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Abstract

Microspore embryogenesis is a model for developmental plasticity and cell fate deci-
sions. To investigate the role of miRNAs in this development, we sequenced sRNAs
and the degradome of barley microspores collected prior to (day 0) and after (days
2 and 5) the application of a stress treatment known to induce embryogenesis.
Microspores isolated at these timepoints were uniform in both appearance and in
their complements of sRNAs. We detected 68 miRNAs in microspores. The abun-
dance of 51 of these miRNAs differed significantly during microspore development.
One group of miRNAs was induced when the stress treatment was applied, prior to
being repressed when microspores transitioned to embryogenesis. Another group
of miRNAs were up-regulated in day-2 microspores and their abundance remained
stable or increased in day-5 microspores, a timepoint at which the first clear indica-
tions of the transition toward embryogenesis were visible. Collectively, these miR-
NAs might play a role in the modulation of the stress response, the repression of
gametic development, and/or the gain of embryogenic potential. A degradome analy-
sis allowed us to validate the role of miRNAs in regulating 41 specific transcripts.
We showed that the transition of microspores toward the embryogenesis pathway
involves miRNA-directed regulation of members of the ARF, SPL, GRF, and HD-ZIPIII
transcription factor families. We noted that 41.5% of these targets were shared be-
tween day-2 and day-5 microspores while 26.8% were unique to day-5 microspores.
The former set may act to disrupt transcripts involved in pollen development while

the latter set may drive the commitment to embryogenesis.
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1 | INTRODUCTION

Gametic embryogenesis (also called microspore embryogenesis or
androgenesis) occurs when the microspore, a haploid and uninu-
cleate precursor to the pollen grain, switches from a gametophytic
to embryonic fate. This developmental transition is artificially trig-
gered through an inductive stress treatment (Seifert et al., 2016).
Microspore embryogenesis is enabled by the totipotency of plant
cells and it is a model for developmental plasticity and cell fate deci-
sions in plants (Seifert et al., 2016; Soriano et al., 2013). In the past
decades, gametic embryogenesis has been exploited in research and
plant breeding to obtain double haploid (DH) plants, as the initially
haploid embryos can spontaneously double their chromosomal com-
plement or be induced to do so (Seifert et al., 2016). DH technology
is currently employed in many breeding programs in various crop
species because it can quickly generate genetically fixed (homo-
zygous), recombinant plants directly from an F1 hybrid (Germana,
2011; Seifert et al., 2016). Unfortunately, the DH protocol often
needs to be developed or fine-tuned on a case-by-case basis, due
to a large variability in responsiveness to embryogenesis from one
species to another, and even from one genotype to another within
a given species (Soriano et al., 2013). One of the major bottlenecks
in the process is the lack, or low efficiency, of the switch to the em-
bryogenic pathway (Soriano et al., 2013).

It is assumed that stresses induce an interruption in transcrip-
tional and translational activities which normally lead to pollen
formation. This might then restore cell totipotency (due to cellular
de-differentiation), and ultimately drive the transition to embryogen-
esis (Elhiti et al., 2013; Maraschin et al., 2005; Seifert et al., 2016).
In other words, for the process to occur, a competent microspore
has to stop the expression of genes involved in pollen development,
possibly degrade the existing transcripts, and then induce expres-
sion of the genes required for commitment to embryogenesis.
Although there have been investigations into epigenetic modifica-
tions that modulate transcriptional regulation, such as DNA meth-
ylation (El-Tantawy et al., 2014), histone methylation (Berenguer
et al., 2017), or acetylation (Li et al., 2014), these processes would
not be expected to eliminate existing transcripts. Small regulatory
RNAs (sRNAs) can accomplish this role since they can degrade and
eliminate target transcripts. Furthermore, sRNAs are known to play
important roles in key developmental processes such as patterning
of the embryo and meristem, leaf, and flower development (D’Ario
et al., 2017). However, the role(s) of SRNAs in gametic embryogene-
sis remains unclear.

Endogenous sRNAs are 21 to 24-nucleotide (nt) RNAs involved in
transcriptional gene silencing (TGS) or post-transcriptional gene si-
lencing (PTGS) (Axtell & Meyers, 2018; Borges & Martienssen, 2015;
Komiya, 2017). The 24-nt sRNAs are known to be involved in TGS
through the RNA-directed DNA methylation (RADM) pathway, en-
abling the establishment and maintenance of DNA methylation (Bond
& Baulcombe, 2014). Commonly named “heterochromatic small in-
terfering RNAs” (hc-siRNAs), these sRNAs are known to suppress

transposable elements (TEs) and repetitive regions (Komiya, 2017;

Matzke et al., 2009). Thus, hc-siRNAs may play an important role
in the early stages of development through embryogenesis via re-
programming the genomes of microspores and preserving genome
integrity during chromosome doubling or the first nuclear division
of microspores.

With a typical length of 21- or 22-nt, microRNAs (miRNAs) func-
tion in PTGS by facilitating the degradation or translational inhibition
of mRNA molecules with complementary sites (D'Ario et al., 2017
Komiya, 2017). miRNAs have an important role in developmental
phase changes since they often direct cleavage of transcripts encod-
ing transcription factors (TFs), thus broadly affecting gene regulatory
networks (Jones-Rhoades et al., 2006). Since TFs can be involved in
developmental patterning or stem cell identity, miRNAs were pro-
posed to play a role in differentiation by targeting transcripts of reg-
ulatory genes responsible for existing expression programs, thereby
facilitating more rapid and robust transitions to new expression
programs (Jones-Rhoades et al., 2006; Rhoades et al., 2002). Such
miRNA-assisted reprogramming could be a powerful mechanism to
direct the microspore developmental transition from gametic to em-
bryogenic cell fate during isolated microspore culture.

Most plant miRNAs perform their repressive regulation through
target site cleavage; the sliced sites of target transcripts can be iden-
tified by sequencing the 3’ remnants of cleavage (Shao et al., 2012).
Degradome sequencing, also called parallel analysis of RNA ends
(PARE; German et al., 2009; Zhai et al., 2014) or genome-wide map-
ping of uncapped and cleaved transcripts (GMUCT; Addo-Quaye
et al., 2009), allows transcriptome-wide mapping of target cleavage
sites by combining a modified 5'-RACE approach with next-genera-
tion sequencing technologies (Shao et al., 2012).

Barley (Hordeum vulgare ssp. vulgare) is considered a model spe-
cies for molecular analysis of microspore embryogenesis in monocots
(Soriano et al., 2013). We recently published an RNA-seq analysis of
microspore embryogenesis in barley (Bélanger et al., 2018) on a culti-
var (Gobernadora) known to exhibit an exceptionally good response
to androgenesis (Marchand et al., 2008). In the work described here,
we designed our experiments to address perceived limitations in the
previous work, namely by concurrently performing both sRNA se-
quencing (sRNA-seq) and Parallel Analysis of RNA End sequencing
(PARE-seq) for the same set of treatments on which RNA-seq alone
was performed previously (Bélanger et al., 2018). This paper pro-
vides an extensive resource for functional genomics analyses on the

induction of microspore embryogenesis in barley.

2 | MATERIAL AND METHODS

2.1 | Microspore production, cellular fixation and
microscopy

Donor barley plants (H. vulgare ssp. vulgare cv. Gobernadora,
a two-row spring barley) were grown in a greenhouse. Uniform
immature spikes containing microspores at the mid-late to late-

uninucleate stage were harvested as described by Esteves and
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Belzile (2014). We performed the analyses described below at
three time points: day O (from freshly harvested spikes), day 2
(immediately after completion of the stress pretreatment),and day 5
(after three days in culture) as detailed in Bélanger et al. (2018).
For samples at day O, microspores were isolated from freshly har-
vested spikes containing haploid and uninucleate microspores.
The uniformity of these microspores was improved by performing
gradient centrifugation (20% maltose-mannitol; 900xg at 12°C).
For samples at days 2 and 5, spikes were first subjected to a 48-hr
pretreatment combining thermal (26°C), osmotic (0.3M mannitol;
pH at 5.34), and starvation stresses. After the pretreatment, mi-
crospores were harvested and purified via gradient centrifuga-
tion (as above). A fraction of these microspores was collected to
serve as day-2 samples (i.e. immediately after completion of the
pretreatment) while the rest was plated on a two-layer (solid-
liquid) embryogenesis-induction medium (Esteves et al., 2014; Li
& Devaux, 2003) and cultivated at 28°C for three days. Finally,
to maximize the uniformity of the microspores harvested on day
5, we performed another gradient centrifugation (25% maltose-
mannitol; 300x g; 12°C). The microspores were produced in four
replicates and, after isolation, samples were immediately frozen in
liquid nitrogen and kept at -80°C prior to RNA isolation.

Additional samples of microspores were collected, fixed, and
DAPI stained for microscopic analysis as described by Gonzalez-
Melendi et al. (2005) except that the washing of microspores was
performed for 15 min twice. Microscopy was performed at the
Plate-forme d'Imagerie Moléculaire et de Microscopie of the Institut
de Biologie Intégrative et des Systémes (Université Laval) using 10 pl
of stained microspores and observed with a Zeiss Axio Observer.
Z1 (Zeiss) under a UV laser (excitation of 390/22 nm and emission
of 460/50 nm).

2.2 | RNAsolation, library
construction, and sequencing

Total RNA was isolated using the TriZol Reagent Solution (Applied
Biosystems) as per the manufacturer's instructions. RNA quality was
evaluated using the Agilent RNA 6000 Nano Kit on the Bioanalyser
2100 (Agilent Technologies). Only samples with an RNA integrity
number = 7.0 were kept for library construction. All samples were
quantified using the DS-11 FX + fluorometer (DeNovix). A total
of 12 sRNA libraries were constructed from 5 pug of size-selected
RNA using the NEBNext® Small RNA Library Prep kit (New England
Biolabs) as per the manufacturers’ instructions. Then, total RNAs
were combined to form an equimolar composite of all replicates cor-
responding to microspores at each stage of development. A total
of 20 pg of these RNA composites was used to prepare PARE-seq
libraries as described by Zhai et al. (2014). Finally, 50-nt single-end
sequencing was performed for these two types of RNA libraries
(2 and 0.5 lanes for sRNA and PARE libraries, respectively) on an
lllumina HiSeq 2000 at the University of Delaware DNA Sequencing
& Genotyping Center.
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2.3 | Bioinformatics analysis of SRNA-seq data

Using cutadapt v2.9 (Martin, 2011), sRNA-seq reads were pre-
processed to remove adapters (Table S1) and discard reads shorter
than 15 nt. Clean reads were mapped to the barley reference ge-
nome v2 (Mascher et al., 2017; available on Ensembl release-44)
using ShortStack v3.8.5 (Johnson et al., 2016) with the following
parameters: -mismatches 0, -bowtie_m 50, -mmap u, -dicermin 19,
-dicermax 25, and -mincov 0.5 transcripts per million (TPM). Results
generated by ShortStack were filtered to keep only clusters having
a predominant RNA size observed between 20 and 24 nucleotides,
inclusively. We then annotated categories of microRNA (miRNA),
phased small interfering RNA (phasiRNA) and heterochromatic small
interfering RNA (hc-siRNA).

First, sSRNA reads representative of each cluster were aligned
to the monocot-related miRNAs listed in miRBase release 22
(Kozomara et al., 2019; Kozomara & Griffiths-Jones, 2014) using
NCBI BLASTN v2.9.0+ (Camacho et al., 2009) with the following
parameters: -strand both, -task blastn-short, -perc_identity 75,
-no_greedy, and -ungapped. Homology hits were filtered and sRNA
reads were considered as known miRNA based on the following cri-
teria: (a) no more than four mismatches and (b) no more than 2-nt
extension or reduction at the 5" end or 3’ end. Known miRNAs were
summarized by family and when genomes contained multiple miRNA
loci per family, miRNAs were ordered per chromosomal position and
renamed based on these genomic positions. Small RNA reads with
no homology to known miRNAs were annotated as novel miRNAs
using the de novo miRNA annotation performed by ShortStack. The
secondary structure of new miRNA precursor sequences was drawn
using the RNAfold v2.1.9 program (Lorenz et al., 2011). Candidate
novel miRNAs were manually inspected and only those meeting
criteria for plant miRNA annotations (Axtell & Meyers, 2018) were
kept for downstream analyses. Then, the remaining sRNA clusters
were analyzed to identify phasiRNAs based on ShortStack analysis
reports. sSRNA clusters having a "Phase Score" 230 were considered
as true positive phasiRNAs. Genomic regions corresponding to these
phasiRNAs were considered as PHAS loci and grouped in categories
of 21- and 24-PHAS loci based on the length of phasiRNAs derived
from these loci. Non-phased sRNAs having a length of 24-nt were
considered as hc-siRNAs.

Finally, the read-count matrix generated by ShortStack was used
to perform an expression analysis for annotated sRNAs (miRNA,
phasiRNA and hc-siRNA) and to identify those that were differen-
tially expressed over the course of microspore development. Prior to
preforming the expression analysis, the read-count matrix was nor-
malized for library size using the TMM method of the edgeR program
(Robinson et al., 2010; Robinson & Oshlack, 2010). To assess the
degree of uniformity among replicates of the three developmental
stages, we performed an MDS analysis using edgeR. Differentially
expressed sRNAs were identified using the generalized linear model
(glm) test function of edgeR for developmental transitions: (a) from
day O to day 2, (b) from day 2 to day 5, and (c) from day O to day 5.
Only sRNAs having both a |log,FC| > 2.0 and a g-value < 1.0E-03
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were considered as differentially expressed. Differentially expressed
sRNAs were visualized by heatmap using the R program pheatmap
(https://rdrr.io/cran/pheatmap/).

2.4 | Bioinformatics analysis of PARE-seq data

To identify miRNA-target pairs in microspores, we performed a de-
gradome analysis for miRNAs annotated in microspores through the
sRNA-seq experiment. Using cutadapt v2.9, PARE-seq reads were
pre-processed to remove adapters (Table S1) and discard reads
shorter than 15 nt. Then, we used PAREsnip2 (Thody et al., 2018)
to predict all sSRNA-target pairs and to validate the effective sSRNA-
guided cleavage site with PARE-seq reads. We ran PAREsnip2 with
default parameters using Fahlgren & Carrington targeting rules
(Fahlgren & Carrington, 2010). We considered only targets in cat-
egories 0, 1, and 2 for downstream analysis. The gene annotations
available on Phytozome V13 and Ensembl Plant release-44 were
used to identify A. thaliana and O. sativa orthologs. Functional anno-
tation of orthologous genes was used to interpret the role of miRNA

in microspores.

2.5 | Data availability

The complete set of raw sRNA-seq and PARE-seq reads were de-
posited in the Sequence Read Archive under SRA accession number
PRINA634514.

3 | RESULTS AND DISCUSSION

3.1 | Microspores collected at three key stages
capture the switch to embryogenesis

To study the role of SRNAs during the switch from gametophytic to
embryonic development, we collected microspores prior to (day 0)
or following the application of a pretreatment intended to induce
embryogenesis (days 2 and 5) in the barley cultivar cv. Gobernadora.
This genotype is known to be highly responsive to gametic embry-
ogenesis (Marchand et al., 2008). We observed that (a) day-0 mi-
crospores were characterized by having a single nucleus positioned
close to the cell wall (Figure 1a); this corresponds to the late uninu-
cleate stage known as the most embryogenic-responsive stage in
barley (Kasha, Simion, et al., 2001); (b) day-2 microspores primar-
ily showed a single nucleus migrating toward the center of the cells
while a few had two nuclei (Figure 1b), and (c) day-5 microspores ex-
hibited multiple nuclei (Figure 1c). The microspore populations were
homogenous and few or no damaged or dead cells in all stages of
development. The phenotypes of microspores on days 2 and 5 were
very similar to those described in previous work in barley (Kasha
et al., 2001; Maraschin, 2005). Using a similar protocol, Maraschin

(2005) described that a microspore was capable of releasing an

embryo-like structure out of the microspore exine wall when mi-
crospores initiated nuclear divisions. Since the phenotype of most
microspores indicates that nuclear divisions were initiated on day
5, we consider that, by that time, microspores have embarked on a
sporophytic development leading to embryogenesis. Our observed
phenotypes were highly similar (practically indistinguishable) from
those described by Bélanger et al. (2018), thus suggesting an experi-
mental reproducibility in the preparation of these materials.

3.2 | Sequencing sRNAs at three early stages of
gametic embryogenesis

We used sRNA-seq to obtain a comprehensive overview of sRNAs
expressed in barley microspores at three pivotal time points in the
course of gametic embryogenesis. In total, 412.5 million (M) sRNA
reads were generated (136.6 M, 128.8 M, and 147.1 M reads for mi-
crospores on days 0, 2, and 5, respectively) over 12 sRNA libraries
(three stages of development x four biological replicates). Reads were
trimmed to remove adapters giving 394.8 M clean reads. Of this, a
total of 150.1 M (38.0%), 133.1 M (33.7%), and 111.6 M (28.3%)
reads, respectively, could be assigned as follows: reads with at least
one reported alignment, reads with multiple alignments suppressed
due to the -m setting (more than 50 sites), or reads that failed to
align to the genome. We considered sRNAs having a read length of
20 to 24-nt as “expressed” if their abundance was equal or higher
to 0.5 reads per million (TPM). To assess our experimental repeat-
ability, we performed a multidimensional scaling (MDS) analysis for
genome-mapped sRNA reads. We observed three highly distinctive,
tight clusters indicating that replicates were uniform and that sRNAs
expressed in microspores at each stage (days 0, 2, and 5) were simi-
lar (Figure S1). The MDS plot generated from sRNA-seq data was
nearly indistinguishable from RNA-seq data previously described by
Bélanger et al. (2018). Thus, both the phenotypic (above) and tran-
scriptomic data demonstrated a high degree of experimental repro-
ducibility, thus justifying a joint consideration of these two sources
of data (sRNA-seq and previous RNA-seq), to more fully describe and
interpret the developmental switch of barley microspores in gametic
embryogenesis.

In total, 53,189 distinct SRNAs were observed in microspores,
of which 7,695, 16,066, and 29,428 sRNAs, respectively, mapped,
mapped to multiple sites, or did not map to the genome at all. Until
now, sRNAs have not been sequenced in barley microspores. In
wheat, Seifert et al. (2016) sequenced and analyzed sRNAs for mi-
crospores at similar developmental stages. Despite the fact that we
analyzed nearly four times more sequences (394.8 M versus. 92.5 M
clean reads), we detected fewer sRNAs than Seifert et al. (2016).
The lower number of sSRNAs detected in barley compared to wheat
may be due to the greater genome size (16 Gb vs. 5 Gb) and higher
ploidy level (6x versus 2x) of the latter. For the ensuing analyses, we
focused exclusively on sRNAs that mapped to unique sites in the
genome. Among these, the large majority were 24-nt long (6,828;
88.7%) while most of the remaining sRNAs were 21-nt (578; 7.5%),


https://rdrr.io/cran/pheatmap/

BELANGER ET AL.

Am¢ S
niss . [SHEOMBl-wi LEY-®

=7 o " SOCIETY FOR EXPERIMENTAL BIOLOGY

(b)

FIGURE 1 The phenotype of these microspores was captured on phased-contrast (left) and with DAPI-excited (right) microscopy for
microspores on days 0, 2, and 5 using a Zeiss Apoptome microscope under UV laser illumination (excitation of 390/22 nm and emission of

460/50 nm) at a 40x magnification

sizes that are typically, but not exclusively, associated mainly with
hc-siRNAs and miRNAs. A third category of sRNA, the phasiRNAs,
can be either 21-nt or 24-nt. As these three classes of sSRNAs are
distinct in their biogenesis and functions, we separately categorized,
analyzed, and interpreted them as three sRNA groups corresponding
to 24-nt sRNAs, phasiRNAs, and miRNAs.

3.3 | There is strict temporal regulation of 24-nt
sRNA throughout microspore development

Known to guide de novo DNA methylation of various genomic fea-
tures (Axtell & Meyers, 2018; Borges & Martienssen, 2015), 24-nt

sRNAsare of interest since they canactin reprogramming microspore

genomes. Overall, we detected a total of 6,628 24-nt candidate hc-
siRNAs. Of these, the abundance of 3,201 24-nt sRNAs (48.3% of
all) varied significantly over the course of microspore development
at a |log2FC| = 2.0. Of these, 879 (13.3%), 1,635 (24.7%) and 3,110
(46.9%) loci were identified when contrasting expression on day O
versus 2, on day 2 versus 5 as well as on day O versus 5, respectively.
The visualization of differentially abundant 24-nt sRNAs revealed
three distinct groups corresponding to different expression patterns
(Figure 2a). In the first group, the summed abundance of many 24-nt
sRNAs loci goes down during the stress treatment applied to micro-
spores (Figure 2a; Cluster 1). In day 2, the abundance of these 24-nt
sRNAs decreased prior to reaching their minimum levels in embryo-
genic microspores at day 5. In the research conducted in wheat mi-
crospores by Seifert et al. (2016), 24-nt sSRNAs having this type of
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FIGURE 2 Dynamics of variation in SRNA abundance through barley microspore development. Microspores were analyzed in the early
stages of development in androgenesis for differentially expressed (at logFC 2 |2.0] and g-value < 1.0E-03) hc-siRNAs (a) 24-nt phasiRNAs
(b) and miRNAs (c). Heatmaps were generated from a read-count matrix normalized for library size and transformed in reads per million.
Heatmaps were row normalized

abundance pattern were not described. In the second group, the In a vast majority of cases, the abundance of these 24-nt sRNAs in-
summed abundance of many 24-nt sRNA loci increases during the creased in embryogenic microspores. A group of 24-nt sSRNAs having
stress treatment applied to microspores (Figure 2a; Clusters 3 and 4). a similar abundance pattern was described by Seifert et al. (2016) in
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FIGURE 3 Abundance (y-axis) and distribution (x-axis) of reads aligned to two PHAS loci, 24PHAS_31814 (left) and 24PHAS_34365
(right), that were up-regulated in day-5 microspores and overlapped with protein-coding regions. Positive and negative values on the y-axis

refer to the two DNA strands on which phasiRNAs map

wheat microspores. In the third group, the summed abundance of
hundreds of hc-siRNA loci increases markedly during the induction
of embryogenesis (Figure 2a; Cluster 2). Most of the 24-nt sRNAs
in this group specifically accumulated in response to the induction
of embryogenesis since almost no reads could be detected in mi-
crospores on days O and 2. This last group of hc-siRNAs shows an
expression pattern consistent with results of Seifert et al. (2016)
that described a global increase in 24-nt sSRNAs in developing wheat
microspores at similar stages of development. To summarize, we
identified three groups of 24-nt sSRNA exhibiting a strict and distinct
temporal regulation. One group drastically decreased in abundance
from initial microspores to embryogenic microspores while a second
group increased (either abruptly or gradually) in embryogenic micro-
spores. It has been demonstrated that DNA hypomethylation favors
microspore reprogramming, totipotency acquisition, and embryo-
genesis initiation, while embryo differentiation requires de novo
DNA methylation (Solis et al., 2015; Testillano, 2018). Assuming
that the abundance of 24-nt sSRNA and DNA methylation are well-
correlated, these groups of 24-nt sRNA could regulate nascent DNA
methylation reflecting temporal changes in DNA methylation pre-
viously shown by Solis et al. (2015) and Testillano (2018). In con-
clusion, the ability of barley cv. Gobernadora to engage embryonic
development might be related to its robust and strict regulation of
24-nt sSRNA in microspores.

3.4 | 24-nt phasiRNAs regulate protein-coding
genes in embryogenic microspores

Among sRNAs expressed in plants, phasiRNAs are a distinct group
of sSRNAs that are easily distinguishable as a product of processive
cleavage of double-stranded RNAs in regular increments (duplexes of
21-nt or 24-nt) from a well-defined terminus (Axtell & Meyers, 2018).

To our knowledge, phasiRNAs have never been characterized in the
gametic embryogenesis system in barley or that of any other species.
Thus, we employed sRNA-seq to annotate phasiRNAs expressed in
barley microspores. We detected a total of 202 phasiRNA loci (PHAS
loci) in barley microspores, almost all of which (192; 95%) originated
from 24-PHAS loci rather than 21-PHAS (10; 5%), loci. All barley
PHAS loci that we annotated are detailed in Table S2. Previous stud-
ies describe pre-meiotic (21-PHAS) and meiotic (24-PHAS) phasiRNA
accumulation patterns throughout the development of anthers in
maize (Zhai et al., 2015) and rice (Fei et al., 2016). The near absence
of 21-nt phasiRNAs that we observed in barley microspores is con-
sistent with the fact that day-O microspores are post-meiotic cells,
and that 21-nt phasiRNAs are produced and accumulate largely in
somatic cells (Zhai et al., 2015). Additionally, our observation that all
21-nt phasiRNAs identified in day-0 microspores were significantly
repressed in embryogenic day-5 microspores is consistent with the
meiotic development patterns reported in the above-mentioned
studies in maize and rice. An expression analysis revealed that 90 of
the 24-nt barley phasiRNAs that we annotated (46.9% of all 24-nt
phasiRNAs) were significantly down-regulated (at |log2FC| > 2.0)
during the same period (Figure 2b). Moreover, when we relax the
threshold to |log2FC| = 1.5, the proportion of down-regulated 24-nt
phasiRNAs reached 85.4% (164 of 192 24-nt phasiRNAs). When
considering that microscopic analysis shows that day-5 microspores
are engaged in embryogenesis, a sporophytic development, our ob-
served down-regulation of these phasiRNAs is reasonable, given
that 24-nt phasiRNAs have been described as exclusive to reproduc-
tive development (Arikit et al., 2013; Fei et al., 2016; Yu et al., 2018;
Zhai et al., 2015). Surprisingly, four 24-PHAS loci did not follow this
general trend, as they were up-regulated in day-5 embryogenic mi-
crospores (Figure 2b). Figure 3 shows the abundance of reads dis-
tributed on the genomic region for two of these PHAS loci. Two

of these four 24-PHAS loci overlapped with protein-coding genes



BELANGER ET AL.

44 American Soci
2o i [SH@HBl-WiILEY

SOCIETY FOR EXPERIMENTAL BIOLOGY

(HORVU1Hr1G006020; HORVU2Hr1G016660), which is not typi-
cal of PHAS loci, which are commonly derived from long, non-coding
RNAs (Komiya, 2017). This observation indicates that the 24-nt pha-

siRNA pathway can process protein-coding genes after meiosis.

3.5 | Up-regulation of miRNAs in embryogenic
microspores

In barley, very few miRNAs have been deposited in miRBase and no
studies have yet been conducted on microspores; thus, a de novo
miRNA annotation of barley microspores would provide valuable
new information. We annotated a total of 68 miRNAs in microspores,
including 62 known and six high-confidence novel miRNAs (detailed
in Table S3 and Table S4), according to the criteria for plant miRNA
annotation as described by Axtell and Meyers (2018). The 62 known
miRNAs covered a total of 30 miRNA families, while each of the new
miRNAs represents a candidate novel family. The novel miRNAs we
discovered were of relatively low abundance compared to most of
the known miRNAs. Thus, it seems likely that our approach to deeply
sequence a population of specialized and unique cells in a previously
poorly characterized species enabled their discovery. In contrast,
Seifert et al. (2016) limited their investigation in wheat to miRNAs
already available in miRBase (release 21), excluding known miRNAs
conserved with other species, or new miRNA that had not yet been
discovered. Additionally, Seifert et al. (2016) limited their descrip-
tion to just four of the 66 miRNAs they found in wheat microspores,
consequently, it is not feasible to compare our findings with those of
Seifert et al. (2016) in wheat.

miRNAs are known to be involved in developmental transitions
by targeting families of various transcription factors or other devel-
opment-related genes (Chen, 2009; Fei et al., 2016; Jones-Rhoades
et al., 2006). To identify miRNAs that may play a pivotal role in the
developmental switch of microspores into embryogenic devel-
opment, we performed an expression analysis. We found that the
members of four miRNA families accounted for 85.1% of all miR-
NAs expressed in microspores. Multiple miRNA loci contribute to
the abundance of these miRNA family members: miR156, miR166,
miR167, and miR9662, whose abundance was estimated at 99
TPM, 251 TPM, 115 TPM, and 786 TPM respectively (Table S3).
We were unable to find other studies describing these miRNAs,
either in gametic or somatic embryogenesis for monocot species
closely related to barley. However, Wu et al. (2011) reported that
miR156, miR168, and miR171 correlated with the acquisition of em-
bryogenic competence in Valencia sweet orange (a citrus species),
as non-embryogenic calli did not express these miRNAs in somatic
embryogenesis. A similar finding was described in maize as Juarez-
Gonzélez et al. (2019) showed that miR156 and miR166 accumulate
in embryogenic calli. It was further shown that miR156 regulates the
expression of SPL2I41519 thus allowing embryonic competence ac-
quisition in Valencia callus cells (Wu et al., 2011). We detected a sig-
nificant up-regulation of miR156 expression (6 loci) in microspores

from days O to 5; thus, it is possible that miR156 may play a pivotal

role in barley microspore embryogenesis via the regulation of the
SPL transcription factor gene family.

We next determined that the abundance of 51 miRNAs (75% of
the 68 we annotated) significantly differed between days O to 5 of
microspore development (detailed in Table 1). In contrast, Seifert
et al. (2016) reported that only 4 of 66 miRNAs were differentially
expressed in wheat microspores at a similar stage of development.
The short (five days total in barley) or long (20 days total in wheat)
duration of the stressful treatments applied to microspores might
explain the difference in the number of differentially expressed miR-
NAs between the species. We suggest that sampling wheat micro-
spores over a longer term treatment may mask expression changes
within this interval. That being said, none of the four miRNAs shown
to be differentially expressed in wheat were detected in barley
microspores, thus we could not make a comparison between the
species.

In barley, we could distinguish four distinct miRNA expres-
sion clusters (Figure 2c; Table 1). One group of miRNAs (Figure 2c;
Cluster 2) presented a specific expression pattern: their abundance
was strongly induced when the stress treatment was applied to mi-
crospores, prior to being repressed when they transitioned to em-
bryogenesis. Among miRNA members of this cluster, we retrieved
miR319, miR396, miR398, miR827 and two novel miRNAs (novel.1
and novel.2). The expression pattern of these miRNAs suggests a
specific response to the stress treatment applied to microspores.
If we consider that stresses applied to microspores will stop pollen
grain development, these miRNAs might act by triggering the degra-
dation of key regulators involved in gametic development.

Additional miRNAs were up-regulated in microspores on day
2 after the completion of the stress treatment (Figure 2c; Table 1).
The abundance of these miRNAs stayed stable (Figure 2c; Cluster
3) or continued to increase when microspores gained their embryo-
genic potential on day 5 (Figure 2c; Cluster 1). Among those show-
ing the strongest up-regulation in microspores on day 5 (Table 1),
we retrieved miR156, miR159, miR166, miR167, miR171, miR5071,
miR1432, and a novel miRNA (novel.3). It seems likely that these
miRNAs play a role in the modulation of the stress response, the
repression of gametic development, and/or the gain of embryogenic
potential. Since the accumulation of all these miRNAs globally in-
creased and stayed high in microspores from day O to day 5, they may
play a role in the dosage of target transcripts rather than eliminating
them altogether. In citrus somatic embryogenesis, concordantly, it
was shown that miR156 and miR171 accumulated in embryogenic
calli and were correlated with the acquisition of embryogenic com-
petence (Wu et al.,, 2011). Wu et al. (2011) also reported that miR159
was correlated with the formation of globular-shaped embryos,
while miR166 and miR167 were required for cotyledon-shaped
embryo morphogenesis. In our biological system, the latter three
miRNAs were observed in microspores initiating their first mitotic
divisions, a much earlier developmental stage than those described
by Wu et al. (2011) in citrus. Although the three latter cases showed
a distinction in gametic and somatic embryogenesis systems, more

studies are needed to better describe their roles.
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TABLE 1 Alldifferential expression of miRNAs in microspores of
barley cv. Gobernadora, contrasted between all three time points
(relative to the initiation of the pretreatment inducing the transition
towards embryogenesis)

Log2FC for all tested contrasts

miRNA Day2-Day0 Day5 -Day 2 Day 5 - Day 0
Cluster 1
miR1130.1 1.43 0.98 241
miR1130.2 3.42 0.91 4.32
miR1432 4.55 0.64 5.19
miR156.2 1.73 1.19 292
miR156.4 1.82 0.79 2.61
miR156.5 0.79 1.81 2.60
miR167.3 1.91 2.58 4.49
miR167.4 2.23 1.17 3.40
miR167.5 1.69 1.71 3.40
miR167.6 1.15 1.74 2.88
miR171 1.90 4.81 6.71
miR5048 1.39 1.25 2.64
miR5049.1 0.43 2.22 2.65
miR5051 1.02 1.05 2.07
miR5071.1 1.95 2.21 4.15
miR5071.2 2.25 1.09 3.34
miR5071.3 1.95 1.16 3.10
miR5071.4 1.42 2.33 3.75
miR5071.5 2.18 1.16 3.33
miR5139.6 1.09 0.98 2.07
miR5144 2.12 4.26 6.39
miR8175.1 0.69 2.06 2.74
miR8175.2 1.49 1.56 3.05
miR8175.3 1.45 1.48 292
miR%660.1 2.21 1.07 3.28
miR9660.2 2.40 0.89 3.29
miR%662 1.95 1.21 3.15
miR9674.1 1.75 1.15 2.90
novel.3 275 1.75 4.50
Cluster 2
miR319 3.73 -4.56 -0.83
miR396 1.66 -3.11 -1.45
miR398 5.85 -1.52 4.33
miR827 2.70 -1.40 1.31
novel.1 4.08 -0.73 3.35
novel.2 4.52 -1.34 3.18
Cluster 3
miR156.1 1.92 0.29 2.21
miR156.3 1.87 0.28 2.15
miR156.6 1.83 0.21 2.04

(Continues)
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TABLE 1 (Continued)

Log2FC for all tested contrasts

miRNA Day 2-Day0 Day5 - Day2 Day 5-Day0
miR159 3.96 0.32 4.28
miR166.1 2.48 0.02 2.50
miR166.2 2.31 1.69 4.01
miR166.3 2.52 0.00 2.52
miR166.4 2.65 -0.18 2.47
miR166.5 247 0.05 2.52
miR393 1.82 0.73 2.55
miR394 3.20 0.47 3.67
miR5049.2 2.18 0.04 2.22
miR5083.1 1.99 0.13 211
miR9773.1 212 -0.12 2.00
novel.4 3.11 -0.40 271

Cluster 4
miR5139.1 -0.74 -1.65 -2.39

3.6 | The commitment of microspores into
embryogenesis correlates with the miRNA-directed
cleavage of ARF, SPL GRF, and HD-ZIPIII transcription
factor families

To better investigate the role of miRNAs in the developmental
switch of microspores, we performed an analysis of miRNA-target
interactions. Since transcript cleavage is the principal mechanism of
post-transcriptional regulation of miRNAs in plants (Jones-Rhoades
et al., 2006; Shao et al., 2012; Voinnet, 2009), we sequenced the 5’
ends of uncapped transcripts to validate miRNA-directed transcript
cleavage sites. A total of 141.4 M reads covering one replicate of
microspores at the three stages of development (46.8 M, 41.5 M,
and 53.1 M reads for microspores on days 0, 2, and 5, respectively)
was sequenced, mapped to reference protein-coding transcripts
and used to validate putative cleavage sites for the microspore-
expressed miRNAs we identified in this study (62 known and 6
novel miRNAs). Using these PARE data, we validated a total of 41
distinct miRNA targets in microspores over the three time points.
Notably, we were able to validate the cleavage site for one target
of the novel.3 miRNA annotated in this study (Table 2; Table S5).
This result provides good evidence to confirm our annotation of this
novel miRNA. Overall, we validated a total of 8, 25, and 31 miRNA
targets in microspores on days 0, 2, and 5 respectively (Table S5). We
noted that 41.5% of these targets were shared between day-2 and
day-5 microspores while 26.8% were unique to day-5 microspores
(Table 2). The former set may act to disrupt transcripts involved in
pollen development while the latter set may contribute to regulate
the commitment to embryogenesis. Although we deeply sequenced
populations of unique cell types, we found the total number of vali-

dated targets to be lower than expected. This could be due, in part,
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TABLE 2

Gobernadora) at different time points of gametic embyrogenesis

miRNA

Microspore
miR168
miR396
miR1127

Microspore
miR1127
miR1127
miR1130
miR1130
miR1130

Microspore
miR166
miR156
miR156
miR396
miR396
miR3%96
miR396
miR3%96
miR396
miR1127
miR1130
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Summary of miRNA targets that were validated via PARE-Seq. The described miRNAs were captured in barley microspores (cv.

Target gene

s on day O
HORVU7Hr1G007000
HORVU6Hr1G084590
HORVU4Hr1G042610

s on day 2
HORVU2Hr1G070360
HORVU3Hr1G078090
HORVU4Hr1G064990
HORVU6Hr1G057140
HORVU7Hr1G122690

sonday5
HORVU1Hr1G041790
HORVU3Hr1G094730
HORVUOHr1G020810
HORVU2Hr1G101770
HORVUOHr1G016590
HORVUOHr1G016610
HORVUOHr1G026650
HORVU6Hr1G068370
HORVU2Hr1G094470
HORVU1Hr1G060530
HORVU4Hr1G045760

Common to day 0 and day 2

miR5049
miR1127

HORVU7Hr1G085310
HORVU2Hr1G086380

Common to day O and day 5

miR1127
miR1127

HORVU7Hr1G059130
HORVU7Hr1G056530

Common to day 2 and day 5

miR167

miR396

miR1127
miR1127
miR1130
miR5048
miR5048
miR9674
miR9674
miR9674
miR9674
miR9674
miR9674
miR9674

HORVU2Hr1G121110

HORVU7Hr1G008680
HORVU3Hr1G051000
HORVU7Hr1G097520
HORVU5Hr1G044640
HORVU7Hr1G065130
HORVU7Hr1G043150
HORVUOHr1G031920
HORVUOHr1G035310
HORVU1Hr1G010890
HORVU1Hr1G010970
HORVU1Hr1G010990
HORVU1Hr1G011020

HORVU1Hr1G011150

Orthologous gene

AT1G48410
AT1G79690
AT5G19390

AT5G50600
AT3G58830
AT2G32840
AT2G23360
AT3G09920

AT5G60690

0s01g0922600
0s08g0509600
0s04g0600900
0s02g0701300
0s02g0701300
0s02g0701300
0s02g0701300
0s04g0574500
AT5G18860

AT1G18660

AT4G13360
AT5G48930

AT5G03880
AT1G66950

0s04g0671900
0s06g0116200
AT5G20970
AT4G28470
AT5G13750
AT5G15730
AT5G15730
0s04g0350000
0s04g0350000
0s04g0351333
0s10g0497300
0s10g0497300
0s04g0350000
0s04g0350000

Name

AGO1
NUDT3
ROPGAP7

HSD1
T20N10_180

FPP7
PIP5K9

REV
SPL2
SPL14
GRF3
GRF4
GRF4
GRF4
GRF4
GRF12
NSH3

HCT

MER24.18
ABCG39

ARF8
GRF5
HSP20
RPN1B
ZIFL1
CRLK2
CRLK2
Rf1
Rf1
Rf1
Rf1
Rf1
Rf1
Rf1

Target function

RNA-mediated gene silencing, Translation regulation
Hydrolase

Signal transduction, Cell wall biogenesis

Lipid biosynthesis, Lipid metabolism, Steroid biosynthesis

Negative regulation of transcription by RNA polymerase I
Unknown

Carbohydrate metabolic process, Cellular amino acid
metabolic process

Differentiation, Transcription, Transcription regulation
Transcription regulation

Transcription regulation

Transcription regulation

Transcription regulation

Transcription regulation

Transcription regulation

Transcription regulation

Transcription regulation

Response to jasmonic acid

mRNA processing

Hydrolase, mitochondrial

Cell wall biogenesis/degradation, Auxin homeostasis

Cell redox homeostasis

Transport

Auxin signaling pathway, Transcription regulation

Transcription regulation

Protein catabolic process
Transport

Protein phosphorylation
Protein phosphorylation
Restorer of fertility
Restorer of fertility
Restorer of fertility
Restorer of fertility
Restorer of fertility
Restorer of fertility

Restorer of fertility

(Continues)
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TABLE 2 (Continued)
miRNA Target gene Orthologous gene Name
miR9674 HORVU1Hr1G011160 0s04g0351333 Rf1
miR9674 HORVU1Hr1G011250 0Os04g0350000 Rf1
miR9674 HORVU1Hr1G011300 0s04g0351333 Rf1
Common to day O, day 2 and day 5
novel.3 HORVU3HriG070880 AT3G16360 AHP4

to unresolved 5’ UTRs, known as the principal target site of miRNAs,
of barley reference transcripts. Alternatively, we don't know the ki-
netics of transcript degradation after miRNA-directed cleavage of
targeted transcripts; thus, the turnover of cleaved targets might be
so rapid that we were unable to capture the uncapped transcripts
and validate these miRNA-directed transcript cleavage sites.

We expect a positive correlation between miRNA abundance
and PARE cleavage products, but a negative correlation with tar-
get RNA abundance. We used RNA-seq data published by Bélanger
et al. (2018) to verify if these expectations were verified in develop-
ing microspores. In Figure 4, we show the abundance of miRNA (left),
PARE cleavage products (center), and mRNA (right) for miR1127-
HVHCT (a) and novel.3-HVAHP4 (b) regulatory modules. In Figure 4a,
we observe a strong correlative abundance between miRNA and
PARE cleavage data when miR1127 is abundant in day-0 and day-2
microspores prior to decrease in day-5 microspores. As expected,
we observed a negative correlation between abundance of miR1127
and HVHCT at each developmental stage of microspores. A second
regulatory module presented in Figure 4b shows a slightly distinct
pattern. The increase in abundance of novel.3 correlates with PARE
cleavage product in day-O and day-2 microspores. Although PARE
reads decreased, we observed a strong negative correlation be-
tween miR1127 and HVAHP4 in day-5 microspores when the miRNA
reaches its maximum abundance. In these examples, these three
sources of data (miRNA, PARE cleavage products, and mRNA) are
partially consistent. We see two probable causes explaining one
or another variation between these data. It is possible that there is
a lag between changes in abundance of miRNAs and PARE cleav-
age products. Although the RNA-seq the experiment published in
2018 was performed on the same biological system with the same
protocol, these are two distinct experiments with different sets of
microspores and RNA samples. Slight differences in the staging of
microspores could affect the correlation between miRNA and RNA
targets.

To better understand the roles that miRNAs may play in the
interruption of pollen development, we explored their targets de-
tected in microspores by day 2. In day-2 and day-5 microspores,
PARE tags validated the cleavage of HORVU2Hr1G121110 by
miR167 (Table 2). This gene is orthologous to ARF8 in rice. Plant ge-
nomes encode several AUXIN RESPONSE FACTORs (ARF), transcrip-
tion factors that activate minutes after auxin stimulation, and are
involved in various biological developmental processes (Duarte-Aké
& De-la-Pena, 2016). Partially redundant, ARFé and ARF8 regulate
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Target function

Restorer of fertility
Restorer of fertility

Restorer of fertility

Cytokinin signaling pathway, Two-component regulatory
system

the maturation of the stamen and the gynoecium by regulating the
expression of several developmental genes that coordinate the tran-
sition from immature to mature fertile flowers (Nagpal et al., 2005).
Loss-of-function mutations in ARF6 and ARF8 result in plant sterility
(Nagpal et al., 2005). A recent study by Su et al. (2016) showed that
over-expression of miR167 in Arabidopsis inhibited somatic embryo-
genesis; similarly, loss-of-function in ARF6 and ARF8 genes resulted
in somatic embryogenesis defects. Su et al. (2016) concluded that
the miR167-ARF8 regulation module controls somatic embryogen-
esis in Arabidopsis. Accordingly, our results suggest that miR167
regulates the accumulation of ARF8 in barley microspores on day 5.

During the same period of development, we found that miR1130
regulates an ortholog (HORVU5Hr1G044640) of the ZIFL1 gene
(Table 2). A member of the Major Facilitator Superfamily (MFS)
transporter in Arabidopsis, the ZIFL1 gene modulates root aux-
in-related processes and mediates drought stress tolerance by
regulating stomatal closure (Remy et al., 2013). Functional heterol-
ogous expression of this plant protein in yeast showed that ZIFL1
confers increased resistance to auxin-derived herbicides through a
reduction of the intracellular concentration of the herbicide 2,4-D
(Cabrito et al., 2009). In that study, the herbicide Dicamba was
added as a source of auxin to the embryogenesis induction media.
The miR1130-ZIFL1 regulatory module may contribute to regulate
the intracellular auxin concentration during microscope embryo-
genesis. Thus, we suggest that together, miR1130 and miR167 may
contribute to regulate the concentration of auxin accumulation in
microspores.

To study the role that miRNAs can play during the commitment of
microspores to embryogenesis, we explored targets exclusive to day-5
microspores. Most of the targets were orthologous to members of the
SQUAMOSA PROMOTER-BINDING-LIKE (SPL), GROWTH-REGULATING
FACTOR (GRF), and HD-ZIPIll transcription factor families. Our
results show that miR156 regulates barley orthologs of the rice
SPL2 (HORVU3Hr1G094730) and SPL14 (HORVUOHr1G020810)
gene in embryogenic microspores (Table 2). Neither SPL2 or
SPL14 genes have been previously shown to be involved in gametic
embryogenesis. However, the miR156-SPL regulatory module was
inferred to enhance the acquisition of the embryonic competence
of citrus calli (Long et al., 2018; Wu et al., 2011, 2015) in somatic
regulating SPL2I41519. Also, we observed
that miR396 regulates several members of the GRF family of genes
(Table 2), namely GRF3 (HORVU2Hr1G101770), GRF4 (HORV
UOHr1G016590; HORVUOHr1G016610; HORVUOHr1G026650;

embryogenesis by
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FIGURE 4 Box plots give the abundance of miRNA (left), PARE (center) cleavage product and mRNA (right) data for miR1127-HvHCT
(a) and novel.3-HvVAHP4 (b) regulatory modules. Abundance of target RNA comes from an RNA-seq experiment published by Bélanger

et al. (2018)

HORVU6Hr1G068370), GRF5 (HORVU7Hr1G008680), and GRF12
(HORVU2Hr1G094470). Many plant genomes encode several GRF
proteins known to be involved in multiple developmental processes
(Liebsch & Palatnik, 2020). In rice, GRF4 has been described as a positive
regulator of genes that promote cell proliferation (Hu et al., 2015; Sun
etal., 2016) and the miR396-GRF module may regulate cell proliferation
in meristematic tissues. Furthermore, rice GRF4 activates transcription
of expansin promoters in protoplasts suggesting a potential function in
cell expansion (Liebsch & Palatnik, 2020). We speculate that miR396
controls the accumulation of GRF genes to facilitate sufficient mitotic
divisions in microspores to generate a multicellular structure prior to
the activation of the embryo maturation program. While none of the
miR396-GRF interactions that we identified have previously been im-
plicated in gametic embryogenesis, Szczygiet-Sommer and Gaj (2019)
showed recently that the induction of somatic embryogenesis was en-
hanced by the regulation of GRF1, GRF4, GRF7, GRF8, and GRF9 genes
by miR396; this contributed to controlling the sensitivity of tissues to
auxin treatment and enhanced embryogenesis induction in Arabidopsis.
Finally, we found that miR166 targeted a barley ortholog to the

Arabidopsis REVOLUTA gene (REV; HORVU1Hr1G041790) (Table 2).
In Arabidopsis, PHABULOSA (PHB), PHAVOLUTA (PHV), and REV
are all members of the HD-ZIPIIl transcription factor family, and are
regulators of early zygotic embryo development (Nowak & Gaj, 2016).
As proposed by Wu et al. (2015), the miR166-REV hub may prevent
precocious activation of the embryo maturation program in citrus so-
matic embryogenesis. Although the roles of SPL, GRF, and REV are likely
distinct during induction of embryogenesis, the regulatory activity of
miR156-SPL, miR396-GRF, and miR166-REV modules in gametic or so-
matic embryogenesis in eudicot or monocot species suggests a func-
tional conservation of these regulatory hubs during the acquisition of

embryogenic potential for both systems.

4 | CONCLUDING REMARKS
Our work, and that of Bélanger et al. (2018), contribute a database
of gene expression (RNA, sRNA and PARE sequencing) in microspore

development during embryogenesis. We chose to use the barley
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cultivar Gobernadora due to its high propensity for microspore con-
version to embryos, despite the fact that Gobernadora is highly sus-
ceptible to albinism. Previous gametic embryogenesis studies were
performed on distinct species, varieties for a given species, and
using diverse experimental approaches such as various stress pre-
treatments and embryogenesis media formulation, thus limiting our
ability to compare studies and to identify molecular determinants of
microspore development. We hope that additional studies using the
same barley cultivar (cv. Gobernadora), pretreatments, and culture
protocols (isolated microspores) will be used for various approaches,
including genomics, epigenetics, transcriptomics, or proteomics.
Such coordinated efforts will contribute to the development of a
model for molecular changes in plant cell fate decisions.
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