction was higher in CH58 
than in LH6 (Fig. 7C). For this, we hypothesized that (1) a large amount 
of sucrose in CH58 stems might be catabolized to hexose or (2) some of 
the sucrose in CH58 stems might be transported via the phloem to the 
young spike. Although the hexose content in stems was enhanced after 
drought, the increase was significantly higher in LH6 stems in the SD 
treatment than in CH58 stems (Fig. 7A-B). In addition, high expression 
of SUT/SUC and SWEET was observed in CH58 stems, and higher levels 

Fig. 10. Endogenous spermidine content (A), number of fertile florets (B), and fructose, glucose and sucrose concentrations in spikes and stems (C). S1: the jointing 
stage (Feekes8) (the flag leaf tip was 2–4 cm); S2: the booting stage (Feekes9) (the wheat flag leaf pillow emerged 4–6 cm); and S3 (Feekes10.5): the heading stage 
(the spike of wheat emerged 4–6 cm). The data for A were from the 2021–2022 growing season of Experiment I. Values are means ± SD (n = 3).The data for B-C were 
from the 2021–2022 growing season of Experiment II. Values are means ± SD (n = 12 (B) and 3 (C)). * and ** indicate significance at the P < 0.05 and 0.01 levels, 
respectively. Different lowercase letters denote significant differences (ANOVA, Fisher’s least significant difference test, P < 0.05). 
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of expression were observed after exposure to drought (Fig. 8B). 
Therefore, the latter hypothesis is confirmed. On the other hand, the 
second internode under the spike of CH58 under SD conditions had a 
larger vascular bundle area and provided structural support for more 
sucrose transportation from the phloem to the spike (Fig. S8). 

Fructans not only have an indirect role as hexose reserves but also 
work as osmotic substances to directly protect tissues from damage 
caused by abiotic stresses such as drought and low temperature (Liv
ingston et al., 2009). When exposed to severe drought, the fructan 
content in young spikes of CH58 and LH6 was significantly decreased 
(Fig. 7D). The fructan content in wheat stems is strongly influenced by 
genotype (Dreccer et al., 2009). Drought stress affects the expression of 
genes related to fructan synthesis and catabolism (e.g., 1-SST, 1-FEH, 
6-SFT), which synergistically regulate fructan accumulation in wheat 
stems (Hou et al., 2018). The concentrations of fructan in the stems of S2 
and S3 increased significantly after SD treatment, and the increase was 
more significant in CH58 than in LH6 (Fig. 7D). This may be a conse
quence of FEH in CH58 stems being inhibited but enhanced in LH6 by 
drought when SST was upregulated by drought in both varieties (Fig. 9). 
The relatively sufficient fructans in the stems under drought also provide 
source material and energy for sucrose translocation from stems to 
spikes. Furthermore, starch reutilization in stems provides energy and 
carbon support for the early development of reproductive organs (Sco
field et al., 2009), and drought caused starch in stems to first increase 
and then decrease by drought, which did not significantly differ between 
the two cultivars (Fig. 7E). Thus, the reutilization efficiency of starch in 
the stems of both cultivars may not be as strongly related to drought 
tolerance as that of fructans. 

4.4. Exogenous spermidine effectively improves spike-stem sugar 
distribution under drought and thus promotes the formation of fertile 
florets in wheat 

Spermidine is a major form of polyamine (a general term for low 
molecular weight aliphatic nitrogen-containing bases) and is regarded 
as a growth regulator or second messenger of hormones (Davies, 2004; 
Yang et al., 2007), which frequently interacts with ethylene to regulate 
wheat floret degradation (Lyu et al., 2016; Zhang et al., 2017). In this 
study, endogenous spermidine was significantly reduced in young spikes 
under drought stress (Fig. 10A), and the endogenous spermidine content 
was significantly and positively correlated with the number of fertile 
florets. Exogenous spermidine promotes the formation of fertile florets 
and increases the number of grains per spike under stress conditions 
such as drought and salt stress (Chunthaburee et al., 2015; Zhang et al., 
2017). A similar result was obtained in our study (Fig. 10B), and the 
promoting effect was more prominent in the weakly drought-resistant 
cultivar. High concentrations of hexose can be utilized directly to pro
vide nutrients for the development of sink organs (Guan et al., 2023). 
Meanwhile, exogenous spermidine increased the sucrose content in LH6 
stems under drought stress (Fig. 10C), and more sucrose in the stems 
would provide a better physical basis for sugar transport to the spike 
(Willenbrink et al., 2008). Therefore, exogenous chemicals can promote 
the formation of fertile florets by enhancing the distribution status of 
assimilates in the spike and stem, thereby reducing the negative impact 
of drought on the formation of grain numbers. 

5. Conclusion 

Pre-reproductive drought inhibits photosynthesis of leaves and 
assimilate partitioning between spikes and stems to increase the rate of 
floret degradation and abortion, which leads to a reduction in the 
number of fertile florets and grains in wheat. Under drought stress, 
compared to LH6, CH58 (more drought tolerant) had greater sugar 
catabolism and sugar unloading capacity in young spikes, as well as 
higher fructan content and sugar loading capacity in the stems, which 
provide more assimilates for the process of floret development to relieve 

the negative impacts of drought on the formation of grain number in 
spikes. Therefore, the ability of the spike to utilize sugar and the dif
ference in competition for assimilates between the spike and stem 
determine the degree of inhibition of drought on the formation of grain 
numbers. Exogenous spermidine optimizes sugar distribution in the 
panicle and stem and promotes the smooth formation of fertile florets 
under drought stress. This study provides new insights for reducing 
wheat yield loss under climate change and guiding the breeding of 
drought-resistant wheat varieties. 
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