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ABSTRACT: HVA22 is a gene induced by abscisic acid (ABA) and abiotic stress. Previous transcriptome data of
salt-tolerant Tritipyrum “Y1805” revealed that HVA22 was significantly upregulated under salt stress. Gene TtHVA22
was successfully amplified from “Y1805”, with an open reading frame of 468 bp and encoding a protein of 156 amino
acids. Gene TtHVAZ22 was transformed into bread wheat “1718” via coleoptile method. The relative expression level of
TtHVAZ22 in roots was remarkably higher than in stems and leaves under salt stress. During the seedling stage, the
TtHVA22 overexpression (OE) line exhibited less leaf wilting under salt stress than wild-type (WT) plants. Under
salt stress and recovery conditions, TtHVA22 OE significantly increased root length, plant height, fresh weight,
and dry weight compared to WT plants. Additionally, the levels of ABA, soluble sugars, soluble proteins, proline,
pyruvate, and photosynthetic pigments and peroxidase activity were significantly higher in the OE lines than in the
WT plants; however, their malondialdehyde content and relative conductivity were opposite. Two years of field data
demonstrated that stem diameter and grain yield per plant were significantly greater in the OE lines than the WT
plants. Therefore, wheat salt tolerance was improved in the TtHVA22 OE lines by osmotic regulation, antioxidation,
and chlorophyll stabilization.
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1 Introduction

More than 1.38 billion hectares of land worldwide are impacted by salinization, accounting for 10.7%
of the total global land area [1]. The total area of saline soil in China is 36 million hectares, approximately
4.88% of the total land area [2]. Soil salinization is one significant abiotic stress inhibiting global agricultural
production, seriously affecting crop growth and yield. Common wheat (Triticum aestivum L.) is one of the
most important food crops in the world [3], and understanding the salt-tolerance function of wheat and
breeding salt-tolerant wheat cultivars are key measures to use salinized land and ensure food security.

Under adverse conditions such as salinization [4], drought [5], cold [6], and high temperature [7],
the content of the stress hormone abscisic acid (ABA) in plants rises rapidly, thereby enhancing plant
stress resistance [8]. Abscisic acid plays an important role in the response to salt stress, promoting
stomatal closure [9], regulating ion absorption, transportation, and distribution in plants [10], inducing
the synthesis of stress proteins such as late embryogenesis abundant (LEA) proteins [11] under adverse
conditions, and eliminating excessive reactive oxygen species (ROS) [12]. The gene HVA22 (Hordeum
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vulgare ABA-responsive gene 22), initially discovered in barley (Hordeum vulgare L.), belongs to the LEA
family and is induced by ABA and adverse stress [13]. Its promoter region contains ABA response elements
and other stress response elements [14], and its expression is strongly induced by adverse stress, which is
significantly upregulated under abiotic stresses (including high salt, drought, and low temperature) [15,16].
The overexpression (OE) of HVA22 in barley significantly improves plant drought resistance, and the
mechanism is related to ABA-induced stomatal closure and water transpiration reduction [16]. In barley,
the expression level of HVA22 increases under salt stress, drought, and cold, and the mRNA level of HVA22
in dormant barley grains remains high after water absorption, but drops to an undetectable level after
12 h of water absorption in non-dormant grains [17]. In rice (Oryza sativa L.), OsHLP1 (OsHVA22-Like
Protein 1) interplays with OsATG8b and recruits the immune negative regulatory protein OsNTL6 into the
autophagosome for degradation, thereby activating rice resistance to rice blast [18].

Research on the stress resistance related to HVA22 genes has mainly focused on Arabidopsis thaliana [19],
barley [16], rice [18], cotton (Gossypium hirsutum L.) [20], tomato (Solanum lycopersicum L.) [21], and
oilseed rape (Brassica napus L.) [22]. However, there are few reports concerning TtHVAZ22 salt tolerance
in Tritipyrum. This study investigated the characteristics and salt-tolerant function of TtHVA22 using
bioinformatics analysis, phenotypic identification, and physiological and biochemical measurements of OE
lines, in order to breed salt-tolerant wheat.

2 Materials and Methods

2.1 Experimental Materials

The plant materials used were salt-tolerant octoploid (AABBDDEE) Tritipyrum “Y1805” and
salt-sensitive common wheat “Chinese Spring” and “1718”. The “Y1805” is a pure progeny from a wide
cross of common wheat (Triticum aestivum L.) and Thinopyrum elongatum, which not only includes the
A, B, and D chromosomes from the wheat parent, but also a set of E group chromosomes originated from
Th. elongatum. Tritipyrum “Y1805” has advantageous traits such as salt tolerance, early maturity, and
resistance to wheat powdery mildew and rusts. Gene TtHVA22 was transformed into the salt-sensitive
common wheat “1718” using the coleoptile method [23], and two out of 10 pure T3 OE lines were randomly
chosen for this experiment. The seeds of these plant materials were preserved in Guizhou Subcenter
of National Wheat Improvement Center. This study complies with relevant institutional, national, and
international guidelines and regulations.

2.2 Plant Growth Conditions and Salt-Stress Treatment

Seeds of two OE lines and the wild-type (WT) “1718” were disinfected by 75% alcohol for 1 min, and
then rinsed with water. They were placed in Petri dishes containing two layers of moist filter paper until
seeds began germinating. The seedlings were cultured with 1/2 Hoagland solution under a light cycle
of 16/8 h and temperature of 25/16°C (day/night). 250 mM NaCl was screened according to preliminary
gradient tests, and salt-stress treatment (1/2 Hoagland solution with 250 mM NaCl) began at the two-leaf
stage (about 14 d after germination). At 0 h (CK, control), 24 h of salt stress (T1), and 1 h after recovery (T2),
the roots, stems, and leaves of 10 uniform seedlings were sampled, immediately frozen in liquid nitrogen,
and stored at —80°C for gene cloning, real-time fluorescence quantitative PCR (qQPCR), and physiological
and biochemical analysis. The experiment included three biological replicates.
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2.3 Screening and Cloning of TtHVA22

Total RNA of Tritipyrum “Y1805” and wheat “Chinese Spring” was extracted with an Plant RNA
Kit (Omega, Guangzhou, China). After treatment with RNase-free DNase I (Takara, Dalian, China),
the concentration and quality of total RNA were determined. The cDNA library construction and
RNA-sequencing were carried out on the BGISEQ-500 platform at the Beijing Genomics Institute (BGI,
ShenZhen, China). An average of 10.54 Gb of clean data per sample was generated, with three biological
replicates in the experiment. Quality control and read trimming were conducted using SOAPnuke (BGI)
and Trimmomatic, respectively. The clean reads were mapped to the reference genomes (T. aestivum,
AABBDD and Th. elongatum, EE) by using HISAT?2 (v2.1.0) software. RSEM (v1.2.8) was used to quantify
gene expression levels. The differentially expressed gene was screened according to a false discovery rate
threshold < 0.01, p-value < 0.01, and absolute log,fold change (FC) value > 1 between salt-treated and
control samples using DESeq software [24]. The raw sequencing data have been deposited in the NCBI
SRA under accession number PRINA769794 (https://www.ncbi.nlm.nih.gov/sra/?term=PRJNA769794).

The specific primers according to the coding sequence of Tel5E01G132800 reference gene were designed
(Table S1). Then, the target gene was amplified by PCR using “Y1805” cDNA as the template. The target
fragment was recovered and purified using the DNA extraction and purification kit (Omega), and then
ligated in the pEGOEPubi-H OE vector, which had been modified to have a green fluorescent protein gene
for rapid transgenic detection. The inserted sequence was driven by a cauliflower mosaic virus (CaMV) 35S
promoter.

2.4 TtHVA22 Bioinformatics Analysis

The amino acid sequences of HVA22 homologous proteins in the NCBI database were compared using
Snapgene software. Open reading frames of the TtHVA22 protein were predicted using the online software
ORF Finder (https://www.ncbi.nlm.nih.gov/gorf/gorf.html). Its physicochemical properties were analyzed
using Expasy-PortParam (https://web.expasy.org/protparam/), subcellular localization determined through
Wolf Psort (https://wolfpsort.hgc.jp/), signal peptide analyzed using SignalP 4.1 (https://services.healthtech.
dtu.dk/services/SignalP-4.1/), hydrophilicity/hydrophobicity predicted using Expasy-ProtScale (https://
web.expasy.org/protscale/), phosphorylation sites analyzed using NetPhos 3.1 (https://services.healthtech.
dtu.dk/services/NetPhos-3.1/), and transmembrane domains analyzed using THHMM 2.0 (https://services.
healthtech.dtu.dk/services/TMHMM-2.0/). Its protein domains were analyzed using Conserved Domains in
the NCBI database (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi), secondary structure predicted
using Sompa (https://npsa.lyon.inserm.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_sopma.html), tertiary
structure predicted using Swiss Model (https://swissmodel.expasy.org/), homologous sequences retrieved in
the NCBI database using Blast, and a phylogenetic tree constructed using MEGA-X software (with Bootstrap
tests set at 1000).

2.5 TtHVA22 Genetic Transformation

Gene TtHVAZ22 was transformed into the salt-sensitive common wheat “1718” using the coleoptile
method [23]. In brief, the OE vector harboring the TtHVA22 gene was introduced into Agrobacterium strain
EHA105 (Takara). The meristem of coleoptile tips was cut and soaked in Agrobacterium inoculum under
15 KPa vacuum for 5 min infection. Then, these coleoptiles were kept humidity by covering a plastic bag
and put in the dark for 3 days before peat culture. Positive transgenic plants were preliminarily screened
by PCR, and then single-copy transgenic plants were detected by qPCR for the subsequent experiments.
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2.6 Determination of TtHVA22 Copy Number by qPCR

The genomic DNAs from WT plants and plasmid DNA harboring the TtHVA22 gene were independently
extracted, and the Pinb-D1 (single-copy) and TtHVAZ22 genes were amplified using the specific primers
(Table S1). The reaction mixture was prepared according to the instructions of a 2x RealStar Fast SYBR
gPCR Mix kit (Cas No. A301-10, GenStar, Beijing, China) (Table S2). The PCR program was as follows: 95°C
for 30 s followed by 40 cycles of 95°C for 5 s, 60°C for 30 s, and 72°C for 15 s. qPCR standard curves for the
Pinb-D1 and TtHVAZ22 genes were generated as reference [25,26]. Subsequently, the OE lines were detected
for TtHVA22 copy number using the above methods. Each sample included three biological replications and
three technical replications.

2.7 Analysis of TtHVA22 Expression Pattern

We ground the root, stem, and leaf samples of the TtHVA22 OE line and WT plants into powder in liquid
nitrogen. Their total RNA was extracted with a Plant RNA Kit and then reverse transcribed into cDNA. The
specific primers spanning the 35S-CDS junction were designed (Tables S1, S3 and S4) to detect TtHVA22
relative expression level under salt stress. The reaction mixture for PCR was prepared as described in
Section 2.6. The PCR program was as follows: 95°C for 2 min followed by 40 cycles of 95°C for 15 s, 60°C for
15 s, and 72°C for 15 s. Housekeeping 18S rRNA and f-actin were used as internal reference genes [27-29],
and gene relative expression level was calculated by 2724¢T method [30].

2.8 Phenotypic and Physiological-Biochemical Analysis of TtHVA22

The samples of WT plants and the OF lines were collected during the CK, T1, and T2 stages. Root
length, plant height, and plant fresh/dry weight of the seedlings were determined.

The contents of soluble sugar (via anthrone colorimetric reaction; Cas No. AKPL008M, Boxbio,
Beijing, China), soluble protein (via Coomassie Brilliant Blue staining; Cas No. AKPR015, Boxbio),
proline (by acidic ninhydrin colorimetric method; Cas No. AKAMO003M, Boxbio), pyruvic acid (by
2,4-dinitrophenylhydrazine colorimetric method; Cas No. AKAC002M, Boxbio), and malondialdehyde
(via thiobarbituric acid colorimetric assay; Cas No. AKFA013M, Boxbio) in the leaves, as well as peroxidase
activity (via guaiacol method; Cas No. AKAO005M, Boxbio) were determined according to the appropriate
kit’s instructions, and one unit (U) of enzyme activity was defined as a change in absorbance by 0.005 at
470 nm min~! g~! sample fresh weight at 25°C. The ABA content in leaves was measured using an ELISA
kit (Cas No. SY-01051P1, Sinceyanbiomart, Yancheng, China). The contents of photosynthetic pigments in
leaves were determined by ethanol extraction colorimetric method [31]. Root relative conductivity was
determined according to Song et al. [32].

2.9 Data Analysis

Data analysis and graph drawing were performed using GraphPad Prism 10.1.2 (GraphPad Software,
San Diego, CA, USA). A two-way analysis of variance was employed after evaluating homogeneity of
variances (by Brown-Forsythe test, p > 0.05) and normality of residuals [by Quartile-Quartile (Q-Q) plot
test], followed by Tukey’s honestly significant difference (HSD) post-hoc tests.
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3 Results
3.1 Screening and Cloning of TtHVA22

Previous transcriptome analysis of Tritipyrum “Y1805” demonstrated that gene Tel5E01G132800 from
Th. elongatum was significantly upregulated under salt stress (log,FC = 7.33). However, its expression
level rapidly decreased after recovery (log,FC = 3.08) (Table S5). In contrast, Tel5E01G132800 showed
no expression under salt stress and recovery conditions in salt-sensitive wheat “Chinese Spring.” Blast
alignment results indicated that the amino acid sequence encoded by this gene contained the TB2-DP1
domain. Thus, it might belong to the HVA22 protein family. Based on the Tel5E01G132800 reference gene,
specific primers were designed (Table S1). A cDNA fragment of 468 bp was successfully amplified from
“Y1805” (Fig. 1A). This gene shared 97.05% homology with Tel5E01G132800 and was named TtHVA22 (Fig. 1B).

TtHVA22 [ATGAGCAAGCTCTGGACGATCCTCACCCACCT{@CACACCCTHGCAGGGCC Rl

b M 1 2 TelSE01G132800 [ATGAGCAAGCTCTGGACGATCCT CACCCACCTRICACACCCTOGCAGGGCC R
p Consensus atgagcaagctct ggacgatcctcacccacct cacaccct gcagggec

TtHVA22 TGGCGTGATGCTCCTGTACCCCTTGTATGCGTCGGTGC. G/ 100

TelSE01G132800 TGGCGTGATGCTCCTGTACCCCTTGTATGCGTCG 5/ 100

Consensus

2000 THVA22 5CCCGTCGAAGCT GG "GAECAGT GGCTGGCCTACT GGAT CCTCT AC SRl
TelSE01G132800 GCCCGTCGAAGCTGG “GAMCAGT GGCTGGCCTACT GGAT CCTCTAC ISR
1500 Consensus
TtHVA22 TCCTTCGTCACGCTCGTCGAGATGGTCCTCGAG CATCTACT GGAT| 200
TelSE01G132800 TCCTTCGTCACGCTCGTCGAGATGGTCCT CGA CATCTACTGGAT RS

Consensus

1000
750

TtHVA22 [ACCGATCTGGTACGAGCTGAAGCTGCTGT TCCTGGCGTGGCTGGCG!
TelSE01G132800 JACCGATCTGGTACGAGCTGAAGCTGCTGT TCCTGGCGTGGCTGGCGCT GC|
Consensus accgatctggtacgagctgaagetgetgttcect ggegtgget ct ge

250
250

TtHVA22 [CCAACTTCAGGGGAGCGGCCTTCATCTACGACAGGTTCGTCAGGGAGCAG,| 300
TelSE01G132800 [CCAACTTCAGGGGAGCGGCCTTCATCTACGACAGGTTCGTCAGGGAGCAG] 300
Consensus

500

TtHVA22
TelSE01G132800
Consensus

348
350

TtHVA22
TelSE01G132800
Consensus

397
400

TtHVA22 GTTCCTCTECT TC[EEY]
TelSE01G132800 SCARGTTCCTCT{€CT TC R

Consensus cgacgtctcccaaggagaaggagaacgeccaagageca gttcetcet ctte

TtHVA22
TelSE01G132800 A/
Consensus gtcgetcccaagaaagatcac

468
474

Figure 1: PCR product of TtHVA22, and the cDNA sequence comparison between genes TtHVA22 and Tel5E01G132800.
(A) Lanes 1 and 2: target band of TtHVA22. M: D2000 marker. (B) Blue color indicates different bases.

3.2 Bioinformatics Analysis of TtHVA22 Protein

Bioinformatics analysis revealed that the TtHVA22 protein contained 156 amino acids, with a molecular
formula of Cgy7H1264N2060224S4, a relative molecular mass of 17.80 kDa, a theoretical isoelectric point of
8.76, an instability index of 34.91, and an aliphatic index of 93.78. The TtHVA22 was a dual-transmembrane
protein, and had no signal peptide (Fig. 2A). The signal peptide sequence generally refers to the amino
acid sequence at the N-terminal for transmembrane transfer. This sequence is usually present in secretory
proteins, suggesting that TtHVA22 was a non-secretory protein. The average hydrophilicity index (GRAVY)
value of TtHVA22 was —0.12 (Fig. 2B), suggesting that it was a hydrophilic protein. The phosphorylation
site prediction showed that the serine (13), threonine (1), and tyrosine sites (1) had scores above 0.5 (Fig. 2C),
suggesting that TtHVA22 contains predicted phosphorylation sites, primarily at serine residues, which
may be involved in salt-stress signaling. The protein contained two transmembrane domains, located at
amino acids 7-29 and 44-66 (Fig. 2D). The conserved domain (TB2-DP1-HVA22) of TtHVA22 was located
at amino acids 24-98 (Fig. 2E). This protein had three types of secondary structures, including «-helices,
random coils, and extended chains (Fig. 2F). Homology modeling showed that the similarity between the
model and AOA1E5W487.1.A (an HVA22-like protein) was 84.62%, which met model standard (Fig. 2G). The
phylogenetic tree of HVA22 protein sequences from diverse species clustered TtHVA22 with common wheat



and Th. elongatum Tel5E01G132800 into one category (Fig. 2H). Therefore, TtHVA22 was evolutionarily and
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functionally similar to common wheat and Th. elongatum.
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Figure 2: Bioinformatics analysis of TtHVA22 protein. (A) Signal peptide. (B) Hydrophilicity/hydrophobicity.
(C) Phosphorylation site. (D) Transmembrane domain. (E) Protein domain. (F) Secondary structure. (G) Tertiary
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3.3 Detection of TtHVA22 Copy Number in the OE Lines

Using the linear relationship between the Ct values and their corresponding logarithmic values of
different initial template concentrations, we obtained the standard curves of the two genes (Fig. 3). They
were y = —0.3527x + 23.638 (R? = 0.9963) for Pinb-D1 and y = —0.3433x + 16.785 (R? = 0.9933) for TtHVA22.
The correlation coefficients of the two standard curves were almost 1, showing that they could be adopted
to detect gene copy numbers of the OE lines. The two OE lines were single-copy (Table S6), which were
used for the subsequent experiments.

A TtHVA22 B Pinb-D1
154 y=-03433x + 16.785 15+ y =-0.3527x + 23.638
R*=0.0033 R*=0.0063
£ 144 2 14-
= =
% 137 % 131
& &
- 124 - 124
l-l 1 1 ] 1 ] 1 -I-l 1 ] 1 ] 1
06 8 10 12 14 16 18 26 28 30 32 34 36
Ctvalue Ct value

Figure 3: Standard curves of the TtHVA22 (A) and Pinb-D1 (B) genes. The logarithm of the initial template copy
number are displayed on the y-axis and the Ct value on the x-axis.

3.4 Expression Pattern of TtHVA22

The response of TtHVA22 to salt stress was detected by qPCR. Under salt stress, the expression level of
TtHVAZ22 in roots was the highest, followed by stems and leaves (Fig. 4A-D). Expression of TtHVA22 in
roots of the two OE lines were 2.63- and 2.95-fold those of the WT plants (Fig. 4A). Expression of TtHVA22
in roots of OE line was the highest at 24 h of salt stress, and rapidly reduced in the recovery period. Thus,

roots of the TtHVA22 OE lines were highly sensitive to salt stress and likely allowed for rapid adaptation to
salt stress.

3.5 Phenotype of TtHVA22 OE Lines under Salt Stress

After 5 h and 24 h of salt stresses, some leaves of WT plants showed wilting and lodging, while those
of the TtHVA22 OE lines remained more straighter, with no obvious changes (Fig. 5A-E). Under 24 h of
salt stress (T1) and 1 h of recovery (T2) conditions, root length, plant height, and fresh/dry weight were
significantly greater for the two OE lines than WT plants (Fig. 6). This indicated a stronger inhibitory
effect of salt stress on growth of WT plants compared to OE lines. As a result, plant salt tolerance could be
enhanced in the TtHVA22 OE lines.

3.6 ABA and Osmolyte Levels in TtHVA22 OE Lines

Under adverse conditions, the ABA content in plants increases rapidly, as does their stress
resistance [33]. In the normal (CK), T1, and T2 periods, the ABA content was markedly higher in the two
OE lines than in WT plants (Fig. 7A). Thus, wheat ABA content increased and salt tolerance could be
improved in the OE lines.
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Osmolytes such as soluble sugar [34], soluble protein [35], and proline [36] can help plants cope with
osmotic stress and ion toxicity caused by high salt environments, thereby maintaining normal growth and
metabolism. Under normal, salt stress, and recovery conditions, the contents of soluble sugars, soluble
proteins, and proline were markedly higher in the two OE lines than in WT plants (Fig. 7B-D). At the T1
stage, soluble sugar content in the OE-1 and OE-2 lines was 33.95% and 53.77% higher than in the WT plants,
respectively; correspondingly, soluble protein content was 29.70% and 40.00% higher and proline content was
24.40% and 67.72% higher, respectively. We concluded that the OE lines could rapidly regulate cell osmolyte
contents, enhance water absorption and retention capacity, and thereby improve plant salt tolerance.

= WT
OE-1
== OE-2
A * %k % %k %k *k ¥
I I I
4 2.5+
£ g
g g5
- % 20
E 34 E=|
7 21
£ 2- :
B A 104
3 R
- @
» 14 :
2 £ 0.5
3 z
) = 00

I
=
1

1.54

1.0+

Relative expression

Relative expression in leaves

T1 Root

Sampling period

Figure 4: The qPCR determination of TtHVA22 expression levels in wild-type and overexpression plants. (A) TtHVA22
relative expression levels in roots. (B) TtHVAZ22 relative expression levels in stems. (C) TtHVA22 relative expression
levels in leaves. (D) TtHVAZ22 relative expression levels in roots, stems, and leaves after 24 h of salt stress. CK, T1 and
T2 represent the control, 24 h after salt stress, and 1 h after recovery, respectively. Data are presented as means + SDs
(n = 3). The significance between the WT plants and OE line was analyzed: *represents p < 0.05; **represents p < 0.01;
***represents p < 0.001; and ****represents p < 0.0001.
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Figure 5: Effect of salt stress on wheat phenotype at the seedling stage. (A,D) Wild-type plants and TtHVA22
overexpression line under normal condition. (B) Wild-type plants and TtHVAZ22 overexpression line after 5 h of salt
stress. (C,E) Wild-type plants and TtHVA22 overexpression plants after 24 h of salt stress. The red arrows indicate
severe wilting of leaves. Scale bar = 5 cm.
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lines was analyzed: *represents p < 0.05; **represents p < 0.01; ***represents p < 0.001; and ****represents p < 0.0001.
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Figure 7: Effects of salt stress and recovery on contents of abscisic acid and osmolytes in the overexpression lines.
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3.7 Effect of TtHVA22 OE on Antioxidant Capacity

Peroxidase activity level can reflect the internal metabolic status of plants and can be an indicator
of wheat adaptability and salt tolerance under salt stress [37]. At the T1 stage, peroxidase activity was
significantly higher for the two OE lines than the WT plants, with the highest activity in OE-1, at 58.38%
higher than WT plants. At the T2 stage, peroxidase activities of the OE lines continued to increase, and
were 4922.67 and 4322.67 U/g FW higher than WT plants, respectively (Fig. 8A). Pyruvate content had a
similar trend to peroxidase activity (Fig. 8B). Pyruvate participates in energy supply, material synthesis, and
antioxidation [38]. The increase in peroxidase activity and pyruvate content in the OE lines could remove
redundant ROS within cells, and enhance wheat salt tolerance under salt stress.

Accumulation of ROS causes membrane lipid peroxidation and permeability. This will enhance
levels of malondialdehyde and relative conductivity [39,40]. In the CK, T1, and T2 periods, the levels of
malondialdehyde and relative conductivity were significantly lower in the OE lines than the WT plants.
The levels of malondialdehyde and relative conductivity in the OE lines and WT plants rose at the T1 stage,
but fell at the T2 stage (Fig. 8C,D). This indicated a lower degree of membrane damage in OE lines than in
WT plants under salt stress. This further revealed that membrane damage reduced and plant salt tolerance
could be enhanced in the OE lines.
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Figure 8: Effects of salt stress and recovery on antioxidant capacity in wheat. (A) Peroxidase activity. (B) Pyruvate
content. (C) Malondialdehyde content. (D) Relative conductivity. CK, T1 and T2 represent the control, 24 h after salt
stress, and 1 h after recovery, respectively. Data are presented as means + SDs (n = 3). The significance between the
WT plants and OE lines was analyzed: *represents p < 0.05; ***represents p < 0.001; and ****represents p < 0.0001.
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3.8 TtHVA22 OE Effect on Photosynthetic Pigment Contents

Photosynthetic pigments can absorb, transfer, and convert light energy, and produce carbohydrate to
maintain plant growth and metabolism [38]. Under normal conditions, contents of the three photosynthetic
pigments of the OE lines were higher than in WT plants (Fig. 9). At the T1 and T2 stages, contents of
chlorophyll a and b in both the OE lines and the WT plants decreased (Fig. 9A,B) but were significantly
higher in OF lines than WT plants. Therefore, higher chlorophyll contents could be maintained, and more
organic materials might be synthesized to maintain plant growth and metabolism in the OF lines under
salt stress.

During the CK, T1, and T2 periods, the carotenoid content of both OE lines displayed a trend of
initial increase and then decrease (Fig. 9C). Under salt-stress conditions, although the carotenoid content of
all wheat plants increased, content of the OE-1 and OE-2 lines was 1.30 and 1.36 mg/g FW, respectively,
remarkably higher than that of WT plants at only 1.07 mg/g FW. Therefore, photosynthetic pigments were

more stable in the OE lines than WT plants. This contributed to plant photosynthesis and growth under
salt stress.

[
1

Chlorophyll a content (mg=g* FW)

Chlorophyll b condent (mgrg™ F W)
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Figure 9: Effects of salt stress and recovery on wheat photosynthetic pigment contents. (A) Chlorophyll a content.
(B) Chlorophyll b content. (C) Carotenoid content. CK, T1 and T2 represent the control, 24 h after salt stress, and 1 h

after recovery, respectively. Data are presented as means £ SDs (n = 3). The significance between the WT plants and
OE lines was analyzed: *“represents p < 0.01; and ****represents p < 0.0001.

3.9 Correlations between Physiological and Biochemical Indicators

Proline content did not correlate with soluble sugar, malondialdehyde, and chlorophyll a contents,
nor relative conductivity (Table S7). All the other parameters correlated significantly with each other.
The levels of ABA, soluble proteins, pyruvate, chlorophyll b, carotenoid, and peroxidase activity were
significantly positively correlated with each other. These results demonstrated that these substances might
work together to form a defense network for protecting wheat under salt stress.

3.10 TtHVA22 OE Effects on Agronomic Traits

In 2024 and 2025, plant height was significantly lower for the OE lines than WT plants. Stem diameter,
flag leaf length/width, tiller number, spike length, spikelet number, 1000-grain weight, and grain yield per
plant were remarkably higher for the OE lines than WT plants in the two years (Fig. 10A-I). The results
indicated better agronomic traits for the OF lines. The shorter plant height and thicker stems of the OE
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lines improved lodging resistance. The large flag leaves of the OE lines could promote photosynthetic
capacity compared to the WT plants, thereby enhancing wheat grain growth.

Grain yield per plant was significantly positively correlated with stem diameter, flag leaf area, tiller
number, spike length, spikelet number, and 1000-grain weight (p < 0.05) in both 2024 and 2025, while plant
height was negatively correlated with grain yield per plant (2024: r = —0.763, p = 0.0167; 2025: r = —0.856,
p = 0.0032) (Table S8). Thus, these correlated traits might play key roles in enhancing grain yield.
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Figure 10: Effects of TtHVA22 overexpression on wheat agronomic traits during the reproductive growth period.
(A) Plant height. (B) Stem diameter. (C) Flag leaf length. (D) Flag leaf width. (E) Tiller number. (F) Spike length.
(G) Spikelet number. (H) The 1000-grain weight. (I) Grain yield per plant. Data are presented as means + SDs (n = 3).
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The significance between the WT plants and OE lines was analyzed: **represents p < 0.01; ***represents p < 0.001;

and **** represents p < 0.0001.

4 Discussion

4.1 TtHVA22 Cloning and Expression Pattern

Protein HVA22 and its homologs have been found in various organisms, including plants [18,21],
animals [41,42], and fungi [22], indicating their significance in cellular physiological processes. In this study,
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TtHVA22 cloned from salt-tolerant Tritipyrum “Y1805” encoded a hydrophilic protein with 156 amino acids
and contained transmembrane structures. The phylogenetic tree showed that TtHVA22 and homologs from
common wheat and Th. elongatum were grouped in the same branch (Fig. 2H), suggesting that TtHVA22
was evolutionarily and functionally similar to common wheat and Th. elongatum.

In Arabidopsis thaliana, AtHVA22-E OE can enhance plant salt tolerance, while knockout of HVA22
makes plants more sensitive to adverse stress [19]. The GhHVA22E1D gene in cotton plays a positive role in
plant response to salt and drought stresses; GRHVA22E1D OE can increase cotton salt and drought tolerance,
while silencing GhHVA22E1D reduces plant salt and drought tolerance [20]. Similar results were obtained in
our experiment. The TtHVA22 expression level in roots increased under salt stress (Fig. 4). Plant roots were
directly and severely influenced by salt stress, which led to a remarkably higher expression of TtHVA22
in roots compared to WT plants. Therefore, TtHVA22 expression was highly upregulated and sensitive in
roots under salt stress.

4.2 Wheat Salt Tolerance Was Enhanced in the OE Lines

Salt stress promotes ABA accumulation by activating the key genes (such as TaNCED) in the ABA
synthesis pathway [43]. In a saline environment, ABA can alleviate plant damage by regulating ion transport,
stomatal aperture, osmolyte synthesis, and the antioxidant system [44,45]. Here, ABA contents of OE-1 and
OE-2 lines were 1.39- and 1.46-fold that of WT plants at the T1 stage, respectively (Fig. 7A). ABA content
could increase quickly under salt stress, which contributed to enhancing plant salt tolerance in the OE lines.

Under salt stress, wheat accumulates osmolytes (including soluble sugars, proline, and soluble proteins)
to reduce cellular osmotic potential, thereby promoting water uptake from the external environment and
maintaining cell turgor pressure and normal physiological functions. In this experiment, the OE lines had
1.34- to 1.54-fold soluble sugar and 1.30- to 1.40-fold soluble protein levels compared to WT plants under
salt stress (Fig. 7B,C), possibly enhancing their osmotic adjustment capacity, maintaining cellular water
balance, and reducing cellular damage by salt stress. Additionally, proline can protect membrane systems
and enzyme activities, scavenge ROS, and reduce plant malondialdehyde content [46]. Proline interacts
with the ABA signaling pathway to modulate stress-related gene expression [47]. In this work, proline
contents were significantly higher in the OE-1 and OE-2 lines than WT plants at the T1 stage (Fig. 7D).
Overall, osmolyte levels increased, cell osmotic potential decreased, and cell water loss was alleviated in
the OE lines under salt stress.

Under environmental stress, plants usually accumulate excessive ROS, which triggers lipid peroxidation
reactions, generating toxic substances, and damaging the integrity and fluidity of membrane structures,
leading to ion leakage and impaired cellular function [48,49]. The ROS can cause protein function loss
or even degradation through amino acid residue modification [50]. Relative conductivity is positively
correlated with cell membrane damage [39,41]. The oxidative damage caused by ROS is one core mechanism
of salt-stress injury in wheat, and salt-tolerant wheat varieties usually effectively control ROS level by
enhancing antioxidant enzyme activity or accumulating non-enzyme antioxidants to alleviate the harm.
Tomato plants with silenced SIHVAZ22 had higher levels of hydrogen peroxide and malondialdehyde, and
significantly reduced antioxidant enzyme activities after drought treatment, indicating that SIHVA22 plays
an important role in drought resistance [21]. Here, the peroxidase activity was still higher in the OE-1 and
OE-2 lines than WT plants at the T2 stage (Fig. 8A). The relative conductivity and malondialdehyde content
were significantly higher for WT plants than the OE lines (Fig. 8C,D). The increase in peroxidase activity
could remove harmful ROS in the OF lines, and enhance wheat salt tolerance under salt stress.
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Under salt stress, chlorophyll is not only a core functional substance for photosynthesis, but also a
sensitive indicator of stress damage [51]. Salt stress hinders photosynthesis by inducing osmotic stress
and ion toxicity in crops, and significantly reduces chlorophyll content in wheat leaves [52,53]. Here,
chlorophyll contents were remarkably lower in WT plants than OE lines under salt stress and recovery
conditions (Fig. 9A,B). Carotenoid levels are positively correlated with salt tolerance, as carotenoids quench
singlet oxygen and scavenge free radicals, thereby reducing photooxidative damage [54]. Additionally,
carotenoids serve as precursors for ABA synthesis, and their accumulation may enhance salt tolerance
through the ABA signaling pathway [55]. In this work, carotenoid contents were remarkably higher in the
OE lines than WT plants at the T1 stage (Fig. 9C). The stability of photosynthetic pigment content and
structure directly reflected stability of the photosynthetic apparatus, and improved salt tolerance depended
on protecting photosynthetic pigments through multiple mechanisms such as ion balance, antioxidant
defense, and hormone regulation [56]. The photosynthetic pigments were more stable in the OF lines than
WT plants, which may contribute to plant photosynthesis and growth under salt stress.

The recovery period of 1 h was screened by the preliminary tests. However, the recovery period
was too short to reflect physiological recovery. We will extend the recovery period (e.g., 24 h) in the
future experiments.

Agronomic traits are closely related to wheat yield, quality, stress resistance, and adaptability [57,58].
Dwarf wheat plants are less likely to experience stem breakage or lodging [59]. The flag leaves, as the core
of wheat “source” organ, directly determine the size and fullness of the “sink” (grains), maintain a certain
photosynthetic capacity under adverse conditions, and reduce stress impact on grain development, which
is a key link among photosynthesis, stress resistance, and yield formation [60,61]. In the spring of 2024 and
of 2025, severe lodging occurred in the WT plants in the field, while the OE lines showed strong lodging
resistance due to their short and thick stems. In addition, the length and width of flag leaves, spike length,
tiller number, spikelet number, 1000-grain weight, and grain yield per plant were remarkably greater in OE
lines than WT plants (Fig. 10). The results revealed that not only wheat salt tolerance but also growth and
yield were improved in the OE lines.

5 Conclusion

Based on previous transcriptome data of Tritipyrum “Y1805”, the salt-tolerant gene TtHVA22 was
screened and cloned. Growth and physiological indicators proved that salt-stress damage could be alleviated
in the OF lines. Under salt stress, TtHVA22 was upregulated in roots. It could alleviate salt-stress damage
by enhancing the levels of ABA and osmolytes and impacting the antioxidant capacity and photosynthetic
pigment stability. Additionally, wheat lodging resistance and yield were improved in the OE lines. Therefore,
Tritipyrum TtHVA22 was a precious gene for salt-tolerant wheat breeding.
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