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Drought stress at the booting stage causes severe floret degeneration and a decrease in grain number.
Polyamines are involved in wheat floret development under drought stress, but the underlying physio-
logical mechanisms are unclear. This study showed that drought-induced accumulation of reactive oxy-
gen species led to wheat spikelet cell apoptosis and floret degeneration. Drought induced stomatal
closure to reduce photosynthesis, then inhibited the activities of sucrose phosphate synthase, sucrose
synthetase (cleavage direction) and ADP-glucose pyrophosphorylase in spikes and leaves, and soluble
vacuolar invertase and cell wall invertase in spikes, thus providing a poor nutrient base for floret devel-
opment. Exogenous spermidine application increased antioxidant enzyme activities and polyamine
metabolism, promoted starch and sucrose metabolism, amino acid utilization and increased the levels
of glycolytic and tricarboxylic acid cycle intermediates to mitigate oxidative damage and maintain energy
homeostasis in the spike, thereby reducing floret degeneration and increasing grain number.
� 2024 Crop Science Society of China and Institute of Crop Science, CAAS. Publishing services by Elsevier

B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Wheat is one of the world’s most important food crops, and
more than 60% of China’s wheat crops are grown in arid and semi-
arid areas [1]. It is urgent to study wheat breeding and cultivation
practices for maintaining yield and drought tolerance. The grain
number per spike in wheat is one of the key traits of yield compo-
nents and is ultimately determined by floret differentiation, degen-
eration, and fruiting processes [2]. Drought stress at meiosis during
wheat floret degeneration can severely reduce grain number [3,4].
Therefore, it is desirable to investigate drought-induced floret
degeneration at the pre-reproductive stage and identify ways of
mitigating this stress to ensure yield under water scarcity.

Drought causes extensive physiological damage to plant devel-
opment through complex physiological activities such as reactive
oxygen species (ROS) metabolism [5], hormone signaling [6], and
nutrient allocation and utilization [7,8]. Redox homeostasis is a
key physiological activity for maintaining the normal growth and
development of plant cells [9]. Enzymatic and nonenzymatic
antioxidant defense systems are generated in plants to resist
adverse conditions [10]. In wheat under drought stress, the activi-
ties of antioxidant enzymes (such as superoxide dismutase (SOD),
peroxidase (POD), catalase (CAT) and ascorbate peroxidase (APX))
first increase and then decrease to scavenge excess ROS [11].
Ascorbic acid (AsA) content increases to reduce the toxicity of
hydrogen peroxide (H2O2) under drought stress [10]. When plants
are subjected to severe drought stress, the antioxidant mechanism
is impaired, and the balance between ROS production and their
scavenging is disrupted, leading to excessive ROS production
[6,12,13]. Subsequently, cells are in a state of oxidative stress,
which leads to lipid peroxidation, protein oxidation, nucleic acid
damage and enzyme inactivation [14]. The overaccumulation of
H2O2 leads to programmed cell death (apoptosis), which is the
major cause of apoptosis in most spikelet degeneration mutants
[13]. Under normal growth conditions, the rice spikelet degenera-
tion mutant tutou1 showed degeneration of the apical spikelet and
high levels of ROS in the spike tissue compared with that in the
wild type [15]. Alleviating drought-induced oxidative cellular
damage and preventing excessive stimulation of programmed cell
death are necessary for mitigating floret degeneration.

Energy is required to develop reproductive organs and to resist
adversity (clean up excess ROS) [16,17]. Under severe drought
stress, energy expenditure increases dramatically, energy
td.
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production is inhibited, and when energy levels fall below a certain
threshold, growth stops, damage accumulates, and the organism
eventually dies [18,19]. Sucrose is the carbon skeleton and energy
supply for floret development, and sucrose catabolism plays a key
role in maintaining energy balance [20]. Sucrose is split into glu-
cose and fructose by invertase [21], and glucose enters the gly-
colytic and tricarboxylic acid (TCA) cycle to produce ATP; in this
process, amino acids can be used as alternative substrates for
organic matter under adverse conditions [16]. The catabolism of
valine and branched-chain amino acids (BCAAs) provide alterna-
tive energy sources during seed development or under prolonged
dark conditions [22], and this pathway has also been identified
as an essential factor for drought tolerance in Arabidopsis [23].
Sucrose synthesizes starch under the action of sucrose synthase
(SuS), ADP-glucose pyrophosphorylase (AGPase) (which can pro-
vide the direct precursor adenosine diphosphate glucose for starch
synthesis), soluble starch synthase (SSS) and granule-bound amy-
lase [24], and as starch is hydrolyzed into monosaccharides, the
monosaccharides are metabolically broken down to produce ATP,
which in turn provides energy for organisms [25]. Drought-
mediated inhibition of invertase activity reduces the glucose and
fructose contents of pistils and anthers, which leads to sucrose
starvation of anthers and reduced fertility [7,26,27]. Hu et al.
[18] showed that drought stress reduces the content of pyruvate
and acetyl coenzyme A, thereby increasing the difficulty of gener-
ating sufficient ATP in the TCA cycle in cotton pollen tubes. Genes
encoding AGPase and amylopectin synthase are downregulated,
and insufficient starch accumulation is a common feature of abnor-
mal pollen grain development under drought stress [28,29].
Sucrose feeding can partially reverse the effect of water deficiency
on infertility [30]. However, balancing the utilization of sucrose
and amino acids under drought conditions to stabilize the energy
supply and maintain metabolic homeostasis is a major challenge
for the development of florets under drought stress.

Polyamines (PAs), with arginine and ornithine serving as syn-
thetic precursors, function as exogenous substances in the regula-
tion of plant cell division, floral organ differentiation and
homeostatic regulation induced by adaptation to various abiotic
stresses [31,32]. Spermidine (Spd) and putrescine (as a diamine;
Put) are common PA in higher plants [33,34]. PAs are involved in
oxidative damage and/or carbon and nitrogen metabolism in cells
under stresses such as drought, salt, low and high temperatures
[11,33–35]. ROS production is closely linked to the process of PA
catabolism given that H2O2 is produced by the action of diamine
oxidase and/or PA oxidase (PAO) [36]. Exogenous Spd and overex-
pression of the PA biosynthesis gene SlSPDS2 increase POD and CAT
enzyme activities while decreasing H2O2 and malondialdehyde
(MDA) contents in the leaves of plants under drought and low-
temperature stress to alleviate cellular oxidative damage [34,35].
Exogenous Spd also increased the photosynthetic rate of the flag
leaf to increase carbohydrate accumulation in the plant and
enhanced the activities of SuS and acid invertase involved in
sucrose unloading in the sink organ to facilitate the transport of
sucrose from the stem to the sink organ [36–38]. Both the endoge-
nous Spd and Put (the starting point of the PAs pathway) contents
were positively correlated with the number of fertile florets under
drought stress, and the balance of ethylene (ETH) and PAs under
drought treatment was associated with the abortive process
[8,39]. Exogenous Spd alleviated floret degeneration and increasing
spike grain number under drought stress [39,40]. However, the
mechanism through which Spd mitigates floret degeneration by
modulating oxidative damage and energy homeostasis in young
spike cells is unclear.

The objective of the present study was to elucidate the physio-
logical mechanisms by which PAs mediate drought-induced floret
degeneration and grain number formation in the wheat plant,
2

beginning with two hypotheses: (1) Spd reduces drought-
induced oxidative damage in spikes by activating the ROS scaveng-
ing system, and (2) Spd mitigates floret degeneration by balancing
the utilization of sugars and amino acids to maintain energy
homeostasis.
2. Materials and methods

2.1. Field experiment

2.1.1. Plant materials and cultivation
The field experiment was conducted at the Yangling Smart Agri-

culture Demonstration Park, Shaanxi province, China (34�150N,
108�020E), during the 2020–2022 growing seasons. The composi-
tion of the surface soil layer (0–20 cm) at the beginning of the
experiment and the daily air temperature during the growth period
of winter wheat were obtained as described by Li et al. [39]. The
soil was a sandy loam with an electrical conductivity (EC) of 1.02
dS m�1. Two dryland winter wheat cultivars (Changhan 58
(CH58, relatively strongly drought tolerant), Luohan 6 (LH6, rela-
tively weakly drought tolerant)) were used in this experiment.
CH58 was developed from Changwu112/PH82–2 at the Changwu
County Agricultural Technology Extension Center in Shaanxi pro-
vince and LH6 from Yumai 9/Shannong 45 at the Luoyang Agricul-
tural Science Research Institute. The two cultivars showed similar
yield performance in production. Seeds were sown on October 25,
2020 and October 20, 2021 under a rain shelter at a rate of 16.5 g
(about 370–390 seeds) m�2 by strip sowing in rows 25 cm apart.
The rain shelter was 78 � 18 m, with removable plastic films on
the sides (always open) and on the top (closed only during rain).
Compound fertilizers were applied during both growing seasons,
with amounts equivalent to N 150 kg ha�1, P2O5 90 kg ha�1 and
K2O 30 kg ha�1.
2.1.2. Soil moisture and chemical application treatment
Experiment I: in the 2020–2021 growing season, three water

treatments—a severely dry soil (DS) treatment (soil relative humid-
ity 50%–55%), a moderately dry soil (MD) treatment (soil relative
humidity 60%–65%) and a normal soil water (CK) treatment (soil
relative humidity 70%–75%) from the jointing to heading period—
were used. The average soil bulk density and field water capacity
were 1.65 g cm�3 and 23.0%, respectively. The soil relative humid-
ity for severe drought stress was set after a pre-experiment to sim-
ulate the natural drying process of the soil, and the settings for
control and moderate drought stress were taken from Liu et al.
[41]. The soil water content was monitored with an AZS-100 TDR
meter (Beijing Aozuo Ecological Instruments Co., Ltd.). The irriga-
tion amounts for CK and MD were calculated based on the differ-
ence between the soil moisture content detected by TDR (three
replications) and the target soil moisture content. The plants in
the DS treatment were not irrigated during the soil moisture treat-
ment period. The experiment used a randomized complete block
design with three replicates. The area of each plot was 6 m2

(2 � 3 m), and the plots were separated by intervals of 2 m.
Experiment II: in the 2021–2022 growing season, after Experi-

ment I was repeated, DS (soil relative humidity 50%–55%) and CK
(soil relative humidity 70%–75%) treatments were established to
conduct an exogenous treatment. Exogenous Spd and the PA inhi-
bitor propamidine hydrazone (MGBG, an inhibitor of S-
adenosylmethionine decarboxylase (SAMDC)) and distilled water
were used for the DS treatment, and the treatment combinations
used were DS-Spd, DS-MGBG and DS. CK treatment with exoge-
nous distilled water only. Water was used for solution preparation
and all spray solutions contained 0.01% Tween-20. Each plot was
6 m2. Exogenous MGBG was applied to the 1 m2 micro-area of
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the plot. The spray volume was 225 mL m�2. Based on the previous
research [42,43], water (as control), 1 mmol L�1 Spd and 5 mmol
L�1 MGBG were applied by spraying from 16:00–18:00 (wind
spend <1.8 m s�1) for 2 consecutive days, and the application
started 5 d before the booting stage (flag leaf pillow pulled out
4–6 cm) (158 d after sowing) and heading stage (the spikes were
pulled out from 4–6 cm) (166 d after sowing). The air temperatures
during the treatment were maintained at 15.8–18.0 and 17.5–
22.0 �C. The light intensities were maintained at 800 and 900 lmol
m�2 s�1.

2.2. Pot experiment

During the 2022–2023 growing season, a pot experiment was
conducted at Northwest Agriculture and Forestry University,
Yangling, Shaanxi province, China (34�170N, 108�050E) to verify
the effects of exogenous Spd and MGBG on the drought-induced
inhibition of floret development. Each pot (31 cm in diameter
and 20 cm in height) was filled with 8 kg of soil and vermiculite
(soil: vermiculite = 3:1). The soil was taken from the wheat field.
The mixed soil contained 17.1 g kg�1 organic matter, 1.42 g kg�1

total N, 19.5 mg kg�1 available P, and 120.4 mg kg�1 available K.
The EC of pot soil was 0.94 dS m�1. A total of 1.88 g of urea
(containing 46% N) and 1.48 g of diammonium phosphate (contain-
ing 18% N and 46% P2O5) were dissolved in water and applied to
each pot at the seedling stage (application rates corresponding to
150 kg ha�1N and 90 kg ha�1 P2O5 in the field). Each pot contained
20 wheat seedlings. The soil moisture treatments were the same as
those in experiment I. Among them, two gradients, CK (70%–75%)
and DS (50%–55%), were applied exogenously. Water control
started 12 d before the booting stage (135 d after sowing), and
water was resumed at the end of the heading stage (141 d after
sowing). Water, Spd and MGBG solutions were sprayed as
described in Experiment II at a rate of 500 lL plant�1. Young spikes
and leaves were sampled at the booting stage for terminal
deoxynucleotidyl transferase dUTP neck-end labeling (TUNEL)
method and determination of energy metabolism in young spikes.

2.3. Terminal deoxynucleotidyl transferase dUTP neck-end labeling
(TUNEL) assay

The spikelets at the booting stage (flag leaf pillow pulled out
4–6 cm from the meiosis stage) were collected and fixed in
formaldehyde alcohol acetic acid fixation solution (containing an
18:1:1 [v/v] mixture of 70% ethanol, formalin, and acetic acid)
and stored overnight at 4 �C. After dehydration, the materials were
embedded in conventional paraffin sections, and the samples were
continuously sectioned at a thickness of 10 lmol L�1 The TUNEL
assay was performed with a TUNEL Cell Apoptosis Detection Kit
(CF488; Servicebio, Wuhan, Hubei, China). The sections were
subjected to microscopic detection, and images were collected by
fluorescence microscopy and imaging systems. The green
fluorescence of the FITC fluorescent signal was measured at
465–495 nm (excitation) and 515–555 nm (detection). The blue
fluorescence of the DAPI fluorescent signal was measured at
330–380 nm (excitation) and 420 nm (detection) [44]. Three
biological replicates were performed for each treatment.

2.4. Record of dynamic development of florets

Spike differentiation was observed and recorded by an XTS2022
electron optical microscope (Beijing Tech). At the jointing stage
(the flag leaf tip 2–4 cm) and heading stage (the spike of wheat
emerged 4–6 cm), 10 main stems with consistent development
were sampled to record the maximum floret differentiation num-
ber and the number of fertile florets (florets with complete green
3

anthers and feathery stigmas were considered fertile florets). The
floret degeneration rate (DR) was calculated as

DR ¼ MF0 � FN0

MF0
ð1Þ

where MF0 is the maximum number of floret differentiation events
and FN0 is the number of fertile florets.

At maturity, 10 spikes were sampled to record grain number per
spike. Three replicates were performed for each treatment. A 1 m2

area of each plot from the CK, DS and DS-Spd treatments was sam-
pled to record spike number, thousand grain weight, and yield.
2.5. Observation of stomatal morphology

At the booting stage, fresh flag leaves were collected, cleaned
with sterile water and stored in 4% glutaraldehyde for 24 h at 4
�C. The samples were then dehydrated with increasing concentra-
tions of ethanol. The dried samples were sputtered with a 60:40
gold/palladium ratio, and the stoma morphology was observed
under a scanning electron microscope (S-4800, Hitachi, Tokyo,
Japan) as described by Ma et al. [45]. Three biological replicates
were performed for each treatment.
2.6. Monitoring of gas exchange, relative water and chlorophyll
contents of leaves

At the booting stage, six flag leaves were selected from each plot
to determine the relative water content (RWC, %) following Hunt
et al. [46], with slight modifications. RWC was calculated as RWC
(%) = (fresh weight (g) � dry weight (g))/(turgor weight (g) � dry
weight (g)) � 100. Net photosynthetic rate (Pn), stomatal conduc-
tance (Gs) and transpiration rate (Tr) were monitored for the six
flag leaves in each treatment between 9:00 and 11:30 on a sunny
day (wind speed 2.1 m s�1) using a Li-6400XT system (Li-COR,
USA). The relative humidity of the air was maintained at 35%–
42%. The light intensity was maintained at 1100 lmol m�2 s�1.
The instantaneous water use efficiency (WUEi) of the leaves was
calculated as

WUEi = Pn/Tr ð2Þ
The relative chlorophyll content (SPAD) was determined for the

six flag leaves in each treatment using a SPAD 502 Plus system
(Konica Minolta, Japan).
2.7. Oxidative damage, soluble protein content, enzymatic and non-
enzymatic antioxidant activity assays

The superoxide anion radical (O2
�) and H2O2 contents of young

spikes and leaves at the booting stage were measured as described
by Chen et al. [47]. The soluble protein content was determined by
the Coomassie brilliant blue method according to Kielkopf et al.
[48]. The MDA content was measured according to Hodges et al.
[49]. The activities of SOD and CAT were assayed as described by
Jiang and Zhang [50]. The POD activity was determined following
the methods of Maehly and Chance [51]. The method of Sharma
and Dubey [52] was used to determine ascorbate peroxidase
(APX) activity. The reduced glutathione (GSH) and AsA contents
in young spike and flag leaves were measured by GSH and AsA
assay kits (Geruisi Biotechnology) following the manufacturer’s
instructions. Glutathione reductase (GR) activity was detected
with a GR activity assay kit (Geruisi Biotechnology). All measure-
ments were performed with three biological replicates.
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2.8. Endogenous spermidine content, putrescine content, enzyme
activity, and rate of ethylene evolution

At the booting stage, Spd and Put were extracted from 0.5 g
fresh young spike and flag leaf samples with 3 mL precooled 5%
(v/v) HClO4. The peaks corresponding to the contents of Spd and
Put were detected by HPLC (Agilent 1260, Agilent Technologies,
Santa Clara, CA, USA) at an absorbance of 254 nm. The activities
of PAO, arginine decarboxylase (ADC), ornithine decarboxylase
(ODC), SAMDC, and Spd synthase (SPDS) were quantified by
enzyme-linked immunosorbent assay. Following Yang et al. [53]
with slight modifications, two fresh young spikes were collected,
weighed and immediately placed in a 30 mL airtight sample con-
tainer. The containers were capped and incubated at room temper-
ature (25 �C) for 8 h in the dark, after which 1 mL of gas was
injected with a syringe into a gas chromatograph (Agilent 7890B,
USA) to measure the concentration of ETH. Each treatment was
replicated three times.
2.9. Total nitrogen, nitrate and ammonium concentrations and key
nitrogen metabolism enzyme activities

Total nitrogen of wheat spikes and leaves was measured as
described by Li et al. [39]. The nitrate (NO3

�) and ammonium
(NH4

+) concentrations of wheat spikes and leaves were extracted
at 30%. (v/v) trichloroacetic acid and determined by an AA3 contin-
uous flow analyzer (SEAL Analytical, Germany). The activities of
nitrate reductase (NR), glutamate synthase (GOGAT), glutamine
synthetase (GS) and glutamate dehydrogenase (GDH) levels of
young spikes and leaves from the booting stage were determined
by assay kits following the manufacturer’s instructions. The assay
kits were purchased from Nanjing Jiancheng Bioengineering Insti-
tute Co., Ltd. (Nanjing, Jiangsu, China). All analyses were performed
with three biological replicates.
2.10. Sugar and starch content and key enzymes in their metabolism

Sugars were extracted according to Wardlaw and Willenbrink
[54] with slight modifications. Dried spike and leaf samples
(0.1 g) from the booting stage were extracted in 5 mL of alcohol
(90%, v/v) in a 80 �C water bath for 10 min, and the extraction
was repeated twice. The supernatant was used to measure glucose,
fructose, and sucrose concentrations by HPLC. The HPLC column
ZORBAX carbohydrate column (4.6 � 150 mm, 5 lm) was used,
the mobile phase system was an acetonitrile: water mixture
(80:20, v/v), and the flow rate was 1 mL min�1. The residues were
extracted in perchloric acid for starch determination via the
anthrone method [55]. All analyses were performed with three bio-
logical replicates.

The extraction and determination of SPS, SS-I, AGPase, INV and
CWINV of fresh spikes and leaves at the booting stage were per-
formed using assay kits from Solarbio Biotechnology Co., Ltd. (Bei-
jing, China). Briefly, SPS activity was measured by recording the
change in the characteristic absorbance peak of the reaction
between sucrose and resorcinol at 480 nm. SS-I activity was mea-
sured by recording the change in the maximum absorption peak of
the brownish-red substance produced by the reaction of fructose
with 3,5-dinitrosalicylic acid at 480 nm. AGPase activity was
assayed by recording the rate of decrease in NADH absorbance at
340 nm. INV and CWINV activities were determined by changes
in the absorption peaks of brown–red substances resulting from
the reaction of reducing sugars with 3,5-dinitrosalicylic acid were
recorded. All analyses were performed with three biological
replicates.
4

2.11. Detection of targeted metabolites

After the sample (young spike from the booting stage) was
thawed and ground, 0.05 g of the young spike sample was mixed
with 500 lL of 70% methanol/water. After centrifugation, 200 lL
of the supernatant was transferred through a protein precipitation
plate for further liquid chromatography-mass spectrometry (LC–
MS) separation. All metabolites were detected by MetWare
(https://www.metware.cn/) based on the AB Sciex QTRAP 6500
LC–MS/MS System. HPLC column used was an ACQUITY UPLC
BEH Amide (i.d. 2.1 � 100 mm, 1.7 lm), the flow rate was
0.4 mL min�1, and the column temperature was 40 �C. The electro-
spray ionization source operation parameters were as follows: ion
source, ESI+/-; source temperature, 550 �C; ion spray voltage (IS),
5500 V (positive), –4500 V (negative); and curtain gas (CUR), 35
psi. Tryptophan and its metabolites were measured by scheduled
multiple reaction monitoring (MRM). Data acquisition was per-
formed using Analyst 1.6.3 software (Sciex). All metabolites were
quantified using Multiquant 3.0.3 software (Sciex). Three biological
replicates were performed for each treatment.
2.12. Transcriptome sequencing

Total RNA was extracted from young spikes at the booting stage
using an E.Z.N.A. plant RNA kit (Omega Bio-Tek, USA) following the
manufacturer’s instructions. Three biological replicates were per-
formed. After assessing the concentration and purity of the RNA
using Nanodrop, high quality RNA samples (OD260/OD280 1.9–
2.0) were used for library construction. Sequencing libraries were
constructed with an Illumina NEBNext Ultra II RNA Library Prep
Kit (NEB, Ipswich, USA). The libraries were sequenced on an Illu-
mina HiSeq 2500 platform (BioMarker Technologies, Beijing,
China). Sequence alignment results between the sample sequenc-
ing data and selected reference genomes as shown in Table S1
and Table S2. For comparisons among samples, the expression of
each gene was normalized to fragments per kilobase of transcript
per million reads (FPKM) values. Differential gene expression
between DS and CK was estimated using DESeq2. Genes with a P
value � 0.01 and a log2fold change > 1 were defined as DEGs. Func-
tional enrichment analyses of DEGs were conducted using gene
ontology (GO) and KEGG pathway database enrichment analysis.
2.13. Gene expression analysis

Total RNA of young spikes at the booting stage was extracted
using an EZNA. plant RNA kit (Omega Bio-Tek, USA) and reverse
transcribed to cDNA using a PrimeScript RT Reagent Kit (Takara).
Quantitative real-time polymerase chain reaction (qRT–PCR) was
performed using SYBR Green Premix Pro Taq HS qPCR Kit (Accurate
Biology, China) was used on a QuantStudio 7 Flex System (Thermo
Fisher Scientific, USA). Three biological replicates were performed.
Relative expression of genes (Table S3) was quantified with TaAct-
in2 and TaGAPDH as internal reference genes.
2.14. Statistical analysis

Differences were identified by a least significant difference
(LSD) test at a P value < 0.05. Two-way ANOVA with cultivar and
treatment as fixed factors was fitted to determine the significance
of the treatment effects. Linear and nonlinear fitting was used to
describe the relationships between the number of fertile florets
and the sucrose and starch contents of young spikes.

https://www.metware.cn/
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3. Results

3.1. Spermidine alleviates drought stress-induced floret degeneration
and cell death in spikelet

Compared to those in the CK treatment, the number of fertile
florets in the DS treatment decreased by 13.6% (CH58) and 16.7%
(LH6), and the number of grains per spike at maturity decreased
Fig. 1. Characteristics of floret development and phenotypes of young spikelets and fla
grains per spike and the floret degeneration rate of wheat cultivars CH58 and LH6 in the
conditions and drought stress, respectively. DS-Spd and DS-MGBG represent exogenous
data were obtained from the 2022–2023 growing season of field experiment II. Differen
difference test, P < 0.05). (B) TUNEL assay of spikelets cells of CH58 and LH6 of subjected
are blue, while FITC-fluorescein-labeled positive apoptotic nuclei are green. Scale ba
experiment. (C) Leaf stomatal morphology of the wheat cultivars CH58 and LH6 under v
data were obtained from the 2021–2022 growing season of field experiment II. CH58, C
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by 16.5% (CH58) and 23.1% (LH6) (Fig. 1A). Compared to DS, DS-
Spd effectively alleviated floret degeneration, increased the num-
ber of fertile florets, and thus reduced the drought-induced
decrease in the number of grains per spike (with an amplitude of
12.0%–22.0%) (Fig. 1A). However, compared to DS, DS-MGBG (a
PA inhibitor) further exacerbated the rate of floret degeneration,
leading to an increase in the negative impact of drought stress
on grain number formation (Fig. 1A). A strong green fluorescence
g leaves under drought and chemical treatments. (A) Number of fertile florets and
field trial, the values are the means ± SD (n = 10). CK and DS represent well-watered
spermidine and the polyamine inhibitor propamidine hydrazone, respectively. The
t lowercase letters denote significant differences (ANOVA, Fisher’s least significant
to various soil water and exogenous treatments in the pot trial. DAPI-stained nuclei
r, 200 lm. The data were obtained from the 2022–2023 growing season of pot
arious soil water and exogenous treatments in the field trial. Scale bar, 20 lm. The
hanghan 58; LH6, Luohan 6.
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signal (indicating the degree of cell apoptosis) was observed in DS
and DS-MGBG, while fewer green signals were observed in the spi-
kelet shell cells of DS-Spd (Fig. 1B). These findings indicated that
DS-Spd resulted in less cell death than DS [44]. Yield and spike
number were lower in the DS than in the CK treatment
(Table S3). Compared to DS, DS-Spd increased yield, whereas there
were no effects of exogenous chemical treatments on spike num-
ber (Table S4). Overall, Spd alleviated the degeneration of florets
and reducing the number of grains per spike after exposure to
drought stress.

3.2. Exogenous spermidine affects stomata and promotes
photosynthesis in leaves under drought stress

Soil water and exogenous chemical treatments affected the
RWC, SPAD and photosynthetic parameters of the flag leaves
(Table S5). Compared to those of the CK treatment, the DS treat-
ment reduced the RWC and SPAD of the flag leaves (Table S5).
However, the DS-Spd treatment increased the RWC and SPAD of
the two cultivars on average compared with those in the DS treat-
ment, with values of 3.6% and 5.7%, respectively. Flag leaf stomata
were closed after drought stress but tended to open slowly under
the DS-Spd treatment (Fig. 1C). The photosynthetic parameters
Pn, Tr, and Gs decreased under the DS treatment. Compared to DS,
DS-Spd significantly improved the Pn of the two cultivars and the
Tr of LH6 (Table S5). Therefore, exogenous Spd can effectively
improve the water content, chlorophyll content and stomatal con-
ditions of flag leaves, thereby enhancing photosynthesis [56].

3.3. Spermidine increases the antioxidant capacity and balances
polyamine and ethylene metabolism in wheat leaves and young spikes

More DEGs were up- or downregulated in the young spikes of
LH6 than in those of CH58 (Table S6). Nine genes relevant to this
study were analyzed for quantification relative to the RNA-Seq
results, and they showed similar expression patterns in qRT–PCR
(Fig. S1). GO functional enrichment of the DEGs revealed distinct
enrichment in metabolic processes, biological regulation, stimulus
response, signaling and antioxidant enzyme activity (Fig. 2A). Sev-
ere drought upregulated the expression of genes encoding SOD,
CAT, POD and APX (with LH6 being more pronounced) but down-
regulated the expression of genes encoding the GR enzyme
(Fig. S2). The O2

� and H2O2 contents of young spikes increased sig-
nificantly in CH58 and LH6 plants under drought stress during the
booting stage (Figs. S3, 2B). Compared to DS, SOD enzyme activity
in the young spikes of both cultivars and POD, CAT and APX
enzyme activities in the young spikes of LH6 increased under DS-
Spd. However, the AsA content in the young spikes of both culti-
vars and the GSH content and GR activity in the young spikes of
LH6 were reduced under DS-Spd treatment. In the leaves, exoge-
nous Spd increased the activities of the CAT and GR enzymes as
well as the GSH content to a greater extent than did DS. The level
of H2O2 was reduced in leaves after exogenous Spd application
(Fig. 2B), and cellular peroxidation was attenuated [56,57]. The sol-
uble protein content in young spikes and leaves decreased after
drought treatment, whereas the MDA content in young spikes
and leaves increased in the two cultivars (Fig. 2C). Compared to
those in the CK treatment, the activities of SOD, CAT and APX in
the leaves in the DS treatment were lower, while the activities of
POD and CAT were greater in the young spikes, especially in the
LH6 treatment. Thus, exogenous Spd application further alleviated
peroxidative damage in young spikes and leaves by enhancing the
ROS scavenging system under drought stress.

These DEGs were enriched in the glutathione metabolism, argi-
nine metabolism and proline metabolism pathways (Fig. S4).
Expression of the gene encoding PAO was up-regulated, but the
6

expression of the SPDS and SAMDC genes was down-regulated in
young spikes under DS conditions (Fig. 3A), resulting in a decrease
in endogenous Spd and Put contents but an increase in the rate of
ETH release in DS than in CK (Fig. 3B), especially for CH58. The
enzyme activities of PA synthesis and decomposition in spikes
and leaves were affected by drought and exogenous treatment,
but not by their interaction (Table S7). Compared to DS, SPDS activ-
ity was significantly increased but PAO activity was significantly
inhibited under DS-Spd treatment (Fig. 3C), which induced a signif-
icant increase in the endogenous Spd content (36.1%–47.0%) and
Put content (7.7%–12.0%) and a decrease in the ETH release rate
(12.9%–33.0%) in young spikes under drought stress (Fig. 3B). Com-
pared to DS, DS-MGBG increased PAO enzyme activity but
decreased ADC activity in the spikes and flag leaves (Figs. 3C, S5),
which caused a significant decrease in the endogenous Spd content
but increased the ETH release rate in spikes and leaves of both cul-
tivars (Figs. 3B, S5). The levels of endogenous Spd and Put, as well
as ADC and SPDS enzyme activities in young spikes and leaves,
were positively correlated with the number of fertile florets
(Table S8). The ETH release rate and PAO enzyme activity in young
spikes strongly and positively correlated with the rate of floret
degeneration (Table S8). Compared to DS, the endogenous Spd con-
tent of young spikes was reduced by 5.1%–15.1%, the Put content
was increased by 8.5%–9.1% (Fig. S6A), and the number of grains
in the middle and top of the spike was significantly reduced when
exogenously applied ethene (10 mmol L�1) at the booting stage
under DS treatment (Fig. S6B). Taken together, these results sug-
gested that exogenous Spd application contributes to maintain
endogenous PAs and ETH homeostasis in young spikes and leaves
[58,59].
3.4. Spermidine promotes starch and sucrose metabolism pathways in
young spikes and leaves under drought stress

The accumulation of dry matter in leaves also changes with
decreasing or increasing photosynthesis (Fig. S7). Compared to
CK, the dry matter weight of CH58 and LH6 leaves in the DS was
reduced during the booting stage. However, the dry matter weight
of LH6 leaves treated with DS-Spd was increased compared to DS
until the heading stage (Fig. S7). The sucrose and starch contents
of young spikes were strongly positively correlated with the num-
ber of fertile florets (Fig. 4A). Compared to CK, the fructose, glucose,
sucrose and starch contents in young spikes of both cultivars were
reduced in the DS treatment (Fig. 4B). Compared to those in DS, the
fructose, glucose, sucrose and starch contents in LH6 spikes and the
glucose content in CH58 spikes were increased in the DS-Spd treat-
ment. Conversely, the glucose and starch contents in young CH58
spikes were significantly inhibited by DS-MGBG treatment. In
leaves, the sucrose content in leaves of both cultivars was signifi-
cantly lower in DS-Spd than in DS, but the starch content was
increased, with the effect being more pronounced in LH6.

Compared with those in CK, the activities of the SPS and AGPase
enzymes in both cultivars, as well as the INV and SS-I enzymes in
LH6, were inhibited in young spikes under drought, while the
activity of the SS-1 enzyme in CH58 increased (Fig. 4C). Compared
with those in DS, the SPS activity in young spikes of both cultivars
and the SS-I, AGPase, CWINV and INV activities in young spikes of
LH6 were effectively increased under DS-Spd conditions. The SPS,
SS-I and AGPase activities in flag leaves were significantly lower
in the DS treatment than in the CK treatment. SS-I and AGPase
activities in flag leaves were significantly greater in DS-Spd than
in DS. However, the SPS, SS-I and AGPase enzyme activities in
LH6 flag leaves were significantly reduced by DS-MGBG, whereas
the SS-I enzyme activity in CH58 flag leaves increased. Therefore,
Spd increased the synthesis and degeneration of sucrose and starch



Fig. 2. RNA-seq analysis of spikes and ROS metabolism of spikes and leaves. (A) GO enrichment of young spikes at the booting stage under soil water treatment. CK-CH58,
CH58 in the normal soil moisture treatment; DS-CH58, CH58 in the severe drought treatment; CK-LH6, LH6 in the normal soil moisture treatment; DS-LH6, LH6 in the severe
drought treatment. The data were obtained from the 2020–2021 growing season of field experiment I. (B) O2

� and H2O2 contents in the spikes and leaves of wheat cultivars
CH58 and LH6 under various soil water and exogenous treatments in the field trial. The data were obtained from the 2021–2022 growing season of field experiment II. (C)
Antioxidant enzyme and nonenzymatic antioxidant contents in the spikes and leaves of wheat cultivars CH58 and LH6 under various soil water and exogenous treatments in
the field trial. The data were obtained from the 2021–2022 growing season of field experiment II. The values are means ± SD (n = 3). Different lowercase letters denote
significant differences (ANOVA, Fisher’s least significant difference test, P < 0.05). CH58, Changhan 58; LH6, Luohan 6.
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Fig. 3. Expression of genes encoding key enzymes involved in polyamine synthesis and decomposition by qRT-PCR (A), endogenous polyamine content and ethylene release
rates (B), and activity of key enzymes involved in polyamine metabolism (C) in the spikes of wheat cultivars CH58 and LH6. CK and DS represent normal water conditions and
drought stress, respectively. DS-Spd and DS-MGBG represent exogenous spermidine and the polyamine inhibitor propamidine hydrazone, respectively. The pathway diagram
in (A) was from Li et al. [39] with permission from Oxford University Press. The data for (A) were obtained from the 2020–2021 growing season of field experiment I, and the
data for (B) and (C) were obtained from the 2021–2022 growing season of field experiment II. Values are means ± SD (n = 3). **, P < 0.01 level. Different lowercase letters
denote significant differences (ANOVA, Fisher’s least significant difference test, P < 0.05). Arg, arginine; Orn, ornithine; Agm, agmatine; SAM, S-adenosylmethionine; dcSAM,
decarboxylated S-adnosylmethionine; Put, putrescine; Spd, spermidine; ETH, ethylene; ACC, 1-aminocyclopropane-1-carboxylic acid; ODC, ornithine decarboxylase; ADC,
arginine decarboxylase; PAO, polyamine oxidase; SPDS, spermidine synthase; SAMDC, S-adenosylmethionine decarboxylase. CH58, Changhan 58; LH6, Luohan 6.
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in young spikes and flag leaves under drought stress [38], and its
effect on LH6 was more pronounced.

3.5. Spermidine promotes the synthesis and utilization of amino acids
in young spikes under drought stress

Drought stress significantly reduced the total nitrogen content
of wheat spikes and leaves at the booting and heading stages than
those of CK (Fig. S8). Compared to DS, total nitrogen contents in
spikes of CH58 at the booting stage and in spikes and leaves of
two varieties at the heading stage were significantly increased in
the DS-Spd treatment. To investigate the effects of drought stress
and exogenous Spd on amino acid synthesis and catabolism, the
8

results showed that the activities of NR, GS, GOGAT and GDH
enzymes in young spikes were significantly higher under DS-Spd
conditions compared to those in DS treatment (Fig. 5A). As amino
acid synthesis and catabolism increased [39,60], NO3

� levels in
young spikes gradually decreased, and NH4

+ levels gradually
increased in DS-Spd than in DS, while glutamate and glutamine
levels in young spikes in DS-Spd was gradually decreased to CK
levels (Fig. 5B, C). For leaves, compared to DS, GOGAT and GDH
activities of both cultivars as well as NR and GS enzyme activities
of LH6 were significantly increased under DS-Spd treatment
(Fig. S9A), and the NH4

+ content in the leaves of both cultivars
increased (Fig. S9B). The contents of serine, lysine, tyrosine, aspar-
agine, threonine and arginine were significantly greater in the DS



Fig. 4. The relationships between sugar and starch and between the number of fertile florets (A), the contents of sugar and starch (B), and the activities of key enzymes
involved in sucrose and starch metabolism (C) in the spikes and leaves of wheat cultivars CH58 and LH6. CK and DS represent well-water conditions and drought stress,
respectively. DS-Spd and DS-MGBG represent exogenous spermidine and the polyamine inhibitor propamidine hydrazone, respectively. The data were obtained from the
2021–2022 growing season of Field Experiment II. The values are the means ± SD (n = 3). Different lowercase letters denote significant differences (ANOVA, Fisher’s least
significant difference test; P < 0.05). SPS, sucrose phosphate synthase, SS-I, sucrose synthetase (cleavage direction), AGPase, ADP-glucose pyrophosphorylase; INV, soluble
vacuolar invertase; CWINV, cell wall invertase; CH58, Changhan 58; LH6, Luohan 6.
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treatment than in the CK treatment, but the contents of these
amino acids were significantly lower in the DS-Spd treatment than
in the DS treatment (Figs. 5D, S10). Compared to DS, serine, lysine,
asparagine, proline and arginine levels were significantly
9

increased, and ornithine levels were significantly decreased under
DS-MGBG treatment (Figs. 5D, S10). As a result, it speculated that
exogenous Spd may facilitate the utilization of amino acids in
young spikes under drought stress [61,62].



Fig. 5. Key enzyme activities involved in nitrogen metabolism (A); nitrate (NO3
�) and ammonium (NH4

+) nitrogen (B) contents; glutamic acid and glutamine (C) levels; and
other amino acid content in the spikes of the wheat cultivar LH6 (D). CK and DS represent well-water conditions and drought stress, respectively. DS-Spd and DS-MGBG
represent exogenous spermidine and the polyamine inhibitor propamidine hydrazone, respectively. The pathway diagram in (A) was from Li et al. [39] with permission from
Oxford University Press. The pathway diagram in (D) was constructed according to Liu et al. [75] with slight modifications. The data for (A, B) were obtained from the
2021–2022 growing season of Field Experiment II. The data for (C, D) were obtained from the 2022–2023 growing season of Pot Experiment. Values are means ± SD (n = 3).
Different lowercase letters denote significant differences (ANOVA, Fisher’s least significant difference test, P < 0.05). NR, nitrate reductase; GS, glutamine synthetase; GOGAT,
glutamate synthetase; GDH, glutamate dehydrogenase; NO3

�, nitrate; NO2
�, nitrite; NH4

+, ammonium; Glu, glutamate; Gln, glutamine; NH3, ammonia. CH58; Changhan 58;
LH6; Luohan 6.

J. Li, G. Li, Z. Li et al. The Crop Journal xxx (xxxx) xxx

10



J. Li, G. Li, Z. Li et al. The Crop Journal xxx (xxxx) xxx
3.6. Spermidine modulates the TCA cycle and glycolytic pathways in
young spikes to maintain energy homeostasis under drought stress

The effects of PAs on glycolysis and the TCA cycle under drought
conditions were further explored, and the results showed that the
contents of fructose-1,6-bisphosphate, 3-phosphoglycerate, 2-
phosphoglycerate, phosphoenolpyruvate, and pyruvate were sig-
nificantly lower in response to drought and that exogenous Spd
significantly increased the levels of these intermediates of phos-
phoglycolysis in young spikes compared to those in DS plants
(Fig. 6A). However, the glucose-6-phosphate, 3-phosphoglycerate,
phosphoenolpyruvate, and pyruvate levels were more significantly
suppressed by DS-MGBG than by DS. Moreover, compared with
that in the DS treatment, the glyceraldehyde-3-phosphate content
in young spikes increased in response to drought, and the content
was further reduced by DS-Spd. Thus, exogenous Spd provided a
sufficient substrate for the synthesis of lysine, tyrosine and serine
[23]. Citrate, cis-aconitate, isocitrate, and L-malate contents were
significantly increased by drought, and the oxaloacetate, fumarase,
and succinate contents were significantly decreased in young
spikes (Fig. 6B). Compared to those in DS, the L-malate and cis-
aconitate contents in DS-Spd further increased, but the succinate
content decreased, while the oxaloacetate, fumarase, succinate
and 2-ketoglutarate contents significantly decreased in the DS-
MGBG treatment. In general, exogenous PA inhibitors further exac-
erbate the disruption of glycolysis and the TCA cycle under drought
stress.

Glycolysis and the TCA cycle proceed through the synthesis and
consumption of energy [17–19]. Compared to CK, ATP and NAD
contents significantly increased under DS conditions, while the
energy charge and NADPH content significantly decreased
(Fig. 6C). Compared with DS, DS-Spd significantly increased the
ATP (39.0%) and NADPH (50.2%) contents, whereas DS-MGBG had
no significant positive effect on the energy content or energy
charge. Consequently, exogenous Spd promoted energy production
in young spikes [63].
4. Discussion

Drought intensifies floret degeneration, resulting in a significant
reduction in the number of fertile florets and in the number of
grains in the spikes at maturity [3,4,8]. The degeneration of florets
is largely due to cell apoptosis [2,13]. In this study, the cell death
signals associated with apoptosis by TUNEL staining were more
pronounced in spikelets under DS than in CK. ROS have been impli-
cated as signaling molecules during plant spikes, pollen develop-
ment and programmed cell death in the tapetum, and the ROS
scavenging status of young spikes under adverse conditions is
associated with the fate of floret development [64]. Previous stud-
ies have shown that drought damages the ROS scavenging system,
disrupting the balance between ROS production and scavenging,
which results in a burst of ROS in tissues [5,12]. In the present
study, O2

� and H2O2 still over-accumulated in the young spikes of
CH58 and LH6 despite the upregulation of the expression of genes
encoding SOD, CAT, POD, and APX in response to severe drought
stress. ROS bursts under adverse conditions by driving reprogram-
ming of the transcriptome, metabolism and proteome for plant
adaptation and survival [12]. RNA-Seq revealed that in addition
to exhibiting antioxidant enzyme activity, a large number of DEGs
were enriched in young spikes in response to stimuli, biological
regulation and metabolic processes. KEGG functional enrichment
showed that both the CH58 and LH6 DEGs were enriched in the
glutathione metabolism, arginine metabolism and proline metabo-
lism pathways. Arginine is a key synthetic precursor of PAs, and DS
treatment decreased endogenous levels of Spd and Put, but
11
increased the rate of release of ETH. ETH and PA compete for the
precursor S-adenosylmethionine [31,40]. This was also the result
of drought-induced upregulation of PAO gene expression in young
spikes, as well as repression of the expression of SPDS and SAMDC
genes. Similar results were obtained for wheat seedlings, rice and
Sophora acacia [32,34]. The endogenous Spd and Put contents and
the activities of ADC and SPDS in young spikes and leaves were sig-
nificantly and positively correlated with the number of fertile flo-
rets, while the PAO enzyme activities in young spikes and flag
leaves were highly significantly and positively correlated with
the rate of floret degeneration. These findings indicated that PA
synthesis has a positive effect on floret development. Therefore,
drought-induced ROS bursts occur in young spikes, and floret
degeneration intensifies; this process may be related to PA synthe-
sis and catabolism [59].

Exogenous Spd effectively alleviated floret degeneration and
increased the number of fertile florets, which in turn reduced the
decrease in grain number caused by drought. However, exogenous
PA inhibitors (e.g., O-phen and MGBG) decrease tissue antioxidant
enzymes and antioxidants, causing an increase in cellular ROS
bursts [33,65]. The dynamic equilibrium state of ROS in plants is
maintained by their own efficient antioxidant enzyme components
and nonenzymatic systems [34,56,57,66,67]. In this study, exoge-
nous Spd promoted the enzymatic activities of SOD, POD, CAT
and APX (more significantly in LH6) more than did the nonenzy-
matic substances AsA and GSH, especially in young spikes. More-
over, a lower H2O2 content was detected in young spikes and
leaves treated with exogenous Spd under drought stress, and the
degree of cellular peroxidation was partially alleviated. In this
study, exogenous MGBG further exacerbated floret degeneration,
leading to an increase in the negative effect of drought on floret
development. These findings also indicate that the regulation of
ROS metabolism by exogenous Spd in young spikes and flag leaves
at the booting stage influences the induction of floret degeneration
by drought. Exogenous PAs or the overexpression of PA biosynthe-
sis genes to increase endogenous PA levels results in increased
drought and salt tolerance in plants [32,56,59]. In the present
study, exogenous Spd significantly increased the endogenous Spd
and Put contents and decreased the ETH release rate in young
spikes under drought stress. This was because exogenous Spd
increased SPDS and SAMDC enzyme activities but inhibited PAO
enzyme activity. Exogenous application of ethephon at the booting
stage resulted in a significant decrease in endogenous Spd content,
a significant increase in Put content in young spikes and a signifi-
cant decrease in the number of grains in the middle and top of the
spikes. Thus, the restoration of PA and ETH homeostasis further
contributed to the alleviation of drought-induced floret degenera-
tion by Spd. Moreover, photosynthesis is the primary pathway for
accessing plant assimilates. One of the major physiological effects
of drought stress is low CO2 availability due to a decrease in stom-
atal conductance and activity of the key photosynthesis-related
enzyme ribulose-1,5-bisphosphate carboxylase and consequent
inhibition of photosynthesis [68,69,70]. PAs improve the gas
exchange characteristics of plants suffering from drought and salt
stress [56]. Exogenous Spd alleviated drought stress-induced
changes in RWC and SPAD in both cultivars and further increased
the Pn of the flag leaves of the two cultivars and the Tr of LH6.
The rates of photosynthesis (i.e., CO2 uptake) and transpiration
(i.e., H2O) are regulated by the stomatal behavior of plants [71].
The slow opening of stomata by exogenous Spd also supported this
view.

Metabolic reprogramming is vital for maintaining plant energy
homeostasis, survival and development under stress [17]. Sucrose
and starch metabolism are known as the main sources of stored
energy for the development of reproductive organs in plants
[8,60]. The sucrose content in the leaves was affected differently



Fig. 6. Intermediacy of glycolysis (A) and the TCA cycle (B), and contents of adenosine triphosphate (ATP), energy charge, nicotinamide adenine dinucleotide (NAD) and
dihydronicotinamide adenine dinucleotide phosphate (NADPH) in the spikes of the wheat cultivar LH6 (C).CK and DS represent well-water conditions and drought stress,
respectively. DS-Spd and DS-MGBG represent exogenous spermidine and the polyamine inhibitor propamidine hydrazone, respectively. The pathway diagram in (A) and (B)
were from Liu et al. [75] and Gao et al. [76]. The data were obtained from the 2022–2023 growing season of pot experiment. Values are means ± SD (n = 3). Different lowercase
letters denote significant differences (ANOVA, Fisher’s least significant difference test, P < 0.05). LH6, Luohan 6.
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by drought due to the differential drought resistance of the culti-
vars; however, the fructose and glucose contents in the leaves of
both cultivars increased under drought treatment, and the starch
content decreased in both cultivars. These findings indicated that
hexose utilization and starch synthesis in the leaves were inhibited
by drought. Exogenous PAs play a positive role in regulating
sucrose and starch synthases, thereby increasing sugar and starch
contents in tissues to enhance plant stress tolerance [38]. Both
the sucrose and starch contents of young spikes at the booting
stage were strongly significantly and positively correlated with
the number of fertile florets. In the present study, DS-Spd effec-
tively alleviated the drought-induced inhibition of sucrose cata-
bolic enzymes (SS-I, CWINV and INV) and AGPase activity in
young spikes of LH6, which promoted the synthesis of starch and
increased the glucose content in young spikes under drought
stress. Glucose undergoes glycolysis to produce pyruvate, which
further produces acetyl-CoA and enters the TCA cycle to produce
ATP, which is directly used by plants [17,18,19]. Hu et al. [18]
reported that drought reduces pyruvate content, leading to a
reduction in energy consumption, which subsequently leads to a
failure in the development of reproductive organs. Similarly,
exogenous Spd effectively increased the contents of fructose-1,6-
bisphosphate, 3-phosphoglycerate, 2-phosphoglycerate, phospho-
enolpyruvate and pyruvate in young spikes. Most glycolytic
metabolites are used in the biosynthesis of amino acids (e.g., ala-
nine, leucine and lysine) [72]. Thus, the effects of drought and
Spd on glycolytic intermediates further regulate amino acid syn-
thesis. Pires et al. [23] demonstrated that drought-induced meta-
bolic reprogramming led to the accumulation of TCA cycle
Fig. 7. Physiological mechanism of the effect of spermidine on floret degeneration under
impaired sugar and amino acid metabolism in young spikes induced severe floret degen
drought-induced peroxidation in spikes by increasing antioxidant enzyme activities. M
utilization by increasing the activities of invertase and key enzymes involved in nitrogen
homeostasis for the floret development process, which consequently reduced floret
spermidine under DS conditions. DS vs. CK, significant changes in indicators in DS treatme
Spd treatment compared to DS treatment; ROS, reactive oxygen species; SS-I, sucrose syn
vacuolar invertase; CWINV, cell wall invertase; NR, nitrate reductase; GS, glutamine
glutamate; Gln, glutamine; 2-KG, 2-ketoglutarate; G3P, glyceraldehyde-3phosphate; F-D
PEP, phosphoenolpyruvate, Pyr, pyruvate.
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intermediates, thus improving plant drought tolerance. Drought
induced an increase in the levels of citrate, cis-aconitate, isocitrate
and L-malate in young spikes. Interestingly, exogenous Spd further
increased the L-malate and cis-aconitate contents. Malate is essen-
tial for normal spike development, and injection of malate into
spikes of the spikelet apical abortion paab1-1 mutant alleviated
the spikelet degeneration phenotype [44]. However, 2-
ketoglutarate levels were significantly reduced in young spikes
under DS-MGBG conditions. Based on the knowledge that 2-
ketoglutarate can be converted by transaminases to glutamic acid,
it may also be the reason for the decrease in glutamic acid content
in young spikes.

Amino acids are precursors for the synthesis of secondary
metabolites, and their accumulation under stress may enhance
ROS scavenging and provide an additional pathway for energy sup-
ply [17,72]. Catabolic metabolites of BCAAs (e.g., isoleucine, leucine
and valine) provide substrates for the TCA cycle to produce more
ATP for adverse resistance and organism development [22,23].
There are interconversion pathways between BCAAs and gluta-
mate: glutamate produces alanine and leucine via alanine amino-
transferase, and in the presence of BCAA aminotransferases,
BCAAs are degraded to branched chain alpha-keto acids, which fur-
ther produce glutamate [23]. The contents of serine, lysine, tyro-
sine, asparagine, threonine and arginine significantly increased
under DS treatment. However, DS-Spd significantly increased the
enzyme activities of NR, GS, GOGAT and GDH in young spikes,
and the contents of glutamate, glutamine, serine, lysine and tyro-
sine were still reduced. Thus, Spd replenishes the energy supply
of plants by activating the respiratory pathway, which uses amino
drought stress. Under drought stress, the excessive accumulation of cellular ROS and
eration. Exogenous spermidine helped to increase leaf photosynthesis and alleviate
oreover, exogenous Spd promoted starch and sucrose metabolism and amino acid
metabolism. Further improvements in glycolysis and the TCA cycle provided energy
degeneration. CK, well-water conditions; DS, drought stress; DS-Spd, exogenous
nt compared to CK treatment; DS-Spd vs. DS, significant changes in indicators in DS-
thetase (cleavage direction); AGPase, ADP-glucose pyrophosphorylase; INV, soluble
synthetase; GOGAT, glutamate synthetase; NO3

�, nitrate; NH4
+, ammonium; Glu,

-P, fructose-1,6-bisphosphate; 3PG, 3-phosphoglycerate; 2PG, 2-phosphoglycerate;
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acids as alternative substrates. According to Hu et al. [18] and Yu
et al. [73], drought caused a significant decrease in the ATP content
in cotton pistils and anthers, which made pollination difficult.
However, the results of the present study are inconsistent with
previous results. In this study, the energy charge and NAPDH con-
tent tended to decrease significantly under DS, while the ATP con-
tent increased significantly, and the ATP energy gradually
recovered to the CK level after exogenous Spd treatment. This dif-
ference may be due to drought inhibiting the physiological activi-
ties of the florets, leading to a decrease in ATP consumption [74].
Overall, Spd promoted energy homeostasis for floret development
and grain number formation under drought stress by alleviating
sucrose and starch metabolism in young spikes and leaves and pro-
moting amino acid utilization, glycolysis and the TCA cycle in
young spikes.
5. Conclusions

Drought induces oxidative damage and excessive accumulation
of cellular ROS in spikes, which leads to increased apoptosis and
disturbed energy metabolism, thereby causing severe floret degen-
eration. Exogenous Spd contributes to increasing leaf photosynthe-
sis and alleviating drought-induced peroxidation in the spikes by
increasing antioxidant enzyme activity and PA metabolism. More-
over, exogenous Spd improved starch and sucrose metabolism;
promoted amino acid utilization, glycolysis and the TCA cycle;
and promoted energy homeostasis for floret development. Overall,
Spd facilitated the formation of a network of multiple metabolic
homeostasis pathways under drought stress, which alleviated
oxidative damage in young spikes, thereby reducing floret degen-
eration and providing sufficient energy for grain number formation
(Fig. 7).
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