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Highlights

¢ Anovel EMS-induced barley male-sterile mutant (N13407) was identified and characterized, and it shows defective pollen

starch accumulation.

¢ The male sterility gene msgys40,; Was fine-mapped to a 576.9 kb region on chromosome 2H using a wild-cultivated barley

cross to overcome the low polymorphism of cultivated barley.

Barley (Hordeum vulgare L.), the world’s fourth most
cultivated cereal crop, serves as a key raw material for the
brewing industry and a significant feed source for livestock
(Geng et al. 2022). Exploiting heterosis is a pivotal strategy
for boosting crop yields (Wan et al. 2019). Male sterility
genes and their corresponding mutants are valuable genetic
resources for facilitating hybrid seed production (Li et al.
2020). Identifying novel male sterility genes and developing
efficient hybrid seed production systems are critical for
overcoming yield limitations in cereals (Gupta et al. 2019).
To date, only a few key genes regulating barley anther
development have been identified, such as the male sterility
genes HvMS1 (Fernandez-Gémez et al. 2020), MSG26
(Qi et al. 2019), MSG38 (Amanda et al. 2022), and DTT1
(Hua et al. 2025), as well as the fertility restorers Rfm1
(Rizzolatti et al. 2017) and Rfm3 (Bernhard et al. 2019). This
limited number of characterized genes severely constrains
germplasm innovation and hinders the advancement of
molecular breeding strategies in barley. In the HvMs1 mutant,
premature programmed cell death (PCD) of the tapetum
leads to non-viable pollen (Fernandez-Gémez et al. 2020).
The msg26 mutant exhibits a complete loss-of-function
phenotype at the late uninucleate microspore stage, resulting
in pollenless anthers (Qi et al. 2019). The dtt1 mutant is
manifested as the over-proliferation of indeterminate tapetal
precursor cells, absence of tapetum endomitosis, and failure
of cell wall degeneration (Hua et al. 2025). In contrast,
the msg38 mutant displays defective starch accumulation

in pollen (Amanda et al. 2022). Despite these advances,
the genetic control of male sterility in barley remains poorly
understood, highlighting the need to identify additional genes
involved in anther and pollen development.

Pollen development constitutes a key biological process
in flowering plants, wherein morphological differentiation and
the dynamic accumulation of metabolites directly determine
pollen fertility (Tang et al. 2018). Pollen fertility is governed
by multiple interdependent factors. Premature degeneration
of pollen mother cells impedes microspore formation, thereby
leading to pollen abortion. Anther abortion may occur during
the process from meiosis to tetrad formation (Liu et al.
2015). As the innermost somatic layer of the anther wall,
the tapetum directly interfaces with developing meiocytes
(Wang et al. 2020) and critically regulates pollen development
through the secretion of essential components (Wang et al.
2025). Either delayed or premature tapetal degradation
can lead to pollen abortion (Zhang et al. 2024; Zheng et al.
2025). Notably, starch is the principal energy reserve in
pollen, and it provides energy and carbon skeletons for
pollen development, germination, and pollen tube elongation,
so it plays a decisive role in pollen biological function and
fertility (Chen et al. 2023). Dysregulation of anther starch
metabolism disrupts pollen development and causes male
sterility (Lee et al. 2022). In barley, few genes involved in the
starch deposition during pollen maturation are known, and the
regulatory mechanisms governing anther starch deposition
remain poorly understood.
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In this study, we isolated a completely male sterile mutant,
designated N713401, from an ethyl methanesulfonate (EMS)-
mutagenized population of the barley cultivar ‘Tamalpais’
(Qi et al. 2012). Compared to the wild type (WT), N13401
exhibited significantly smaller anthers and produced
shrunken, non-viable pollen grains, with no discernible
morphological differences in other organs (Fig. 1-A). Semi-
thin section analysis revealed that N73407 undergoes normal
anther development, with typical degradation of the tapetum
and middle layers, similar to the WT (Fig. 1-B). However,
at the mature stage, the phenotypic trajectories of N13401
diverged significantly from those of the WT. Wild type anthers
produced well-filled pollen grains rich in starch granules,
whereas N13401 developed abnormal, empty pollen grains
lacking internal contents, so it displayed a typical male sterile
phenotype (Fig. 1-B).

The 1,-KI staining results indicated that starch accumulation
was markedly reduced in the pollen grains of N13401
(Fig. 1-A). Starch biosynthesis from sugar substrates requires
the coordinated activity of multiple enzymes (Liu et al. 2021).
Sucrose is hydrolyzed into hexoses by invertase (INV),
which are phosphorylated to glucose-6-phosphate (G6P) and
transported across the amyloplast membrane by the glucose-
6-phosphate transporter (GPT), followed by starch synthesis
mediated by plastidic phosphoglucomutase (pPGM), ADP-
glucose pyrophosphorylase (AGP), and starch synthase
(Liu et al. 2021). To explore the cause of the reduced starch
deposition in N713401, we compared the expression levels
of six key starch-biosynthetic genes between the N13401
mutant and the wild type (Appendix A). Only HvINV showed
a pronounced down-regulation in the mutant, suggesting
a possible reduction in its enzymatic activity (Appendix
A). Because INV catalyzes the hydrolysis of sucrose into
hexoses, we next quantified the sucrose levels in the anthers
of both genotypes; however, no significant difference was
observed (Appendix A). We therefore hypothesized that the
concentrations of INV-derived hydrolysis products might be
reduced. Considering that hexoses contribute to the soluble
sugar pool, we also measured the soluble sugar levels in
the anthers. The results revealed a significant reduction
in soluble sugars in the N734071 mutant compared with the
WT (Appendix A). Collectively, these results indicate that
the impaired starch accumulation observed in N13401 is
primarily caused by reduced invertase activity during pollen
development.

All F, plants derived from a cross between N713407 and
the cultivar ‘Morex’ were fertile. Segregation analysis of
the F, population (fertile:sterile=103:44, x*=0.90, df=1,
P=0.34) confirmed that the sterility was controlled by a
single recessive gene, which we named msgy;s4,. Total
RNA was extracted from a pooled sample of flag leaves
collected from 25 sterile plants in the F, population and
subsequently used for transcriptome sequencing. The BSR-
Seq analysis preliminarily mapped msgy;s4, to the distal long
arm of chromosome 2H (Fig. 1-C). Initial mapping with eight
insertion/deletion (InDel) markers (pMS99M1-pMS99MS;
Appendix B) delimited the locus to a 6.8 cM interval (Fig. 1-D).
Then, using five additional CAPS/dCAPS (cleaved amplified
polymorphic sequences and derived CAPS) markers

(PMS99M9—pMS99M13; Appendix B) designed from whole-
genome resequencing data, a large fine-mapping population
of 2,689 individuals was employed to narrow the genetic
interval to 1.5 cM (Fig. 1-D). This region corresponds to a
1.38 Mb physical region (chr2H: 656.77-658.15 Mb) on the
Morex V3 reference genome (Mascher et al. 2021) (Fig. 1-D).
Polymorphism analysis within the preliminarily mapped
~6.5 Mb interval (bMS99M5-pMS99M6) revealed 16 G>A or
C>T transitions among 18 detected variants between N13401
and Tamalpais, confirming the authenticity of N73401 as an
EMS-induced mutant.

Fine mapping was restricted by the limited availability
of polymorphic markers within the 1.38 Mb target region,
which limited further resolution of the genetic interval. To
increase polymorphism, we crossed wild barley Pl 405346
(Hordeum vulgare ssp. spontaneum; Appendix C) with
N13401, which generated an F, segregating population
(fertile:sterile=291:106, x°=0.30, df=1, P=0.58). A combined
analysis of the F, populations derived from the crosses
N13401/Morex and N13401/P1 405346 narrowed msgyssaor
to a 576.9 kb region between markers pMS124M17
and pMS124M16 (chr2H: 656.80-657.37 Mb; Fig. 1-D;
Appendix B). We performed de novo assembly of the wild-
type cultivar Tamalpais using PacBio Hi-Fi sequencing
technology, which generated a high-quality 10.35 Mb contig
(ptg0000271) spanning the target region. This contig served
as the reference for subsequent sequence alignment and
variant calling. Comparative analysis of the 576.9 kb target
interval (flanked by pMS124M17 and pMS124M16) in Morex
and Tamalpais revealed a high level of genomic synteny
(Fig. 1-E), with only a few SNPs and small InDels detected.
The target interval contains 38 annotated genes in the Morex
V3 genome, 23 of which are high-confidence genes; and
among these high-confidence genes, 17 show expression in
the selected developmental stages (Appendix D; Fig. 1-F).
The resequencing of N73401 and alignment against the
Tamalpais reference genome revealed that only one of the 17
expressed genes harbored a sequence mutation. Additional
mutations were also found in two of the 15 low-confidence
genes. Consequently, these three genes were identified as
candidate genes underlying the male sterility phenotype.

Among the three candidate genes, the first mutation is
a G>A transition (GACGAC—AACGAC) in the promoter
region of HORVU.MOREX.r3.2HG0214540 (low-confidence
gene, Appendix E). This mutation introduces a putative TGA
cis-element, which may alter the target gene’s expression
pattern. HORVU.MOREX.r3.2HG0214540 encodes pyrroline-
5-carboxylate reductase (P5CR), which catalyzes the final
step of proline biosynthesis by reducing A'-pyrroline-5-
carboxylate (P5C) to proline (Lehmann et al. 2010). Proline is
a critical amino acid for maintaining pollen viability and fertility
(Biancucci et al. 2015). Given that proline accumulation
is required during the later stages of pollen development,
altered P5CR regulation may limit pollen viability. For
example, high levels of proline accumulation are required
during the late microspore development and pollen grain
maturation stages (Mattioli et al. 2018), disruption of proline
metabolism can lead to pollen abortion (Ge et al. 2025)
and proline provides both energy substrates and metabolic
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Fig. 1 Phenotypic characterization and fine mapping of the msg,,,,,, locus with candidate gene in barley. A and B, comparison of
floret morphology (stereomicroscope, scale bar=1 mm) and pollen viability (Alexander staining, scale bar=100 pm; | -KI, scale bar=100 um)
between wild-type (WT) and N13401. Scale bar=20 um. BP, biceullar pollen; CP, collapsed pollen; MP, mature pollen; Msp, microspore.
89, microspore stage; S11, bicellular pollen stage; $12, mature pollen stage. C, BSR-Seq analysis localizes msg, ,,,,, to the distal end
of chromosome 2H. D, fine mapping and physical map of msg,,.,.,- E, syntenic analysis of the target interval between barley cultivars

Morex (M) and Tamalpais (T).

F, expression levels of high-confidence genes within the mapped interval across developmental stages.

Samples (left to right): root 10 cm; root 4 wk; shoot 10 cm; leaf 2 mon; anther 0.2, 0.4, 0.6, 0.8, 1.0, 1.4, 1.8, 2.0, and 3.0 mm; grain 5 days
post anthesis (DPA); grain 15 DPA. Expression values are log,-transformed.

precursors for pollen germination (Nepi et al. 2009).

Although EMS mutagenesis typically generates G>A and
C>T ftransitions, it can also cause base deletions (Krasileva
et al. 2017; Turkoglu et al. 2023). The second mutation is
a single cytosine (C) deletion in the third exon of HORVU.
MOREX.r3.2HG0214660 (low-confidence gene, Appendix
E), which causes a frameshift mutation and a premature stop
codon. This gene encodes a helix-hairpin-helix (HhH) motif,
and such motifs typically mediate non-sequence-specific DNA
binding (Kamada et al. 2022). While most HhH motifs are
involved in protein—protein interactions or acquire enzymatic
activity by incorporating catalytic residues (Shao and Grishin
2000), this gene has not been previously linked to plant male
sterility.

The third mutation is a G>A missense mutation in the

coding sequence of HORVU.MOREX.r3.2HG0214850 (high-
confidence gene, Appendix E), which results in a glycine (Gly)
to arginine (Arg) substitution in a vacuolar iron transporter-
like (VTL) protein. VTL proteins mediate critical physiological
processes, including iron storage (Ram et al. 2021), symbiotic
nitrogen fixation (Brear et al. 2020) and petal coloration
(Momonoi et al. 2009). In wheat, seven VIT/VTL homologs
coordinate metal transport: TaVIT1 and TaVIT2 facilitate
iron transport to the aleurone layers (Connorton et al. 2017),
whereas TaVTL1/2/4/5 and TaVIT3 may cooperatively
regulate the transport of iron and manganese ions from the
cytosol to the vacuole (Sharma et al. 2020). Considering
the role of VIT/VTL in metal homeostasis, a disturbance of
vacuolar sequestration may impair anther lipid metabolism
and starch deposition during pollen maturation.
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In summary, we characterized a novel male-sterile
barley mutant, N713407, which exhibits defective pollen
development due to insufficient starch accumulation.
The proper deposition of sugars and transient starch in
the anther under normal growth conditions is a critical
determinant of pollen fertility (Guan et al. 2023). Pollen
viability relies on both an adequate supply of sugars and
their metabolic conversion, which is mediated by specific
transport proteins within the developing anther (Goetz
et al. 2001; Li et al. 2015). Although the phenotype of
the N13401 mutant is similar to that of the msg38 mutant,
the three candidate genes mentioned above differ from
msg38. Previous studies have demonstrated that msg38
drives starch synthesis in barley pollen, which promotes
energy metabolism-related gene expression, and its loss-of-
function leads to excessive sugar accumulation in anthers
(Amanda et al. 2022). In contrast, we observed reduced
HvVINV activity in N13401 anthers. While the sucrose
content remained comparable between the mutant and WT,
soluble sugars were significantly reduced in the mutant.
This reduction likely reflects the lower levels of sucrose
hydrolysis products resulting from diminished invertase
activity, which in turn compromises starch accumulation in
N13401. These divergent metabolic patterns indicate that
msgys340; @and msg38 govern two distinct pathways during
barley pollen development. No previous reports on male
sterility genes in barley have described a regulatory mode
like the one reported here for msgy,s4+, indicating that it is a
novel male sterility locus with distinct mechanisms.

The msguq340, l0CUs was mapped using a strategy that
combined BSR-Seq with forward genetics. However, fine
mapping was hindered by insufficient polymorphisms between
cultivated barley varieties, resulting from domestication-
induced genetic homogenization. To overcome this challenge,
we exploited the extensive genetic variation that exists
between undomesticated wild barley and cultivated barley
and successfully constructed a new F, mapping population.
Leveraging the abundant polymorphisms within this population,
we ultimately fine-mapped msgy;s4; to @ 576.9 kb interval on
chromosome 2H. This study validated an effective strategy for
overcoming insufficient polymorphisms, i.e., introducing wild
relatives to establish an additional mapping population. Using
DNA resequencing, we successfully identified three candidate
genes within the target interval which may be involved in
proline biosynthesis regulation, DNA binding, or vacuolar
metal transport. Notably, these candidates do not overlap with
known male sterility genes, confirming msgy;s4; @s a novel
locus. This discovery provides valuable genetic material for
an in-depth dissection of its molecular mechanism and will
accelerate the process of hybrid barley breeding.
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