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Microspore embryogenesis (ME) relies on the cellular reprogramming of the
default gametophytic developmental pathway, which normally directs
microspores toward pollen formation, into an embryogenic pathway that leads
to the development of embryo like structures (ELS) and, subsequently, haploid
or doubled haploid (DH) plants. To test how redox control underpins this switch,
we have carried out an extended in silico analysis of previously published RNA-
seq data from two barley cultivars differing in ME competence (Igri, responsive;
Golden Promise, recalcitrant) across four early induction stages (O Ill). A curated
set of 472 antioxidant/redox genes core detoxi cation enzymes, the ASC GSH
cycle, TRX/GRX/PRX systems and GSTs was examined. The analysis revealed
that the expression of antioxidative defense genes is dynamically modulated
during ME induction, underscoring the importance of redox homeostasis in
successful microspore reprogramming. Both cultivars shared a late (stages Il
Il) program with increased SODs, selected CAT/GPX genes, rising MDHARs,
deployment of speci ¢ TRX/GRX/PRX members and broad GSTs upregulation.
Divergence emerged during progression: Igri showed a pronounced stage-Ill rise
of GRs and targeted TRX/GRX/PRX transcripts, together with stronger activation
of multiple GSTs. When considered alongside diverse experimental data, these
stage-restricted, cultivar-biased signatures support a hypothetical model in
which strengthened ASC GSH recycling and thiol-redox hubs sustain H,O,
signaling while limiting oxidative damage. Targeting MDHARSs, GRs, selected
TRX/GRX/PRX genes, and GST subsets could improve ME ef ciency and
accelerate the integration of DH technology into modern crop
breeding programs.
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1 Introduction

Every living cell operates as a dynamic network of biochemical
reactions governed by the cellular redox state. This balance
maintained through the production and removal of reactive
oxygen, nitrogen, and sulfur species (ROS, RNS, and RSS) is
essential for homeostasis and underpins virtually all life processes.
In plants, redox signals shape growth and development by
modulating photosynthesis, respiration, and hormone signaling,
as well as the activities of transcription factors and stress-related
enzymes. Because plants are constantly exposed to environmental
stress, rapid and accurate redox signalling is critical for survival.
Redox cues have also been proposed as triggers of cellular
reprogramming, including the shift from gametophytic to
embryogenic development.

Our earlier studies revealed a central role for ROS in the
induction of microspore reprogramming; whereby immature
pollen grains are redirected towards embryogenic development
(Zur et al., 2014a; Zur et al., 2021a). The resulting ELSs have the
ability to regenerate into haploid and DH plants, highly valuable for
basic research and breeding purposes. Microspores also represent
an attractive target for genetic engineering, including genome
editing, because modi cations introduced into haploid cells can
be stably xed by chromosome doubling. However, the ef ciency of
ME is strongly genotype-dependent and often varies even between
closely related genotypes (Krzewska et al., 2012; Zur et al., 2014a).
Trial-and-error approaches to improve effectiveness of ME are
therefore laborious, highlighting the need to better understand
the underlying molecular mechanisms.

Advances in RNA sequencing (RNA-seq) have enabled detailed
exploration of transcriptional networks regulating developmental
reprogramming. Earlier studies provided insights into the
transcriptomic changes associated with ME induction in barley
(Belanger et al., 2018; Belanger et al., 2020). Building on this, our
recent work compared two cultivars that differ strongly in
embryogenic potential, providing a detailed map of the gene
networks that orchestrate the shift in cellular machinery during
ME induction (Nowicka et al., 2024). Based on our previous work in
triticale (Zur et al., 2014a), we postulated a role for ROS in ME
induction, a hypothesis supported by growing evidence. Tight
control of redox homeostasis therefore appears to be a
prerequisite for ef cient microspore reprogramming. It is
mediated by antioxidant and redox systems that regulate transfer
of electrons from donor molecules to target proteins. Within this
framework, antioxidant defense represents a key regulatory layer
that scavenges reactive molecules and reduces oxidized substrates to
protect microspores, while ROS themselves function as signaling
molecules involved in growth, development, and stress adaptation.
Recently published data highlight the complexity of the interactions
among ROS, transcriptional and epigenetic regulators, plant
hormones, metabolites, and suggest the potential mechanisms
underlying ROS-mediated effects (Auverlot et al., 2024; Karpinska
and Foyer, 2024; Lin et al., 2025).

Core antioxidant defenses include families of SUPEROXIDE
DISMUTASES (SODs), CATALASES (CATs), and
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GLUTATHIONE PEROXIDASES (GPXs), which detoxify
superoxide anion (O, ) and hydrogen peroxide (H,0,)
(Figure 1A) (Mittler, 2002). The electrons required for ROS
reduction are supplied by metal ions, which serve as essential
cofactors for enzymes such as SODs and CATSs. In the case of
peroxidases, which require electron donors, these electrons can be
provided by REDUCED GLUTATHIONE (GSH), ASCORBATE
(ASC) or THIOREDOXINS (TRXs), all of which also participate
directly in redox reactions. Additional protection is provided by the
ascorbate glutathione cycle (ASC GSH), where enzymes including
MONODEHYDROASCORBATE REDUCTASE (MDHAR),
DEHYDROASCORBATE REDUCTASE (DHAR),
GLUTATHIONE REDUCTASE (GR), and ASCORBATE
PEROXIDASE (APX) recycle oxidized forms of ASC
(dehydroascorbic acid, DHA) and glutathione (glutathione
disul de, GSSG) (Foyer and Noctor, 2011). Glutathione also
protects proteins against irreversible oxidation through S-
glutathionylation, catalysed by GLUTATHIONE S-
TRANSFERASES (GSTs). Many GSTs display also peroxidase
activity (Noctor et al., 2024 and references therein). Other
important electron transmitters include GLUTAREDOXINS
(GRXs), PEROXIREDOXINS (PRXs) and TRXs which catalyze
reversible disul de bond formation and protect central metabolic
pathways (Sevilla et al., 2023). Notably, the barley genome harbors
multi-member gene families for every antioxidant class (Figure 1B)
(Monat et al., 2019).

Here, we pro le the transcriptional antioxidant network
underpinning ME in barley by an extended analysis of previously
published RNA-seq data from microspores and microspore-derived
multicellular structures sampled across four early ME stages in two
cultivars with contrasting embryogenic competence (lgri,
responsive; Golden Promise, recalcitrant (Nowicka et al., 2024).
We delineate antioxidant pathways, identify stage-speci ¢ markers
of microspore reprogramming, and nominate candidate regulators
whose expression distinguish the superior ME ef ciency of Igri from
Golden Promise. Consistent with this, we observe clear cultivar-
dependent differences in antioxidant defense gene expression that
likely contribute to divergent ME responsiveness and may tip the
balance between successful reprogramming and stress-induced cell
death. However, these conclusions rely on transcriptomic evidence,
targeted functional assays will be required to determine whether
reduced antioxidant activity is a primary driver of microspore
mortality or instead re ects downstream consequences of broader
metabolic and physiological recon guration during ME.

2 Materials and methods

2.1 Plant material, ME-induction stages,
and RNA-seq sampling

This study builds on previously published RNA-seq data
(Nowicka et al., 2024) from two barley (Hordeum vulgare L.)
cultivars: Igri (winter type;, HOR 10596; ME-responsive) and
Golden Promise (spring type; HOR 16645; ME-recalcitrant).
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Antioxidant network and sampling stages during microspore embryogenesis. (A) Schematic of the ROS scavenging network surveyed in this study.
Core antioxidants: SUPEROXIDE DISMUTASE (SOD), CATALASE (CAT) and GLUTATHIONE PEROXIDASE (GPX). Ascorbate glutathione (ASC GSH)
cycle: ASCORBATE PEROXIDASE (APX), MONODEHYDROASCORBATE REDUCTASE (MDHAR) and GLUTATHIONE REDUCTASE (GR). Thiol redox
regulators: THIOREDOXIN (TRX), GLUTAREDOXIN (GRX), and PEROXIREDOXIN (PRX). S-glutathionylation is mediated by GLUTATHIONE S-
TRANSFERASE (GST). (B) Gene families and numbers of annotated barley genes (HORVU.MOREX.r2). (C) Cytological composition across ME
induction stages in two cultivars, Golden Promise (GP; recalcitrant) and Igri (responsive). Stage O: microspores/bicellulars isolated from freshly
harvested spikes. Stage I: isolates from anthers pre-treated 48 h in 0.4 M mannitol (21 °C). Stage II: isolates after mannitol-pretreatment followed by
24 h culture in KBP medium. Stage llI: isolates after mannitol-pretreatment followed by 48 h in KBP. Icons with percentage bars indicate the
proportions of uninucleate microspores, bicellular structures (after symmetric division) and multicellular structures (continued symmetric divisions).
Detailed percentages and additional phenotypes are shown in Supplementary Figure S1. Quantitative data redrawn from (Nowicka et al., 2024).

Detailed procedures for plant cultivation, ME induction,
microspore isolation, and data processing are provided in
Nowicka et al. (2024).
Four stages of ME-induction were analysed (Figure 1C):
Stage 0: Microspores isolated from freshly harvested tillers.
Stage I: Microspores isolated from anthers pre-treated with 0.4 M
mannitol for 48 h at 21 °C.

Stages Il I1I: Microspores isolated from anthers cultured in
KBP medium (Kumlehn et al., 2006) for 24 h (stage Il) or 48 h
(stage I11) following the same mannitol pre-treatment.
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Because Golden Promise is recalcitrant to ME induction,
biochemical stimulation was provided by co-culture with
immature pistils (+p) of wheat cultivar Bobwhite (Lippmann
et al., 2015). Longitudinally bisected pistils (three halves per ml
KBP medium) were added to isolated Golden Promise microspores,
and stage Il 111 RNA-seq samples were collected after co-culture.
Igri did not undergo co-culture. ME-induction ef ciency and
sample purity were assessed microscopically prior to RNA-seq
(Daghma et al., 2014). Samples for RNA-seq were collected using
a mannitol/maltose density-gradient method. The gradient was
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applied once for stage 0 and twice for stages | I11; stage 111 fractions
were additionally sieve- ltered.

Bicellular pollen grains produced by asymmetric division were
used as a gametophytic control. Pollen was isolated from freshly
harvested tillers: cells were rst enriched by a mannitol/maltose
density gradient and then individually picked using a glass
micropipette mounted on a micromanipulator under an inverted
microscope, coupled to a microinjector for precise aspiration.
Pollen RNA-seq data are unpublished (Kopec et al., 2025).

2.2 RNA extraction, sequencing, and
differential expression analysis

In brief, RNA-seq was performed with four biological replicates
per ME induction stage and cultivar (32 samples in total) and three
biological replicates per cultivar for bicellular pollen (6 samples).
Total RNA was extracted using the NucleoSpin RNA Plant Kit
(740949.50; Macherey-Nagel, Diren, Germany). Samples with
RNA integrity values (RIN) > 6.0 were used to prepare poly(A)-
selected mMRNA libraries (NEBNext Ultra™ RNA Library Prep Kit
for lllumina). Libraries were sequenced as 150-bp paired-end reads
on an lllumina NovaSeq platform (Genewiz). Raw reads were
adapter-trimmed using Trim Galore (v0.4.1) and aligned to the
H. vulgare cultivar Morex reference genome v2 (Monat et al., 2019)
using HISAT2 (v2.1.0). Gene-level read counts were obtained with
Subread/featureCounts (v1.5.2) using the corresponding genome
annotation. Differential expression analysis was performed on raw
count data using DESeq2 (v1.24.0) in R (v3.6.3) with the Wald test
under a negative binomial model. P-values were adjusted for
multiple testing using the Benjamini Hochberg procedure, and
genes with FDR < 0.05 were considered differentially expressed.
Transcript abundance was reported as FPKM, and log, fold changes
(log,FC) were calculated by DESeq?2.

The RNA-seq dataset is publicly available in the NCBI Gene
Expression Omnibus (GSE233486).

2.3 Antioxidant gene selection and
classi cation

To investigate redox associated transcriptional responses
during ME induction, we have completed the RNA-seq dataset
with a targeted set of antioxidant and redox-related genes.
Candidate functions were curated manually from biochemical
pathway knowledge and primary literature (Mittler, 2002; Foyer
and Noctor, 2011; Sevilla et al., 2023). In total, 472 genes (Figure 1B)
were curated and assigned to four functional categories:

i) core antioxidant genes: SUPEROXIDE DISMUTASES (SODs),
CATALASES (CATs), GLUTATHIONE PEROXIDASES (GPXs);

ii) ASC GSH cycle genes: ASCORBATE PEROXIDASES
(APXs), MONODEHYDROASCORBATE REDUCTASES
(MDHARs), DEHYDROASCORBATE REDUCTASES (DHARs)
and GLUTATHIONE REDUCTASE (GRs);
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iii) redox-regulated thiol genes: THIOREDOXINS (TRXs),
THIOREDOXIN REDUCTASE (TRXRs), GLUTAREDOXINS
(GRXs), PEROXIREDOXINS (PRXSs);

iv) genes involved in S-glutathionylation: GLUTATHIONE S-
TRANSFERASES (GSTs).

Candidate genes were initially retrieved from the H. vulgare
Morex v2 annotation (Monat et al., 2019) using keyword- and
function-based searches. When gene families were incompletely
annotated or ambiguous, orthologous Arabidopsis thaliana protein
sequences were used as queries for manual homology searches in
EnsemblPlants to identify the corresponding barley genes.

2.4 Marker gene criteria and cross-study
validation

Stage-speci ¢ markers were genes that, at a given induction
stage, met all of the following criteria: (i) FPKM > 10 in both
cultivars; (ii) no signi cant cultivar effect at that stage (FDR-
adjusted P > 0.05); (iii) log,FC > 2 relative to the subsequent
stages; and (iv) absent or very low expression in the gametophytic
control (bicellular pollen, P). Cultivar-speci ¢ markers were genes
that, at a given stage, met: (i) FPKM > 5; (ii) a signi cant difference
between cultivars (FDR-adjusted P < 0.05); (iii) log,FC > 2 relative
to the second cultivar at the same stage; and (iv) absent or very low
expression in P. Genes that did not meet these thresholds but
showed directionally consistent patterns are reported as trend-level
candidates for stage or cultivar speci city.

For cross-study validation, thiol-related and GST genes
reported for the ME-responsive cultivar Gobernadora (Belanger
et al., 2018), originally annotated against the Morex v1 (Mascher
etal., 2017) reference genome, were mapped to Morex v2 identi ers
using reciprocal BLASTP searches using EnsemblPlants database.

2.5 Data analysis and visualization

Gene ltering, selection, and summarization were performed in
R (v4.2.2) using custom scripts. Heatmaps were generated with
Heatmapper (http://heatmapper.ca/expression/). Matrix bubble
charts and additional visualizations were produced using ggplot2.

3 Results

3.1 Cytological composition across ME-
induction stages

Using the published dataset of Nowicka et al. (2024), we
assessed oxidative-stress-related transcriptomic responses across
four ME-induction stages in two barley cultivars, Igri (responsive)
and Golden Promise (recalcitrant): stage O (isolation from freshly
harvested tillers), stage I (48 h in 0.4 M mannitol at 21 °C), and
stages Il 111 (24 h and 48 h after transfer to KBP, respectively). Each
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stage comprised mixed cell populations with cultivar-speci ¢
composition (Figure 1C; Supplementary Figure S1). At stage 0,
Igri was enriched for uninucleate microspores (73%) with fewer
bicellular structures after symmetric division (17%). Golden
Promise contained fewer uninucleates (14%) and more bicellulars
(21%) whereas a high proportion of microspores remained
unidenti ed. Stage | showed comparable reprogramming ( 30%
symmetric divisions), but uninucleates remained more frequent in
Igri (68%) than in Golden Promise (22%). Across stages Il 1l1,
Golden Promise maintained 30% bicellular structures, while
multicellular structures arising from continued symmetric
divisions increased from 3% at stage Il to 18% at stage Ill. In
Igri, bicellulars remained 40% across stages Il Ill, with
multicellular structures at 12% in stage Il and 6% in stage Ill.
These differences were more pronounced in cultures lacking the
stimulatory effect of co-cultured pistils from the highly
embryogenic wheat cultivar Bobwhite ( p; Figure 1C;
Supplementary Figure S1). This staged cytology provides the
framework for the antioxidant/redox transcriptomic analyses
that follow.

3.2 Core antioxidant enzymes were
reprogrammed in a stage- and cultivar-
dependent manner

We rst pro led genes encoding the core antioxidant enzymes
that constitute the primary defense against ROS ~ SODs, CATs and
GPXs (Figure 2, Supplementary Figure S2). Of 21 annotated SOD
genes, 15 were transcriptionally active (FPKM > 0) in at least one
induction stage, together with ve of nine CATs and all ve GPXs
(Supplementary Figure S2A). SODs spanned a wide expression
range: in Golden Promise, most transcripts were moderate (10
100 FPKM) with few highly expressed (>100 FPKM), whereas in
Igri expression was more evenly split between low (1 10 FPKM)
and moderate levels. CATs were generally weakly expressed in both
cultivars, while GPXs were consistently stronger, predominantly at
moderate high levels (Supplementary Figure S2B). Most expressed
SODs belonged to Cu/Zn-SOD orthogroups (Arabidopsis CSD1/2/
3), with fewer chloroplastic Fe-SODs and a single mitochondrial
MnSOD. Two CATs aligned with CAT2 and several GPXs with
GPX1/6 (Supplementary Dataset 1).

Family-level averages revealed distinct trends (Figure 2A,
Supplementary Figure S2C). Mean SOD expression ranged from
~40 FPKM (lgri, stage 1I) to ~60 FPKM (Golden Promise, stage 1),
with maxima at stage 0 in Golden Promise and stage Il in Igri;
bicellular pollen (P; gametophytic control) showed SOD levels
comparable to induction stages. CATs averaged 12 28 FPKM and
peaked at stage I11 in both cultivars. GPXs exceeded SODs and CATSs
overall, tended to be higher in Golden Promise, and peaked at stage
Il (~180 FPKM). In contrast to induction stages, CAT and GPX
transcripts were low in mature pollen.

Gene-level pro les highlighted discrete regulatory modes
(Figures 2A, B). Among SODs, some transcripts were induced
early (stages 0 I; e.g. MnSOD HORVU.MOREX.r2.
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2HG0173140.1; Cu/Zn-SOD HORVU.MOREX.r2.2HG0154740.1),
whereas others rose later (stages | Ill; e.g. Cu/Zn-SODs
HORVU.MOREX.r2.4HG0329510.1 and HORVU.MOREX.r2.
6HG0513460.1 the latter strongly upregulated in both cultivars
at stages Il 111 with FPKM > 10 but not detected in mature pollen,
supporting its candidacy as an ME-stage marker). Additional
cultivar speci city was evident: Cu/Zn-SOD HORVU.MOREX.r2.
7HG0573050.1 was moderate at stages 0 Il in both cultivars but
became Igri-speci ¢ at stage Ill, whereas HORVU.MOREX.r2.
3HG0190910.1 was con ned to Igri.

Three CATs showed clear stage speci city: HORVU.MOREX.
r2.1HG0067700.1 at stage O (uninucleate microspores),
HORVU.MOREX.r2.2HG0109480.1 at stage | (osmotic
treatment), and HORVU.MOREX.r2.4HG0341470.1 at stage IlI,
with higher expression in Golden Promise. Another CAT
(HORVU.MOREX.r2.7HG0623480.1) increased progressively
across Stages Il Il in both cultivars and served as an Il 1l
marker. All CATs were very low in mature pollen (Figures 2A, B).

GPXs also exhibited stage- and cultivar-dependent regulation:
HORVU.MOREX.r2.4HG0304790.1 peaked at stages | and 111, and
HORVU.MOREX.r2.2HG0156400.1 marked Golden Promise at
stage I1l. As with CATs, GPX transcripts were low in mature
pollen (Figures 2A, B).

Collectively, core antioxidant genes show dynamic regulation
during ME, with stage- and cultivar-speci ¢ patterns that distinguish
the responsive Igri from the recalcitrant Golden Promise.

3.3 ASC-GSH cycle genes showed late
MDHAR rise and stronger GR induction in
responsive cultivar

We next analyzed APX, MDHAR, and GR families (Figure 3,
Supplementary Figure S3). A distinct DHAR gene family is not
annotated in the barley Morex v2 genome; homology-based
searches indicated that DHAR-like functions are represented by
GST-annotated genes (Supplementary Dataset 1). Most genes were
expressed (APX: 4/5; MDHAR: 5/7; GR: 2/2; 14 total;
Supplementary Figure S3A), mapping to orthogroups containing
the corresponding Arabidopsis genes (Supplementary Dataset 1).

At the family level, APX genes exhibited the highest mean
expression among all antioxidant gene families, maintaining
consistently high transcript abundance across induction stages
and in pollen in both cultivars ( 300 500 mean FPKM). Notably,
a single APX transcript (HORVU.MOREX.r2.2HG0088330.1)
displayed very high and stable expression across all ME stages
and in pollen, reaching 1000 FPKM (Figures 3A, B,
Supplementary Figure S3B). In contrast, MDHARs increased
progressively from stage 0 to stage Ill, particularly in Igri (up to
~77 FPKM), with pollen lower than induction stages. GRs were
expressed at moderate levels (~60 FPKM) across ME stages and in
pollen, except for a marked rise in Igri at stage Il (~115 FPKM).

Gene-speci ¢ patterns reinforced these trends (Figures 3A, B).
Within APX, HORVU.MOREX.r2.4HG0320930.1 was high in Igri
at stage 0 and re-emerged at stage 111, showing stage-111 speci city

frontiersin.org


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Nowicka et al.

10.3389/fpls.2025.1735720

A
Golden Promise [ g GP [igl
sops o [i" il HITH 16 i T

2HG0094720.1
7HG0538960.1
2HG0173140.1
42HG0154740.1
7HG0532570.1
7HG0573050.1
43HG0190910.1
4HG0342830.1
44HG0329510.1
46HG0513460.1

CATs o 1 W

Mean expression |

1HG0067700.1
2HGo100480.1|

A7HG0623480.1 x x

A4HG0341470.1

*
Golden Promise [FIgH

Gexs o [ NN o' RN IR P P
Mean expression ! - ‘

7HG0547330.1
6HG0499090.1
44HG0304790.1
“2HG0156400.1

'_'__ Z-score * stage/cultivar marker
2 0 2 4 plotted in panel B

;

FIGURE 2

Transcriptional dynamics of genes encoding core antioxidant enzymes during early microspore embryogenesis in barley. (A) Heatmaps showing
stage- and cultivar-speci c expression patterns of representative SUPEROXIDE DISMUTASE (SOD; n = 10 of 15 transcriptionally active), CATALASE
(CAs; n = 4 of 9 transcriptionally active), and GLUTATHIONE PEROXIDASE (GPX; n = 4 of 5 transcriptionally active) genes in Golden Promise (GP) and
Igri. Expression values are shown as row-wise Z-scores; the top row in each block represents the mean expression of all detected members of the
corresponding gene family. Only genes with detectable expression (FPKM > 0) in at least one stage in either cultivar were included. Stages O Il
represent successive steps of ME induction, whereas P denotes bicellular pollen (gametophytic development). Gene identi ers are abbreviated by
omitting the common HORVU.MOREX.r2 pre x. indicates genes plotted in (B); bold gene IDs denote genes discussed in the text.  indicates
marker genes, de ned as transcripts exhibiting stage-speci ¢ and/or cultivar-speci c expression during ME induction. (B) Expression trajectories for
selected SOD, CAT and GPX genes across ME stages. Asterisks indicate between-cultivar differences at a given stage (DESeq2, FDR-adjusted P <
0.05); ns indicates non-signi cance. Background shading indicates genes classi ed as stage-speci c (grey), Igri-speci c (green), or Golden
Promise-speci c (yellow). Dashed horizontal lines indicate the corresponding pollen expression level for each cultivar. Additional information on

these gene families is provided in Supplementary Figure S2.
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in both cultivars. Several MDHARs (HORVU.MOREX.
r2.6HG0503910.1, HORVU.MOREX.r2.7HG0581330.1,
HORVU.MOREX.r2.7HG0571990.1) showed progressive
induction marking stages Il Ill, whereas HORVU MOREX.
r2.6HG0503900.1 peaked at stage | in both cultivars. Among GRs,
HORVU.MOREX.r2.6HG0521730.1 emerged as a stage 111 speci ¢
marker of Igri. In mature pollen, APXs expression was high in one
or both cultivars, whereas MDHARs and GRs were low.

In summary, APX transcripts are abundant but largely stage-
stable, MDHARSs rise with ME progression, and GR showed an Igri-
biased stage-111 induction.

3.4 Thiol-redox regulators showed late
activation with responsive cultivar
enrichment

We examined also the transcriptional activity of thiol redox
regulatory families (Figure 4, Supplementary Figure S4). Of 143
annotated genes, most were expressed in at least one stage: 57/63
TRXs, 37/56 GRXs, all 6 TRXRs and all 8 PRXs (Supplementary
Figure S4A). TRX and GRX transcripts generally accumulated at
low to moderate levels, with few highly expressed members; TRXR
and PRX showed similar distributions (Supplementary Figure S4B).
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Transcriptional dynamics of ascorbate glutathione (ASC GSH) cycle genes during early microspore embryogenesis in barley. (A) Heatmaps of
representative ASCORBATE PEROXIDASE (APX; n = 2 out of 4 transcriptionally active), MONODEHYDROASCORBATE REDUCTASE (MDHAR; n =5, all
transcriptionally active) and GLUTATHIONE REDUCTASE (GR; n=2, all transcriptionally active) genes showing stage- and cultivar-speci ¢ expression
patterns (row Z-scores) in Golden Promise (GP) and Igri. The top row in each block indicates the mean expression of all detected members of the
corresponding gene family. Only genes with detectable expression (FPKM > 0) in at least one stage in either cultivar were included. Stages O Il represent
successive steps of ME induction, whereas P denotes bicellular pollen (gametophytic development). Gene IDs are abbreviated by omitting the common
indicates genes plotted in (B); bold gene IDs denote genes discussed in the text.
transcripts exhibiting stage-speci ¢ and/or cultivar-speci c expression during ME induction. (B) Expression trajectories for selected APX, MDHAR and GR
genes across ME stages. Asterisks indicate between-cultivar differences at a given stage (DESeq2, FDR-adjusted P<0.05); ns indicates non-signi cance.
Background shading indicates genes classi ed as stage-speci c (grey), Igri-enriched (green) or Golden Promise-enriched (yellow). Dashed horizontal lines
indicate the corresponding pollen expression level for each cultivar. Additional family-level expression summaries are provided in Supplementary Figure S3.

indicates marker genes, de ned as

At the family level, mean expression was relatively stable across
stages O Il and in pollen, with only minor cultivar differences
(Figure 4A, Supplementary Figure S4C). TRXR was notably
invariant: all six members showed no clear induction with ME or
genotype effects (Supplementary Dataset 1).

In contrast, several TRXs and GRXs were selectively mobilized at
later stages (I 11), particularly in Igri. Representative trajectories
illustrated these contrasts (Figures 4A, B). For example, TRXs
HORVU.MOREX.r2.1HG0023970.1, HORVU.MOREX.r2.4HG031
5890.1, and HORVU.MOREX.r2.2HG0091330.1 exhibited biphasic
dynamics: high at stage 0, decreased at stages | I, then re-induced at
stage Il Igri-speci ¢ for HORVU.MOREX.r2.1HG0023970.1, shared
by both cultivars for the other two. Strong cultivar biases were evident:
HORVU.MOREX.r2.7HG0534000.1 was consistently higher in Golden
Promise, whereas HORVU.MOREX.r2.2HG0174890.1 was higher in
Igri across stages. Marker-like behavior included Igri-speci ¢ induction
at stages Il 11l (HORVU.MOREX.r2.2HG0093810.1) and stage-Il1-
restricted increases (HORVU.MOREX.r2.5HG0432930.1, HORVU.
MOREX.r2.7HG0560380.1). Among GRXs, HORVU.MOREX.
r2.2HG0125570.1 acted as a stage-11l marker in both cultivars,
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HORVU.MOREX.r2.7HG0552610.1 was enriched in Golden
Promise at stage Ill, and HORVU.MOREX.r2.3HG0230900.1 was
Igri-stage 11l marker. Several transcripts (HORVU.MOREX.r2.
6HG0496700.1, HORVU.MOREX.r2.2HG0095970.1, HORVU.
MOREX.r2.1HG0072330.1) accumulated progressively across
induction. Within PRXs, HORVU.MOREX.r2.6HG0476250.1 was
stage-l speci ¢ in both cultivars, whereas HORVU.MOREX.r2.
3HG0231680.1 showed clear Igri speci city at stage 111.

To validate these patterns, a cross-study comparison was
performed with the ME-responsive cultivar Gobernadora, in
which three TRX and two GRX genes were reported as
upregulated at day 5 of culture (Belanger et al., 2018). The
expression pro les of these candidates were therefore examined in
the Igri and Golden Promise datasets. Two TRXs showed Igri stage
I11-speci ¢ accumulation, whereas the third was induced in both
cultivars across stages | Il1; similarly, both GRXs displayed
increased expression in both cultivars across stages | 111
(Figure 4A, Supplementary Dataset 1).

Notably, a subset of TRX, GRX and PRX genes was not ME-
responsive but was strongly expressed in mature pollen, indicating
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Transcriptional dynamics of thiol redox regulatory genes during early microspore embryogenesis in barley. (A) Heatmaps of representative
THIOREDOXIN (TRX; n = 14 out of 57 transcriptionally active), GLUTAREDOXIN (GRX; n = 12 out of 37 transcriptionally active) and PEROXIREDOXIN
(PRX; n = 4 out of 8 transcriptionally active) genes showing stage- and cultivar-speci ¢ expression patterns (row Z-scores) in Golden Promise (GP)
and Igri. The top row in each block indicates the mean expression of all detected members of the corresponding gene family. Only genes with
detectable expression (FPKM > 0) in at least one stage in either cultivar were included. Stages O Il represent successive steps of ME induction,
whereas P denotes bicellular pollen (gametophytic development). Symbols next to gene IDs denote: bold gene IDs genes discussed in the text.
indicates marker genes, de ned as transcripts exhibiting stage-speci c and/or cultivar-speci c expression during ME induction.
marks genes reported as upregulated at day 5 of culture in the ME-responsive cultivar Gobernadora (Belanger et al., 2018). Detailed
data are provided in Dataset 1. (B) Expression trajectories for selected TRX, GRX, and PRX genes across ME stages. Asterisks indicate between-
cultivar differences at a given stage (DESeq2, FDR-adjusted P<0.05); ns indicates non-signi cance. Shading indicates the stage where each gene is
stage-speci c (grey), Igri-speci c (green), or Golden Promise-speci c (yellow). Dashed horizontal lines indicate the pollen expression level for each
cultivar. Additional family-level expression summaries for TRXs/GRXs/PRXs and THIOREDOXIN REDUCTASEs (TRXRs) are provided in Supplementary

indicates genes

developmental rather than reprogramming regulation (Supplementary

Figures S4D, E).

Hence, although family-level expression appears stable, distinct
TRX/GRX/PRX members are selectively deployed in a stage- and
cultivar-dependent manner, with late (11 I11) induction particularly

prominent in Igri.
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3.5 Enhanced GST activation at stage Il of
ME in the responsive barley cultivar

To assess the role of GST during ME induction, we pro led the
expression of 280 annotated GST genes (Figure 5, Supplementary
Figure S5). Exactly half of these genes (140/280) were
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FIGURE 5

Transcriptional dynamics of GLUTATHIONE S-TRANSFERASE (GST) genes during early microspore embryogenesis in barley. (A) Heatmap of 34

representative GST genes (out of 180 transcriptionally active) showing stage- and cultivar-dependent expression patterns in Golden Promise (GP) and
Igri. Expression is displayed as row Z-scores; the top row indicates the mean expression of all detected GSTs. Only genes with detectable expression
(FPKM > 0) in at least one stage in either cultivar were included. Stages O Il represent successive steps of ME induction, whereas P denotes bicellular
pollen (gametophytic development). Gene IDs are abbreviated by omitting the common HORVU.MOREX.r2 pre x. Symbols next to gene IDs denote:
genes plotted in panel (B);  GSTs reported as upregulated in the ME-responsive cultivar Gobernadora at days O 2 of culture;  GSTs reported
as upregulated in Gobernadora at day 5 (Belanger et al., 2018). Bold gene IDs indicate genes speci cally discussed in the main text. Extended data are
provided in Dataset 1 and in Supplementary Figure S5. (B) Expression trajectories (FPKM) for selected GSTs across ME stages in GP and Igri. Asterisks
indicate signi cant between-cultivar differences at a given stage (DESeq2; FDR-adjusted P < 0.05); ns denotes non-signi cance. Background shading
indicates genes classi ed as stage-speci c (grey) or Igri-enriched (green). Dashed horizontal lines indicate the corresponding pollen expression level

for each cultivar. Additional family-level expression summaries are provided in Supplementary Figure S5.

transcriptionally active (FPKM > 0) in at least one developmental
stage in either cultivar (Supplementary Figure S5A). The expressed
GST genes are distributed across various classes, with a particularly
strong representation of the theta class (GSTT3, n = 41,
Supplementary Dataset 1). Most transcripts accumulated at very
low to low levels (0 10 FPKM), with relatively few reaching
moderate (10 100 FPKM) or high ( 100 FPKM) abundance.
Notably, the responsive cultivar Igri contained more strongly

Frontiers in Plant Science

expressed GSTs at stage |11 than Golden Promise (Supplementary
Figure S5B).

Mean GST expression increased progressively from stage 0 to
stage Il in both cultivars, peaking in Igri at stage 111 (~40 FPKM).
Pollen (P) showed low GST expression, comparable to stage 0
(Figure 5A, Supplementary Figure S5C).

Closer inspection revealed diverse expression trajectories
(Figures 5A, B). Several transcripts were preferentially induced in
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