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SUMMARY

The anther-enriched phased, small interfering RNAs (phasiRNAs) play vital roles in sustaining male fertility

in grass species. Their long non-coding precursors are synthesized by RNA polymerase II and are likely regu-

lated by transcription factors (TFs). A few putative transcriptional regulators of the 21- or 24-nucleotide pha-

siRNA loci (referred to as 21- or 24-PHAS loci) have been identified in maize (Zea mays), but whether any of

the individual TFs or TF combinations suffice to activate any PHAS locus is unclear. Here, we identified the

temporal gene coexpression networks (modules) associated with maize anther development, including two

modules highly enriched for the 21- or 24-PHAS loci. Comparisons of these coexpression modules and gene

sets dysregulated in several reported male sterile TF mutants provided insights into TF timing with regard

to phasiRNA biogenesis, including antagonistic roles for OUTER CELL LAYER4 and MALE STERILE23. Trans-

activation assays in maize protoplasts of individual TFs using bulk-protoplast RNA-sequencing showed that

two of the TFs coexpressed with 21-PHAS loci could activate several 21-nucleotide phasiRNA pathway

genes but not transcription of 21-PHAS loci. Screens for combinatorial activities of these TFs and, sepa-

rately, the recently reported putative transcriptional regulators of 24-PHAS loci using single-cell (protoplast)

RNA-sequencing, did not detect reproducible activation of either 21-PHAS or 24-PHAS loci. Collectively, our

results suggest that the endogenous transcriptional machineries and/or chromatin states in the anthers are

necessary to activate reproductive PHAS loci.

Keywords: anther, reproductive phasiRNA, coexpression network, trans-activation assay, protoplast, single-

cell RNA-seq.

INTRODUCTION

Maize anthers accumulate two classes of phased, small

interfering RNAs (phasiRNAs) – 21-nucleotide phasiRNAs

and 24-nucleotide phasiRNAs – derived from intergenic,

long non-coding genomic loci. Such loci, referred to as 21-

and 24-PHAS loci, also exist in the genomes of rice and

numerous other angiosperm species, although the num-

bers of loci and accumulation patterns vary (Liu

et al., 2020; Pokhrel et al., 2021). For example, there are

approximately 463 21-PHAS and 176 24-PHAS loci in maize

(Zhai et al., 2015), and 2338 21-PHAS and 172 24-PHAS loci

in rice (Oryza sativa) (Tian et al., 2021). The 21- and 24-

PHAS precursors are produced by RNA polymerase II,

capped, polyadenylated, exported to the cytoplasm (Li

et al., 2016), and then cleaved by an Argonaute (AGO)

protein guided by the 22-nucleotide microRNA (miRNA)

family miR2118 (triggers of 21-nucleotide phasiRNAs) or

miR2275 (triggers of 24-nucleotide phasiRNAs). The

cleaved PHAS precursors are converted by RNA-

DEPENDENT RNA POLYMERASE6 (RDR6) to double-

stranded RNA molecules, which are subsequently diced by

endoribonucleases DICER-LIKE 4 (DCL4) or DCL5, yielding

21- and 24-nucleotide phasiRNAs (Liu et al., 2020).

In rice, mutations in a few 21-PHAS loci cause

temperature- and/or photoperiod-sensitive male sterility,

an agriculturally important trait that is used for hybrid rice

production (Ding et al., 2012; Fan et al., 2016). A recently-

reported partial rice mir2118 knockout mutant showed

reduced 21-nucleotide phasiRNA abundance and male and

female sterility, with developmental defects in anther
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tapetal and middle layers (Araki et al., 2020). The rice

MEIOSIS ARRESTED AT LEPTOTENE1 (MEL1) gene (also

known as AGO5c) encodes an AGO protein that loads a

subset of 21-nucleotide phasiRNAs in rice anthers (Komiya

et al., 2014); mel1 loss-of-function mutants are male sterile

and exhibit defects in both tapetal and pollen mother cells

(Nonomura et al., 2007). The maize AGO5b and AGO5c

proteins [also called MALE-ASSOCIATED ARGONAUTE1

(MAGO1) and MAGO2, respectively] have recently been

shown to load 21-nucleotide phasiRNAs (Lee et al., 2021).

The maize AGO5c gene, an ortholog of rice MEL1, is the

causal gene of the classic maize male sterile mutant male

sterile28 (ms28), which also exhibits defects in tapetal

development (Li, Huang, et al., 2021). The maize dcl5

mutant, which lacks 24-nucleotide phasiRNAs almost

entirely, shows temperature-sensitive male sterility and

tapetal developmental defects (Teng et al., 2020).

Currently, the molecular roles of both classes of pha-

siRNAs are not well understood. Recent studies have

shown that a number of rice 21-nucleotide phasiRNAs

mediate cleavage of mRNAs of protein-coding genes

(Jiang et al., 2020; Zhang et al., 2020), and a subset of

the maize 21-nucleotide phasiRNAs mediate cleavage of

their own precursors (i.e. cis-cleavage) and transcripts

derived from retrotransposons (Lee et al., 2021; Tamim

et al., 2018). In whole anther studies, maize 24-nucleotide

phasiRNAs have been implicated in regulation of CHH

(H = A/C/T) DNA methylation of their genomic loci (Zhang,

Ma, et al., 2021); because 24-nucleotide phasiRNAs are

synthesized in the tapetum but accumulate in prophase I

meiocytes, they may also increase CHH methylation of

their genomic loci in the germinal cells (Zhou

et al., 2022). These published data in rice and maize indi-

cate that both 21- and 24-nucleotide phasiRNAs play cru-

cial roles in supporting anther development and male

fertility in grasses, and the limited data on their functions

indicate that each class probably acts through distinctive

molecular mechanisms.

We previously characterized the patterns of phasiRNA

accumulation in maize anthers (Zhai et al., 2015). Accumu-

lation of each class of phasiRNAs is highly coordinated:

the total abundance of 21-nucleotide phasiRNAs peak at

the pre-meiotic phase of anther development (when anther

length is in the range 0.4–0.7 mm), whereas the 24-

nucleotide phasiRNAs peak when anther length is in the

range 1.5–2.5 mm and the male germinal cells undergo

meiosis. The total abundance of 21-PHAS and 24-PHAS

precursors peaks concurrently or slightly before that of the

corresponding phasiRNAs (Zhai et al., 2015). These pub-

lished results strongly suggest that both precursor and

phasiRNA accumulation are tightly controlled temporally

by transcriptional regulators. The maize homeodomain

leucine zipper type IV (HD-ZIP IV) transcription-factor

(TF) gene OUTER CELL LAYER4 (OCL4), preferentially

expressed in epidermal tissues including the anther epider-

mis (Vernoud et al., 2009), has been proposed as a key reg-

ulator of 21-PHAS and miR2118 genes (Yadava

et al., 2021). Loss-of-function ocl4 mutants lack 21-PHAS

precursors and 21-nucleotide phasiRNAs (Zhai et al., 2015),

and the mutant anthers produce an abnormal (partially

duplicated) endothecial layer (Vernoud et al., 2009). Three

basic helix–loop–helix (bHLH) family TFs – MALE STER-

ILE23 (MS23), MS32, and bHLH122 – have each been

shown necessary for 24-nucleotide phasiRNA biogenesis.

A paralog of MS32, bHLH51, likely co-regulates down-

stream gene networks with MS23, MS32, and/or bHLH122

because it forms heterodimers with MS23 and bHLH122,

and single mutants of each the four bHLHs exhibit defects

in tapetal development (Nan et al., 2022).

In the present study, to characterize the temporal

accumulation patterns of individual reproductive PHAS

precursors and further understand the transcriptional regu-

lation of PHAS loci and anther development in maize, we

initially performed a coexpression network analysis on a

previously published anther RNA-sequencing (RNA-Seq)

data set (Zhai et al., 2015). We identified 10 temporal gene

coexpression modules, including two modules that each

contained many 21-PHAS or 24-PHAS loci, among other

genes. RNA-Seq of maize leaf protoplasts ectopically

expressing TFs that temporally coexpress with the 21-

PHAS loci demonstrated that a few individual TFs can acti-

vate genes associated with the phasiRNA pathways, but

none were sufficient to activate any of the PHAS loci. To

examine the combinatorial activities of putative transcrip-

tional regulators of PHAS loci, we performed single-cell

RNA-Seq of two sets of protoplasts ectopically expressing

TFs with a putative role in regulating 21- or 24-PHAS loci.

We did not detect reproducible activation of the 21- or 24-

PHAS loci, but this method shows potential for future

assays of target trans-activation by TFs.

RESULTS

Temporal gene coexpression networks in maize anthers

To characterize the temporal gene expression programs

underlying maize anther development, we analyzed a pre-

viously published set of RNA-Seq data of male reproduc-

tive tissues of the maize inbred line W23 bz2 (Zhai

et al., 2015). The samples represent 10 anther developmen-

tal stages (spanning pre-meiotic to post-meiotic phases)

plus mature pollen (Table S1), with biological replicates;

although these data were generated more than 7 years

ago, they still comprise a ‘gold standard’ data set for

anther biology (Han et al., 2022; Li, Zhu, et al., 2021). RNA-

Seq read counts of all expressed genes and reproductive

PHAS loci (including 356 21-PHAS and 121 24-PHAS) were

normalized to reads per kilobase per million mapped reads

(RPKM) and the average RPKM of each gene was
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calculated for samples with replicates (Table S2). A Spear-

man correlation coefficient (SCC) analysis and a principal

component analysis (PCA) both showed that the pollen

sample clustered distinctly from the anther samples, con-

sistent with the fact that the anther samples comprise

more complex tissues than the pollen and that maize pol-

len expresses a unique suite of genes (Nelms & Wal-

bot, 2022). Both analyses separated the 10 anther

developmental stages into three groups/clusters, corre-

sponding to the pre-meiotic, meiotic, and post-meiotic

phases of anther development (Figure 1a,b) (Kelliher &

Walbot, 2011), indicating dynamic transcriptome repro-

gramming during the transition to and from meiosis.

To identify the gene regulatory networks controlling

the dynamic transcriptome of the developing anther, and

the putative transcriptional regulators of reproductive

PHAS loci, we applied the weighted gene coexpression

network analysis (WGCNA) tool (Langfelder & Horvath, 2008)

to the normalized RPKM data from the anther samples. By

excluding genes that showed low or relatively stable

expression levels across the 10 anther developmental

stages (see Experimental Procedures), 4235 of the

expressed genes, 269 21-PHAS, and 84 24-PHAS loci were

selected for WGCNA. Our analysis identified 10 coexpression

modules, containing 194–1244 genes, including 2–60 TF

genes (Figure 2a,b; Figure S4; Table S3). Strikingly, all the

21-PHAS loci were assigned to Module 4 (M4) and 80 of

the 84 24-PHAS loci were assigned to M7, indicating that

the majority of each class of PHAS loci is highly coordi-

nated and thus possibly regulated by a common set of

upstream regulators. These observations are consistent

with the temporally coordinated accumulation of PHAS

precursors (based on total abundance of each type) and

reproductive phasiRNAs derived from individual PHAS loci

(Zhai et al., 2015). An analysis of chromosomal locations of

the PHAS loci assigned to M4 and M7, versus those that

were not, did not detect dramatic differences, except that

the 21-PHAS loci on chromosome 8 were all coexpressed

in M4 (Figure S5). The module eigengenes (i.e. first princi-

pal component of the log2RPKM data of each module) of

the 10 coexpression modules separated into three distinct

clusters, corresponding to pre-meiotic, meiotic, and post-

meiotic stages of anther development (Figure 2a). M4 rep-

resents a set of genes that are preferentially expressed in

pre-meiotic (0.2–1.0 mm) anthers. M7 includes 229 genes

that are preferentially expressed during early meiotic

stages (1.5 and 2.0 mm), peaking at 1.5 mm. M2 (299

genes) and M6 (648 genes) are preferentially expressed

when anther length is in the range 1.5–3.0 mm, with

slightly different patterns of expression at stages prior to

1.5 mm and after 3.0 mm. M2 and M6 each included one

24-PHAS locus, and both modules clustered with M7 (Fig-

ure 2a,b; Table S3), suggesting an association of these two

modules with the gene regulatory programs activating 24-

PHAS loci. The remaining modules (M1, M3, M5, M8, M9,

and M10) were preferentially expressed in 4- and 5-mm

anthers, when meiosis has completed, and the microspore

undergoes two mitotic divisions to give rise to pollen

grains (Zhai et al., 2015).

To uncover the biological processes associated with

each module, we performed Gene Ontology (GO) (http://

geneontology.org) enrichment analyses, and detected sig-

nificantly enriched GO terms [false discovery rate

(FDR) < 0.05] in eight of the 10 modules (Figure S1;

Figure 1. Relationships among the mRNA transcriptomes of 10 developmental stages of maize anthers and mature pollen.

(a) SCC heatmap of anther and pollen transcriptomes. The hierarchical cluster dendrogram was generated with (1 – SCC) as the distances.

(b) PCA of anther and pollen transcriptomes. The percentage of variance explained by each principal component is given in parentheses. Numbers in small rect-

angles are anther lengths (in mm).
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Figure 2. Temporal coexpression networks in maize anthers.

(a) Heat map of module eigengenes (MEs) of the 10 coexpression modules. Anther developmental stages (based on lengths, in mm) and phases (pre-meiotic,

meiotic, and post-meiotic) are indicated on the x-axis. The heatmap was clustered on Euclidean distance.

(b) Numbers of PHAS loci, TF genes, and other genes in each module.

(c) Relationships of the coexpression modules and genes modulated by putative transcriptional regulators of PHAS loci. The heatmap denotes P values (�log10)

of hypergeometric tests of overlapping genes in a given pair of gene sets. Boxes contain the numbers of overlapping genes and the associated P values (in

parentheses). The total number of genes in each gene set is indicated in parentheses on the axes. The heatmap was hierarchically clustered on Euclidean dis-

tance.

(d) Venn diagram of M4 genes that are activated by OCL4 or repressed by MS23/MS32.

(e) Venn diagram of 24-PHAS loci in M7 and the 24-PHAS loci that are activated by MS23/MS32/bHLH122.
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Table S4). M7, which includes genes preferentially

expressed during meiosis, was enriched for ‘meiotic chro-

mosome segregation’ and ‘chiasma assembly’, two bio-

logical processes specific to meiosis I. This is consistent

with the anther developmental stages (1.5 and 2.0 mm)

when M7 genes show the highest level of expression. M4

was significantly enriched for ‘regulation of transcription,

DNA-templated’ and ‘auxin-activated signaling pathway’;

upon closer inspection of this module, we detected 60 TF

genes (including OCL4) and many auxin signaling path-

way genes including Auxin import carrier1 (AIC1), Auxin

response factor4 (ARF4), Pin-form4 (PIN4), and Aux/IAA-

transcription factor12 (IAA12), plus several small auxin

upregulated RNA (SAUR)-like genes (Table S3), suggest-

ing that TFs and auxin signaling pathway(s) play impor-

tant roles in the regulation of pre-meiotic anther

development. Notably, M6, which includes genes primar-

ily expressed when anther length is in the range 1.5–
3.0 mm, was enriched for ‘sporopollenin biosynthetic pro-

cess’. The genes associated with this GO term included

two genes known to be essential for male fertility, Ms10

(also known as Abnormal pollen vacuolation1 [APV1]) and

Ms26, both of which have been implicated in pollen exine

formation (Chen et al., 2017; Djukanovic et al., 2013; Wan

et al., 2020). Together, the GO term enrichments suggest

that the coexpression networks accurately reflect the gene

regulatory mechanisms underlying well-established anther

developmental processes and are useful starting points

for identifying TF regulators of anther development and

PHAS loci expression.

An analysis of 36 previously reported maize male-

sterility-associated genes (Albertsen et al., 2014; An

et al., 2019; Chaubal et al., 2003; Chen et al., 2017; Cigan

et al., 2001; Djukanovic et al., 2013; Evans, 2007;

Fox et al., 2017; Han et al., 2022; Jiang et al., 2021; Liu

et al., 2022; Moon et al., 2013; Nan et al., 2017, 2022; Qi

et al., 2022; Somaratne et al., 2017; Tian et al., 2017; Ver-

noud et al., 2009; Wang et al., 2012, 2013, 2019; Xie

et al., 2018; Zhang et al., 2018, 2021; Zhu et al., 2019)

detected 22 of those genes in M1, M2, M4, M6 or M7

(Table S5). Among the putative regulators of 24-PHAS loci

and/or tapetal development, Ms23 was assigned to M2,

whereas bHLH51 and bHLH122 were assigned to M6

(Table S3), modules that cluster with M7 (Figure 2a) and

each contains one 24-PHAS locus. The prolonged expres-

sion patterns of the three bHLHs compared to the

24-PHAS loci assigned to M7 support the previous obser-

vation that the TFs are involved in regulation of numer-

ous protein-coding genes beyond 24-PHAS loci (Nan

et al., 2022). To determine whether any of the coexpres-

sion modules are (perhaps partly) regulated by OCL4 and/

or the four bHLHs, we identified the genes and PHAS loci

dysregulated in mutants of each gene using two recently

published RNA-Seq data sets (Tables S6 and S7) (Nan

et al., 2022; Zhai et al., 2015) and tested the differential

expressed gene sets for enrichments of genes assigned to

each coexpression module (Figure 2c). M4, the pre-

meiotic module, was most significantly enriched (P = 0,

hypergeometric test) for OCL4-activated genes, which we

defined as genes that are downregulated in a male-sterile

ocl4 mutant compared to its fertile siblings. Moreover,

258 of the 269 21-PHAS loci assigned to M4 were down-

regulated in the ocl4 mutant (Table S6). These data sup-

port the hypothesis that OCL4 regulates 21-nucleotide

phasiRNA biogenesis. Interestingly, M4 was also signifi-

cantly enriched (P < 10�5, hypergeometric test) for genes

that are repressed by MS23 or MS32 (i.e. genes upregu-

lated in the ms23/ms32 mutants). This is in line with the

previous observation that an ms23 mutant exhibited a

defect in pre-meiotic anther development (i.e. excessive

periclinal divisions in the cell layer that differentiates into

tapetum) (Nan et al., 2017, 2022). A closer inspection of

OCL4-activated or MS23/MS32-repressed genes in M4

showed that 146 of M4 genes were activated by OCL4

and repressed by MS23, whereas only one of the OCL4-

activated genes was repressed by MS32 (Figure 2d). One

interpretation of this pattern is that the earlier-acting

OCL4-mediated processes must be repressed at the next

stage of development by MS23 to facilitate normal anther

developmental progression. These results confirm that

OCL4, MS23, and MS32 play essential roles in regulating

the gene networks active during pre-meiotic anther devel-

opment, and suggest that OCL4 and MS23 may regulate a

subset of those networks antagonistically.

The meiosis-associated modules M2, M6, and M7,

preferentially expressed when anther length is in the range

1.5–3.0 mm, were enriched for genes activated by MS23,

MS32, and bHLH122, whereas only M2 and M6 were

enriched for bHLH51-activated genes (Figure 2c). This is

consistent with the previous report that bHLH51 acts down-

stream and later than the other three bHLHs (Nan

et al., 2022). Seventy-seven of the 80 24-PHAS loci

assigned to M7 were downregulated in at least one of the

bhlh single mutants, and the largest number of downregu-

lated 24-PHAS loci were detected in the ms23 and ms32

mutants (77 and 74 loci, respectively, in contrast to 0 and

19 loci downregulated in bhlh51 and bhlh122, respectively)

(Figure 2e), supporting major roles for MS23 and MS32

among the four bHLHs in activating reproductive 24-PHAS

loci (Nan et al., 2022). Notably, M2, M6, and the ‘post-

meiosis-specific’ M1 were also enriched for OCL4-activated

genes (Figure 2c), suggesting that the OCL4-regulated gene

network remains active until anther development pro-

gresses beyond the pre-meiotic phase, and is likely associ-

ated with maintenance of epidermal cell identity (Vernoud

et al., 2009; Zhai et al., 2015). Together, these results

demonstrate complex interplay among the gene networks

regulated by OCL4 and the bHLHs.
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Trans-activation assays of putative transcriptional regula-

tors of pre-meiotic anther development and 21-PHAS loci

by bulk-protoplast RNA-Seq

We focused on M4 to identify putative transcriptional reg-

ulators of early anther development and 21-PHAS loci acti-

vation. M4 includes OCL4 and 59 additional TFs from 25

known protein families (Table S3). To test whether any

single TF is sufficient to activate the 21-PHAS loci, or

other genes in the module, we transiently expressed 23

TFs from 16 families, individually – including 22 with a

GFP fused to the N-terminus (p35S::GFP-TF) and one with

a C-terminal GFP (p35S::TF-GFP) (Table S8) – in maize leaf

protoplasts and performed bulk-protoplast RNA-Seq to

identify genes activated by each TF. We chose most of

the TFs based on relatively high expression levels in pre-

meiotic anthers, and also included a few that are

expressed at lower levels (Figure S2). An analysis of the

spatial expression patterns of these TF genes in a laser-

capture-microdissection-derived RNA-Seq data set of 1.5-

and 2.0-mm W23 bz2 anthers (Zhou et al., 2022) showed

that transcripts of 21 of the genes were detected in the

data set, and 15 of the genes (except ZHD5, GBP15, and

NAC119, TCP23, DOF7, and MYB131) are preferentially

expressed in ‘other somatic layers’ (including epidermis,

endothecium, and middle layer) compared to tapetal cells

and meiocytes (Figure S3). The fact that a few of the

genes were not detected in other somatic layers of 1.5- or

2.0-mm anthers was likely because the two stages are

well beyond the stages (0.2–1.0 mm) when the 21-PHAS

loci and their putative transcriptional regulators are prefer-

entially expressed. Therefore, we speculate that the major-

ity, if not all, of the tested TF genes are expressed in the

anther epidermis, consistent with the model that the 21-

PHAS loci are activated in the anther epidermis (Zhai

et al., 2015). Differential expression analyses showed that,

compared to the control construct expressing GFP alone

(p35S::GFP), 20 of the TF constructs activated 0 to 4 genes

[fold change (FC) > 1.5; FDR < 0.05] (Figure 3a; Figure S6;

Table S9). For example, OCL4 activated three genes, none

of which were a member of M4. Notably, two of those

genes – GRMZM2G043295 (encoding a putative antho-

cyanidin 5,3-O-glucosyltransferase) and GRMZM2G076818

(encoding an uncharacterized protein) – were also identi-

fied as OCL4-activated genes based on RNA-Seq of the

ocl4 mutant (Table S6). These data suggest that the 20

TFs may require endogenous cofactors to activate the full

suite of downstream genes or that they need to be post-

translationally modified by anther stage-specific factors to

become functional TFs.

The other three TFs – EREB69, MYB131, and

NAC29 – activated larger numbers of genes (205, 439, and

72, respectively) in protoplasts (Figure 3a; Figure S6;

Table S9). Five of the MYB131-activated genes (DOF7,

TCP23, GRMZM2G071846, GRMZM2G129304, and GRMZM

2G369703), and one of the NAC29-activated genes (GRMZ

M2G105987) were members of M4. Comparison of the

EREB69/MYB131/NAC29-activated gene sets with the genes

expressed in the W23 bz2 anthers/pollen indicated that the

majority of the genes (114 EREB69-activated, 398 MYB131-

activated, and 68 NAC29-activated) were expressed in

anthers or pollen (Figure 3b), suggesting that the activated

genes are endogenous targets of the three TFs in anthers.

By GO enrichment analysis, the EREB69-activated genes

are putatively involved in ‘borate transmembrane trans-

port’, whereas the MYB131-activated genes are involved in

‘cinnamic acid biosynthetic process’ (Table S10). Borate is

required for pollen germination (Rawson, 1996), whereas

cinnamic acid is an essential component of the pollen coat

(Battat et al., 2019), supporting the important roles of

EREB69 and MYB131 in regulating pollen development.

Notably, MYB131 strongly activated AGO18b (log2FC = 5.2),

which encodes an Argonaute protein that loads

21-nucleotide phasiRNAs, 24-nucleotide phasiRNAs, and

several miR2275-family miRNAs in maize anthers (Sun

et al., 2019), whereas NAC29 activated AGO5a (log2FC = 3.9),

which encodes a paralog of the MALE-ASSOCIATED

ARGONAUTE-1 (MAGO1; aka AGO5b) and MAGO2

(AGO5c) proteins; AGO5b and AGO5c load 21-nucleotide

phasiRNAs in maize anthers (Lee et al., 2021). These data

suggest that MYB131 and NAC29 are involved in regulating

the stabilization or functions of 21- and 24-nucleotide

phasiRNAs. Together, the results of our trans-activation

assays using bulk leaf protoplasts suggest that most of the

tested TFs require endogenous transcriptional coregulators

or processes such as post-translational modifications to

fully activate the downstream gene networks, and also that

a few of the TFs are involved in the regulation of the

biogenesis and activities of phasiRNAs or their miRNA

triggers.

Screen for TF combinations co-regulating reproductive

PHAS loci by single-cell RNA-Seq

To determine whether any combinations of the pre-meiotic

TFs can co-activate 21-PHAS loci or genes associated with

the 21-nucleotide phasiRNA pathway, we transiently

expressed in maize leaf protoplasts a pool of all constructs

used in the protoplast RNA-Seq analysis described above,

including 23 TF constructs and the p35S::GFP plasmid. GFP-

positive protoplasts were isolated using a Namocell Hana

single-cell dispenser, and 96 of the single protoplasts – re-

ferred to as PS1 (protoplast set 1) hereafter – were pro-

cessed for single-cell (protoplast) RNA-Seq. To determine

whether any combinations of MS23, MS32, bHLH51, and

bHLH122 can co-activate 24-PHAS loci or 24-nucleotide pha-

siRNA pathway genes, we also performed a single proto-

plast RNA-Seq experiment of another set of 96 protoplasts
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(protoplast set 2; PS2), transfected with a pool of eight con-

structs expressing the four bHLHs, each as N- and C-

terminal fusions with GFP, as well as p35S::GFP

(Table S11). A PCA of all 192 protoplasts showed that the

two cell populations were well separated on the second

principal component (Figure 4a), indicating distinct gene

expression programs activated in protoplasts by the two

pools of TF constructs. Within each set of protoplasts, the

protoplasts expressing the larger numbers of constructs are

generally distinct from those with no detectable construct-

specific transcripts (Figure 4a), further supporting the

notion that the diverged transcriptome profiles of individual

protoplasts result from ectopic expression of the TFs.

An examination of construct-specific transcripts in

PS1 indicated that each protoplast expressed 0–23 TF con-

structs, whereas protoplasts in PS2 expressed one to eight

TF constructs; seven PS1 and five PS2 protoplasts

expressed the p35S::GFP plasmid [transcripts per million

(TPM) > 0] (Figure 4b; Table S12). The percentages of

transfected TF constructs expressed in individual proto-

plasts are significantly higher in PS2 than PS1

(P < 2.2 9 10�16, Student’s t-test) (Figure 4c). Because PS2

was transfected with generally larger copy numbers of

individual plasmids compared to PS1 (Table S8), we ana-

lyzed all protoplasts in the two sets for correlation between

plasmid copy numbers and the numbers of protoplasts

that express them. Our result indicates that the correlation

was strong and significant (SCC = 0.69; P = 7.6 9 10�6)

(Figure 4d). In both pools, we included a much lower copy

number of the p35S::GFP plasmid than the TF plasmids

(Table S8). As a result, the number of protoplasts in each

pool expressing p35S::GFP were low compared to other

constructs (Figure 4d; Table S13). These data suggest that

the number of protoplasts that express a given construct is

at least in part determined by the copy number of the plas-

mid in the transfection cocktail.

An analysis of the abundance of individual PHAS pre-

cursors in single protoplasts detected modest activation of

several 21-PHAS and 24-PHAS loci in a subset of the PS1

and PS2 protoplasts compared to the protoplasts express-

ing no TFs (Figure 4e,f). We further examined the activa-

tion of individual genes associated with the 21- and/or 24-

nucleotide phasiRNA pathways, including DCL4, DCL5,

AGO5b, AGO5c, and AGO18b (and AGO18a, a paralog of

AGO18b). Each of these genes are activated in one or more

of the protoplasts (Figure S7); however, the activation of

these individual genes was not well replicated and could

not be correlated with the presence or absence of specific

TFs. Furthermore, an analysis of the genes detected as acti-

vated by EBEB69, MYB131, or NAC29 in our bulk proto-

plast RNA-Seq assays showed that some of them are

expressed in the single protoplasts expressing each of the

three TFs (often together with other TFs; Figure S8). Simi-

lar to the PHAS loci, we did not observe any correlation

between the presence of each of the three TFs and activa-

tion of the downstream genes. Thus, we conclude that the

TF combinations expressed in the individual protoplasts

cannot activate their downstream gene networks in a

reproducible manner, at least in this system when

assessed via single-cell RNA-Seq.

DISCUSSION

We previously characterized the temporal accumulation

patterns of reproductive phasiRNAs, their precursors, and

Figure 3. Differential gene expression analysis of bulk protoplasts expressing pre-meiotic TFs.

(a) Bar graphs of numbers of genes that are dysregulated in protoplasts expressing individual TFs. All TFs except ZEA FLORICAULA LEAFY1 (ZFL1) are members

of M4. ZFL1 is a paralog of ZFL2.

(b) Venn diagram of the anther/pollen-expressed gene set and gene sets activated by EREB69/MYB131/NAC29.
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Figure 4. Single-cell RNA-Seq analysis of protoplasts transfected with plasmid pools.

(a) Principal component analysis plot of all protoplasts in PS1 and PS2. The percentage of variance explained by each principal component is given in parenthe-

ses. Color key, number of constructs expressed in individual protoplasts of each set.

(b) Abundance of construct-specific transcripts in each protoplast. On the x-axis, protoplasts in each set were ordered based on the total abundance of

construct-specific transcripts (in decreasing order for PS1 but in increasing order for PS2).

(c) Violin plot showing percentages of TF constructs expressed in each protoplast. The percentages are provided in Table S12.

(d) Scatterplot and SCC analysis of plasmid copy numbers versus the number of protoplasts expressing each plasmid. The regression line was calculated using

the generalized linear regression method, and the shaded area represents the SE. Input data for this plot are provided in Table S13.

(e) Expression levels of detected 21-PHAS loci in the single protoplasts.

(f) Expression levels of detected 24-PHAS in the single protoplasts. In (e, f), the columns representing individual protoplasts are ordered the same way as in (b),

with PS1 on the left.
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miRNA triggers in maize anthers (Zhai et al., 2015). Here,

to identify putative transcriptional regulators of anther

development and PHAS locus activation, we began by ana-

lyzing the previously generated RNA-Seq data set. Our

analyses highlight extensive transcriptional reprogram-

ming at the pre-meiotic stages, as indicated by a strong

enrichment of TFs in the pre-meiotic module (M4) (Fig-

ure S1; Table S4). M4 was also enriched for auxin signaling

pathway genes (Figure S1; Table S4), suggesting a role for

auxin signaling in pre-meiotic anther development. In Ara-

bidopsis (Arabidopsis thaliana), auxin plays a key role in

regulating germinal cell specification (Zheng et al., 2021);

whether the associated molecular mechanisms are con-

served between Arabidopsis and maize is a question that

is worthy of further exploration. In addition to the coex-

pression modules associated with pre-meiotic or meiotic

anther development and PHAS loci activation, our network

analyses identified several modules (M1, 3, 5, 8, 9, and 10)

that are preferentially expressed at the post-meiotic stages

of anther development (Figure 2a), when the microspore

undergoes two mitoses to give rise to pollen grains. Sev-

eral genes in M1, including TF genes Lateral organ bound-

aries domain10 (LBD10) and Ms7, have been shown to be

necessary for male fertility (Table S5). Thus, further explo-

ration of these modules may uncover transcriptional net-

works that are active during gametogenesis and are crucial

for male fertility.

A significant previous finding was the discovery of the

coordinated accumulation patterns of reproductive phasiR-

NAs and their precursors (Zhai et al., 2015); here, we con-

firm that the majority of individual 21-PHAS or 24-PHAS

precursors detectable by RNA-Seq are highly coordinated

(Figure 2a; Figure S4), suggesting that the 21-PHAS and

24-PHAS loci are each regulated by a common set of

upstream regulators. Our coexpression network analysis

detected many TFs that are temporally coexpressed with

21-PHAS loci in M4 (Figure 2b; Table S3), including OCL4,

which had previously been implicated in regulating 21-

PHAS loci and pre-meiotic anther development. By con-

trast, only two TF genes – Homeobox126 (HB126) and

Golden2-like33 (GLK33) – were assigned to the same mod-

ule as the majority of expressed 24-PHAS loci (Table S3),

suggesting strongly that these two TFs regulate 24-PHAS

loci. Nonetheless, three of the previously described puta-

tive regulators of 24-PHAS loci were assigned to M2

(Ms23) and M6 (bHLH51 and bHLH122), which are modules

with distinguishable yet similar expression profiles com-

pared to M7 (Figure 2a; Table S3), highlighting the possi-

bility that M2 and/or M6 include additional TF regulators of

24-PHAS loci. Furthermore, 356 of the 463 21-PHAS loci

were detected as expressed (and 269 met the criteria to be

selected for WGCNA), whereas 121 of the 176 24-PHAS were

expressed (and 84 were selected for WGCNA) (Tables S2 and

S3); the latter is consistent with a recent study reporting

that a subset of the 24-PHAS loci show either low expres-

sion levels or low variability in expression levels across

anther developmental stages (Nan et al., 2022). Together,

these data suggest that 21- and 24-PHAS loci are each reg-

ulated by distinct mechanisms, and the loci detected by

WGCNA are more coordinately regulated than the others.

Further analyses of enrichments of genes regulated by

OCL4, or each of the four bHLHs, in the coexpression mod-

ules showed that M4 was significantly enriched for OCL4-

activated genes, and M2, M6, and M7 were enriched for

bHLH-regulated genes (Figure 2c). The latter three modules

presumably contain direct targets of the bHLHs. The differ-

ential enrichments of genes regulated by individual bHLH

TFs in the coexpression modules support their overlap-

ping, yet diverged, regulatory roles (Nan et al., 2022). Inter-

estingly, we also identified a set of genes that are

antagonistically regulated by OCL4 and MS23, and docu-

mented that several modules (M1, M2, and M6) are prefer-

entially expressed in anthers larger than 1.0 mm and were

enriched for OCL4-activated genes (Figure 2c). This sug-

gests that the regulatory role of OCL4 remains active

beyond the pre-meiotic phase, and that the gene networks

regulated by OCL4 and the bHLHs are likely intercon-

nected.

Our bulk-protoplast RNA-Seq analyses of 23 individual

putative transcriptional regulators of M4 genes described

that three TFs can activate a notable number of downstream

genes ectopically, including a few AGO genes that have

been implicated in 21-nucleotide (and 24-nucleotide) pha-

siRNA pathway(s) (Figure 3a; Table S9). None of the TFs (in-

cluding OCL4, the previously reported putative regulator of

21-PHAS loci) could activate 21-PHAS loci in protoplasts.

Among the reported putative transcriptional regulators of

24-PHAS loci, MS23 MS32, and bHLH122 have been shown

to co-activate DCL5 in a synergistic manner in maize leaf

protoplasts, whereas none of the individual bHLHs or their

combinations could activate a select 24-PHAS locus (Nan

et al., 2022). Together, these results suggest that TF regula-

tors may need to form complexes, which probably do not

form properly in leaf protoplasts, to activate PHAS loci.

Alternatively, but not mutually exclusively, the activation of

the PHAS loci may require chromatin modification or post-

translational TF modification processes that occur specifi-

cally in anthers, although evidence directly supporting this

notion has yet to be obtained.

Our single-protoplast RNA-Seq data showed that none

of the TF combinations could activate PHAS loci repro-

ducibly (Figure 4e,f; Table S11), suggesting that either a

larger number of protoplasts are necessary to yield repro-

ducible results, or that, as discussed above, the endoge-

nous TF complexes, post-translational events, and/or

chromatin states are necessary for reproducible activation

of PHAS loci. We included p35S::GFP in the two plasmid

pools with the goal to obtain cells expressing only p35S::

� 2022 Society for Experimental Biology and John Wiley & Sons Ltd.,
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GFP, which would be informative for differential gene

expression analyses, but no protoplasts exhibited this sta-

tus. As such, differential expression analyses to detect

trans-activation of individual genes are not feasible in the

present study. We also noted that several of the single pro-

toplasts in PS1 (i.e. protoplasts 1, 3, 4, 8, 9, 18, 39, 54, 81,

86, and 91) did not accumulate detectable transcripts

derived from the exogenous constructs (Table S12). This

was surprising because all single protoplasts were dis-

pensed based on fluorescence. The total unique molecular

identifier (UMI) counts of these single protoplasts are sig-

nificantly lower than the other protoplasts in PS1

(P = 0.027, Student’s t-test) (Figure S9), suggesting that the

low abundances of construct-specific transcripts could

reflect low sequencing depth.

Future optimization by adjusting the amount of plas-

mid DNA, increasing the number of protoplasts to be

sequenced, and/or increasing sequencing depths may

enable meaningful differential gene expression analyses.

In support of this idea, our analysis of the correlation

between plasmid copy numbers used for transfection and

the number of protoplasts expressing them (Figure 4d)

suggests that reducing plasmid copy numbers appears to

be promising for yielding protoplasts expressing smaller

numbers of constructs, such as only the p35S::GFP con-

struct, or one to a few of the TF constructs. For TF–target
interactions that require endogenous chromatin states or

other anther stage-specific features, generating protoplasts

from the corresponding tissues would be crucial for the

success of trans-activation assays. For example, proto-

plasts prepared from pre-meiotic or meiotic anther tissues

may be ideal for assays of the 21-PHAS and 24-PHAS loci.

We also note that, because 2132 TF genes are expressed in

maize anthers/pollen (Table S2), a much larger-scale trans-

activation assays of many TFs may be necessary to identify

the potential transcriptional regulators of PHAS loci or

other anther genes; this is becoming increasingly feasible,

reflecting rapid developments of technologies such as

single-cell RNA-Seq. Based on these insights, we assert

that the single-protoplast RNA-Seq approach has great

potential for future trans-activation assays of TF combina-

tions and the discovery of gene regulatory networks.

In summary, our analyses provide valuable insights

into the gene networks controlling the major developmen-

tal events occurring in maize anthers. The results demon-

strate that the activation of reproductive PHAS loci likely

requires TF complexes, post-translational TF modifications,

and/or chromatin modification processes that are active in

maize anthers, although certain phasiRNA pathway genes

such as AGOs can be activated ectopically. Furthermore,

our single protoplast analyses suggest that the single-cell

RNA-Seq approach has the potential to be applied to high-

throughput analyses of target activation by individual or

multiple TFs.

EXPERIMENTAL PROCEDURES

Plant materials and growth

Seeds of B73 maize were germinated and grown in constant dark-
ness at 25°C and 50–70% relative humidity. Leaves were collected
from more than 10 etiolated seedlings 10–12 days after germina-
tion for each protoplast isolation.

Maize leaf protoplast transfection

Plasmid constructs for expressing individual TFs as N- or C-
terminal fusions with GFP (p35S::GFP-TF or p35S::TF-GFP) were
generated using previously described methods (Nan et al., 2022;
Yang et al., 2017). The sources of coding DNA sequence (CDS)
clones are provided in Table S8. ZFL1 was accidentally amplified
with the ZFL2 primers and subsequently included in downstream
experiments to potentially characterize the redundancy between
the two paralogs. The p35S::GFP plasmid was used as the nega-
tive control for the bulk-protoplast RNA-Seq analyses, and was
included in both plasmid pools for single protoplast RNA-Seq.
Leaf protoplasts were transfected using a previously described
poly(ethylene glycol)/calcium-mediated method (Gomez-Cano
et al., 2019; Nan et al., 2022). For the bulk-protoplast RNA-Seq
experiments, 15 ng of plasmid DNA was used for each transfec-
tion (of approximately 0.25 million protoplasts), and three trans-
fections were pooled to yield one biological replicate. Two
biological replicates, each derived from one protoplast isolation,
were performed for each construct. Concurrently, one biological
replicate (three pooled transfections) with the p35S::GFP plasmid
was performed for every protoplast isolation to use as controls for
differential expression analyses (Table S1). For the single proto-
plast RNA-Seq experiments, 625 ng of each of the 23 pre-meiotic
TF constructs was mixed with 31.25 ng of the p35S::GFP plasmid
to comprise plasmid pool 1, and 1666.7 ng of each of the 8 bHLH
constructs plus 83.3 ng of the p35S::GFP plasmid constituted pool
2. The two plasmid pools were used for transfection of two proto-
plast samples (approximately 0.25 million protoplasts each)
derived from a single isolation. Using a Hana single-cell dispenser
(Namocell Inc., Mountain View, CA, USA), GFP-positive proto-
plasts were dispensed into 96-well plates (one protoplast per
well), each well containing 0.8 ll Primer Master Mix [0.225% Tri-
ton X-100 (Sigma-Aldrich, St Louis, MO, USA), 1.6 mM dNTP mix
(New England Biolabs, Ipswich, MA, USA), 1.875 lM barcoded
oligo(dT) CEL-seq2 primers (1 sec up to 96 sec)] (Table S14) and
frozen at –80°C. Protoplast transformation efficiencies were
approximately 10–30% as determined using an AxioZoom micro-
scope (Zeiss, Oberkochen, Germany) with green-light filters.

RNA-Seq library preparation and sequencing

For each bulk-protoplast RNA-Seq sample (biological replicate),
approximately 0.75 million protoplasts (three transfections pooled)
per sample were subjected to RNA extraction using the TRI reagent
(Sigma-Aldrich), yielding approximately 1.4–2.8 lg of total RNA.
After treatment with DNAase I (New England Biolabs) and cleaned
using the Zymo RNA Clean and Concentrator kit (Zymo Research,
Irvine, CA, USA), 300–400 ng RNA per sample was used for RNA-
Seq library preparation using the NEBNext Ultra II Directional RNA
Library Prep Kit (New England Biolabs) in accordance with the
manufacturer’s instructions for use with the NEBNext Poly(A)
mRNA magnetic isolation module. Libraries were sequenced on a
NextSeq 550 instrument (Illumina, Inc., San Diego, CA, USA) at the
University of Delaware DNA Sequencing and Genotyping Center to
produce 76-nucleotide single-end reads.
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Libraries for the single protoplast assays were prepared fol-
lowing a modified CEL-seq2 protocol (Hashimshony et al., 2016).
Plates of protoplasts were incubated at 65°C for 3 min, spun, then
incubated again at 65°C for 3 min then placed on ice. To each well,
0.7 ll of reverse transcription mix (8:2:1:1 of Superscript IV 59 Buf-
fer, 100 mM DTT, RNase Inhibitor, Superscript IV; Thermo Fisher
Scientific, Waltham, MA, USA) was added, the plates were spun
and incubated at 42°C for 2 min, 50°C for 15 min, and 55°C for
10 min, and then placed on ice. The samples were pooled by row
into eight-strip tubes (eight pooled samples per plate) and excess
primers were digested with the addition of 4.6 ll of exonuclease I
mix (2.5 ll of 109 Exonuclease I Buffer, 2.1 ll of Exonuclease I;
New England Biolabs) and incubated at 37°C for 20 min and 80°C
for 10 min, and then placed on ice. The pooled samples were puri-
fied with 44.28 ll (1.89 volume) of pre-warmed RNAClean XP
beads (Beckman Coulter Life Sciences, Indianapolis, IN, USA),
washed twice with 80% ethanol, and the RNA eluted from the
beads with 7 ll of RNase-free water. Second strand synthesis was
initiated with the addition of 3 ll of second strand synthesis mix
(2.31 ll Second Strand Reaction dNTP-free Buffer, 0.23 ll of 10 mM

dNTPs, 0.08 ll of DNA ligase, 0.3 ll of DNA polymerase I, 0.08 ll
of RNase H; New England Biolabs) and then incubated at 16°C for
4 h. The RNAClean XP beads were removed from the pooled sam-
ples with a magnetic rack and the eight pooled samples per origi-
nal plate were further pooled into a single tube. The pooled
samples were purified with 96 ll (1.29 volume) of AMPure XP
beads (Beckman Coulter Life Sciences) followed by two washes of
80% ethanol, and eluted with 6.4 ll of RNase-free water. In vitro
transcription was initiated with the addition of 9.6 ll of Mega-
Script T7 IVT mix (1:1:1:1:1:1 of CTP solution, GTP solution, UTP
solution, ATP solution, 109 Reaction Buffer, T7 Enzyme Mix;
Thermo Fisher Scientific) to the pooled samples, followed by incu-
bation at 37°C overnight. The leftover AMPure XP beads were
removed with a magnetic rack and 28.8 ll (1.89 volume) of pre-
warmed RNAClean XP beads (Beckman Coulter Life Sciences)
were added and washed with ethanol, as previously described,
then eluted in 6.5 ll of RNase-free water. The amplified RNA qual-
ity and quantity for both pooled samples were analyzed with an
RNA 6000 Pico chip on an Agilent 2100 Bioanalyzer (Agilent Tech-
nologies, Santa Clara, CA, USA). The RNAClean XP beads were
removed from the pooled samples and 1.5 ll of priming mix (9:5:1
of RNase-free water, 10 mM dNTPs, 1 M tagged random hexamer
primer) (Table S14) was added and incubated at 65°C for 5 min,
and then placed on ice. A second round of reverse transcription
was initiated with the addition of 4 ll of reverse transcription mix
(4:2:1:1 of First Strand Buffer, 0.1 M DTT, RNaseOUT, SuperScript
II; Thermo Fisher Scientific) to each pooled sample then incubated
at 25°C for 10 min, 42°C for 1 h, and 70°C for 10 min, before being
placed on ice. For the final polymerase chain reaction (PCR), 5.5 ll
of pooled sample was added to 21 ll of PCR master mix with Illu-
mina TruSeq Small RNA PCR primer (RP1) and Index Adaptors
(RPI1 and RPI2) (Table S14) (6.5 ll of RNase-free water, 12.5 ll of
Ultra II Q5 Master Mix, 1 ll of 10 lM RP1, 1 ll of 10 lM RPI ‘X’).
Libraries were amplified with 13 rounds of PCR (98°C for 30 sec,
then 13 cycles of 98°C for 10 sec, 65°C for 15 sec, and 72°C for
30 sec, and finished with 72°C for 3 min). The final PCR products
were purified with 26.5 ll (1.09 volume) of AMPure XP beads
(Beckman Coulter Life Sciences), then washed twice with ethanol
and eluted with 25 ll of RNase-free water, and purified again with
25 ll (1.09 volume) of AMPure XP beads (Beckman Coulter Life
Sciences), washed twice, and eluted into 26 ll of RNase-free
water. The libraries were assessed with an Agilent High Sensitivity
DNA chip (Agilent Technologies) and sequenced on a NextSeq
550 instrument at the University of Delaware DNA Sequencing

and Genotyping Center to produce 2 9 150-nucleotide paired-end
reads with 20% PhiX.

RNA-Seq data analysis

The previously published RNA-Seq data of (i) wild-type W23 bz2
and the ocl4 mutant (Zhai et al., 2015) and (ii) the ms23/m32/
bhlh51/bhlh122 mutants (Nan et al., 2022) were obtained from
the Meyers Laboratory Next-Gen Sequence Databases (https://
mpss.meyerslab.org/) (Nakano et al., 2020); information about
individual libraries is provided in Table S1. Those raw reads, and
the bulk-protoplast RNA-Seq reads generated in the present
study, were mapped to the maize reference genome (B73
RefGen_v3; Schnable et al., 2009) using HISAT, version 2.1.0 (Kim
et al., 2015), with intron sizes set to 30–8000 bp (Zhan
et al., 2015). Reads mapped to each gene were counted using the
FEATURECOUNTS program of the SUBREAD package, version 1.6.3 (Liao
et al., 2019). Read counts of the expressed genes, which we
define as those with raw counts per million (CPM) > 1 in (i) at
least 2 of the 50 bulk-protoplast RNA-Seq libraries or (ii) at least
one library for the previously published data sets, were normal-
ized using EDGER, version 3.20.9 (Robinson et al., 2010). The SCC
analysis and PCA were performed with log2-transformed RPKM
data of the expressed genes. Differential expression analyses
were also performed using EDGER with a generalized linear model-
based method; FC >1.5 and FDR < 0.05 were used as the cutoff
criteria to call differentially expressed genes. Coexpression net-
work analysis of the anther RNA-Seq data was performed using
WGCNA, version 1.64, on the log2-transformed RPKM values of
expressed genes as described previously (Zhan et al., 2015) with
the following modifications: (i) the matrix of pairwise SCCs
between genes was transformed into a connection strength
matrix by raising the correlation matrix to the power of 16 and
(ii) after the hierarchical clustering tree was cut with the Dynamic
Tree Cut algorithm (Langfelder et al., 2007), modules with fewer
than 100 genes were merged into their closest neighboring mod-
ule to generate the final modules. Functional and GO annotations
of maize genes were obtained from Ensembl Plants (Bolser
et al., 2017), Gramene (Tello-Ruiz et al., 2022), MaizeGDB (Port-
wood et al., 2019), Plant TFDB (Tian et al., 2020), and Grassius
(Yilmaz et al., 2009). GO term enrichment analyses were per-
formed using BLAST2GO, version 3.0.11 and OMICSBOX, version 2.0.36
(G€otz et al., 2008). Annotations of 21-PHAS and 24-PHAS loci
were obtained from Zhai et al. (2015) and the genomic coordi-
nates were converted from B73 RefGen_v2 to B73 RefGen_v3
using the Ensembl Plants Assembly Converter.

The raw CEL-seq2 reads were demultiplexed based on cell-
specific barcodes (Table S14) using Fastq-Multx (Aronesty, 2013).
The UMI sequences from read 1 were added to the read 2
sequence names and then filtered and trimmed with FASTP (param-
eters: -y -x -3 -f 6) (Chen et al., 2018). The clean reads were
mapped to B73 RefGen_v3 with HISAT, and the UMIs quantified
with SAMTOOLS (Li et al., 2009) and UMI-TOOLS (Smith et al., 2017). The
counts of UMIs mapped to each gene/construct were normalized
to TPM (Table S11). Construct-specific transcripts were only
counted for a 4-bp region at the junction between the CDS of a
given TF (or GFP for the p35S::GFP construct) and the vector back-
bone. PCA was performed with log10(TPM + 1) of the expressed
genes (raw UMI count > 0 in at least one library).
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Figure S1. GO term enrichments in the WGCNA-identified coexpres-
sion modules. Only biological process terms are shown. Gray indi-
cates no significant enrichment. The heat map was generated
using data from Table S4.

Figure S2. Expression patterns of M4 TFs during anther develop-
ment. Arrows indicate genes chosen for trans-activation assays.
Raw RNA-Seq data were from Zhai et al. (2015). Anther develop-
mental stages (in mm) are indicated on the x-axis.

Figure S3. Expression patterns of M4 TFs based on laser-capture-
microdissection-derived RNA-Seq data from Zhou et al. (2022).
Numbers on the x-axis represent anther developmental stages (in
mm). FA, fixed anthers; ME, meiocytes; OSC, other somatic cells;
TAP, tapetum.

Figure S4. Z-score plots showing scaled expression profiles of
genes in the coexpression modules identified using WGCNA. Gray
lines represent individual genes, and red lines the median. Anther
developmental stages (in mm) are indicated on the x-axes.

Figure S5. Circos plot showing genomic positions of expressed
21- and 24-PHAS loci. Circular tracks from outside to inside: geno-
mic positions by chromosomes, expressed 21-PHAS that are not
assigned to M4, 21-PHAS in M4, expressed 24-PHAS that are not
assigned to M7, and 24-PHAS in M7. Height of dots represents
maximal expression levels of PHAS loci (in RPKM).

Figure S6. Mean-difference plots of all the genes tested for differ-
ential expression in bulk protoplasts. Differentially expressed
genes are represented by red dots, and the other genes black. Hor-
izontal blue lines indicate 1.5-fold changes (i.e. ¦log2FC¦ = 0.59).

Figure S7. Expression patterns of known/putative phasiRNA path-
way genes in the single protoplasts. Columns representing indi-
vidual protoplasts are in the same order as Figure 4(b).

Figure S8. Expression levels of EREB69/MYB131/NAC29-activated
genes in the single protoplasts. Rows of heatmaps represent
individual genes activated by EREB69 (a), MYB131 (b) or
NAC29 (c).

Figure S9. Violin plot showing distribution of total UMI counts
(log10 transformed) in the PS1 protoplasts with zero construct-
specific transcripts compared to all other protoplasts in PS1.

Table S1. Summary of RNA-Seq data generated/analyzed in the
present study.

Table S2. Normalized expression levels in RPKMs (mean of bio-
logical replicates) and functional annotations of genes expressed
in the W23 bz2 anthers (0.2–5.0 mm) and mature pollen.

Table S3. Module assignments, module memberships, and func-
tional annotations of genes selected for coexpression network
analysis.

Table S4. GO term enrichments of the coexpression modules.

Table S5. Summary of previously reported male-sterility-associ-
ated genes in maize.

Table S6. Genes dysregulated in the ocl4 mutant.

Table S7. Genes dysregulated in the bhlh mutants.

Table S8. Sources of CDS clones, sequences of primers, and plas-
mid copy numbers used in the present study.

Table S9. Results of differential gene expression analyses of the
bulk protoplasts expressing individual transcription factors.

Table S10. GO term enrichments of the gene sets activated by
EREB69, MYB131 or NAC29.

Table S11. Normalized expression levels in TPMs of genes
expressed in single protoplasts.

Table S12. Normalized abundance of construct-specific transcripts
in TPMs.

Table S13. Copy numbers of plasmid constructs and the number
of protoplasts expressing them.

Table S14. Primer sequences for CEL-seq2 library construction.
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