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Endogenous small RNAs (sRNAs) contribute to gene regulation and genome homeostasis, but their activities and functions are
incompletely known. The maize genome has a high number of transposable elements (TEs; almost 85%), some of which spawn
abundant sRNAs. We performed sRNA and total RNA sequencing from control and abiotically stressed B73 wild-type plants
and rmr6-1 mutants. RMR6 encodes the largest subunit of the RNA polymerase IV complex and is responsible for accumulation
of most 24-nucleotide (nt) small interfering RNAs (siRNAs). We identified novel MIRNA loci and verified miR399 target
conservation in maize. RMR6-dependent 23-24 nt siRNA loci were specifically enriched in the upstream region of the most
highly expressed genes. Most genes misregulated in rmr6-1 did not show a significant correlation with loss of flanking siRNAs,
but we identified one gene supporting existing models of direct gene regulation by TE-derived siRNAs. Long-term drought
correlated with changes of miRNA and sRNA accumulation, in particular inducing down-regulation of a set of sSRNA loci in the

wild-typeleaf.

Plant endogenous small RNAs (sRNAs) range in
length from 20 to 24 nucleotides (nts) and contribute to
regulate gene expression through RNA-mediated
transcriptional gene silencing (TGS) and post-TGS
mechanisms. Their activity is essential for the mainte-
nance of genome integrity, the intrinsic normal growth
of cells, and proper plant development.

MiRNAs are mostly 21 nt long and are encoded by
endogenous MIRNA genes, which are transcribed by
polymerase (Pol) II to single-stranded precursors that
fold into stem-loop secondary structures. The stems are
precisely cleaved by the DICER-LIKE 1 protein, liberat-
ing a miRNA/miRNA* duplex (for review, see Rogers
and Chen, 2013). After the duplex is loaded into
ARGONAUTE 1, the miRNA guide strand is most
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frequently retained and directs target repression, while
the miRNA* is more often rapidly degraded. Most plant
miRNAs induce post-TGS of their targets, but some
cases of TGS have been described (Bao et al., 2004; Wu
et al., 2010; Hu et al., 2014). Plant miRNAs share ex-
tensive sequence complementarity with their target
RNAs: there are only a few examples with more than
five mismatches between the miRNA and the target
(Axtell, 2013a). Many known miRNAs and their targets
are conserved across different plant species (Montes
et al., 2014). In maize, many conserved miRNA targets
have been experimentally confirmed (Shen et al., 2013;
Zhai et al., 2013; Zhao et al., 2013; Liu et al., 2014), but a
few exceptions exist, for example those of miR168 and
miR399. MiRNAs are members of multiple regulatory
networks controlling plant development, and many
miRNA families also play roles in stress responses and
tolerance (for review, see Sunkar et al., 2012). For exam-
ple, miR156, which targets SQUAMOSA PROMOTER
BINDING PROTEIN-LIKE genes, coordinates the balance
between development and abiotic stress tolerance and is
important for heat stress memory in Arabidopsis (Cui
et al., 2014; Stief et al., 2014).

A specific class of endogenous small interfering RNA
(siRNAs), mostly 24 nts long, participates in the RNA-
directed DNA methylation (RADM) process. Pol IV
transcribes target loci, typified by high levels of DNA
methylation, into single-stranded RNAs that are copied
into short double-stranded RNAs (dsRNAs) by RNA-
DEPENDENT RNA POLYMERASE 2 (Blevins et al.,
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2015; Zhai et al., 2015). These short dsRNAs are then
processed by DICER-LIKE 3 into 24-nt siRNAs. Once
loaded onto ARGONAUTE 4, these siRNAs are
thought to target nascent, chromatin-associated non-
coding RNAs transcribed by RNA Pol V. Successful
targeting correlates with the deposition of de novo
DNA methylation and other repressive epigenetic
marks at the target loci, inducing TGS (for review, see
Matzke and Mosher, 2014). Pol IV-dependent siRNAs
are often produced from transposable elements (TEs),
TE-like sequences, and other repeats (Zhang et al., 2007;
Mosher et al., 2008). They contribute to the reinforce-
ment of TE silencing (Slotkin et al., 2005; Mari-Ordéfiez
et al., 2013; Nuthikattu et al., 2013) and in some cases
are also essential to control the expression of protein-
coding genes in cis or in trans (Liu et al., 2004; Kinoshita
et al., 2007; McCue et al., 2013).

In maize the majority of genes are located within 1 kb
of an annotated TE (Baucom et al., 2009; Schnable et al.,
2009), and loci undergoing RADM are primarily located
in gene flanking regions (Gent et al., 2013, 2014). The
enrichment of RdDM-associated siRNAs near maize
genes (Wang et al., 2009; Gent et al., 2013; Gent et al.,
2014; Xin et al., 2014) has been suggested to ensure the
continuous silencing of potentially deleterious TEs and
TE-like sequences in an active and accessible chromatin
environment required for the Pol II transcription of
close genes (Gent et al., 2014). In maize, gene expression
can be influenced by gene-proximal TEs and repeats
(Erhard et al., 2013), and both genes and TEs can be
regulated by the direct competition between Pol IV and
Pol II occupancy at their promoters (Hale et al., 2009;
Erhard et al., 2015). At the genome-wide level, the ex-
pression of maize genes positively correlates with the
accumulation levels of upstream 24-nt siRNAs (Gent
etal., 2013). In the absence of Pol IV-dependent siRNAs,
Pol II transcription globally decreases around the
transcription start site and increases at 3’ end of genes
(Erhard et al., 2015), and gene-proximal TEs lose DNA
methylation (Li et al., 2015). Thus, the available data
suggest that Pol IV-dependent 24-nt siRNAs in maize
primarily serve to mark and enforce boundaries be-
tween areas of transcriptionally active euchromatin and
transcriptionally repressed heterochromatin.

RdDM-associated siRNAs may also be important in
adaptation to biotic and abiotic stresses. Arabidopsis
ago4 mutants are impaired in bacterial disease resis-
tance (Agorio and Vera, 2007), and genome-wide DNA
methylation patterns are altered in Arabidopsis plants
during bacterial infection (Dowen et al., 2012). RADM is
also required for basal heat tolerance in Arabidopsis
(Popova et al., 2013). Environmental stresses trigger the
expression of siRNAs that modulate target genes in-
volved in the stress response (Tricker et al., 2012; Wang
et al., 2015). RdDM-associated siRNAs can also defend
the genome from heat-induced movements of TEs (Ito
et al., 2011). Here, we sought to extend our knowledge
of maize stress-induced changes in miRNA and siRNA
accumulation to agronomically realistic drought and
salinity stresses, which are the major environmental
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stresses worldwide adversely affecting crop produc-
tivity, using coupled sRNA and total RNA sequencing.

RESULTS

De Novo Identification of sSRNA Loci by High-
Throughput Sequencing

A total of 46 SRNA-seq libraries were sequenced from
leaves of wild-typeand rmr6-1 plants, grown under
control conditions, after 10 d of three different abiotic stress
treatments and 7 d poststress recovery (Supplemental Data
Set S1). The abiotic stresses were drought, high salinity, and
drought and high salinity combined. An additional four
libraries were obtained from control and drought-treated
wild-type shoot apical meristematic areas. Each sSRNA li-
brary had two or three biological replicates (Supplemental
Data Set S1). The majority of genome-aligned sSRNAs from
wild-type leaves were 24 nts long (Fig. 1A-C). The trend
toward 24-nt RNAs was even more pronounced in the
meristematic libraries (Fig. 1A-C). Maize RMR6 encodes
the largest subunit of Pol IV (Erhard et al., 2009). As
expected, 24-nt RNAs were mostly eliminated in the
rmr6-1 mutant, and 22-nt RNAs had a slightly higher
accumulation level (Fig. 1A-C). No major alterations in
the sRNA size distribution were observed in the stressed
samples (Fig. 1A-C).

We performed de novo annotation of maize sRNA
loci using the merged set of all aligned sRNA reads.
A total of 320,110 clusters were found (Fig. 1D;
Supplemental Data Set S2, S3), of which 251,496 were
dominated by RNAs 20 to 24 nts in length. The other
68,614 clusters were not examined further, because they
were not likely generated by the catalytic activity of
DCL proteins. The remaining sRNA clusters were
classified based upon their most abundant RNA size (size
class; Figure 1D). A total of 48 MIRNA loci and 251,448
non-MIRNA loci were identified, with most frequent size
class of 21 nts and 24 nts, respectively (Fig. 1D).

Analysis of miRNAs and Their Targets

Of the 48 MIRNA loci that we initially de novo
identified (Fig. 1D), 30 were previously known loci
annotated in miRBase (version 20; Supplemental Data
Set S4). miRBase 20 contains a total of 159 annotated
maize MIRNA loci. Our de novo MIRNA discovery
method is likely rather insensitive, both because we
wish to avoid false positive annotations and because
our automated cluster discovery can sometimes incor-
rectly define the start and stop positions of MIRNA loci.
Therefore, we tested the exact coordinates of each of the
159 miRBase (version 20) MIRNA loci against our
combined sRNA dataset (Supplemental Data Set 54). A
total 67 of the 159 annotated MIRNA loci passed our
stringent analyses, but 64 of them failed (Supplemental
Data Set S4). The remaining 28 loci had insufficient
aligned sRNAs in our data and as such could not
be analyzed. The rather low rate of previous MIRNA
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Figure 1. Characterization of maize sRNAs. A-C, Size distributions
of genome-aligned sRNAs for three biological replicates. Multiple
lines within a tissue/genotype represent various control and
stress treatments (Supplemental Data set S1). D, Total number
of identified non-MIRNA and MIRNA loci, reported separately
by predominant RNA size; N, predominant RNA size < 20 nts
or > 24 nts.
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annotations supported by our data is consistent with
observations that many miRBase MIRNA annotations
are questionable (Taylor et al., 2014).

The 18 putative MIRNA loci found by our initial
analysis were tested for reproducibility. Ten of them
independently passed all criteria for MIRNA loci in at
least two of our libraries (Supplemental Data Set S5 and
S6). As expected for true plant miRNAs, they were
either 21 nts or 22 nts long, and their accumulation was
not affected in the rmr6-1 background. Three were new
members of the miR166 family, and the other seven
belong to six new miRNA families without obvious
homology with any other previously annotated miRNAs
in miRBase.

Maize miR399 was previously predicted to target
several mRNAs, including one of unknown function
(GRMZM2G165734), mRNAs encoding inorganic phos-
phate transporters (Zhang et al., 2009), and an mRNA
encoding a putative ubiquitin-like 1-activating enzyme
E1A (Wang et al, 2014). We found that the putative
GRMZM?2G165734 gene is actually a MIR399 homolog.
We identified more possible target sites in genomic DNA
located immediately upstream of GRMZM2G381709, an
ortholog of Arabidopsis PHO2 (Calderén-Vazquez et al.,
2011). Arabidopsis PHO2 encodes an ubiquitin-
conjugating E2 enzyme that plays a role in the mainte-
nance of Pi homeostasis (Bari et al., 2006). The Arabidopsis
PHO2 mRNA is targeted by miR399 in multiple sites in its
5’-untranslated region (5'-UTR; Allen et al., 2005). cDNA
sequencing demonstrated that the GRMZM2G381709
5'-UTR encompassed the putative miR399 target sites
(Fig. 2A). RNA-ligase mediated 5’ RACE found evidence
for miR399-directed slicing at two of these sites (Fig.
2A-B). This result indicates that miR399 targeting of
PHO?2 is conserved across angiosperms (Bari et al.,
2006), including maize.

Long-Term Abiotic Stresses Affect the Accumulation of a
Set of miRNAs

The applied abiotic stress treatments mimicked ag-
ronomically realistic long-term drought, salinity and
combined drought plus salinity stress conditions
(Morari et al., 2015). To test their effects on miRNAs, we
performed differential expression analysis on mature
miRNAs annotated in miRBase and in this work
(Supplemental Data Set S5). In total 11 mature miRNAs
belonging to ten miRNA families were differentially
expressed in at least one pairwise comparison (Fig. 3).
Drought stress affected miRNA accumulation mainly
in wild-type plants: miR156, miR2275, and miR398
were up-regulated in drought-stressed leaves, while
miR166 and miR396 were down-regulated (Fig. 3).
Drought stress caused down-regulation of miR399 in
wild-type shoot apical meristematic areas (Fig. 3). In
contrast, a combined drought and salinity stress effect
on miRNA accumulation was mainly detected in the
rmr6-1 background, in which four miRNAs were down-
regulated (miR164, miR399, miR528, and miR827; Fig. 3).
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Figure 2. miR399 targets the 5'-UTR of maize GRMZM2G381709, a PHO2 homolog. A, GRMZM2G381709 gene structure: exons
are red blocks, introns are black lines, 5'-UTR and 3’-UTR are brown blocks. Inset shows the 5’-UTR region with predicted miR399
target sites numbered 1-6 and shown in black. Barplot shows the frequencies of 5’-ends recovered from sequenced 5'-RACE pro-
ducts. Four 5’-RACE cleavage products, each sequenced once, are not shown here; they were found approximately 4 kb upstream of
the ATG, spanning a region of 343 bp. B, Alignments of miR399 and GRMZM2G381709 atsites 5 and 3. Arrows indicate the terminal
positions of the sequenced 5’ RACE cleavage products and the fraction of clones corresponding to these positions.

In general, stress-induced effects on miRNA accumulation
were not similar between wild-type and rmr6-1.

Gene-Proximal Regions Are Particularly Enriched for
21-nt, 23-nt ,and 24-nt sSRNA Loci

Non-MIRNA loci (Fig. 1D) were examined for their
co-occupancy patterns relative to various genomic

account for a very large portion of the maize genome,
explaining why they were statistically depleted for
sRNA loci although the vast majority of sRNA loci
mapped to them. Gene-body regions of mRNAs were
highly enriched for loci with predominant RNA sizes of
20 to 22 nts, in contrast their flanking regions were
enriched for 21-, 23-, and 24-nt dominated loci. Flanking
regions of long noncoding RNAs (IncRNAs) were
enriched for 21-, 23-, and 24-nt dominated loci, as for

features (Fig. 4, Supplemental Data Set S7). Repeats mRNAs, in contrast gene-body regions of IncRNAs
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Figure 3. Stress-induced changes in miRNA accumulation. Heat map showing expression levels of miRNAs that are differentially
expressed in at least one pairwise comparison between control and a stress-treated sample in the leaf or shoot apical meristematic area
(M) of wild-type or rmr6-1 mutant plants; C, control; D, drought; S, salinity; D+S, drought and salinity stress, after 10 d of treatment and
after 7 d of recovery (+7). The mean reads per million mapped values from the three biological replicates were calculated, after which
each row was scaled to have a mean of zero and a sp of 1. Black boxes indicate samples with statistically significant expression changes
at a false discovery rate of 0.01. Dendrogram shows hierarchical clustering of rows based on Pearson distance.
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were enriched for loci with predominant RNA size of
21 nts. Our results are consistent with previous obser-
vations of 24-nt sSRNAs concentrated very close to the
ends of mRNAs and TEs (Wang et al., 2009; Gent et al.,
2013; Xin et al., 2014). Our data demonstrate that this
trend extends to IncRNAs as well as mRNAs and TEs in
the maize genome.

Leaves Have a Lower Ratio of RMR6-Dependent siRNAs
to miRNAs Compared to Shoot Apical Meristematic Areas

The expression of SRNA loci in the leaf was compared
between wild-type and rmr6-1 mutant plants in control
conditions at the first time point of sample collection. A
total 62,175 sRNA loci (24.7%) were down-regulated in
rmr6-1 compared to wt; nearly all of these were domi-
nated by 24-nt RNAs (Fig. 5A). A total 308 loci (0.1%)
were up-regulated in rmr6-1 relative to wt, most of
which were dominated by 22-nt RNAs (Fig. 5A). Dif-
ferential expression of sSRNAs between wild-type leaves
and shoot apical meristematic areas was much differ-
ent: large numbers of sSRNA loci of all size classes were
elevated in the shoot apical meristematic areas relative
to leaves, while many miRNAs showed the opposite
pattern (Fig. 5A).

sRNA loci were divided into two groups based on
their expression levels in wild-type leaves in control
conditions at the first time point of sample collection: (1)
lowly or non-expressed loci (0 = RPMM = 1; RPMM,
Reads Per Million Mapped), and (2) loci with higher
expression (RPMM > 1). Relatively few of the lowly
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expressed loci were significantly down-regulated in
rmr6-1, likely because of the low statistical power in-
herent in calling significant differential expression for
lowly expressed loci (Fig. 5B). However, the majority of
lowly expressed RMR6-dependent loci in leaves were
also up-regulated in the shoot apical meristematic area.
Among more highly expressed sRNA loci, the majority
were both RMR6-dependent in the leaves and up-
regulated in shoot apical meristematic areas (Fig. 5B).
Thus, most of the sSRNA loci up-regulated in shoot ap-
ical meristematic areas are likely RMR6 dependent.
Taken together, these observations suggest that the
relative activity of the RMR6 sRNA pathway to the
miRNA pathway is higher in maize shoot apical meri-
stematic areas compared to leaves.

Highly Expressed mRNAs Are More Likely to Be Flanked
by RMRé6-Dependent 23- to 24-nt siRNA Loci

RNA-seq was used to measure transcript accumula-
tion levels in wild-type, non-stressed leaves at the first
time point of sample collection. mRNAs, TE transcripts,
and IncRNAs were binned into 5 groups based on ac-
cumulation level. Flanking RMR6-dependent 23- or
24-nt siRNA loci were more numerous at highly expressed
transcripts of all types, while non-expressed transcripts
had the weakest signal of flanking siRNA loci (Fig. 6).
The magnitude of this correlation was greatest for
mRNAs and weakest for TE transcripts. We analyzed
the strandedness of the RMR6-dependent 23- to 24-nt
siRNA loci that flanked mRNAs, TE transcripts, and

Figure 4. Co-occupancy analysis. For each
combination of sSRNA locus type and genomic
feature, the level of enrichment/depletion is
reported as the log, of the observed / expected
ratio (observed overlapping nts /expected
overlapping nts by random chance). Red
values indicate enrichment of overlaps, and
blue values represent depletion. -inf: nega-
tive infinity (no overlap at all where at least
some would be expected by random chance).
Dendrograms reflect hierarchical clustering of
rows by Pearson distance and of columns by
Euclidean distance.

protein-coding genes

=
2
~

1.33

-3 0 3
log,(observed/expected)
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Figure 5. The ratio of RMR6-dependent
24-nt siRNAs to miRNAs is higher in shoot
apical meristematic areas compared to
leaves. A, Percentages and tallies of differ-
entially expressed sRNA loci and mature
miRNAs for rmr6-1 versus wild type (black
bars) and shoot apical meristematic areas
(M) versus leaves (L; gray bars). B, Overlaps
between sRNA loci down-regulated in
rmr6-1 leaves and sRNA loci up-regulated
in wild-type shoot apical meristematic
areas. Top shows results for lowly expressed
SRNA loci (between 0 and 1 reads per million
mapped in mean of wild-type control leaves),
bottom shows results for loci with higher
expression (reads per million mapped) > 1. L,
leaf samples; M, shoot apical meristematic
area samples; RPMM, reads per million
mapped.

IncRNAs . Most of the siRNA loci had roughly equal
amounts of siRNAs aligned to both genomic strands, as
expected for biogenesis from dsRNAs (Supplemental
Data Set S8). Among the minority of gene-flanking
siRNA loci that did appear to be stranded, there was

Figure 6. Highly expressed mRNAs are more
likely to have flanking RMR6-dependent 23- to
24-nt siRNAs. Metaplots showing distributions
of rmr6-1 down-regulated 23- or 24-nt domi-
nated siRNA loci surrounding protein-coding
genes (39,392 loci) (A), TE transcripts (33,254
loci) (B), and IncRNA transcripts (13,387 loci)
(Q). All features are divided into five groups by
RNA-seg-based expression levels in wild-type
leaves. “RPKM=0" (RPKM, reads per kilobase
million). TSS, transcription start site; TTS,

transcription termination site.
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Loss of Gene-Flanking siRNAs Is Not Generally Predictive
of Induction of Gene Expression in rmr6-1

Differential expression analysis of our RNA-seq data
(rmr6-1 versus wild-type leaves, control at the first time
point) identified 1,013 differentially expressed genes.
The majority were up-regulated in rmr6-1, indicating
that RMR6 most frequently has a repressive effect on
gene expression (Fig. 7A). Nearly one-half of the dif-
ferentially expressed genes (48.3%; Supplemental Data
Set S9) were expressed only in rmr6-1, but not in wt,
indicating that the loss of RMR6 function activated
many normally repressed genes. Recall that gene-
flanking 23- to 24-nt siRNA loci are most strongly
enriched near genes actively transcribed in wild type
and least enriched near genes that are not transcribed in
wild type (Fig. 6). This suggests that loss of gene-
flanking siRNAs is most frequently not the cause for
de-repressed gene expression in the rmr6-1 back-
ground. To test this, we examined the subset of tran-
scripts whose accumulation changed in rmr6-1 leaves.
Loss of gene-flanking siRNAs in the rmr6-1 background
was equally strong for transcripts that were induced
and repressed in rmr6-1 (Fig. 7B). This result suggests
that the loss of gene-proximal RMR6-dependent siRNAs
is not globally predictive of any expression change of
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close genes. However, these are genome-wide trends
and exceptions are possible in specific cases.

Class II Transposons Are Frequent Sources of RMR6-
Dependent siRNAs

Full analysis of TE-derived sRNAs in the maize ge-
nome is hampered by the difficulty in aligning sSRNAs
to very high-copy number elements. As an alternative
approach, the original sSRNA reads were aligned directly
to TE exemplar sequences from the maize transposable
element database (http://maizetedb.org/~maize/).
sRNA loci were reannotated with respect to the exem-
plar TE sequences (Supplemental Data Set S10), and their
expression (Supplemental Data Set S11) in the leaf was
compared between the wild type and rmr6-1 mutant in
control conditions at the first time point of sample col-
lection. Class II (DNA) TEs were frequent sources of
RMR6-dependent siRNAs: more than 50% of five of the
six class II TE superfamilies produced RMR6-dependent
sRNAs (Fig. 8). In contrast, class I TE superfamilies
were less-frequent sources of RMR6-dependent sSRNAs
(Fig. 8). Helitron, hAT, CACTA, PIF/Harbinger, and
Mutator DNA TE superfamilies were the most frequent
sources of RMR6-dependent siRNAs in leaves.
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Figure 7. Fold changes of RMR6-differentially expressed genes and their flanking RMR6-differentially sSRNA loci. A, Percentages
and tallies of up- and down-regulated genes by transcript type in rmr6-1 leaves. B, Scatterplots showing RMR6-related changes in
sRNA accumulation at gene-flanking loci as a function of RMR6-related changes in transcript accumulation. Only genes that were
differentially expressed in rmré6-1 leaves relative to wild type and that had a flanking RMR6-altered sRNA cluster are shown. Inf,
infinity, genes that lacked any RNA-seq reads in wild type. For potting and regression purposes, these were assigned log, values of
10. -inf, genes that lacked any RNA-seq reads in rmr6-1. For potting and regression purposes, these were assigned log, values of

-10. R? values for the indicated linear regressions are shown.
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An RMR6-Up-Regulated Gene Potentially Controlled by
an siRNA-Targeted Repeat

Manual inspection of genome-browser visualizations
of our data identified a gene induced in rmr6-1 that also
showed mis-regulation of intronic 24-nt siRNA-associated
TEs. The GRMZM2G168956 gene, encoding a putative
3-ketoacyl-CoA synthase, was up-regulated in rmr6-1 rela-
tive to wild type (log,fold change = 1.73, g-value = 0.04;
Supplemental Data Set S9). The mutant showed loss of
siRNAs and increased antisense transcription within
the GRMZM2G168956 intron (Fig. 9). This intron har-
bors a class I sofi element fragment. We propose that
loss of RMR6-dependent siRNAs targeting this intron
allowed de-repression of both the intron-located TE
and the associated gene. This observation supports the
hypothesis that TE-like sequences and repeats targeted
by siRNAs can function as controlling elements influ-
encing the expression of close or overlapping genes (Liu
et al., 2004; Kinoshita et al., 2007; Erhard et al., 2013).

Long-Term Drought Stress Induces Down-Regulation of
Very Small Number of sSRNA Loci in Wild-Type Leaves

We examined the effects of our long-term stress
treatments on leaf-expressed non-MIRNA sRNA loci in
wild-type plants. Only 50 of the 251,385 sSRNA loci were
differentially expressed (0.02%; Supplemental Data Set
512). Most of the differential accumulation was evident
in drought-stressed plants (Fig. 10). In leaves of wild-
type plants, drought stress mainly caused a decrease of
sRNA accumulation both during the stress and after its
recovery (Fig. 10). The affected sRNA loci in wild type
were a roughly equal mixture of 22-nt and 24-nt-
dominated loci. Of the total 23 loci that had a pre-
dominant RNA size of 24 nts and that were altered by
drought in wild-type leaves, 21 were down-regulated
in rmr6-1 (Supplemental Data Set 512). RNA-seq was
used to measure transcript accumulation levels in wild-
type leaves after 10 d of stress treatments: none of the
applied stresses significantly altered the expression of
the RMR6 gene (log,fold change < 0.2 and g-value > 0.96
for all the comparisons between one of the stresses and
the control). Among the sRNA loci down-regulated in
wild type by drought stress (during the treatment or after
the recovery), five were TAS3 loci (TAS3c-e, TAS3g, and
TAS3i). Plant TAS3 genes are important regulators of leaf
polarity and vegetative phase change (Peragine et al,,
2004; Nogueira et al., 2007). Our finding that their ex-
pression is affected by long-term drought stress implies a
connection between control of development and envi-
ronmental conditions in maize leaves.

DISCUSSION

Long-Term Abiotic Stresses Affect Accumulation of Very
Few miRNAs and sRNAs

One striking result of our study is that the long-term
stresses we applied affected the accumulation of very
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small numbers of sSRNA loci. Considering the stress
effects in both the wild-type and rmr6-1 backgrounds,
only 11 of 95 mature miRNAs and 101 of 251,385 other
sRNA loci had significant changes in accumulation in
any of the stress treatments. We conclude that major,
global changes in the sSRNA profile are not part of the
acclimation to the realistic abiotic stresses that were
used in our experiments.

In the leaf of wild-type plants, we detected a drought
induction of miR156. Similar observations have previ-
ously been made in maize (Wei et al., 2009; Kong, 2010;
Wang et al,, 2014) and in many other plant species
(Sunkar et al., 2012). In Arabidopsis, miR156 was pro-
posed to regulate leaf cell number and size (Usami et al.,
2009), and its induction under stress conditions was
shown to maintain the plant in the juvenile state for a
relatively longer period of time, which helps it with-
stand unfavorable environmental conditions (Cui et al.,
2014; Stief et al., 2014). Another two miRNAs involved
in the control of normal leaf growth and development
were altered by the abiotic stress treatments miR166
and miR396 (Nogueira et al., 2007; Liu et al., 2009).
MiR399 controls inorganic phosphate (Pi) homeostasis
and its response to Pi is highly specific (Bari et al., 2006).
Nonetheless, we detected miR399 down-regulation in
the wild-type shoot apical meristematic area during
drought stress and in the leaf of rmr6-1 plants during
the combined stress. In general, the wild-type and
rmr6-1 mutant plants responded differently to the
treatments in terms of most effective stress (drought for
the wild-type and the combined stress for rmr6-1) and
in terms of miRNA families altered, which were mostly
different between the two genotypes. These differences
were not expected, because miRNAs are transcribed by
Pol II (Rogers and Chen, 2013) and in control conditions
miRNAs were not altered in rmr6-1. It is possible that
these differences might be secondary effects of the
mutation.
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Figure 8. Class Il TEs are more frequent sources of RMR6-dependent
siRNAs relative to class | TEs. Percentages and tallies of TE exemplar
sequences that have significant up- or down-regulation of sSRNA loci
in rmr6-1 leaves. DHH, Helitron; DTA, hAT; DTC, CACTA; DTH,
PIF/Harbinger; DTM, Mutator; DTT, Tc1/Mariner; RIL, LT; RLC, Copia;
RLG, Gypsy; RLX, Unknown LTR. Only TE superfamilies with more than
six members are shown.
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The small fraction of non-MIRNA sRNA loci that
were stress responsive was mostly affected during
drought stress, similar to the miRNAs. In leaves of
wild-type plants, we detected a bias toward a drought-
induced down-regulation of SRNA loci, most of which
were dominated by 22-nt or 24-nt RNAs. Only the 24-nt
loci were mostly RMR6 dependent (21/23). The ex-
pression of the RMR6 gene was not significantly altered
by the treatments, and most RMR6-dependent siRNA
loci were unaffected by the stresses. These observations
suggest that stress-induced changes observed at RMR6-
dependent siRNA loci were not caused by a general
repression of Pol IV activity during stress. Interestingly,
five TAS3 loci were among the sRNA loci down-
regulated in drought-stressed plants. This is similar to
previous results in Arabidopsis, in which drought and
salinity stresses induced the down-regulation of ta-
siRNAs produced from TAS1, TAS2, and TAS3 loci.
These changes in turn influenced the expression of ARF
target genes and downstream genes, finally leading to
an altered floral architecture (Matsui et al., 2014).

Previous studies have found much larger numbers of
differentially expressed sSRNAs under abiotic stresses in
Brachypodium (Wang et al., 2015) and foxtail millet (Qi
et al., 2013). Our experiments detected a much smaller
number of stress-modulated sRNA loci. This could be
due to the different stress protocols: the previous
studies applied more severe stress conditions, such as
polyethylene glycol-simulated drought conditions (Qi
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Figure 9. RNA and sRNA read dis-
tributions at the RMR6-up-regulated
GRMZM2G168956 gene. Schematic
representation of chromosome 9 re-
AL gion (9:31491700-31495650) com-
- prising the GRMZM2G 168956 gene
and its putative sofi controlling ele-
ment. Arrows indicate gene tran-
scription start site and the orientation
of the gene and associated repeats.
Red boxes are exons, red lines introns,
and green boxes repeats. Class | TEs:
RLG, Gypsy; RLC, Copia. Class Il TEs:
DTM, Mutator. For both RNA-seq and
sRNA-seq, the coverage in read per
million mapped (RPMM) of control
leaf wild-type and rmr6-1 mutant
samples at the first time point of
sample collection is plotted seperately
for the positive (+) and negative (-)
genomic strands. Both uniquely and
repetitively mapping reads are in-
cluded. The R2+R3 strand-specific
replicate for RNA-seq and the R1
replicate for sSRNA-seq are plotted.
Only sRNA reads with length in the
range 20 to 24 nts are plotted.

31,495,650

et al., 2013), or measured the stress effects after a much
shorter period of treatment (Wei et al,, 2009; Wang
et al., 2015). There also may be species-specific differ-
ences within the grasses. The stress protocols used in
this work mimicked real-world, progressive environ-
mental stresses; therefore, they could be useful to study
stress tolerance mechanisms.

Gene-Proximal, RMR6-Dependent 24-nt siRNAs Generally
Do Not Repress Expression of Their Neighboring Genes

RMR6-dependent 24-nt siRNA loci were enriched
both up- and downstream of genes of all types, but
especially for protein-coding mRNAs. This enrichment
was clearly biased toward genes that were most highly
expressed in wild-type and away from non-expressed
genes. These observations are consistent with previous
studies that demonstrated that maize TEs located near
genes are targeted by 24-nt siRNA-dependent RdDM,
resulting in local deposition of DNA methylation in the
asymmetric CHH context in so-called CHH islands
(Gent et al., 2013). Maize mutants that disrupt 24-nt
siRNA accumulation show loss of CHH islands as
well as instances where the flanking regions also lose
CG/CHG methylation (Li et al., 2015). Our RNA-seq
data show that that major effect on gene expression in
the rmr6-1 mutant is a de-repression of genes that are
normally lowly- or non-expressed. It is important to
note that this observation is inconsistent with the
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Figure 10. Stress-induced changes

in sSRNA accumulation. Heat map
showing expression levels of SRNA
loci that are differentially expressed
in at least one pairwise comparison TAS3d - -
between control and a stress-treated 2
wild-type leaf sample. C, control; D,
drought; S, salinity; D+S, drought
and salinity stress, after 10 d of
treatment and after 7 d of recovery
(+7). The mean reads per million
mapped values from the three bio-
logical replicates were calculated,
after which each row was scaled to

have a mean of zero and a sp of 1. %% -
Black boxes indicate samples with 5
statistically significant expression IAsdc -2
changes ata false discovery rate of :
0.01. Dendrogram shows hierarchi- TAS3g - 21

cal clustering of rows based on
Pearson distance. The predominant
RNA size of each sRNA locus is in-
dicated on the left.

m [ 1= samples showing statistically significant expression change
-2 0 2

Row Z-Score

hypothesis that loss of CHH islands causes de-repression;
the siRNAs that cause CHH islands are primarily asso-
ciated with genes that are already highly expressed in the
wild type, not with those that are non-expressed. In ad-
dition, we found that the smaller numbers of genes that
are down-regulated in the rmr6-1 background also show
the same loss of gene-proximal siRNAs. Together, these
data support the current model by which the gene-
flanking 24-nt siRNAs in maize primarily function to re-
inforce transcriptional silencing of TEs located near active
genes, avoiding the spreading of euchromatin into the
close TEs (Gent et al., 2013, 2014; Erhard et al., 2015; Li
et al., 2015). The similar occupancy of RMR6-dependent,
gene-flanking, 24-nt siRNA loci found for protein-coding
genes and IncRNAs suggests that the CHH island system
of RADM is engaged near active genes independently of
their coding or noncoding nature.

If loss of CHH islands does not generally explain the
differentially expressed transcripts in the rmr6-1 back-
ground, what does? We believe that many of these
differentially expressed genes might be indirect or
secondary effects of the rmr6-1 mutation. For example,
cells lacking siRNAs might experience stress-like con-
ditions due to the RdADM impairment, which could in-
duce certain suites of genes.
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Putative Direct and Indirect RADM Targets in Maize

Loss of 24-nt siRNAs in rmr6-1 caused relatively low
numbers of TEs to become transcriptionally de-repressed,
confirming previous findings in mopl-1 and rmr6 (Jia
et al., 2009; Madzima et al., 2014; Erhard et al., 2015) and
supporting the hypothesis that RADM is generally dis-
pensable for stable silencing of the vast majority of TEs
(Matzke et al., 2015). It was recently demonstrated that at
RdDM loci, mop1-1 decreases DNA methylation in all C
contexts but does not completely remove CHH methyl-
ation (Gent et al., 2014): lower levels of residual CHH
methylation might still be sufficient to ensure DNA
silencing at most RADM loci. The down-regulation of
the DNA demethylase ROS1/DML1 might also con-
tribute to buffer the effects of siRNA loss (Huettel et al.,
2006; Madzima et al., 2014). We studied the first rmr6-1
homozygous generation; therefore, higher decreases in
DNA methylation at RADM loci and a greater number
of influenced genes might be expected in subsequent
mutant generations (Woodhouse et al., 2006). Finally, it
also seems likely that in the deep heterochromatin that
typifies many maize TEs, the persistent de novo DNA
methylation caused by siRNAs is not required to
maintain a stable heterochromatic state.

Plant Physiol. Vol. 170, 2016



We found evidence that an rmr6-1-misregulated gene
could be a direct RADM target: an intron-localized TE
that lost siRNAs and became transcriptionally active in
the rmr6-1 background, coincident with activated tran-
scription of the enclosing gene. The analysis of addi-
tional genomic and chromatin features combined with
screenings in other available maize RADM mutants will
be necessary to distinguish between direct and indirect
RdDM targets and to better elucidate the role of siRNAs
in controlling gene silencing.

MATERIALS AND METHODS
Plant Materials, Stress Protocols, and Tissue Collection

Plants from inbred B73 (Zea mays) and rmr6-1 (loss-of-function allele intro-
gressed in B73; Erhard et al., 2009) stocks were grown in pots in a greenhouse
with temperatures between 28°C and 30°C during the day and 20°C to 22°C at
night and relative humidity between 60% and 80%. Plants were watered to pot
capacity until V5/V6 stage (plants with 5/6 visible leaf collars), when stress
treatments were applied as described in detail in Morari et al., 2015, with some
changes compared to the original protocol. Briefly, control plants were watered
with 75% of disposable water at 0.1 dS/m salt concentration; drought-stressed
plants with 25% of disposable water at 0.1 dS/m salt concentration; salinity-
stressed plants with 75% of disposable water at 15 dS/m salt concentration;
drought plus salinity-stressed plants with 25% of disposable water at 15 dS/m
salt concentration. To mimic the composition of highly saline soils, a complex
mixture of salts (Cristal Sea Marinemix) was added to water to reach the de-
fined electrical conductivity values. Treatments were applied daily, and on the
tenth day of treatment the youngest wrapped leaf and the shoot apical meri-
stematic area (shoot apical meristem and a few surrounding developing leaves)
were harvested from a subset of plants. The remaining plants were watered to
pot capacity to recover from stress, and on the seventh day of recovery the
youngest wrapped leaf was harvested from each plant. Leaf samples of four to
five plants for each combination of genotype-treatment-sampling time point
were pooled together, flash-frozen in liquid nitrogen, and stored at —80°C. The
complete experiment was replicated three times.

sRNA Sequencing and de novo Annotation of SRNA Loci

Total RNA was extracted from frozen tissue with the Spectrum Plant Total
RNA Kit (SIGMA), using “Protocol A” with 750uL of Binding Solution, to re-
cover more of the small-sized RNA, and subjected to On-Column DNase Di-
gestion (SIGMA). Then 50 sRNA libraries were produced with the TruSeQ
sRNA Sample Preparation kit (Illumina) and sequenced on an Illumina
HisEquation 2000 platform by the Istituto di Genomica Applicata (Udine, Italy).
3" and 5’ adapters were removed with cutadapt (“-m 15-discard-untrimmed;”
Martin, 2011). Low complexity sequences, containing only two different
nucleobases, were removed through a customized Perl script. FastQC (http://
www .bioinformatics.babraham.ac.uk/projects/fastqc/) was used to verify
that in each library the Q score of the 90th percentile of reads was =28 across all
bases. ShortStack version 3.3 (“—nostitch-mincov 20-readfile [clean .fastq
files];” Axtell, 2013b) was used to de novo annotate the SRNA loci first on the
maize B73 genome (ZmB73 AGPv3) and then on the TE exemplar sequences
annotated in the maize TE database (http://maizetedb.org/~maize/).

Total RNA Sequencing and Maize
Transcriptome Reassembly

Total RNA previously extracted was subjected to Ribo-Zero rRNA Removal
kits, “Plant Leaf” (Epicenter-Illumina). R1 samples libraries were produced
with TruSeq RNA Library Prep kit (nondirectional), R2 and R3 samples were
pooled together, and libraries prepared with the TruSeq Stranded RNA Library
Prep kit (directional): libraries were sequenced on an Illumina HisEquation
2000 platform by the Istituto di Genomica Applicata. Reads were trimmed with
cutadapt and aligned to the maize B73 reference genome (ZmB73 AGPv3) with
TopHat (Trapnell et al., 2009). The directional RNA-seq libraries were used to
obtain a reassembly of the maize transcriptome with Cufflinks (RABT mode;
Roberts et al., 2011).
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Genomic Features Classification and Annotation

Repeats were recovered from the ZmB73 RepeatMasked AGPv3 (ex-
cluding “dust” and “trf”) and from the ZmB73 Annotation AGPv3.20
(“transposable_element”). Protein-coding genes annotated in the ZmB73
Annotation AGPv3.20 (“protein_coding”) and confirmed in the transcriptome
reassembly used were selected. The annotation of IncRNA transcripts was
retrieved from the transcriptome reassembly used, available at the Gene
Expression Omnibus (GEO) database at the series GSE71046. Transcripts of
the transcriptome reassembly used that overlapped repeats for their entire
length on the same strand were annotated as TEs. We used the TE super-
families classification reported in the ZmB73 RepeatMasked AGPv3, except
for unknown TEs (here named “TXX"”) and unknown repetitive regions (here
named “XXX”). Redundant classifications were found: 236 protein-coding
genes had at least one spliced transcript classified as TE, 2,985 protein-
coding genes had at least one spliced transcript classified as IncRNA, and
2,007 TE transcripts were also classified as IncRNAs. The 484 chromatin-
associated transcripts reported in the Chromatin Database (Gendler et al.,
2008) were mapped to the loci of the transcriptome reassembly (85% identity
and 95% coverage) to identify their matching transcripts. Best Arabidopsis
and rice BLASTP hits (Altschul et al., 1990) of translated genes were obtained
from the Phytozome v10.0 Annotation v6a. Gene Ontology functional an-
notation of genes and transcripts was obtained from Phytozome v10.0 Gene
Ontology Annotation v6a. An sRNA locus overlapping repeats for at least 50% of
its length, without respect to strand, was annotated as matching repeats.

MicroRNA Analysis and Target Validation
for GRMZM2G381709

To analyze the MIRNA loci annotated in miRBase version 20, ShortStack was
run on the merged .bam file obtained aligning sSRNA to the genome (“--locifile
[miRBase MIRNA loci coordinates file]”--mincov 20). To evaluate the consis-
tency of the putative novel MIRNA loci, ShortStack was run separately on the .
bam file of each library (“--locifile [putative novel MIRNA loci coordinates
file]”). Novel mature miRNAs were aligned against themselves and against
miRNAs reported in miRBase with BLASTN (“-strand plus;” Altschul et al.,
1990) to find miRNAs belonging to the same family (at most three mismatches).
MiRNA targets were predicted with TargetFinder (“-c 2.5” or “-c 3.5;” Fahlgren
et al., 2007). The GRMZM2G381709 gene was cloned and sequenced, and its
predicted targeting by miR399 was validated through 5" RACE. Total RNA was
extracted from a pool of three first leaves of 7-d-old B73 wild-type seedlings
with the Spectrum Plant Total RNA kit (SIGMA), using “Protocol A,” and
subjected to On-Column DNase Digestion (SIGMA). cDNA synthesis was
performed with the SuperScript III reverse transcriptase kit (Invitrogen)
according to the manufacturer’s instructions. One microgram of total RNA was
used as a template together with 2 pmol of the gene-specific primer 5'-TCA-
CACTGACCGCAGAAGAC-3'. The GRMZM2G381709 gene was amplified
from the cDNA pool using Platinum Tag DNA Polymerase High Fidelity
(Invitrogen) with the following specific primers: forward 5-GCAATTG-
GACCCGACAGACC-3" and reverse 5'-TCACACTGACCGCAGAAGAC-3'.
The purified product was cloned into pCRII-TOPO vector (Invitrogen) and
used as a template for Sanger sequencing. On the total RNA extracted from the
pool of first leaves, the 5 RACE assay was performed with the GeneRacer kit
(Invitrogen) according to the manufacturer’s instructions but without treating
RNA with the calf intestinal phosphatase. The 5" ends of GRMZM2G381709
were amplified from the cDNA pool with Platinum Tag DNA Polymerase High
Fidelity (Invitrogen): in the first PCR the gene-specific forward primer
5'-CACGTCCCAGCTGACCTGAGGGATCAG-3’ and the GeneRacer 5’
Primer were used; in the nested PCR the gene-specific forward primer 5'-
GCCAATGCTCTCATCCAGACTGGAC-3' and the GeneRacer 5 Nested
Primer were used. PCR products were gel purified, incubated with Tag DNA
Polymerase recombinant (Invitrogen) at 72°C for 15 min to add 3" A-overhangs,
and cloned into pCRT4-TOPO vector (Invitrogen) and used as a template for
Sanger sequencing.

Co-Occupancy Analysis and Distribution of sSRNA Loci in
Gene Flanking Regions

In the co-occupancy analysis, the count of observed non-redundant over-
lapping nts, without respect to strand, between an sSRNA locus category and a
genomic feature was obtained with a customized Perl script. The expected
number of non-redundant overlapping nts, without respect to strand, was
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calculated as follows: ([total non-redundant nt of genomic feature/genome
size]*[total non-redundant nt of sRNA loci category/genome size])*genome
size. Enrichment/depletion was calculated as follows: log, (observed over-
lapping nt/expected overlapping nt). To plot the distribution of sSRNA loci in
gene flanking regions, protein-coding genes, TE, and IncRNA transcripts were
divided into five groups based on their RNA-seq determined expression. The
first group included non-expressed features (“RPKM = 0”), corresponding to
21.6%, 72.9%, and 51.3% of the total protein-coding genes, TE, and IncRNA
transcripts, respectively. The other four groups included expressed features,
divided into four equivalent quartiles, from lowest to highest RPKM values: (1)
“low” expression (0 < RPKM = 0.41 for protein-coding genes, 0 < RPKM =
0.04 for TEs and 0 < RPKM = 0.24 for IncRNAs); (2) “mid-low” expression
(0.41 < RPKM = 3.04 for protein-coding genes, 0.04 < RPKM = 0.21 for TEs and
0.24 < RPKM = 0.96 for IncRNAs; (3) “mid-high” expression (3.04 < RPKM =
9.07 for protein-coding genes, 0.21 < RPKM = 1.21 for TEs and 0.96 < RPKM =
3.39 for IncRNAs); and (4) “high” expression (9.07 < RPKM = 13530.58 for
protein-coding genes, 1.21 < RPKM = 90685.5 for TEs and 3.39 < RPKM =
1108.09 for IncRNAs). The BEDTools (Quinlan and Hall, 2010) function
“coverageBed” (“-d”) was used to calculate the presence /absence of 23- to 24-nt
siRNA loci in each individual position of gene flanking regions, and a cus-
tomized Perl script was used to calculate the fraction of genes for each group
having close siRNA loci in each 50-bp interval of their flanking regions.

Differential Expression Analysis

Mature miRNA counts and sRNA loci counts were subjected to pairwise
differential expression analysis with edgeR: counts were normalized based on
total miRNAs or sRNA loci counts, the FDR was set <1% with the Benjamini
and Hochberg’s algorithm, and only miRNAs/sRNA loci with log, fold-
change = 111 were selected. Gene counts were subjected to pairwise differential
expression analysis using Cuffdiff with the transcriptome reassembly used in this
work  (“--multi-read-correct--library-type fr-unstranded--compatible-hits-norm--
dispersion-method per-condition--library-norm-method quartile”, FDR < 5%
as default, http://cole-trapnell-lab.github.io/cufflinks/), and only loci with
log, fold-change = 1| were selected. The distribution of RNA-seq reads
(R2+R3 directional sequencing) within each individual RMR6-altered gene was
visualized with IGV (Robinson et al., 2011) to verify that the vast majority of
them (89.2%) had homogeneous read distribution across their exons according
to their annotated strand. The RMR6-altered genes were divided in: protein-
coding, TE, IncRNA (for which at least one transcript isoform was a TE or a
IncRNA respectively), and the remaining unclassified genes. For 46 RMR6-
altered genes, this classification was redundant. Overlaps between RMR6-
altered sRNA loci and flanking regions of genes (total or RMR6-altered) were
calculated with the BEDTools function “intersectBed” (“-wo”).

Accession Numbers

Small RNA sequencing data have been deposited at NCBI GEO under ac-
cession GSE70487. Total RNA sequencing data, including the transcriptome
reassembly used in this work, have also been deposited at NCBI GEO under
accession number GSE71046. The cDNA sequence of the GRMZM2G381709
gene, determined by cloning and Sanger-sequencing, is deposited at GenBank
under accession number KT345709.
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Supplemental Data Set S2. Details of identified sSRNA loci in the maize
genome.

Supplemental Data Set S3. Raw read counts of identified sSRNA loci in the
maize genome.
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Supplemental Data Set S8. Strandedness of RMR6-dependent siRNA loci
(predominant RNA size of 23 nts and 24 nts) overlapping with flanking
regions of genomic features.

Supplemental Data Set S9. Differentially expressed genes in rmr6-1 mutant
compared to wild type (control conditions at the first time point of sam-
ple collection).

Supplemental Data Set S10. Details of identified SRNA loci in TE exem-
plar sequences.

Supplemental Data Set S11. Raw counts of identified sSRNA loci in TE
exemplar sequences.

Supplemental Data Set S12. Differentially expressed sRNA loci (non-
MIRNA loci) altered by stress treatments and/or time point +7.
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