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Abstract: ADP-glucose pyrophosphorylase (AGPase), which is a key enzyme in the starch biosynthe-
sis pathway, plays a critical role in barley grain development. Despite its importance, the regulatory
mechanisms governing AGPase expression, particularly the influence of plant hormones, remain
poorly understood in barley. To address this, we identified and characterized the HvAGPS2b gene,
which encodes the AGPase small subunit. The full-length HvAGPS2b gene was cloned from the
barley database and expressed as a recombinant protein using the pET-30a system. Polyclonal
antibodies were prepared against HvAGPS2b to facilitate detailed analysis. Our findings revealed
that HvAGPS2b, as a small subunit of the rate-limiting enzyme AGPase, is integral to the later
stages of grain development. Furthermore, RT-qPCR and Western blotting analyses showed that
the phytohormones ABA, GA, ETH, and BR significantly upregulated the expression of AGPase
small subunits. These results underscore the vital role of plant hormones in modulating AGPS2b
expression, thereby influencing grain development. This study provides significant insights into the
hormonal regulation of starch biosynthesis and establishes a foundation for further investigation into
the functional dynamics of AGPase in barley.

Keywords: HvAGPS2b; antibody preparation; hormone regulation; starch; barley; AGPase; protein
expression

1. Introduction

Starch serves as the primary energy reserve in plant seeds and constitutes a significant
source of energy for humans, contributing approximately 80% of caloric intake world-
wide [1]. In barley (Hordeum vulgare ssp. vulgare), starch comprises 60–70% of grain dry
weight, acting as both a crucial energy store and a valuable industrial raw material [2].
As the fourth largest cereal crop globally, following wheat, rice, and maize, barley plays
an essential role in food security and is especially important in Tibetan regions where it
serves as a staple food. Barley is extensively used in animal feed, malt production, and
beer brewing due to its high starch content, which averages between 58 and 67 g per 100 g
of grain [3]. Consequently, barley starch is essential not only in traditional food processing
but also as a fundamental component in the brewing industry [4]. The synthesis of grain
starch is a complex process, which is regulated by several starch synthases. The key en-
zymes of starch synthesis mainly include starch synthase (SS), starch branching enzyme
(SBE), starch debranching enzyme (DBE), and adenosine diphosphate glucose pyrophos-
phorylase (AGPase) [5]. SS is responsible for elongating the α-1,4 glycosidic linkages in
branched-chain starch. Several isoforms of this enzyme exist, making it the most diverse in
terms of isoenzymes and functionality among the enzymes involved in starch synthesis [6].
SBE facilitates the branching of the polysaccharide chain by catalyzing the cleavage of
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the α-1,4 glycosidic bonds within the polysaccharide, releasing the reducing end to form
α-1,6 glycosidic bonds, which attach to soluble sugar chains to create branches [7]. The DBE
is generally recognized to remove irregularly branched chains that inhibit the crystallization
of starch granules. AGPase catalyzes the reaction between glucose 1-phosphate (G-1-P)
and adenosine triphosphate (ATP) to produce adenosine diphosphate glucose (ADPG)
and pyrophosphate (PPi) [8]. This reaction supplies the sugar groups necessary for starch
biosynthesis, and the activity of AGPase directly influences starch content.

AGPase is an important enzyme involved in starch synthesis in higher plants. Known
as the rate-limiting enzyme in this pathway, it plays a crucial role in determining the rate
and extent of starch biosynthesis [9]. AGPase is a heterotetramer composed of large and
small subunits, both of which are indispensable for its catalytic function and regulation [10].
The large subunit primarily serves a regulatory role, while the small subunit is mainly
responsible for the catalytic activity of the enzyme [11–14]. Together, these subunits coordi-
nate to control the synthesis of starch in plant cells. AGPase is encoded by multiple genes in
plants, and its expression is specific to tissue types and developmental stages, resulting in
various forms of AGPase. In cereal crop endosperms such as maize, rice, and wheat, at least
two distinct AGPases have been identified, plastid-type AGPase and cytoplasmic AGPase,
which synthesize ADPG in the plastid and cytoplasm, respectively [15–17]. The regulation
of AGPase activity is known to occur through three main mechanisms: allosteric regulation,
redox regulation, and thermal stability [18–20]. The catalytic activity of AGPase in higher
plants is regulated by metabolic intermediates, with the sensitivity of enzymes to these ef-
fectors varying depending on tissue type, plastid type, and, in the case of cereal endosperm,
its subcellular localization [21]. Redox regulation of AGPase is a mechanism that makes
its activity responsive to fluctuations in light and sugar levels [22,23], and its regulation
is associated with small subunit cysteines. Temperature also affects AGPase activity, and
altering the metastable nature or thermal stability of AGPase can significantly increase
starch content and starch metabolism, thereby increasing seed yield [24]. Additionally,
phosphorylation plays a crucial role in modulating AGPase function. Previous studies have
demonstrated that mutations at phosphorylation sites can significantly enhance AGPase
activity, thereby influencing the overall activity and efficiency of the enzyme [25]. These
regulatory mechanisms significantly impact the activity of AGPase, leading to substantial
changes in starch content and conversion rates within plant tissues.

The small subunit of AGPase is the catalytic center and a crucial site for enzyme
allosteric effects, playing a vital role in starch biosynthesis [26]. Notably, the sequence con-
servation of the small subunit is greater between species than within species, highlighting
its evolutionary significance. In barley, the small subunit is encoded by the HvAGPS1 and
HvAGPS2 genes [27]. In maize (Zea mays ssp. mays L.), the AGPS2 gene produces two
transcripts, bt2a, and bt2b, which exhibit distinct expression patterns; bt2a is primarily
expressed in the endosperm, while bt2b is found in the endosperm, embryo, root, and
leaf, with the strongest expression in the leaf [28]. Similarly, barley possesses two AGPS2
transcripts, named HvAGPS2a and HvAGPS2b, although the precise differences in their
tissue-specific expression remain unclear. The presence of multiple transcripts of the small
subunit is not universal among crops. For instance, two organ-specific small subunit
isozymes have been identified in beans(Phaseolus vulgaris L.) and maize [29–31]. However,
only a single small subunit gene has been found in potato (Solanum tuberosum L.), rice
(Oryza sativa L.), and arabidopsis (Arabidopsis thaliana (L.) Heynh.) [32–34]. Interestingly,
Chen et al. demonstrated that overexpressing the AGPase small subunit gene could sig-
nificantly enhance starch content in tobacco leaves, indicating the significant role of small
subunits in starch synthesis across various plant species [35]. Research has shown that in
different plants, such as rice, maize, wheat, and potatoes, antibodies serve as an important
molecular tool to study the structure and function of AGPase. For example, scientists
utilized antibodies targeting the large subunit of rice and the small subunit of potato and,
through immunoblotting, observed that dimers were absent between large subunits un-
der rice reduction regulation but were present between small subunits, highlighting the
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unique structural role in AGPase subunits’ functionality [36,37]. The preparation of highly
sensitive and specific antibodies is crucial for studying the function of the small subunit in
AGPase. Such antibodies can elucidate the structural dynamics and regulatory mechanisms
of AGPase, thereby advancing our understanding of starch biosynthesis and its modulation
in different plant species.

HvAGPS2b is a small subunit of the rate-limiting enzyme HvAGPase in starch synthesis
in barley. While the basic function of the homologous genes in other crops has been well
established, there remains a lack of comprehensive research at the protein level in barley. To
address this gap, our study focuses on the preparation of a polyclonal antibody specific to
the small subunit HvAGPS2b. This research aims to elucidate the protein expression levels
of HvAGPS2b during various stages of grain development and under hormonal regulation.
By doing so, we aim to provide a theoretical foundation for future studies on the regulatory
mechanisms of AGPase in starch synthesis.

2. Materials and Methods
2.1. Experimental Materials

Barley cultivar Kangqing No. 1 was cultivated at the Chengdu Experimental Station
of Sichuan Agricultural University (latitude: 30.71241; longitude: 103.85851). Samples were
collected at 5, 10, 15, 20, 25, and 30 days after anthesis (DAA). Seeds were harvested at
25 DAA and treated with 50 µM abscisic acid (ABA), gibberellins (GA), ethylene (ETH), and
brassinosteroid (BR) hormones. Following hormone treatment, seeds were fully imbibed
in the dark at 25 ◦C. Control samples, without hormone treatment, were also prepared.
Samples were collected after 1, 6, 12, and 24 h of incubation. Additionally, root, stem, and
leaf samples were collected at 25 DAA. The roots were thoroughly rinsed to remove soil
and other debris, and all samples were blotted to remove excess moisture before being
flash-frozen in liquid nitrogen and stored at −80 ◦C for subsequent analyses.

2.2. Methods
2.2.1. Cloning of HvAGPS2b Gene

Based on the nucleotide sequence of HvAGPS2b available in the barley database, a pair
of primers was designed for the cloning of the HvAGPS2b fragment. The primer sequences
are listed in Table 1. The PCR amplification was performed using the following components:
25 µL of 2× Phanta Max Buffer, 1 µL of dNTP Mix (10 mM each), 2 µL of upstream primer
(10 µM), 2 µL of downstream primer (10 µM), 1 µL of Phanta Max Super-Fidelity DNA
Polymerase, 2 µL of template DNA, and nuclease-free water to a final volume of 50 µL. The
PCR amplification program consisted of an initial denaturation at 95 ◦C for 3 mi, followed
by 35 cycles of denaturation at 95 ◦C for 15 s, annealing at 60 ◦C for 90 s, and extension at
72 ◦C for 90 s, with a final extension at 72 ◦C for 5 min.

Table 1. Specific primers for PCR.

Primer Names Primer Sequences (5′–3′) Size (bp) Purpose

HvAGPS2b-F ATGGCGATGGCCGCGGCCGCCT 22 gene cloning
HvAGPS2b-R TCATATGACTGTTCCACTAGGG 22 gene cloning
RT-AGPS2b-F AAAGGAGAACAGTTGAAA 18 RT-qPCR
RT-AGPS2b-R CAGTAACCGTCGTATAGG 18 RT-qPCR

Pet-30a-AGPS2b-F GACAGCCCAGATCTGGGTA
CCATGGCGATGGCCGCGGCC 39 vector construction

Pet-30a-AGPS2b-R TTGTCGACGGAGCTCGAATTCTCATAT
GACTGTTCCACTAGGGAGTAA 48 vector construction

β-Actin-F GTTCCAATCTATGAGGGATACACGC 25 RT-qPCR
β-Actin-R GAACCTCCACTGAGAACAACATTACC 26 RT-qPCR

To obtain a stably expressed gene fragment, the HvAGPS2b gene was ligated into the
pMD19-T vector and transformed into E. coli DH5α. A single colony was selected for PCR
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screening. Plasmids from positive colonies were extracted and sequenced to confirm the
presence of the HvAGPS2b fragment.

2.2.2. Bioinformatics Analysis

Multiple sequence alignment and phylogenetic tree construction were conducted us-
ing ESPript 3.0 and MEGA-X software to analyze the evolutionary relationships of AGPS2b
across different species. PlantCARE, a database for plant promoters and their cis-acting reg-
ulatory elements, was utilized to predict the cis-acting elements in the upstream promoter
region of HvAGPS2b [38]. This analysis led to the identification of hormone-responsive ele-
ments involved in gene regulation. Gene structure was analyzed using the Gene Structure
Display Server (GSDS) 2.0, which facilitates the visualization of gene annotations, including
conserved elements and binding sites. Protein motifs were identified using the MEME
Suite, an online tool for motif analysis, allowing the comparison of protein structure and
function across species. All sequences are provided in the Supplementary Data.

2.2.3. RNA Extraction and RT-qPCR Analysis of Tissue Expression

Total RNA was extracted from barley grains using the Trizol method. The RNA con-
centration was measured using a nucleic acid protein meter, followed by quality assessment
through agarose gel electrophoresis. Samples that met the quality criteria were stored at
−80 ◦C for future analysis. cDNA synthesis was performed according to the manufac-
turer’s instructions using the HiFiScript gDNA Removal RT Master Mix Kit from Kangwei
Century Biological Co., Ltd. (Nanjing, China). To investigate the spatiotemporal expression
characteristics of the HvAGPS2b gene, reverse transcription quantitative RT-qPCR was em-
ployed. This technique was used to assess HvAGPS2b expression in barley grains at various
developmental stages, as well as in roots, stems, and leaves. Additionally, expression levels
were evaluated in grains subjected to different hormone treatments at room temperature
(28 ◦C). The barley β-Actin gene served as the internal reference, and RT-qPCR specific
primers were designed using Primer Premier 6, as shown in Table 1.

2.2.4. Protein Expression and Antibody Preparation

To analyze the expression of the HvAGPS2b fusion protein, the protein expression
vector pET-30a was initially digested with the restriction enzymes KpnI and SalI. The
pET-30a-AGPS2b vector was then constructed via homologous recombination. Following
sequencing, the construct was transformed into Escherichia coli strain BL21. A single colony
was selected and cultured in a medium containing 50 mg/mL ampicillin to ensure antibiotic
resistance. The incubation conditions were maintained at 37 ◦C with shaking at 150 rpm.
Once the optical density (OD) of the bacterial suspension reached between 0.3 and 0.6,
isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to a final concentration of 0.5 mM
to induce protein expression. Samples were collected at intervals of 2, 4, and 6 h. The
bacterial cultures were then centrifuged at 12,000 rpm and 4 ◦C for 5 min to pellet the
cells. The cell pellets were lysed with phosphate-buffered saline (PBS), and the proteins
were separated using SDS-PAGE electrophoresis. The expression results were visualized
by Coomassie Blue staining.

For antibody production, New Zealand White rabbits weighing approximately 2 kg
were acclimatized for 3–4 days. A baseline serum sample was obtained by extracting
approximately 500 µL of venous blood from the rabbit’s ear to serve as a negative control.
For immunization, 500 µL of Freund’s Complete Adjuvant (Sigma, St. Louis, MO, USA)
was emulsified with an equal volume of purified protein and injected subcutaneously
at multiple sites in the rabbits. Subsequent booster injections were administered every
two weeks using 500 µL of Freund’s Incomplete Adjuvant (Sigma, St. Louis, MO, USA)
mixed with an equal volume of purified protein. The immunization protocol consisted
of four rounds, with blood samples collected from the rabbit’s ear vein two months after
the initial injection to assess antibody production. Blood was collected 3–4 days post-
final immunization, and serum was separated via centrifugation. This serum contained
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polyclonal antibodies against the target protein. The serum was mixed with 50% glycerol
and stored at −80 ◦C for future use.

2.2.5. Western Blot

To evaluate the specificity of the antibody, protein immunoblotting analysis was
performed following the dilution of antibody and antigen concentrations. Total protein was
extracted from barley grains at various developmental stages (5, 10, 15, 20, 25, and 30 days
post-anthesis) as well as from roots, stems, and leaves. The total protein content in different
tissues was quantified using the Bradford Protein Assay Kit (Cat. No. P0006, Beyotime).
Proteins were separated by 10% SDS-polyacrylamide gel electrophoresis and subsequently
transferred to a polyvinylidene difluoride (PVDF) membrane (Cat. No. FFP39, Beyotime)
via wet transfer for 60 min. The membrane was then blocked with TBST (Tris 44.8 g, NaCl
0.7 g, Tween-20 500 µL, pH 4.5) containing 5% skim milk and incubated with antiserum
overnight at 4 ◦C with gentle agitation. After incubation, the membrane was washed three
times with TBST and subsequently incubated with a secondary antibody, HRP-conjugated
goat anti-rabbit IgG (Cat. No. A0208, Beyotime), at a 1:20,000 dilution at room temperature.
A final wash was performed to remove unbound antibodies. Protein bands were visualized
using an ultrasensitive enhanced chemiluminescence (ECL) kit (Cat. No. P0018S, Beyotime,
Shanghai, China).

3. Results and Analysis
3.1. Biosignal Analysis of HvAGPS2b Protein

The HvAGPS2b encodes a polypeptide chain consisting of 515 amino acids and
1545 nucleotides. The analysis of the protein structure indicates that HvAGPS2b lacks
a transmembrane domain (Figure 1A), which is consistent with its localization in the plas-
tid or cytoplasm, where it participates exclusively in starch biosynthesis. Using ExPASy,
the hydrophobicity of the protein was predicted, revealing an overall negative value for
amino acids, which suggests a hydrophilic protein structure (Figure 1B). The signal peptide
prediction yielded a value of 0.45, indicating the absence of a signal peptide (Figure 1C).
Furthermore, the SMART analysis identified two key protein domains (the NTP-transferase
domain and the pbH1 domain) within HvAGPS2b (Figure 1D).
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To predict the conservation of the small subunit gene sequence, we compared the
AGPS2b sequences of several crops with HvAGPS2b. Multiple sequence alignment revealed
a high degree of similarity among the AGPS2b genes across different species (Figure 2A).
These findings corroborate previous studies indicating that the small subunit of AGPase is
relatively conserved. Furthermore, we constructed a phylogenetic tree using MEGA-11 to
elucidate the evolutionary relationships among these sequences. The results indicated that
HvAGPS2b is most closely related to wheat, followed by rice and maize, while it is more
distantly related to potato AGPS2b (Figure 2B). This phylogenetic arrangement is consistent
with the known taxonomic classification of these plants. In addition, we employed MEME
and GSDS to predict conserved motifs and gene structures. The analyses demonstrated a
high similarity of homologous genes at both the gene and protein levels (Figure 2C,D).
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(accession number: XM_045100177.1); wheat (accession number XM_048683344.1); maize (acces-
sion number: XM_008666513.4); rice (accession number: FJ750945.1); sorghum (accession number:
XM_021465103.1); and potato (accession number: AAO23572.1). Note: Ta: Triticum aestivum 1545 bp;
Hv: Hordeum vulgare 1545 bp; Ph: Panicum hallii 1554 bp; Si: Setaria italica 1533 bp; Zm: Zea mays
1554 bp; Sb: Sorghum bicolor 1352 bp; Os: Oryza sativa 1545 bp; St: Solanum tuberosum 1566 bp.

The PlantCARE online software was utilized to analyze the cis-acting response ele-
ments in the upstream promoter of HvAGPS2b. The analysis revealed that the upstream
promoter contains several elements associated with hormone responses. Specifically, the
HvAGPS2b gene is regulated by abscisic acid (ABA) and gibberellin (GA), as well as ele-
ments responsive to drought and light (Table 2).

Table 2. Prediction of cis-acting elements in the upstream promoter of HvAGPS2b.

Motif Sequence Quantities Possible Function

TATA-box TATA 612 core promoter element around -30 of transcription start
ARE AAACCA 419 a cis-acting regulatory element essential for the anaerobic induction
MBS CAACTG 361 MYB binding site involved in drought-inducibility
P-box CCTTTTG 1983 gibberellin-responsive element

GATA-motif GATAGGA 1652 part of a light-responsive element
LTR CCGAAA 1368 cis-acting element involved in low-temperature responsiveness

3.2. Cloning and Prokaryotic Expression of the HvAGPS2b Gene

The coding sequence of HvAGPS2b was amplified from the cDNA of 25-day-old barley
grains, yielding a product of 1545 bp (Figure 3A). Sequencing and restriction digestion
confirmed the successful insertion of HvAGPS2b into the pMD19-T vector (Figure 3B).
Using pMD19-T-HvAGPS2b as a template, a recombinant fragment with homologous arms
was amplified, and pET-30a was double-digested with KpnI and SalI restriction enzymes.
The expression vector pET-30a-HvAGPS2b was constructed via homologous recombination,
and the recombinant plasmid was sequenced to confirm successful construction (Figure 3C).
The recombinant plasmid was transformed into the BL21 strain and induced with 0.5 mM
IPTG. Samples were collected after 2, 4, and 6 h of induction. Subsequent 10% SDS-PAGE
analysis demonstrated that the band size was consistent with expected size, indicating a
significant induction effect (Figure 3D). The induced protein was then purified, yielding
the target protein as a single band (Figure 3E).

3.3. Preparation and Titer Evaluation of HvAGPS2b Antibody

After multiple immunizations, a polyclonal antibody against HvAGPS2b was devel-
oped, and its specificity and titer were verified through Western blotting. To confirm
whether the antibody could specifically recognize the target protein in barley grains, im-
munoprecipitation experiments were conducted using grains pollinated for 25 DAA. The
results demonstrated that the antibody effectively recognized HvAGPS2b in the grains
and also detected an interacting protein approximately 200 kDa in size, predicted to be a
heterotetramer forming AGPase (Figure 4A). In vitro antibody validation further revealed
that the antibody could specifically recognize trace amounts of the antigen, with the ex-
pression signal intensifying as the antigen concentration increased (Figure 4B). To assess
the specificity and high sensitivity of the antibody, Western blot analyses were performed
using various antibody dilutions. The findings indicated that even at low concentrations,
the antibody effectively recognized the antigen when the antigen loading was constant
(Figure 4C). These results confirmed the successful preparation of the antibody, providing
a solid foundation for subsequent in vivo studies.
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Figure 3. Cloning and expression of HvAGPS2b. (A) HvAGPS2b was amplified using cDNA from
grains collected at 25 DAA. (B) Double digestion verification. (C) Schematic diagram of recombinant
plasmid vector construction. (D) The expression of HvAGPS2b protein was induced by IPTG at
different times. (E) Purification effect of His-tagged recombinant protein under non-denaturing
conditions. M: marker; CL: bacterial lysate; FT: sample draining liquid; W1–W2: wash with non-
denaturing buffer; E1–E4: eluent (non-denatured buffer with 250 mM imidazole) elution. Lane
M: DNA/Protein maker (DL5000/10–180 kDa). The black arrows indicate the destination bands
for HvAGPS2b.

3.4. Tissue-Specific Expression Analysis

To investigate the expression pattern and distribution of HvAGPS2b in barley, tissues
from Kangqing No. 1 at various stages of pollination development were analyzed using RT-
qPCR and Western blotting. Actin (β-actin) was used as an internal reference. The results
indicated significant differences in the expression intensity of HvAGPS2b across different
tissues. Specifically, HvAGPS2b was nearly undetectable in roots, stems, and leaves
(Figure 5B), while the expression peaked during the late stage of grain filling (Figure 5D).
Quantitative analysis further corroborated these findings, showing that HvAGPS2b was
predominantly expressed in the middle and late stages of grain development and exhibited
low expression in other tissues.
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3.5. Expression Patterns of HvAGPS2b Treated with Hormones

In addition to nutritional conditions and environmental factors, plant growth and
development are regulated by hormones, which play a crucial role in these processes. Pre-
vious studies have demonstrated that the grain-filling process in wheat is closely linked to
the regulation of endogenous hormones, particularly to grain development, starch synthase
protein expression, and plant senescence metabolism [39]. To investigate the effects of hor-
mone treatments on the expression pattern of HvAGPS2b in grains, 25-day-old seeds after
pollination were treated with abscisic acid (ABA), gibberellin (GA), brassinosteroids (BR),
and ethylene (ETH) at indicated times (1–24 h). The results indicated that as the duration
of treatment increased, the expression of HvAGPS2b in response to ABA and GA initially
increased and then decreased (Figure 6A,B). In contrast, the transcriptional response to
ETH and BR gradually increased over time (Figure 6C,D). Western blot analysis further
confirmed that the protein abundance of HvAGPS2b was consistent with the transcriptional
level results. Overall, these findings demonstrate that hormone treatments enhance the
expression of the HvAGPS2b gene to varying degrees.
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the average and standard deviation of three independent measurement values. Different lowercase
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Figure 6. Expression of HvAGPS2b in response to plant hormones used to treat 25 DAA barley
grains. (A,B) Expression patterns of HvAGPS2b after ABA treatment; (C,D) expression patterns
of HvAGPS2b after GA treatment; (E,F) expression patterns of HvAGPS2b after ETH treatment;
(G,H) expression patterns of HvAGPS2b after BR treatment. Note: The total protein per sample
loaded was 30 µg, the dilution ratio of HvAGPS2b antibody was 1:1000, and the dilution ratio of
Actin was 1:20,000. According to one-way analysis of variance (ANOVA) and Duncan’s multiple
comparison test, the height of each bar line and the error line show the mean and standard deviation
of the three independent measurements, respectively. Different lowercase letters (a–d) indicate
statistical significance between the means. The asterisk indicates a non-specific band, while a black
arrow indicates the HvAGPS2b band.

4. Discussion

The synthetic gene HvAGPS2b, encoding the small subunit of AGPase, plays a crucial
role in starch synthesis by regulating the activity of this rate-limiting enzyme. While its
function is well documented, its response to hormonal regulation in barley remains unclear,
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and there is a notable gap in research concerning its protein expression levels. In this study,
we prepared polyclonal antibodies against the HvAGPS2b protein through prokaryotic
expression systems and multiple immunizations. This approach was designed to provide a
foundation for further research into the function and interaction dynamics of the protein.

The antibody was evaluated both in vivo and in vitro, using an antigen–antibody
dilution method. Immunoprecipitation results demonstrated that the antibody effectively
recognized the target protein HvAGPS2b in barley (Figure 3A), as well as its interacting
protein, which remains unidentified. It is hypothesized that this interacting protein forms a
tetramer, as both the large and small subunits of AGPase are known to stabilize only when
they are assembled into a tetrameric structure [40]. Similar observations were made in
maize, where the SH2 protein was detected in the BT2 endosperm during early development
but diminished in later stages, suggesting increased instability when SH2/BT2 polymers
are absent [30]. Western blot analyses further confirmed that the antibodies possessed high
sensitivity and specificity, as evidenced by the detection of single bands corresponding
to the target antigen (Figure 4B,C). Additionally, the antibodies successfully detected
HvAGPS2b expression across various tissues (Figure 5A,B). Notably, the gene exhibited
tissue-specific expression, being minimally expressed in roots, stems, and leaves compared
to grains, which aligns with the findings of previous studies [41,42]. These researchers
noted an increased abundance of the small subunit of wheat plastid AGPase during the
later stages of seed development, suggesting a similar localization for HvAGPS2b within
the plastid, although its exact subcellular localization in barley remains to be elucidated.
Previous work by Seferoglu et al. [43] demonstrated that mutations in residues of the
large subunit of potato AGPase altered the stability of the heterotetrameric enzyme and
affected substrate and effector binding. Our antibody preparation provides a foundation
for exploring these interactions between large and small subunits at the protein level. It
significantly contributes to the understanding of AGPase function, laying the groundwork
for potential biotechnological applications aimed at enhancing AGPase activity.

The promoter region, located upstream of the coding sequence, contains multiple
cis-acting elements that serve as protein binding sites critical for transcription initiation and
regulation [44]. The analysis of the HvAGPS2b promoter has revealed that it is regulated by
various cis-elements, including those responsive to endogenous hormones such as ABA and
GA. Beyond abiotic factors like light, temperature, moisture, and fertilizers, the growth and
development of higher plants are significantly influenced by hormones, which can regulate
plant growth independently and in conjunction with environmental factors [45]. For barley,
phytohormones play an indispensable role in growth regulation. GA is known to promote
barley malt germination [46], while both ABA and GA enhance the production of key
enzymes, such as α-amylase and β-glucan, in barley grains, thereby boosting enzymatic
activity [47]. Hormones are integral throughout grain development, although the specific
regulatory mechanisms remain largely undefined. For instance, Liu et al. demonstrated
that short-term hormone treatments could elevate the expression of the transporter ZmBT1,
thereby facilitating starch accumulation [48]. Further research indicates that exogenous
ABA applications, within concentrations of 10–100 µM, to grains or developing spike
peduncles increase ABA levels in grains, leading to altered gene expression [49–51]. It was
reported that ABA could enhance AGPase and SBE activities, ultimately boosting starch
yield [52]. Our findings corroborate these results, showing that ABA enhances HvAGPS2b
expression at both the transcriptional and protein levels (Figure 6A,B), suggesting that ABA
upregulates AGPase activity by promoting small subunit expression, thereby elevating
starch content in grains.

GA is essential in regulating various stages of plant growth and development, includ-
ing seed germination, vegetative growth, and grain/fruit maturation [53]. Liu Yang et al.
found that low concentrations of GA can stimulate plant growth and starch accumula-
tion [54]. As the rate-limiting enzyme in starch synthesis, AGPase governs the initial
steps of starch biosynthesis. Our results indicate that GA enhances the downstream rate
of starch synthesis by upregulating both the gene and protein expression of the AGPase
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small subunit. Moreover, our RT-qPCR analysis revealed that BR and ETH also promote
HvAGPS2b expression over time, with expression peaks for BR and ETH occurring later
than those for ABA and GA. This temporal variation suggests that plant hormones interact
sequentially to regulate AGPase activity, ultimately contributing to grain filling and fruit
development. However, the results of the expression at the mRNA and protein levels
were not identical, which may be related to the complex signaling pathways between the
various plant hormones. Furthermore, except for GA, two bands of HvAGPS2b protein
were expressed after the treatment of seeds with other hormones. This may be due to
the hormone-mediated regulation of phosphorylation modification of the protein or the
emergence of multiple isoforms. The exact reason for this is still unknown, and further
investigation is required.

5. Conclusions

Starch biosynthesis involves the coordinated action of several enzymes, which play
a key role in the initial stage of this process. This study focused on the small subunit of
AGPase, specifically the HvAGPS2b gene, to elucidate its critical role in starch synthesis.
In this investigation, the HvAGPS2b gene was successfully cloned, allowing for the de-
velopment of a highly specific and sensitive polyclonal antibody. The expression pattern
of the HvAGPS2b gene was analyzed throughout grain development, revealing that its
expression is modulated by various hormones. The Western blot analysis provides robust
protein-level evidence that hormones regulate starch synthase-related genes, thereby par-
ticipating in the grain-filling process. The results indicate that the small subunit of AGPase,
regulated by hormones such as ABA and GA, is essential for controlling the initial stages of
starch biosynthesis.

This study demonstrated that different hormones can regulate starch synthase-related
genes and thus participate in the seed development process. However, the process of
hormone-regulated seed development is very complex, and there are still many unan-
swered questions. These include how hormones interact with each other to regulate seed
development and how responses to phytohormones are expressed in numerous starch syn-
thases. The polyclonal antibodies developed in this study facilitate a deeper comprehension
of the small subunit of AGPase at the protein level, thereby providing a theoretical founda-
tion for prospective modifications aimed at enhancing the activity of the small subunit, with
the ultimate objective of improving starch yield. These findings underscore the potential
for the targeted manipulation of the HvAGPS2b gene to augment crop starch yield, and
offer invaluable insights for agricultural biotechnology and crop improvement strategies.
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