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SUMMARY

Reproductive success hinges on precisely coordinated meiosis, yet our understanding of how structural

rearrangements of chromatin and phase transitions during meiosis are transcriptionally regulated is limited.

In crop plants, detailed analysis of the meiotic transcriptome could identify regulatory genes and epigenetic

regulators that can be targeted to increase recombination rates and broaden genetic variation, as well as

provide a resource for comparison among eukaryotes of different taxa to answer outstanding questions

about meiosis. We conducted a meiotic stage-specific analysis of messenger RNA (mRNA), small non-

coding RNA (sncRNA), and long intervening/intergenic non-coding RNA (lincRNA) in wheat (Triticum aesti-

vum L.) and revealed novel mechanisms of meiotic transcriptional regulation and meiosis-specific tran-

scripts. Amidst general repression of mRNA expression, significant enrichment of ncRNAs was identified

during prophase I relative to vegetative cells. The core meiotic transcriptome was comprised of 9309

meiosis-specific transcripts, 48 134 previously unannotated meiotic transcripts, and many known and novel

ncRNAs differentially expressed at specific stages. The abundant meiotic sncRNAs controlled the repro-

gramming of central metabolic pathways by targeting genes involved in photosynthesis, glycolysis, hor-

mone biosynthesis, and cellular homeostasis, and lincRNAs enhanced the expression of nearby genes.

Alternative splicing was not evident in this polyploid species, but isoforms were switched at phase transi-

tions. The novel, stage-specific regulatory controls uncovered here challenge the conventional understand-

ing of this crucial biological process and provide a new resource of requisite knowledge for those aiming to

directly modulate meiosis to improve crop plants. The wheat meiosis transcriptome dataset can be queried

for genes of interest using an eFP browser located at https://bar.utoronto.ca/efp_wheat/cgi-bin/efpWeb.

cgi?dataSource=Wheat_Meiosis.

Keywords: meiosis, transcriptome, small non-coding RNA, long intervening/intergenic non-coding RNA,

isoform switching, wheat.
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INTRODUCTION

The regulated exchanges of meiosis ensure the fidelity and

inherited genetic diversity of sexually reproducing species

(Ma, 2006; Mercier et al., 2015; Yang et al., 2011). In particu-

lar, the exchange of genetic material through homologous

recombination that occurs during meiotic prophase I

requires chromatin remodeling, condensation, and the for-

mation and then disassembly of the synaptonemal complex

(Zickler & Kleckner, 2015). The non-random and highly

structured organization of chromatin during prophase I cre-

ates hot and cold spots for recombination (Tock et

al., 2021), and the breaking and reorganization of double-

stranded DNA creates opportunities for the accumulation of

mutations through mismatch and repair that may become

fixed in subsequent generations. Evidence from model spe-

cies suggests a tight regulation of meiotic progression by

transcriptional, post-transcriptional, and epigenetic mecha-

nisms that drive remodeling, with splice variants, long

intervening/intergenic non-coding RNA (lincRNA), and

small non-coding RNA (sncRNA) playing key, but poorly

defined, roles. These may be distinct in different taxa or

species (Bergero et al., 2021). In particular, plants have rela-

tively large and complex epigenomes (Springer et al., 2015)

that regulate chromatin remodeling and accessibility in all

growth stages (Ahmad et al., 2010). Plants appear to harbor

and employ a different and extended range of genomic

sequence-based epigenetic modifications compared with

animal and mammalian species (Feng et al., 2010),

although, in practice, many of these regulatory elements

and mechanisms have been discovered first in plants and

later in non-plant species. To date, a global analysis of tran-

scriptome complexity and the regulatory mechanisms oper-

ating in meiotic progression in plants is lacking.

In addition to extensive reorganization of meiotic chro-

matin architecture, crucial developmental and metabolic

changes occur during the transition from vegetative to

reproductive development in plants. Among these changes,

decreased rates of transcription (Bergero et al., 2021; Gei-

singer et al., 2021) and elevated degradation of proteins and

ribosomes (Dickinson & Heslop-Harrison, 1977) support the

inhibition of cellular processes subsidiary to meiosis. Yet,

the molecular mechanisms that remodel the cellular land-

scape and facilitate meiotic-phase transitions are largely

unknown. Understanding the co-regulation of metabolic

pathways in concert with meiotic transcriptional reorganiza-

tion is essential to obtain a holistic view of meiotic

differentiation.

Many important crop plants are polyploid. Wheat (Tri-

ticum aestivum L.), an allopolyploid formed from three

ancestral grass genomes, is a crucial global food crop. In

wheat, recombination during meiosis requires the recogni-

tion of homologous regions within sub-genomes for

recombination to proceed, and the suppression of

homoeologous crossovers between the sub-genomes

(Sears, 1977). Although at least two genes (Rey et al., 2017;

Serra et al., 2021) involved in the suppression of homoeo-

logous recombination, including the Ph1 locus, are known,

the pathway is not fully defined and the transcriptional net-

work regulating homology recognition is largely unknown.

This knowledge gap hampers efforts to increase available

diversity using the gene pool available for wheat by wide

crossing. Nevertheless, to date the polyploid recombina-

tion process is better understood in wheat than in other

polyploids.

We proposed that a comprehensive dissection of the

molecular regulation of meiosis in a crop plant could help

identify target regulatory genes or epigenetic regulators

that could be manipulated to support widespread efforts to

increase recombination rates and broaden genetic variation

to accelerate breeding and engineering (Stapley et al.,2017).

We also aimed to describe the transcriptional landscape

during meiosis in wheat as a first step to aid understanding

of the distinctions in meiotic regulation between this and

other plants, different ploidies, and other non-plant species.

Despite the subject’s importance and the compelling

reasons to investigate the regulation of meiosis in wheat,

no such detailed studies examining the coordination of

messenger RNAs (mRNAs) and non-coding RNAs

(ncRNAs) at early meiosis stages in plants have been car-

ried out previously, largely due to technical difficulties. In

flowering plants, haploid male meiocytes are formed from

pollen mother cells that are ensheathed by sporophytic cell

layers of the anther wall (Goldberg et al., 1993; Ma, 2006).

Efforts to profile the male meiotic transcriptome have

therefore been limited by the use of whole anthers (Cris-

mani et al., 2006; Mart�ın et al., 2018). Using the MeioCap-

ture method (Shunmugam et al., 2018) for attaining high-

purity male meiocytes presented an opportunity to obtain

synchronized populations of cells spanning the entire mei-

otic progression, including resolved cell populations in

each of the five sub-stages of prophase I. In concert with

Illumina and Oxford Nanopore platforms for in-depth cov-

erage of mRNAs, sncRNAs, and lincRNAs, we aimed to

capture a high-resolution network of the expressed tran-

scripts and regulatory ncRNAs present throughout meiosis.

This novel dataset enabled the complexity of the entire

meiotic progression and its regulatory control elements to

be analyzed in unprecedented detail. We uncovered (i)

actively transcribed genes within the generally repressed

transcriptional landscape of meiosis, including novel mei-

otic transcripts and sncRNAs, (ii) meiosis essential genes

and regulatory modules, (iii) significant enrichment of

sncRNAs and lincRNAs in meiocytes compared to non-

meiotic tissues, and (iv) a negative correlation between the

abundant meiotic sncRNAs and their target genes, impli-

cating sncRNAs as key regulators in the reprogramming of

central metabolic pathways subsidiary to meiosis,

� 2023 National Research Council Canada and The Authors.
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including photosynthesis, glycolysis, hormone biosynthe-

sis, cellular homeostasis, and ion and metal transport. Fur-

ther, increased incidence of alternative splicing (AS) was

not observed during meiosis in polyploid wheat, but evi-

dence of transcript isoform switching was obtained. Our

data support novel mechanisms regulating transcriptional

dynamics during meiosis in wheat, including heightened

transcriptional repression via sncRNA-mediated transcript

degradation. We were also able to directly correlate

expression patterns of ncRNAs with their target genes dur-

ing meiosis for insights into the underlying mechanisms

that regulate recombination and successful meiotic

differentiation.

RESULTS

A wheat meiosis transcriptome atlas

Meiotic synchrony among stamens of a single floret allowed

pure meiocytes from seven meiotic stages to be captured,

including pre-meiotic G2 (Pm), the sub-stages of prophase I

(termed leptotene [Le], zygotene [Zy], pachytene [Pa], and

diplotene/diakinesis [Di]), metaphase I (MI), and metaphase

II (MII) (Figure 1a). Using Illumina HiSeq2500 and Oxford

Nanopore platforms, we generated 548 million paired-end

short mRNA reads (137 Gb), 569 million small RNA reads,

and 24 million long mRNA reads (24 Gb), respectively, from

each developmental stage of the meiocytes, as well as the

vegetative flag leaf (F; defined as the last leaf to emerge),

young leaves (L), reproductive anthers (A), and pollen (P;

Figure 1b,c; Table S1). The core meiosis transcriptome con-

sisted of 9309 meiosis-specific transcripts (MSTs), 48 134

meiosis unannotated transcripts (MUTs), 1249 microRNAs

(miRNAs), and 176 158 small interfering RNAs (siRNAs).

Among the filtered reads mapped to the wheat reference

genome (IWGSC v1.1), the meiotic transcriptome contained

a higher percentage of reads aligned to non-coding regions,

including untranslated regions (UTRs), introns, and inter-

genic regions, relative to the reads from vegetative and

other reproductive materials (Figure 1d; Table S2).

Increased incidence of intergenic RNAs in meiocytes

suggested the possibility of previously unidentified or unan-

notated transcripts that only accumulate during meiotic

stages. We examined transcriptional units expressed within

intergenic regions of the wheat genome and identified

48 134 MUTs. We classified the MUTs, identifying 11 121

coding transcripts with translatable open reading frames

(ORFs) and 37 013 non-coding transcripts (Figure 1e). The

majority of MUTs with ORFs had sequence homology to

proteins in the non-redundant (nr) database (E-value cut-off

of 1E�10). Among the non-coding transcripts, we distin-

guished miRNA precursors (Table S3) and other non-coding

transcripts including ribosomal RNA (rRNA), transfer RNA

(tRNA), small nucleolar RNA (snoRNA), spliceosomal RNA

(Table S4), and a large proportion of lincRNAs (Figure 1e).

We found a general repression of mRNA transcription dur-

ing meiosis, with significantly fewer genes expressed (tran-

scripts per million [TPM] > 0.1 in at least two replicates) per

unit length (5 Mb) across all wheat chromosomes in meiotic

stages compared to vegetative and reproductive samples

(Figure 1f,g) and a significantly higher proportion of genes

expressed during prophase I relative to the other meiotic

stages (Figure 1h). This comprehensive meiotic gene atlas

provides a valuable resource for geneticists, and can be que-

ried for genes of interest through the ‘Electronic Fluorescent

Pictograph’ (eFP) browser at https://bar.utoronto.ca/efp_

wheat/cgi-bin/efpWeb.cgi?dataSource=Wheat_Meiosis. The

browser produces a fluorescent pictograph colored on the

basis of transcript abundance data for individual wheat

genes in meiotic stages and control tissues (exemplified in

Figure S1).

Dynamics of gene expression during meiotic prophase

To explore the dynamics of gene expression during meiosis,

we identified wheat meiocyte differentially expressed tran-

scripts (DETs) relative to the flag leaf control. Pair-wise com-

parisons throughout the progression of meiosis resulted in

29 344 DETs in meiocytes, of which 20 035 (68%) were

downregulated and 9309 (32%) were upregulated, further

supporting a general repression of transcription during mei-

osis (Figure 2a). Gene ontology (GO) terms that were

enriched in the upregulated meiosis-specific DETs (MSTs),

i.e., candidate processes enriched by meiosis-related gene

activation, included DNA replication initiation, chromo-

some/chromatin organization, chromatin assembly or disas-

sembly, cytoplasmic translation, and microtubule-based

processes, as well as negative regulation of gene expression

including RNA degradation (Figure S2a). Meiosis-specific

downregulated genes included those for photosynthesis

and multiple cellular metabolic process-related GO terms

(Figure S2b).

The spatiotemporal coordination of upregulated genes

in meiocytes was examined with a weighted gene co-

expression network analysis (WGCNA; Langfelder & Hor-

vath, 2008) that revealed 17 distinct co-expression modules,

each containing between 65 and 1830 genes (Figure 2b,c).

For the genes in each module, plotting mean expression

across the stages of meiosis revealed predominant expres-

sion in either a single or a few related stages (Figure 2c),

supporting de novo synthesis of transcripts during meiosis.

Although relative upregulation could potentially have been

accounted for by the global inactivation in meiocytes com-

pared with flag leaves, instead there were striking patterns

of co-expression (such as in modules 3–8) that could not be

accounted for with a simple deactivation model. Together,

these data supported unique and occasionally enhanced

expression for a subset of genes in prophase I sub-stages

(Figure 2c), rather than complete meiotic transcriptional

inactivation.

� 2023 National Research Council Canada and The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd. Reproduced with the permission
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Of 115 wheat orthologs of known meiotic genes

(Table S5), 56 transcripts belonging to 32 genes were differ-

entially expressed in a meiosis stage-specific manner

(Figure 2c; Figure S3). Among these 56 transcripts, eight had

predicted functions in structural maintenance of

chromosome complexes (SMC1, 2, and 4; Figure 2c) – central
regulators of chromosome dynamics, DNA replication, and

DNA repair. The expression of SMC2 and SMC4 homeologs,

which form heterodimers required for chromosome

condensation in yeast and humans (Hirano, 2002; Jeppsson
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et al., 2014), was strongly correlated in mid-late stages of

prophase I (from diplotene to diakinesis; Figure S3). The

wheat orthologs of the ASY1 gene, which is involved in axis

morphogenesis and synaptonemal complex formation, were

induced during leptotene and maintained expression

throughout prophase I (Boden et al., 2009). The expression

of the ortholog of another synaptonemal complex protein,

ZYP1, was preferentially increased during late prophase I

stages with the highest expression observed during pachy-

tene and diplotene/diakinesis (Higgins et al., 2005). The

expression of the ortholog of SPO11-1, which catalyzes dou-

ble strand break (DSB) formation, peaked during zygotene

(Grelon et al., 2001). Similarly, HEI10 transcripts, involved in

the Class I crossover (CO) pathway, were highly expressed in

zygotene and pachytene (Chelysheva et al., 2012). The gene

SYN1/DIF1/REC8, encoding sister chromatid cohesion pro-

tein 1 and involved in monopolar orientation of the kineto-

chore and DSB repair (Ma, 2006), had the highest expression

in zygotene and pachytene among the seven stages of meio-

cytes (Figure S3). These results demonstrated a high degree

of correlation of gene expression with the functions of a sub-

set of knownmeiotic genes upregulated during meiosis.

We also found differences in transcript signatures

among the homoeologous meiotic gene copies (Figure S3).

For example, the MUS81 gene copy on chromosome 3B

had the lowest expression level in zygotene, whereas its

homoeolog on chromosome 3D had the lowest expression

level in the pre-meiotic G2 stage (Figure S3). We also found

similar differences in transcript signatures among homoeo-

logous gene copies of AGO9/AGO104 on chromosomes 3A

and 3D and SMC2/CAP-E1 on chromosomes 3A, 3B, and 3D

(Figure S3).

The expression patterns of more than 45% of previously

uncharacterized MSTs and MUTs (4330 transcripts) were

strongly correlated (Pearson correlation coefficient > 0.9)

with the expression patterns of the knownmeiotic genes that

were upregulated during meiosis (Table S6), suggesting a

possible role for these MSTs/MUTs in meiosis. The GO terms

associated with these genes included histone-related mecha-

nisms, actin crosslinking proteins, F-box family proteins,

DNA packaging, cytoskeleton organization, supramolecular

fiber organization, positive regulation of histone

methylation, actin filament network formation, purine nucle-

obase transport, and cellular component disassembly

(Table S7).

Altered splicing and isoform switching

AS is believed to play an important role during the transmeio-

tic progression of germ cells (Schmid et al., 2013) and in yeast

and mouse testis a global increase in splicing is observed

during meiosis (Juneau et al., 2007; Schmid et al., 2013). Fur-

ther, differential transcript usage, known as isoform switch-

ing, can impact the adaptive functionality of genes, with

transcriptional toggling between mRNA isoforms known to

drive protein level changes during meiosis (Cheng et

al., 2018). To assess the incidence of AS during meiosis, pat-

terns of expression for meiotic AS variants (ASVs) were com-

pared with vegetative and reproductive controls. Despite the

dramatic differences observed in the numbers of genes

expressed, the average number of exons per gene model

was near identical among meiocytes and controls (Table S8),

containing the same proportions of ASVs in the four major

classes distinguished: intron retention, alternative acceptor

sites, alternative donor sites, and exon skipping (Table S9). In

contrast to yeast and mouse testis, no significant differences

(P > 0.05, analysis of variance [ANOVA]) in meiosis-specific pat-

terns of AS were identified. However, isoform switching was

observed in 44 upregulated genes during meiosis (Figure 3a).

We tracked differential expression patterns between select

transcript pairs throughout meiosis to temporally distinguish

isoform switch events (Figure 3b–e). Among the known mei-

otic genes, the isoforms of MEIOSIS ARRESTED AT LEPTO-

TENE 1 (MEL1; TraesCS2D02G176500), which encodes a

meiosis regulatory Argonaute (AGO) protein that binds

Figure 1. The transcriptome of male meiocytes during meiosis in wheat.

(a) Diagrammatic representation of male meiocytes progressing through the cell cycle, from late interphase (left) through meiosis I and II (right). Key meiotic

events are illustrated for a representative cell (green), as it transitions from a diploid pre-meiotic microspore mother cell (left) into the four haploid meiocytes of

a microspore tetrad (right); its genetic information is represented by blue and red lines, and the nucleus is shown in gray.

(b) Illustration of vegetative controls (leaf and flag leaf).

(c) Illustration of reproductive controls (indehiscent anther and mature pollen).

(d) Alignment of reads from meiocytes and vegetative and reproductive (non-meiotic) controls to genomic regions. Bars represent percentage of aligned reads

falling within coding regions, UTRs, introns, and intergenic regions. The dot plot overlay shows the range of values observed in each meiosis stage or tissue

category.

(e) Categorization of novel transcripts from meiocyte intergenic regions into miRNA precursors, coding RNA, and long non-coding RNA by comparative

sequence analysis.

(f) Global patterns of gene expression in meiocytes and non-meiotic controls. The number of expressed genes per 5-Mb window is plotted for each chromo-

some (labeled along the outer periphery), with expression levels ranging from 0 to 60 genes/window scale represented by a blue-toned heatmap, as indicated

by the scale. Each blue ring presents the expression profile of a specific tissue, starting with the leaf (innermost ring), followed by flag leaf, meiocytes in pre-

meiotic G2, leptotene, zygotene, pachytene, diplotene/diakinesis, metaphase I, metaphase II, and then anther and pollen (outermost ring). Blue rings are seg-

mented by chromosome (see windows) and contain a heatmap readout for up to 60 genes per chromosome segment. The internal orange track presents the

density of protein-coding genes with 0–300 genes/window scale.

(g) Venn diagram of transcript populations in meiocytes, vegetative controls, and reproductive controls.

(h) Venn diagram of meiocyte transcript populations in the pre-meiotic G2 interphase, prophase I, and metaphase stages.

� 2023 National Research Council Canada and The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd. Reproduced with the permission
of the Minister of Innovation, Science, and Economic Development.,
The Plant Journal, (2023), doi: 10.1111/tpj.16125
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phased secondary small interfering RNAs (phasiRNAs, germ

cell-specific sncRNAs) and mediates target gene cleavage

during prophase I (Lian et al., 2021), showed isoform

switching (Figure 3b). Of the two differentially expressed iso-

forms of MEL1, TraesCS2D02G176500.1 was specifically

upregulated during metaphase I, whereas
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Figure 2. Weighted gene co-expression network analysis of upregulated meiotic genes.

(a) The differential expression analysis (ANOVA followed by post-hoc Tukey HSD test) identified 9309 upregulated and 20 035 downregulated transcripts during

meiosis. The expression of genes in different meiotic stages was compared to flag leaf (control). DETs, differentially expressed transcripts.

(b) Dendrogram showing co-expression modules identified by weighted gene co-expression network analysis of upregulated genes during meiosis. The major

tree branches constitute 17 distinct co-expression modules labeled by different colors.

(c) Tissue specificity of meiotic genes belonging to individual co-expression modules. Histogram bars are colored according to the corresponding module color.

The histograms show the mean and standard deviation for the transformed expression values (mean over replicates of ln(1 + TPM)) for each tissue. The number

of genes in each module is indicated in parentheses. Known meiotic genes belonging to individual modules are listed below. Pm, pre-meiotic G2; Le, leptotene;

Zy, zygotene; Pa, pachytene; Di, diplotene/diakinesis; MI, metaphase I; MII, metaphase II.
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TraesCS2D02G176500.2 was downregulated during meta-

phase I but upregulated during prophase I stages (Figure 3b).

These data suggested differential functional potential for

select gene isoforms in a non-canonical mode of gene

regulation.

Regulatory non-coding RNA landscape

To investigate the sncRNA landscape during meiosis, the

size, distribution, abundance, and characteristics of sncRNAs

expressed in meiocytes were determined. A total of 177 407

distinct sncRNAs were expressed (cumulative read count >
100) in meiocytes and controls (Table S10), consisting of

1249 sncRNAs annotated as miRNAs (processed from single-

stranded precursor RNA and containing a hairpin structure)

and 176 158 sncRNAs annotated as siRNAs (produced from

DICER/DICER-like processing of double-stranded RNAs). Of

the expressed miRNAs, 661 were previously identified plant

miRNAs and 588 were novel (Table S10).

In contrast to the repressed transcriptional landscape

observed for meiotic mRNA profiles, sncRNAs were highly

abundant in meiocytes relative to control tissues

(Figure 4a). The number of sncRNAs expressed in pre-

meiotic G2 was higher compared to leptotene. However,

there was a gradual increase in the number of sncRNAs

expressed in prophase I stages, with the highest number

of sncRNAs expressed during pachytene (Figure 4a). Of the

120 236 sncRNAs expressed during meiosis, 78 412 (65%)

were uniquely expressed in meiocytes relative to vegeta-

tive and other reproductive controls (Figure 4b), and the

majority of meiotic sncRNAs were expressed in prophase I

(Figure 4c). Throughout meiosis, 21- and 24-nucleotide

sncRNAs were the most abundant (Figure 4d).
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Figure 3. Alternate use of mRNA isoforms during meiosis in wheat.

(a) Heatmap of relative TPM levels of 44 isoform pairs showing isoform switch events. Ratios were calculated as ln(TPM(isoform 1/isoform 2)).

(b) Line plots showing examples of transcript pairs with an isoform switch event at different time points. Each data point represents the mean � standard error

of expression values from three biological replicates. Pm, pre-meiotic G2; Le, leptotene; Zy, zygotene; Pa, pachytene; Di, diplotene/diakinesis; MI, metaphase I;

MII, metaphase II.
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sncRNAs specifically target genes involved in

photosynthesis, glycolysis, and other subsidiary metabolic

processes during meiosis

ncRNAs have critical and diverse roles in the regulation of

gene expression (Chen, 2009; Statello et al., 2021). Consider-

ing the abundance of sncRNAs in meiocytes identified here,

we sought to understand the role of these ncRNAs. First, dif-

ferentially expressed miRNAs and siRNAs were identified

using the flag leaf as a reference. The majority of differentially

expressed sncRNAs were upregulated, with 686 upregulated

miRNAs, 197 downregulated miRNAs, 121 341 upregulated

siRNAs, and 19 162 downregulated siRNAs (Figure S4). Next,

the relationship between sncRNAs with differential expres-

sion in meiocytes and the expression of their putative target

mRNAs was examined using psRNAtarget software to iden-

tify putative mRNA targets. Pearson correlation coefficients

for all miRNA–mRNA and siRNA–mRNA pairs were com-

puted as the estimation of correlations (Figure 5a,b) and

expression profiles analyzed across meiotic stages and vege-

tative and reproductive controls. The transcriptional activity

of the majority of miRNAs (75%) and siRNAs (70%) was nega-

tively correlated with that of their putative target mRNAs

(Figure 5a,b). This suggested roles for sncRNAs in the repres-

sion of transcription, either through the repression of expres-

sion or increased degradation of target mRNAs.

To explore the functional relevance of putative sncRNA–
mRNA interactions, tissue-wise means and variances of

transformed expression values were plotted for miRNA or

siRNA and their putative target mRNAs (Figure 5c,d). Con-

trasting expression patterns for miRNA or siRNA and their

putative target mRNAs were observed in meiocytes across

their development. GO terms enriched for putative targets

from differentially expressed miRNA and siRNAs during mei-

osis included processes related to metabolism, transport of

ions and metals, chemical and cellular homeostasis, hor-

mone biosynthesis, photosynthesis, and glycolysis

(Figure 5e,f), suggesting that mRNAs associated with these

processes were regulated by sncRNAs and repressed during

meiosis.

Dynamics of lincRNA during meiotic prophase

lincRNAs act as cis- or trans-regulators of gene expression

through interactions with transcriptional machinery proteins

or chromatin-modifying complexes, or as the precursors of

sncRNAs (Geisinger et al., 2021; Liu et al., 2015; Taylor et

al., 2015). The largest proportion of novel transcripts identi-

fied in meiocytes here consisted of lincRNAs (Figure 1e).

We performed differential expression analysis using ANOVA

followed by post-hoc Tukey’s honest significant difference

(HSD) test for pair-wise comparisons between flag leaf con-

trol and different meiotic stages for the 30 949 lincRNAs

identified. This substantially narrowed the lincRNAs to 1798

with differential expression in meiocytes, consisting of 1584

upregulated and 217 downregulated lincRNAs relative to

the flag leaf (Figure S4). For the upregulated lincRNAs,
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Figure 4. An overview of sncRNA expression in meiotic and non-meiotic tissues.

(a) The number of mRNAs and sncRNAs expressed in meiotic and non-meiotic tissues. Pm, pre-meiotic G2; Le, leptotene; Zy, zygotene; Pa, pachytene; Di, diplo-

tene/diakinesis; MI, metaphase I; MII, metaphase II; L, leaf; F, flag leaf; P, pollen; A, anther.

(b) Venn diagram illustrating distinct and overlapping sncRNA populations in meiocytes, vegetative controls, and reproductive controls.

(c) Venn diagram illustrating distinct and overlapping sncRNA populations in the pre-meiotic G2 interphase, prophase I, and metaphase.

(d) Size distribution of sncRNAs and their abundance in meiotic and non-meiotic tissues.
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WGCNA identified eight modules consisting of 71 to 727 co-

expressed lincRNAs (Figure 6a,b). The plots of tissue-wise

means and variances of transformed TPM values for

lincRNA belonging to each module revealed lincRNAs in

modules had stage-specific expression patterns, either pre-

dominantly expressed in an individual meiotic stage (as in

modules 1 through 7) or expressed in a narrow range of

early meiosis (as in module 8; Figure 6b). The distinct,

restricted expression pattern for lincRNAs across meiosis

suggested that lincRNAs may play a role in the demarcation

of key transitions in meiotic progression in wheat.

lincRNAs can act as local regulators influencing the

expression of neighboring protein-coding genes (Engreitz

et al., 2016; Ørom et al., 2010; Wang et al., 2011). To test

whether meiotic lincRNAs affected the expression of

nearby genes, we compared the expression patterns of the

lincRNAs upregulated in meiosis relative to flag leaf, with

those of their 40 adjoining genes (determined as the 20

genes upstream and downstream of each lincRNA). Pear-

son correlation coefficients for the expression patterns of

all lincRNA–mRNA neighbor pairs revealed a majority of

lincRNAs were positively correlated with the expression of

adjoining genes, particularly for neighbors in the immedi-

ate vicinity of each lincRNA (Figure 6c). These data indicate

a substantial fraction of meiotic lincRNAs positively influ-

enced the expression of their gene neighbors.

DISCUSSION

The ordered progression of meiosis requires extensive

reconfiguration of chromatin architecture to ensure
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Figure 5. Negative relationship between the expression profiles of sncRNAs and their target mRNAs.

(a) Histogram of correlation coefficients calculated by comparing the expression patterns of upregulated miRNAs in meiotic tissues and their putative mRNA tar-

gets. A cumulative frequency plot is overlaid on the histogram.

(b) Histogram of correlation coefficients calculated by comparing the expression patterns of upregulated siRNAs in meiotic tissues and their putative mRNA tar-

gets. A cumulative frequency plot is overlaid on the histogram.

(c) Line plots showing the mean expression values of miRNAs and their target mRNAs with negative correlation coefficient values.

(d) Line plots showing the mean expression values of siRNAs and their target mRNAs with negative correlation coefficient values.

(e) Gene ontology (GO) term enrichment in putative gene targets of miRNAs. The heatmap depicts the top 20 enriched GO categories.

(f) GO term enrichment in putative gene targets of siRNAs. The heatmap depicts the top 20 enriched GO categories.
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accurate segregation of the genome into gametes (Bergero

et al., 2021). Owing to the extreme condensation of chroma-

tin during meiosis, transcription appears to be largely inac-

tivated during the progression of meiosis in higher

eukaryotes (Bergero et al., 2021). Here, the isolation of puri-

fied and stage-specific wheat male meiocytes, paired with

in-depth sequencing of coding RNA and ncRNA, revealed

the transcriptional landscape during meiosis in wheat. The

resulting data challenge the notion of a largely inert,

repressed transcriptional landscape associated with con-

densed chromatin and displaced transcription factors.

Amidst global repression, a variety of upregulated coding

RNAs and ncRNAs with distinct spatiotemporal patterns of

expression were detected, supporting a central role for

select transcript populations in orchestrating meiotic pro-

gression in plants. Among these, we found an increased

incidence of expression of previously unannotated tran-

scriptional units. Similar observations were also made in
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Figure 6. Tissue-specific co-expression networks of lincRNAs.

(a) Hierarchical cluster tree showing eight modules identified by WGCNA of 1584 lincRNAs upregulated in different meiotic stages.

(b) Tissue specificity of lincRNAs belonging to individual co-expression modules. Histogram bars colored according to the corresponding module color show

the mean and standard deviation for the transformed expression values. The number of genes in each module is indicated in parentheses. Pm, pre-meiotic G2;

Le, leptotene; Zy, zygotene; Pa, pachytene; Di, diplotene/diakinesis; MI, metaphase I; MII, metaphase II.

(c) Local regulation of gene expression by lincRNAs. The expression patterns of lincRNAs and adjoining genes (20 genes upstream and 20 genes downstream)

were compared. The heatmap shows the numbers of genes with correlation coefficient values greater than 0.5 (positive correlation with corresponding lincRNA)

and lower than �0.5 (negative correlation).
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yeast, where MUTs that accumulate only during meiotic

development were discovered (Lardenois et al., 2011). A

substantial proportion of previously uncharacterized genes

were co-expressed in a phase-specific manner together

with known meiotic genes. Together, these data support

the unique and occasionally enhanced expression of a

larger subset of genes than previously described.

In contrast, a minority of known meiotic genes were

differentially expressed in a meiosis stage-specific manner

in wheat. A similar observation in barley (Hordeum vul-

gare) identified only 28 known meiotic genes with differen-

tial expression across meiosis (Barakate et al., 2021). In

Arabidopsis, 29 of the 68 genes known to be involved in

meiosis exhibited preferential expression during meiosis

(Chen et al., 2010). This is probably because DNA repair

genes are likely to be required during mitosis and meiosis,

but meiosis-specific proteins like ASY1 and ZYP1 are not.

The lack of meiosis-specific expression of many known

meiotic genes here is most likely due to their overlapping

functions in mitosis and meiosis, similarly to the ZYP1

meiotic gene, which was also found to be abundantly

expressed in late bud development stages 15–18 in Arabi-

dopsis (Higgins et al., 2005; Klepikova et al., 2016).

The GO terms associated with MSTs having strong cor-

relation with known meiotic genes included many with

potential functions in epigenetic regulation of chromatin,

structural modifications, and DSB repair. It has been well

documented that histone modifications mediate meiotic

events, including chromosome structural modifications,

chromatin remodeling, and dynamic transcriptional regula-

tion during meiosis (Wang et al., 2017). F-box proteins are

also involved in meiotic differentiation. A previous study

showed that meiotic F-box proteins are essential for DNA

DSB repair and are active during leptotene and pachytene of

prophase I in rice (Oryza sativa) (He et al., 2016). Although

the direct role of actin crosslinking proteins in meiosis is

unclear, they are essential for organizing actin filaments into

subcellular scaffolds that play important roles in cellular

motility and adhesion (Tseng et al., 2005). The spatiotempo-

ral expression patterns combined with co-expression net-

works presented here provide a valuable foundation for

future experiments aimed at understanding the meiotic func-

tions of the yet uncharacterized MSTs.

To further challenge long-held assumptions about the

processes that regulate meiosis in eukaryotes, this study

identified elevated incidences of isoform switching, rather

than AS, in wheat male meiocytes relative to controls.

Although a high proportion of reads aligned to UTRs,

introns, and intergenic regions in meiocytes, suggesting a

high incidence of alternatively spliced transcripts in mei-

otic tissues relative to vegetative controls, the average

number of exons per gene model and proportions of vari-

ants across the major AS classes remained near constant

between meiocytes and controls. Despite a lack of

evidence for elevated AS in meiotic wheat meiocytes, the

isoform switching detected indicates differential transcript

usage may similarly function to alter protein accumulation

during meiosis. Additionally, our finding that alternative

isoforms of a number of genes, such as the gene encoding

the phasiRNA-binding MEL1 (TraesCS2D02G176500), are

overexpressed at specific stages of meiosis and switch

with phase transitions strongly suggests a role for these

alternative isoforms in regulating meiotic transitions, in

agreement with recent findings in meiotic Brassica rapa

pollen (Golicz et al., 2021).

Regulatory ncRNAs, including sncRNAs (20–24 nucleo-

tides) and lincRNAs (>200 nucleotides), play essential roles

in the coordinated progression of cellular differentiation

(B�elanger et al., 2020; B€ohmdorfer & Wierzbicki, 2015; Dai et

al., 2019; Goh et al., 2015; Gou et al., 2014; Huang et

al., 2019). lincRNAs function in chromatin modification, the

regulation of DNA, histone methylation, and nucleosome

positioning (B€ohmdorfer & Wierzbicki, 2015). The elevated

expression of lincRNAs in plant and animal reproductive

organs, including the meiocytes of sunflower (Helianthus

annuus), implies a role for these ncRNAs in regulating gene

expression during meiosis (Fl�orez-Zapata et al., 2016). Our

data show that a substantial fraction of meiotic lincRNAs

positively influenced the expression of their gene neighbors,

suggesting that lincRNAs may assist in maintaining the

expression of select genes in the overall condensed chromo-

some environment of meiosis.

In our samples, 24-nucleotide siRNAs were the most

abundant among sncRNAs, and this is consistent with pre-

vious reports in diverse plants (Lunardon et al., 2020),

including wheat, where 24-nucleotide siRNAs constituted

the largest proportion of sncRNAs in spike, seed, and seed-

ling tissues (Li et al., 2014); 24-nucleotide siRNAs regulate

expression and chromatin, in particular heterochromatin,

via the recruitment and spread of RNA-directed DNA meth-

ylation (RdDM), often to silence repetitive elements (Fultz

et al., 2015). Their relative over-abundance in meiocytes in

our study may indicate a role in the generalized suppres-

sion of transcription during meiosis, especially in the

highly repetitive wheat genome. Moreover, 21-nucleotide

sncRNAs were also overrepresented in meiosis compared

with vegetative tissues. In Arabidopsis, 21-nucleotide

sncRNAs are produced from post-transcriptionally

degraded transposable elements in pollen vegetative cells

and move into sperm cells to inhibit harmful transposition

in the next generation (Mart�ınez et al., 2016), but their rela-

tive over-abundance in meiocytes compared with pollen

here suggested another role. They may also be produced

from sites near DSBs (Hawley et al., 2017) and important

for their repair and meiotic recombination (B�elanger et

al., 2020; Huang et al., 2019; Lunardon et al., 2020), as may

21- or 24-nucleotide phasiRNAs, consistent with their pres-

ence at the meiotic stages in our study.

� 2023 National Research Council Canada and The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd. Reproduced with the permission
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In addition to their role in heterochromatin condensa-

tion and the prevention of repetitive element transposition,

24-nucleotide siRNAs have been shown to repress the

expression of target coding genes in (non-phase-specific)

meiocytes in the male lineage of Arabidopsis via RdDM

(Walker et al., 2018). Here, co-analysis of expression patterns

for coding RNAs and ncRNAs in meiotic stages and correla-

tion of ncRNAs with their putative targets showed that the

transcription levels for the majority of upregulated miRNAs

and siRNAs during meiosis were negatively correlated with

the transcript levels of their putative target mRNAs, indicat-

ing that these sncRNAs may function as regulators of tar-

geted meiotic mRNA repression. The mRNAs identified as

sncRNA targets were enriched in metabolism-related pro-

cesses, suggesting an important role for sncRNAs in downre-

gulating genes involved in cellular processes that are

subsidiary to meiosis. The decay of mRNA and ethylene-

responsive element binding factor-associated amphiphilic

repression (EAR)-motif-mediated transcriptional repression

may also play a role in the regulation of mRNA abundance

during meiosis as several genes involved in RNA decay path-

ways and genes encoding EAR-motif-containing transcrip-

tional repressors were upregulated in a meiosis stage-

specific manner (Figure S5; Table S11). These analyses pro-

vide insight into the dynamic RNA interactions that orches-

trate gene expression during meiosis. Uncovering the

molecular impacts of ncRNA regulators on corresponding

mRNA targets and the transcriptional landscape during mei-

osis will be an important next step in uncovering the mecha-

nisms regulating meiosis in plants.

The recombination of maternal and paternal DNA dur-

ing meiosis is critical for the production of genetically diver-

sified offspring. With the rate of recombination governed, in

part, by specific genetic loci, uncovering the molecular basis

of meiotic recombination provides opportunities to target

meiotic recombination rates and accelerate the development

of novel germplasm for plant breeding (Stapley et al., 2017).

Our dissection of the meiocyte transcriptome in polyploid

wheat revealed a subset of meiosis-expressed essential

genes and gene regulatory mechanisms with the potential to

direct future efforts to increase recombination frequencies

and assist wild trait introgression into cultivated plants.

EXPERIMENTAL PROCEDURES

Plant materials and growing conditions

Wheat (2n = 6x = 42, AABBDD) genotype Chinese Spring was
planted with two seeds per pot in four-inch pots filled with Sun-
shine Gro� mix (Seba Beach, AB, Canada). All plants were grown
in a growth chamber (PGW40; Conviron, Winnipeg, MB, Canada) at
the National Research Council Canada (Saskatoon, SK, Canada)
with a constant temperature of 21 � 1°C, a photoperiod of
16 h (day)/8 h (night), and a minimum photosynthetic photon flux
density of 400 lmol m�2 sec�1 during the day. Plants were moni-
tored daily, watered regularly, and treated every 2 weeks using

water-soluble 20-20-20 fertilizer at a rate of 3.0 g L�1 and chelated
micronutrient mix at a rate of 0.3 g L�1 (both from Plant Products
Co. Ltd., Brampton, ON, Canada).

Meiocyte isolation

Meiocytes were isolated from anthers in developing wheat inflo-
rescences using the MeioCapture method (Shunmugam et
al., 2018). Briefly, the spikes were collected along with the leaf
sheath, placed in a beaker with distilled water on ice, and trans-
ferred to the lab immediately for meiocyte isolation. Individual flo-
rets were excised from the spikelets and placed in 19 Dulbecco’s
phosphate-buffered saline (DPBS) buffer (ThermoFisher
Scientific, Minneapolis, MN, USA; Catalog no. 14190144). Three of
the five anthers from each floret, with filament of stamens
detached, were isolated and placed in 50 ll 19 DPBS solution for
use as the reproductive control. This was repeated to collect a
minimum of 50 anthers, which were sorted by length using a dis-
section scope fitted with an ocular micrometer. Indehiscent
anthers ranging from 0.7 to 1.2 mm were used. One anther from
each floret was squished and stained with 15–20 ll of 2%
acetocarmine to allow the meiotic stage to be determined by light
microscopy. The sporogenous archesporial columns containing
meiocytes (meiocyte-filled sacs) were extracted from the remain-
ing two anthers of each floret by nicking the narrow end of the
anther in the DPBS dome and rolling a dissecting needle along
the anther towards the nick. These steps were repeated until
5000–7000 meiocytes per replicate were collected for each meiotic
stage, including pre-meiotic G2, leptotene, zygotene, pachytene,
diplotene/diakinesis, metaphase I, and metaphase II (Figure 1a).
The meiocytes were stored in RNAlater solution (ThermoFisher;
Catalog no. AM7020) prior to RNA isolation. Other plant tissues,
including young leaf (approximately 2 weeks after seeding), flag
leaf (the last leaf to emerge, immediately below the spike), whole
anthers (0.6–1.2 mm in length), and pollen grains (immediately
after anther dehiscence) were collected (Figure 1b,c) for compari-
son. At least three independent biological replicates were col-
lected for each tissue or meiotic stage.

RNA isolation and sequencing

Total RNA from meiocytes and control tissues was isolated
using the RNAqueousTM-Micro Total RNA Isolation Kit
(ThermoFisher Scientific; Catalog no. AM1931) according to the
manufacturer’s instructions. The RNA yield and purity were
assessed using a Nanodrop 1100 (ThermoFisher Scientific), and
RNA integrity was evaluated using an Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA). TruSeq RNA and
small RNA sequencing libraries were constructed following the
manufacturer’s instructions (Illumina, San Diego, CA, USA; http://
www.illumina.com/) and sequenced (up to 125 cycles) using an
Illumina HiSeq2500 platform.

Oxford Nanopore cDNA library preparation and

sequencing

RNA sequencing libraries were generated from the isolated RNA
of six samples, including leaf, pre-meiotic and meiotic anthers,
and pre-meiotic and meiotic meiocytes, according to the manufac-
turer’s instructions. Briefly, 100 ng of RNA from each sample was
reverse transcribed to obtain strand-switched DNA which was
assessed for quantity and quality using a Qubit fluorometer. Each
sample was then end-prepared for barcode ligation. After the bar-
codes were ligated, the samples were quantified and pooled for
adapter ligation. The final library pool was quantified and

� 2023 National Research Council Canada and The Authors.
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sequenced using FLO-MIN106 flow cells with R9 chemistry on an
Mk1B MinION.

mRNA expression profiling

Before read mapping, short Illumina reads were filtered using
Trimmomatic (v0.39) (Bolger et al., 2014) with default settings by
trimming adapter and low-quality sequences and removing reads
shorter than 75 bp. Filtered reads were aligned to the wheat ref-
erence genome (IWGSC v1.1; IWGSC, 2018) using STAR (v2.7.5a;
Dobin et al., 2013). Transcript abundance was estimated using
the RSEM (v1.3.3) algorithm (Li & Dewey, 2011) and the IWGSC
v1.1 annotation, and the expected read counts and TPM values,
which normalize counts to a consistent number per library (1 mil-
lion) to facilitate the comparison of relative expression across
various samples (Wagner et al., 2012), were generated. TPM
values were transformed by adding one and taking the natural
logarithm to meet the statistical assumption of normal data dis-
tribution (Kagale et al., 2016). The transformed values were used
in the subsequent analyses. Genes with a TPM greater than 0.1
in at least two biological replicates were considered as expressed
genes. The similarity between biological replicates was assessed
by calculating pair-wise Pearson correlation coefficients (R) for
each meiotic stage or tissue type. The average R-values for mei-
otic stages were slightly lower (0.81) compared to vegetative
(0.94) and other reproductive (0.88) tissues (Table S12). RNA
sequencing analysis of meiotic stages was repeated with three
additional replicates, which produced R-values that were similar
to the first set (Table S13). Similar observations were also made
in transcriptome studies of maize (Zea mays) and other plant
species (Dukowic-Schulze et al., 2014). The low R-values could
be the result of residual fragments produced by mRNA decay
during meiosis. The circular plots representing expression pro-
files of genes were drawn using the web-based Accusyn browser
(https://accusyn.usask.ca/).

Oxford Nanopore data filtering and analysis

Oxford Nanopore Sequencing reads were base-called using
Guppy (v3.6.0) and then demultiplexed into individual samples
using deepbinner (v0.2.0). Porechop (v0.24) was used to trim
remaining sequencing adapters and NanoFilt (v2.7.0) was used to
quality-trim reads to a minimum quality score of 7. Trimmed
reads were aligned to the CS reference genome in a splice-aware
manner using minimap2 (version 2.17-r941) (Li, 2018) with the
parameter ‘-ax splice’. IsoQuant (v1.0.0) was used to identify
known and novel transcripts in minimap2 alignment files. Oxford
Nanopore Technologies open-source script (spliced_bam2gff) was
used to convert the bam alignment to gff files.

Annotation of novel transcripts expressed during meiosis

To investigate the possibility of unannotated transcripts among
intergenic RNAs, annotations for the transcriptional units expressed
in intergenic regions of the wheat genome were generated using
StringTie (v2.1.1) (Pertea et al., 2015). Among the 48 134 novel tran-
scripts identified, transcript classifications were assigned using
CPC2 (v2) (Kang et al., 2017), CNIT (Guo et al., 2019), BLAST (v2.9.0;
Altschul et al., 1990), and TransDecoder (v5.5.0) (TransDeco-
der, 2018), which identified 11 121 coding transcripts with translat-
able ORFs and 37 013 non-coding transcripts (Figure 1e).

Differential expression and co-expression analyses

The analysis of statistical significance of differences in gene
expression between the meiotic stages, vegetative tissues, and

other reproductive tissues in CS was performed using ANOVA.
Pair-wise comparisons between flag leaf and remaining tissues
or meiotic stages were made using the post-hoc Tukey HSD test.
P-values were adjusted using the Benjamini–Hochberg correction
for multiple testing (Benjamini & Hochberg, 1995). A false dis-
covery rate-adjusted P-value less than 0.05 was deemed statisti-
cally significant. To identify clusters of highly correlated genes
(with similar expression patterns) in meiotic stages, a co-
expression network was constructed for the 9309 upregulated
transcripts using the WGCNA (v1.69) R package (Langfelder &
Horvath, 2008). Clustering was performed with ln(1 + TPM)
values with a soft thresholding power of 12. The minimum num-
ber of genes in each module (minModuleSize) was set to 30. The
maximum number of genes in one block (maxBlockSize) was set
to 10 000. The hierarchical clustering tree was cut using the
Dynamic Hybrid Tree Cut algorithm with mergeCutHeight set to
0.25. For comparison, an inventory of known meiotic genes in
Arabidopsis and rice was compiled (Table S5) (Capilla-Perez et
al., 2018; Ma, 2006; Wang et al., 2014) and wheat orthologs were
identified using Ensembl plants (release 49; Yates et al., 2020)
with default settings.

sncRNA analysis

Low-quality reads and sequencing adapters were removed. Reads
longer than 17 nucleotides were retained for analysis. Reads were
aligned to the wheat reference genome (IWGSC v1.1;
IWGSC, 2018) using Bowtie (v2.4.4; http://bowtie.cbcb.umd.edu)
(Langmead et al., 2009) with the accepted number of mismatches
set to zero. The number of sequencing reads for each sncRNA
was normalized to 10 million total reads per library based on the
sequencing depth. sncRNAs with normalized read counts greater
than 10 reads in at least two biological replicates were considered
expressed. The similarity between biological replicates was
assessed by calculating pair-wise Pearson correlation coefficients
(R) for each meiotic stage or tissue type (Table S14). For the iden-
tification of conserved miRNAs, the sncRNA sequences were que-
ried using the rFam database (a comprehensive collection of
ncRNAs) for tRNA-/rRNA-/snoRNA-derived sequences (Kalvari et
al., 2018); the remaining sequences were mapped against the miR-
base database (release 22) to identify annotated miRNAs. For the
identification of novel miRNAs, putative miRNAs were predicted
using miRDeep-P2 (https://sourceforge.net/projects/mirdp2/)
(Kuang et al., 2019), which identified 698 unique miRNA
sequences (2365 pre-miRNA genomic loci) based on read align-
ment and secondary structure prediction using RNAFold. Differen-
tial expression of sncRNAs was performed using ANOVA as
described above.

Potential targets of sncRNAs were searched using the pro-
gram psRNAtarget (2017 update) (Dai et al., 2018). Selection was
based on the smallest ‘Expectation’ value. The best matched tar-
get mRNAs were used for subsequent analysis, and global correla-
tion analysis of sncRNAs and their best target mRNA expression
patterns was performed.

Differential AS analysis

The Astalavista (v4.0) tool asta (Foissac & Sammeth, 2007) was
used to identify AS variants for wheat transcripts expressed in
different meiotic stages. Analysis of AS isoform switch events
was performed using the default TSIS R package (Guo et
al., 2017) and meiotic transcripts with upregulated expression
across seven meiotic stages (including pre-meiotic G2, leptotene,
zygotene, pachytene, diplotene/diakinesis, metaphase I, and
metaphase II).

� 2023 National Research Council Canada and The Authors.
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GO analysis

GO enrichment analysis was conducted using Metascape (Zhou et
al., 2019) with default settings. Prior to Metascape analysis, wheat
transcript IDs were converted to their Arabidopsis ortholog IDs
using Ensembl Plants BioMart (Yates et al., 2020) with default
parameters. Due to the limit of 3000 genes as input for the Metas-
cape analysis, the topmost downregulated genes were selected
based on the criteria of adjusted P ≤ 0.001 and an absolute differ-
ence of mean(ln(1 + TPM)) between target tissue and flag leaf
≥ 1.6, resulting in 2918 Arabidopsis gene IDs.

Statistical analysis

All statistical methods and tests used in this study are described
in the text and figure legends as appropriate.
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Additional Supporting Information may be found in the online ver-
sion of this article.

Figure S1. eFP browser view of expression changes during meiosis
in wheat. Exemplary wheat meiosis eFP browser images showing
expression patterns of SPO-11-1 (a) and TraesCS1B02G461800.1 (b).
SPO11-1 is a meiosis-specific gene with significantly elevated
expression during zygotene. TraesCS1B02G461800.1 is specifically
expressed in leaf and flag leaf but downregulated in meiotic stages.
In both cases, red indicates higher expression and yellow indicates
lower expression.

Figure S2. Gene ontology enrichment analysis of differentially
expressed genes during meiosis. A heatmap of the 20 most statis-
tically enriched terms colored by hypergeometric P-values is
shown. Prior to the Metascape analysis (https://metascape.org),
wheat transcript IDs were converted to their Arabidopsis ortholog
IDs using Ensembl Plants BioMart with default parameters. (a)
Genes upregulated during meiosis. (b) Genes downregulated dur-
ing meiosis.

Figure S3. Gene expression patterns of differentially expressed
known meiotic genes in wheat (identified based on orthology to
Arabidopsis and rice meiotic genes). Putative gene names, chro-
mosome number (in brackets), and the co-expression module
number (see Figure 2c) to which individual gene belongs are
shown. TPM, transcripts per million; Pm, pre-meiotic G2; Le, lepto-
tene; Zy, zygotene; Pa, pachytene; Di, diplotene; MI, metaphase I;
MII, metaphase II.

Figure S4. Differential expression analysis of sncRNA and lncRNA.
(a) The differential expression analysis of miRNAs identified 686
upregulated and 197 downregulated miRNAs during meiosis. The
expression of miRNAs in different meiotic stages was compared
to flag leaf (control). (b) The differential expression analysis of siR-
NAs identified 121 341 upregulated and 19 162 downregulated
siRNAs during meiosis. The expression of siRNAs in different mei-
otic stages was compared to flag leaf (control). (c) The differential
expression analysis of lincRNAs identified 1584 upregulated and
217 downregulated lincRNAs during meiosis. The expression of
lincRNAs in different meiotic stages was compared to flag leaf
(control).

Figure S5. Expression patterns of RNA decay genes. Module-wise
(Figure 2c) distribution of differentially expressed wheat orthologs
of known RNA decay genes. The letter in each colored block indi-
cates the module number to which the RNA decay gene belongs.

Table S1. Summary statistics for transcriptome sequencing of
meiotic stages and control tissues.

Table S2. Read alignment statistics.

Table S3. Classification of novel transcripts (miRNA precursors)
expressed during meiosis.

Table S4. Classification of novel transcripts (rRNAs, tRNAs, snoR-
NAs, and spliceosomal RNAs) expressed during meiosis.

Table S5. Wheat orthologs of known meiotic genes.

Table S6. Correlation coefficients calculated by comparing the
expression patterns of differentially expressed known meiotic
genes and co-regulated meiosis-specific transcripts (MSTs).

Table S7. GO term enrichment in meiosis-specific transcripts
(MSTs) that have high correlation with the expression pattern of
known meiotic genes.
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Table S8. Alternative splicing events during meiosis compared to
vegetative tissues.

Table S9. Frequency of different alternative splicing events in indi-
vidual meiotic stages and vegetative tissues.

Table S10. sncRNA landscape (1249 miRNAs and 176 158 siRNAs)
of meiosis.

Table S11. Meiotic differentially expressed transcription factors
with conserved ethylene-responsive element binding factor-asso-
ciated amphiphilic repression (EAR) motif sequence.

Table S12. Pearson correlation between biological replicates 1, 2,
and 3 (mRNA).

Table S13. Pearson correlation between biological replicates 4, 5,
and 6 (mRNA).

Table S14. Pearson correlation between biological replicates 1, 2,
and 3 (sncRNA).
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