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Abstract

Plants substantially alter their developmental program upon changes in the ambient
temperature. The 21-24 nt small RNAs (SRNAS) are important gene expression regulators,
which play a major role in development and adaptation. However, little is known about how
the different SRNA classes respond to changes in the ambient temperature. We profiled the
SRNA populations in four different tissues of Arabidopsis thaliana plants grown at 15, 21 and
27 °C. We found that only a small fraction (0.6%) of the SRNA loci are ambient temperature-
controlled. We identified thermoresponsive miRNAs and identified their target genes using
degradome libraries. We verified that the target of the thermoregulated miR169, NF-YA2, is
also ambient temperature-regulated. NF-YAZ2, as the component of the conserved
transcriptional regulator NF-Y complex, binds the promoter of the flowering time regulator
FT and the auxin biosynthesis gene YUC2. Other differentially expressed loci include
thermoresponsive phased siRNA loci that target various auxin pathway genes and tRNA
fragments. Furthermore, a temperature dependent 24-nt heterochromatic siRNA locus in the
promoter-of YUC2 may contribute to the epigenetic regulation of auxin homeostasis. This
holistic approach facilitated a better understanding of the role of different SRNA classes in

ambient temperature adaptation of plants.

Keywords: ambient temperature, Arabidopsis thaliana, degradome, miRNA,

phasiRNA, siRNA, tRNA fragments, NF-YA2, YUC2.
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Brief Summary

Our previous study on temperature-dependent antiviral silencing suggested that the
endogenous silencing regulating plant development is also under temperature control.
Surprisingly, the comparison of sSRNA populations at 15, 21 and 27 °C in Arabidopsis
thaliana seedlings, roots, leaves, and flowers revealed that only a small fraction of the
endogenous small RNAs is temperature-regulated. We found that miR169, targeting NF-Y A2
and JAZ4, and a hc-siRNA locus regulating YUC2 might have a role in temperature

adaptation.

Introduction

Since plants are sessile organisms, it is vital for their survival to readily adapt their growth
and development in response to a continuously changing environment. Temperature is a key
environmental signal, and accurate monitoring of ambient temperature is fundamental for
living organisms. Plants measure temperature very accurately and can show remarkable
responses to small changes in temperature (Argyris et al. 2005). Temperature can
dramatically affect plant growth and development; for example, in response to higher
temperatures plants grow faster and flower earlier, while plants grown in the cold remain

smaller and more compact.

Various mechanisms have been proposed for ambient temperature sensing in plants.
Recently, the dark-reversion of the red/far-red photoreceptor PHYTOCHROME B (PHYB)
has been shown to be temperature dependent (Jung et al. 2016; Legris et al. 2016), which

affects the interaction with the PHYTOCHROME-INTERACTING FACTOR 4 (PIF4), a
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critical regulator of thermomorphogenesis (Quint et al. 2016) and possibly the circadian
Evening Complex that is a transcriptional co-ordinator of endogenous and environmental
signals in Arabidopsis thaliana (Ezer et al. 2017a). Epigenetic factors have also been
implicated in conveying thermosensory information. In a forward genetic screen in
Arabidopsis thaliana, chromatin has been found to play a major role in the detection of
changes in ambient temperature (Kumar & Wigge 2010). According to this study,
nucleosomes containing the alternative histone H2A.Z provides thermosensory information
for the transcriptome. Nucleosomes play an active role in controlling gene expression through
modulating the ability of transcription factors to access their cis elements (Lam, Steger &
O’Shea 2008; Segal & Widom 2009). H2A.Z-containing nucleosomes exhibit a much tighter
wrapping.of their DNA than canonical H2A nucleosomes. The occupancy of H2A.Z-
containing nucleosomes decreases with temperature, which affects gene expression. The
same effect was observed in budding yeast, indicating that this is an evolutionarily conserved

mechanism in eukaryotes (Kumar & Wigge 2010).

Small RNAs (sRNAs) have been recognized as important gene expression regulators which
can act both transcriptionally and post-transcriptionally (Carthew & Sontheimer 2009;
Voinnet 2009). The function of SRNAs is to give sequence specificity to effector complexes.
This layer of gene regulation is known as RNA silencing. Most of the plant SRNAs are 21—
24-nt long, and they belong to two major classes: microRNAs (miRNAs) and short
interfering RNAs (siRNAs). All SRNA are generated by an RNase-I11 type enzyme called
DICER-LIKE (DCL) from double-stranded RNA (dsRNA), but dsRNA can be formed
through different mechanisms. MiRNAs are produced from precursor RNA (pre-miRNA)
where single-stranded primary transcripts form a hairpin-like structure which is subsequently

cleaved.during a stepwise process in the cell nucleus by DCL1. The released miRNA duplex
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is transported to the cytoplasm, where one of the miRNA strands is incorporated into
ARGONAUTE 1 (AGO1) and the other strand is eliminated (Rogers & Chen 2013). Plant
miRNASs have near-perfect complementarity to their targets, and they bind to the target sites
to guide the cleavage (Llave, Xie, Kasschau & Carrington 2002), although there are examples
where the translation of the mRNA is suppressed without a cleavage (Aukerman & Sakai
2003; Chen 2004). MiRNAs are mainly 21-nt-long and are important regulators of
endogenous gene expression during development and environmental adaptation as it has been
demonstrated by the pleiotropic developmental abnormalities seen in many miRNA

biogenesis mutants (\Voinnet 2009).

The other class of SRNAS, based on their biogenesis, is the short interfering RNAs (SiRNAS).
SiRNAs are produced from a long dsRNA precursor. They can be categorized into several
different groups. Based on the origin of the dSRNA and their targets the two most important

ones are the following:

(1) Phased siRNAs (phasiRNASs) are 21-nt-long and require components of both the miRNA
and siRNA pathways for their biogenesis. They are produced from transcripts, which are
converted into dSRNA by RNA-dependent RNA Polymerase 6 (RDRG6) after a miRNA-
guided cleavage (Peragine, Yoshikawa, Wu, Albrecht & Poethig 2004; Vazquez et al. 2004),
usually by a 22-nt miRNA-guided AGO (Fei, Xia & Meyers 2013). The dsRNA is then diced
in a phased manner by DCL4 to generate 21-nt phasiRNAs (Gasciolli, Mallory, Bartel &
Vaucheret 2005; Xie, Allen, Wilken & Carrington 2005; Yoshikawa, Peragine, Park &
Poethig 2005). The phase of the dicing reaction is determined by the initial miRNA cleavage
site. PhasiRNAs can be generated from either coding or non-coding transcripts. The first
phasiRNAs were discovered in Arabidopsis thaliana, and they were all produced from non-

coding transcripts called TAS RNAs (trans-acting siRNAs), and therefore phasiRNAs were
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initially called ta-siRNAs. Later it was discovered that in addition to the non-coding TAS

genes, protein-coding genes such as NBS-LRR and pentatricopeptide repeat (PPR) genes are
also targeted by 22-nt long miRNAs and produce phased siRNAs. Therefore, a more general
name was coined: phasiRNAs (Zhai et al. 2011). PhasiRNAs can similarly target mMRNAS as

miRNASs.

(2) The vast majority of endogenous siRNAs form a complex population of more than
100,000 different siRNAs transcribed from thousands of loci (Kasschau et al. 2007; Mosher,
Schwach; Studholme & Baulcombe 2008). A subset of these 24-nt cis-acting SIRNA
molecules are involved in stress responses, others target DNA and cause changes in
chromatin structures. The biogenesis of these heterochromatic sSiRNAs requires an RNA
polymerase 1V (Pol 1V), which is unique to the plant kingdom and homologous to the DNA-
dependent RNA polymerase Il (Zhang, Henderson, Lu, Green & Jacobsen 2007). Pol IV
transcribes single-strand precursor RNAs from non-random sites throughout the genome,
mostly at repetitive or transposable elements, or in the vicinity of transcription start sites and
other cis-regulatory elements. The RNA precursors are immediately converted into double-
stranded RNAs by RNA Dependent RNA Polymerase 2 (RDR2). These dsRNAs are then
cleaved into 24-nt siRNAs by DCL3, and the resulting siRNAs are loaded into a different set
of ARGONAUTE proteins than the miRNAs (AGO 3, 4, 6, 9) in the cytoplasm, and then
transported back into the nucleus, to target cytosine methylation at cognate genomic DNA
sequences. This downstream methylation-targeting step of the pathway requires a second
RNA polymerase, Pol V. It is another plant-specific RNA polymerase with an AGO-binding
motif. It generates nascent scaffold transcripts that serve as platforms for complexes of RNA

directed DNA methylation (RdDM) in Arabidopsis, likely through base-pairing between
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AGO4/siRNA complexes and scaffold RNA (Wierzbicki, Ream, Haag & Pikaard 2009;

Zhong et-al. 2014; Matzke, Kanno & Matzke 2015; Zhou & Law 2015).

Small RNAs are not only important in endogenous gene regulation, but they also play a role
in plant defense against molecular parasites, including viruses (Ding & Voinnet 2007).
Environmental factors, especially temperature, have a strong influence on the outcome of
plant-virus interactions. We described previously that siRNA-mediated plant defense against
molecular parasites is temperature-dependent (Szittya et al. 2003). At low ambient
temperature (15 °C) the level of virus or transgene-derived siRNAs is dramatically reduced,
and as a consequence, this led to enhanced virus susceptibility or a loss of gene silencing-
mediated transgenic phenotypes. In contrast, with a temperature rising, RNA silencing is
activated, and the amount of siRNAs gradually increases. Furthermore, in a miRNA
expression study, researchers analyzed the expression levels of 120 unique Arabidopsis
thaliana miRNASs in response to ambient temperature changes (16 and 23 °C) by using
miRNA microarray and miRNA northern hybridization analysis (Lee et al. 2010). They
identified six ambient temperature-responsive miRNAs (miR156, miR163, miR169, miR172,

miR398, and miR399).

Since we and others showed that low temperature inhibits SRNA-mediated defense and some
of the endogenous sRNAs show temperature-dependent expression, we assumed that they
likely have a role in temperature-dependent signaling. We tested this hypothesis by high-
throughput sequencing of SRNAs from seedling, root, leaf, and flower of Arabidopsis
thaliana plants grown at 15, 21 and 27 °C. We identified 50 temperature-regulated miRNA
sequences (including 5p and 3p sequence variants) and 48 miRNA/transcript pairs using
degradome libraries. Among the temperature-regulated miRNA targets, we identified the NF-

YA2, a component of the NF-Y transcriptional complex that regulates the flowering time
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integrator FT and many other genes. We also found some thermoregulated phasiRNAs that
target elements of the auxin signaling pathway. Furthermore, we identified a temperature-
dependent 24-nt heterochromatic siRNA locus that is likely to contribute to the epigenetic

regulation of the auxin biosynthesis gene YUC2.

Materials and methods

Plant materials, growth conditions, and sample collection

Arabidopsis thaliana Col-0 ecotype plants were grown at 15, 21 or 27 °C in plant growth
chamber (SANY O/Panasonic MLR-352-PE) under standard long-day conditions (16L:8D).
Plants were either grown on half-strength Murashige and Skoog plates including vitamins
under sterile conditions (for seedling and root samples) or in soil (for the leaf and flower
samples). Both plates and pots were kept at 4 °C for three days to synchronize germination.
The seedling samples were collected at stage 1.04 (Boyes et al. 2001), which was day 9 at 27
°C, day 11 at 21 °C, and day 15 at 15 °C (Fig S1, panel A). The seedlings for the root
samples were grown on vertical plates to ease the collection of the roots (Fig S1, panel B).
The root samples were collected at day 11 at 27 °C, day 14 at 21 °C and day 20 at 15 °C. For
the leaf samples, mature rosette leaves of plants before flowering (stage 3.50-3.70) were
harvested (Fig S1, panel C). The leaf samples were collected at day 19 at 27 °C, day 23 at 21
°C and day 53 at 15 °C. For the flower samples, whole inflorescences of flowering plants
(stage 6.10—6.30) were used (Fig S1, panel D). All samples were collected at around ZT6
(zeitgeber time, 6 hours after lights on) since the time of the day has a major impact on
temperature-dependent transcription (Ezer et al. 2017a). RNA isolation was carried out from

fresh tissues based on the Kaper and White phenol/chloroform extraction method (White &
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Kaper 1989). The genomic DNA was isolated using the DNeasy Plant Kit (Qiagen) following
the manufacturer’s instructions. The quality and the quantity of the isolated nucleic acids
were checked using a Nanodrop spectrophotometer and the integrity of DNAs or RNAs was

checked via non-denaturing agarose gel electrophoresis.

Preparation of the sequencing libraries

Sequencing libraries for the SRNA, degradome, and RNA-seq were prepared from four
tissues (seedling, root, leaf, flower) at three temperatures (15, 21, 27 °C) in two biological
replicas in the case of SRNA and degradome libraries and without replicas in the case of the
RNA-seq libraries. For the SRNA libraries, 1-5 pg total RNA was separated on a denaturating
PAGE gel, and the SRNA fraction (approximately 10-40-nt RNAs) was isolated and purified
from the gel. This enriched SRNA pool was used as a template for the next step. The SRNA
libraries were constructed using the TruSeq Small RNA Sample Prep Kit (Illumina, CA, US),
according to the manufacturer’s instructions. The degradome libraries were prepared
following the procedures previously described by Baksa et al. (Baksa & Szittya 2017). The
mMRNA libraries for RNA-Seq were generated from 1 pg total RNA using TruSeq RNA
Sample Preparation Kit (Illumina, San Diego, CA, USA) according to the manufacturer’s
protocol (with polyA-selection). All types of libraries were sequenced on HiScan SQ
platform (50 bp, single-end) but for the degradome libraries, a custom-made sequencing

primer was utilized (Pantaleo et al. 2010).

Preprocessing of the raw data

Raw sRNA, degradome sequences in fastq format were processed and filtered with cutadapt
1.16 (Martin 2011) set to trim the Illumina SRNA adapter, keeping sequences with lengths

between-18-35 nt that contain residues with quality higher than 20. Untrimmed sequences
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(containing no or incomplete adaptor) were discarded. In the case of the RNA-seq libraries,
no adaptor trimming was necessary because we got them already trimmed. The quality check
was performed using FastQC 0.11.3 (Andrews 2010). The mapping statistics for all the

libraries can be found in Table S1.

SRNA locus prediction

De novo SRNA locus prediction was carried out using ShortStack 3.4 (Johnson, Yeoh, Coruh
& Axtell 2016), using the Arabidopsis thaliana TAIR10 reference genome allowing one
mismatch (full alignment without gaps), not considering reads that mapped to more than 1000
places in the genome. Manipulation of the alignment files was carried out with samtools 1.3.1
(Lietal. 2009). Summary statistics were prepared by a custom Linux shell script. Loci were
annotated with bedtools 2.17.0 (Quinlan & Hall 2010), using TAIR10 annotations as a
reference. Filtering of the loci by ShortStack-assigned tags was carried out using a custom R
script. During this filtering, heterochromatic siRNA loci were defined as having a Dicercall
parameter of 24 (dominant size class), and not having an overlap with miRNA genes.
PhasiRNA-producing loci were accepted when the Dicercall and PhaseSize parameters were
21, the PhaseScore was at least 25 (see ShortStack manual for the calculation of PhaseScore),
and not having an overlap with miRNA genes. The phasiRNA sequences and the phase-
initializing miRNAs were determined with PhaseTank (Guo, Qu & Jin 2015). The differential
expression analysis of the SRNA loci between temperatures was carried out using DESeq2
(Love, Huber & Anders 2014), separately for every tissue. We considered a locus expression
changed when the normalized abundance >= 10 across all samples in a tissue, the absolute
fold-change was at least 1.5 and the adjusted p-value was lower than 0.05. The p-value

adjustment was performed by DESeg2 according to the Benjamini-Hochberg method
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(Benjamini & Hochberg 1995). Plots and heat maps were generated using various R

packages.

Micro RNA profiling and degradome analysis

MiRNAs were identified by merging known Arabidopsis thaliana miRNA sequences from
miRBase v21 (Kozomara & Griffiths-Jones 2014) and ShortStack-predicted mature and star
sequences. The abundances of the miRNAs were determined across libraries. To make the
read counts in different libraries comparable, we applied a normalization method that was
suggested by McCormick et al. for SRNA sequencing projects (McCormick, Willmann &
Meyers 2011). Highly abundant and variable sources like reads aligned to structural RNAs
(rRNA, tRNA, snRNA, snoRNA) or organellar (mitochondrial and chloroplastic) genomes
were excluded from the calculation of the normalization factor but were not discarded. Using

these effective library sizes read counts were scaled to one million reads (RPM).

The secondary structures of the newly identified candidate miRNAs were predicted and
visualized with the RNA/Folding Annotation tool of the UEA Small RNA Workbench
(Stocks et al. 2012). The temperature-regulated SRNAs were identified by filtering for
sequences with a maximum normalized abundance of at least 40 RPM and with a minimum
fold-change of 1.5 between at least one of two successive temperatures in at least one tissue.
Degradome analysis was performed with CleaveLand4 (Brousse et al. 2014). Only hits of
category 0-2 and with an Allen score 0-5 (Allen, Xie, Gustafson & Carrington 2005) were
retained. GO-term enrichment analysis of the target gene lists was performed with AgriGO
server (Du, Zhou, Ling, Zhang & Su 2010). First, we used all the TAIR9 annotated genes as
the background. The Chi-square test was applied to determine the p-value. The p-values were
corrected for multiple testing according to the Benjamini-Hochberg method. Next, all the

miRNA target genes were used as a background. In this case, the Fisher exact test was
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applied to determine the p-value, as recommended by the AgriGO server documentation. The
p-values-were corrected for multiple testing according to the Benjamini-Hochberg method.

Genome browser tracks were created by bedtools genomecov command.

Northern blot analysis of SRNAs

Northern blot analysis was carried out as described earlier (Baksa et al. 2015) to measure
SRNA levels. Three independent biological replicas were analyzed. The signals were
quantified using the Image Lab 5.1 software (Bio-Rad) in the following way: the expression
values were normalized to the relative U6 or 5S rRNA values (background removed), then
the 21 and 27 °C samples were normalized to the 15 °C sample value. The primers and

probes are listed in Table S5.

Quantitative real-time PCR

For detection and quantification of miRNAs, a quantitative real-time looped RT-PCR method
was used (\Varkonyi-Gasic, Wu, Wood, Walton & Hellens 2007) as described earlier (Baksa

et al. 2015).

Quantitative real-time RT-PCR was used to validate predicted differential expression of
mMRNAs. At first, 1 pug total RNA was treated with DNase | enzyme (Thermo Fisher
Scientific) following the manufacturer’s instructions. High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Thermo Fisher Scientific) was used for the
quantitative conversion of 500 ng DNase treated RNA to single-stranded cDNA. In line with
this, another reaction was prepared without enzyme which was used as no reverse
transcription control. As reference genes, PP2AA3 (AT1G13320) and ACT7 (AT5G09810)
were used for normalization. The gPCR was performed using FastStart Essential DNA Green

Master Mix (Roche) following the manufacturer’s instructions. The experiments were carried
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out by using a Roche LightLycler 96 Instrument, and we used the LightCycler 96 1.1
software for data analysis. Three independent biological replicas were analyzed for each
gene. To make the expression values comparable, we normalized the target gene expression
to the indicated reference gene, and then we normalized every sample to the 21 °C sample.

The primers and probes are listed in Table S5.

Methylation-sensitive (Chop) PCR

Methylation-sensitive PCRs were carried out according to the protocol provided by Zhang et
al. (Zhang et al. 2014) for testing the DNA-methylation state of thermoresponsive siRNA
loci. Briefly, the genomic DNA was either digested with the methylation-sensitive restriction
enzyme Alul or not digested to provide a reference for normalization. After purification, the
samples were subjected to quantitative real-time PCR (see above). The signal of the digested
template was normalized to the signal of the undigested template from the same sample, and
then every sample was normalized to the 15 °C sample. The used primers are listed in Table

S5.

RNA-seq analysis

The filtered sequences were mapped to the Arabidopsis thaliana TAIR10 transcriptome
(TAIR10 cdna_ 20101214 updated.fasta) using kallisto 0.44.0, the transcript-level expression
table with normalized TPM (transcript per million) values was generated using sleuth 0.28.0
(Pimentel, Bray, Puente, Melsted & Pachter 2017). The expression values can be found in
Table S4. On separate tabs, we collected the expression of the thermoregulated miRNA target
genes (Table S4A), the NF-Y subunit genes (Table S4B), the epigenetics-related genes, and

all the TAIR10 transcripts (Table S4D).
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Results and discussion

High-throughput sequencing of mMRNAs, sRNAs and degradome libraries from Arabidopsis

thaliana plants grown at different ambient temperatures

We have shown previously that virus-induced gene silencing and transgene silencing is
regulated by ambient temperature and being more active at 27 °C than at 15 °C (Szittya et al.
2003). This observation suggested that the silencing machinery that regulates endogenous
genes is also temperature controlled. To monitor the effect of ambient temperature on
endogenous sSRNAs and their target genes on a genomic scale, we profiled changes in SRNA
and mRNA expression in the same developmental stages of Arabidopsis thaliana Col-0
plants.that were grown at three different ambient temperatures (Fig S1; Table S1). Since we
showed earlier that plant miRNAs express differently in certain organs/tissues (Pantaleo et al.
2010; Baksa et al. 2015) we monitored the effect of ambient temperature in some parts of the

plants (seedling, root, leaf, and flower).

To characterize the different classes of SRNAs, we predicted SRNA-producing loci de novo
using ShortStack 3.4 (Johnson et al. 2016) and determined their read length distribution,
phasing pattern, strandedness, complexity, overlap with genes or promoters, and whether they
derive from hairpins with a potential to be miRNA-producing loci. The raw read counts of
these loci were also measured in every sample. In this way, we identified 116,169 sSRNA loci.
We used DESeg2 (Love et al. 2014) to normalize the expression levels and identify the
differentially expressed SRNA loci between temperatures in every tissue separately (Figure
1). We considered those loci differentially expressed which had a mean normalized
abundance >= 10 across all samples in a tissue, changed at least 1.5% between two
temperatures with a g-value < 0.05 (5% false discovery rate). Altogether, 704 SRNA loci with

temperature dependent expression pattern were identified (Table S2A and B).
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Analysing the overlaps between the SRNA loci and the TAIR10 annotations we noticed an
enrichment of tRNA genes (Table S2A). We tested two tRNA genes, At1G06610 (Ala-AGC)
and Glu- AT1G09110 (Glu-TTC) for sRNA production (tRNA fragments or tRNA-derived
SRNAs) with SRNA northern blots. We were able to confirm that these loci indeed produced
abundant SRNAs from the 5’ end of the mature tRNA in a temperature dependent fashion
(Fig S2A and B). Next, we checked the biogenesis of these tRNA fragments using dcl mutant
Arabidopsis plants, and it appears to be DCL2-dependent (Fig S2C). Although, the exact
roles of tRNA fragments are yet to be elucidated, accumulating evidence suggests that tRNA-
derived sRNAs participate in the translational regulation of gene expression under stress
conditions. Furthermore, recent studies have demonstrated that tRNAs also serve as a source
of SRNAs that possess distinct and varied functions in both plants and animals (Keam &
Hutvagner 2015). Moreover, tRNA fragments were shown to incorporate in AGO complexes,
and it is likely that they regulate gene expression post-transcriptionally in a similar fashion as

miRNAs.do (Loss-Morais, Waterhouse & Margis 2013).

Identification of temperature-regulated miRNAs and their target genes

To.identify all potential miRNAs in our samples (even previously unidentified ones) we
performed a de novo miRNA prediction with ShortStack 3.4 (Johnson et al. 2016) using all
SRNA libraries combined. The most abundant sequences (i.e., 5p) and the corresponding
antiparallel sequences (i.e., 3p) were collected (2x90) and compared to the 286 non-
redundant Arabidopsis thaliana miRNA sequences deposited in miRBase v21 (Kozomara &
Griffiths-Jones 2014). A union of the two sets (378 unique sequences) was created and used
for further-analysis. Most of the de novo identified miRNA loci matched known miRNA
genes, but four putative novel miRNA loci have been identified as well (Fig S3). The

expression levels of these loci were very low under our growth conditions. Therefore, these
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potentially novel miRNAs were not included in the subsequent analysis. However, they might
be induced under other, more specific conditions like biotic or abiotic stresses or might be
expressed in specific cells like meristems or in tissues that we did not sample, for example,

seeds.

Next, we identified temperature-regulated miRNAs by filtering for sequences that had
maximum abundances more than 40 RPM and changed more than 1.5-fold between different
ambient temperatures. This filtering step resulted in 50 temperature-regulated miRNA
sequences (Figure 2, Table S2C), including iso-miRs and antiparallel sequences (“star”
strands) of known miRNAs. Many of the temperature-regulated miRNA sequences show
clear tissue-specific expression pattern, e.g., miR780 expresses mainly in flowers. In many
cases, an 1So-miR sequence, sometimes the antiparallel sequence (“star” strand) is more
abundant than the canonical sequence. One example is the miR169f-3p, which is roughly ten
times more abundant in our libraries than the canonical miR169f-5p sequence and is strongly
temperature dependent, decreasing at a higher temperature. We also found a few temperature-
regulated-non-conserved miRNAs. For example, the Arabidopsis-specific miR779 (both the
5p and the 3p sequence with similar, medium-high abundance) was down-regulated at a
higher temperature in every tissue, but we could not detect any targets for this miRNA. We
used-northern blot assay to confirm the results of our bioinformatics analysis in the case of
miR156, miR165, miR169, and miR398. Those miRNAs that gave a signal on the northern
blot, in most cases were detectable in all of the tissues tested, and they proved to be
temperature-regulated (Figure 3, Fig S4). Previously, Lee et al. identified six ambient
temperature-responsive miRNAs (miR156, miR163, miR169, miR172, miR398, and
miR399) at two different temperatures (16 and 23 °C) in 8 and 10 days old Arabidopsis

seedlings (Lee et al. 2010). The miR156, miR169, miR398, and miR399 were also
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temperature regulated in our samples, despite the fact that we had a different experimental
setup compared to Lee’s. Some discrepancies can be explained by the differences in the
sample collection and detection methodology. While they sampled the plants at the same time
(8 and 10-days-old plants), we collected samples at the same developmental stages. For
example,; our seedling samples were collected at stage 1.04 (Boyes et al. 2001), which was
day 9 at 27 °C, day 11 at 21 °C, and day 15 at 15 °C. They collected samples at ZT8 and
ZT10, while we collected them at ZT6. They used both microarray and Northern analysis to
detect miRNAs, while we used NGS and Northern —e.g., miR172 read number was low, and

we filtered it out from the analysis.

In plants, miRNA-mediated mRNA cleavage is highly specific, and miRNAs have been
shown to bind with near-perfect complementarity to their MRNA targets, which lead to the
slicing of the mMRNA between positions 10 and 11 of the AGO1 bound miRNA. As a
consequence, the cleaved degradation products are expected to be enriched relative to other,
random degradation products along the transcript. We identified the cleavage products of the
thermoresponsive and other miRNAs using high-throughput degradome sequencing. We
prepared degradome libraries from the same four tissues at the same three temperatures as in
the case of small RNA libraries in two biological replicas. The degradome analysis was
performed with the CleaveLand4 pipeline (Brousse et al. 2014). To increase the sensitivity of
the analysis, we merged all the libraries. The abundance of the sequenced tags was plotted on
each transcript, and the cleaved target transcripts have been sorted into five categories (0, 1,
2, 3and 4) as it was defined previously in CleaveLand2 (Addo-Quaye, Miller & Axtell
2009). Namely, Category 0: more than one read at the cleavage position, and this is the most
abundant along the transcript; Category 1: the same as Category 0 but there are more than one

degradome tags along the transcript with the same abundance as the one at the cleavage site
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(this is quite rare); Category 2: more than one read at the cleavage site above the mean of all
the degradome tag abundances, but it is not the highest along the transcript; Category 3: more
than one read at the cleavage site, but below or equal to the mean degradome tag abundance
along the transcript; Category 4: Just one read at the cleavage position. We retained hits with
category 0-2 having a p-value < 0.1 (Axtell 2018) and an Allen score <=5, resulting in 133
miRNA/cleavage target pairs, including 108 category 0 hits (Table S3A and Fig S5). We
found 48 thermoregulated miRNA/target pairs (Table S3B) and performed a GO term
enrichment analysis with the targets using all genes as a background. We found a significant
enrichment for the GO terms of transcription factor activity, CCAAT-binding factor complex,
meristem initiation, shoot development and many others (Fig S6, Table S3C). It was not
surprising as miRNAs usually target transcription factor genes. When the analysis was
performed comparing the thermoregulated miRNA-targets against all the miRNA targets
identified, only the category CCAAT-binding complex and its parent categories were found
to be-enriched (Fig S7, Table S3D). This category consists of the miR169 targeted NF-YA
members which suggests that they play an important role in the ambient temperature

regulated transcription.

MiR169 is ambient temperature-regulated

Since the GO enrichment analysis of the thermoregulated miRNA targets put a spotlight on
the miR169 and its targets we investigated them in more detail. The miR169 family is
evolutionarily conserved in plants, and it has been identified in more than 40 species (Sunkar
& Jagadeeswaran 2008). The miR169 family often makes up the largest miRNA family in
plants. In Arabidopsis thaliana, there are four isoforms of miR169 encoded by 14 different
genes (Fig S8). The miR169 isoforms show distinct expression patterns during development

(Gonzalez-Ibeas et al. 2011; Sorin et al. 2014), in response to abiotic (Licausi et al. 2011;
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Zhao, Ding, Zhu, Zhang & Li 2011) or biotic stresses (Singh, Talla & Qiu 2012), suggesting
a functional specialization. The miR169 family target mMRNASs encoding subunits A of the
Nuclear Factor Y (NF-Y) transcription factor complex. We also identified NF-YA mRNAs
that were cleaved by miR169 (Fig S9). These transcription factors (TF) form a conserved
heterotrimeric TF complex that is composed of NF-YA, NF-YB and NF-YC subunits
(Petroni et al. 2012). The NF-YB and NF-YC subunit contain a histone fold domain, which is
very similar to H2A and H2B core histones. The NF-Y A subunit confers sequence-specificity
to the complex and recognizes the CCAAT motif in eukaryotic promoters. The Arabidopsis
thaliana genome contains 10 NF-YA, 10 NF-YB, and 10 NF-YC genes and they could
theoretically combine to form 1000 different complexes (Petroni et al. 2012), not counting
the possible alternative transcripts that can code for alternative protein isoforms.
Furthermore, the large family of CONSTANS, CONSTANS-LIKE, TOC1-domain-
containing proteins can substitute the NF-Y A subunit, making the complex prefer the DNA
elements.other than CCAAT, for example, CCACA (Gnesutta et al. 2017).

It was shown that in Arabidopsis, an NF-Y complex (composed of NF-YA2, NF-YB2, and
NF-YC9) control flowering time by integrating environmental and developmental signals
(Hou et al. 2014). In accordance with many previous reports, we found that Arabidopsis
plants grown at 15 °C flowers significantly later than at higher ambient temperatures and in
their rosette leaves the expression level of FT is lower than at higher ambient temperatures
(Figure 4). The expression level of FT among other factors is also regulated by another NF-Y
complex (composed of NF-YA2, NF-YB2, NF-YC3) (Siriwardana et al. 2016). The NF-YA2
transcript Is cleaved by miR169h-n-5p, according to our degradome analysis (Fig S9). In line
with flowering time and the FT expression level, we found that the NF-YA2 mRNA level
anti-correlates with miR169h-n-5p accumulation, being higher at 27 °C (Figure 4). Some

other components of the NF-Y complex also show a temperature-regulated expression pattern
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(Table S4B). However, the B, the C, and some A subunits are apparently independent of
miR169 regulation, because we could not detect of their cleavage by this miRNA. Based on
these observations we propose that miR169 could mediate ambient temperature signals
during inductive photoperiod by regulating NF-YA2 level to modify flowering time via FT
(Figure 9). According to our degradome data, miR169h-n-5p also regulates the expression of
the JAZ4 transcriptional regulator by cleaving its mRNA (Fig S9, Table S3B). A subset of
JAZ proteins (including JAZ4) interacts with Apetala2 transcription factors Target of Eatl
(TOEL) and TOE2. TOE1 and TOEZ2 negatively regulate flowering by repressing the
transcription of FT (Zhang, Wang, Zeng, Zhang & Ma 2015). It was also shown that JAZ
interaction with TOE1 relieves the repression effect of TOE1 on FT (Zhai et al. 2015). We
propose that miR169 could also modulate FT expression level in a temperature-dependent

manner by post-transcriptional regulation of JAZ4.

Identification of temperature-regulated 21-nt phasiRNAs

We identified phasiRNA-producing loci using ShortStack (Figure 5, Table S2D). We found
most of the known TAS genes (except TAS3B) and many protein-coding loci that were
previously described (e.g. members of the large penta- and tetratricopeptide repeat containing
gene family, NBS-LRR genes, cation/H+ exchanger 18) and a few others that have not been
described yet (e.g. protochlorophyllide oxidoreductase B, DNAJ heat shock N-terminal
domain-containing protein, a plant protein of unknown function, aspartate kinase 3, trypsin
family protein with PDZ domain, saccharopine dehydrogenase and bZIP7). It is worth noting
that under our conditions, the TAS3 target AUXIN RESPONSE FACTOR 4 (ARF4), and the
miR393 target auxin receptor genes (AUXIN SIGNALING F-BOX 2 and 3) are not just
cleaved but also produce phasiRNAs, which suggests an amplified silencing of these and

maybe other related genes. The expression of many phasiRNA-producing loci is also tissue-
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specific. The majority of the phasiRNA-producing loci were down-regulated with the
temperature increasing (Figure 5) suggesting that the level or activity of a common

biogenesis component is temperature-sensitive.

Identification of temperature-regulated heterochromatin-associated siRNAs

We have shown previously that transgene and virus-derived 21-22-nt SiRNAs over
accumulate at high ambient temperatures (Szittya et al. 2003). This observation suggested
that the silencing machinery that is protecting the genome against molecular invaders is more
active at 27 °C than at 15 °C. However, the vast majority of endogenous plant SRNAs are
heterochromatin-associated 24-nt siRNAs, therefore we checked the effect of ambient
temperature on their accumulation. In our samples, the genomic location and expression level
of these loci are stable, and to our surprise are not influenced by ambient temperature.
Furthermore, the locations of these 24-nt sSiRNA loci correlate well with the publicly
available methylation data from other experiments (Fig S10). However, there are some
temperature-dependent 24-nt siRNA loci at distinct sites which are associated with
transposons or intergenic regions (Figure 6 and Table S2E). Such a strongly thermoregulated
heterochromatic sSiRNA-producing locus is located in the promoter region of YUC2. The
YUCCA gene family of Arabidopsis thaliana contains 11 genes and encode flavin
monooxygenase-like enzymes that function in tryptophan-dependent auxin biosynthesis
(Cheng, Dai & Zhao 2006). Auxin is a key hormone that regulates many aspects of plant
growth and development including floral organ formation and vascular development (Millner
1995). Auxin accumulation coupled with induction of YUC genes (YUCS8 and YUC9) was
shown to be increased in cotyledons upon exposure of Arabidopsis thaliana seedlings to mild
high temperature (28-29 °C) (de Wit, Lorrain & Fankhauser 2014). At high ambient

temperature, PIF4 binds to the promoter of YUC8 and stimulates its expression (Franklin et
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al. 2011; Sun, Qi, Li, Chu & Li 2012). YUC genes are partially redundant, and they are
expressed in developmentally distinct spatiotemporal patterns. YUC2 is expressed in young
leaf primordia, vasculature and adult leaves (Cheng et al. 2006). At the aforementioned locus
in the YUC2 promoter (Locus_77297) the 24-nt siRNAs accumulated to a much lower level
at 27 °C than at 15 °C or 21 °C in all tissues. Consistent with the location of the 24-nt
siRNAs, the DNA in the same region is methylated in the leaf (Figure 7), according to
publicly available DNA methylation datasets from a previous study (Stroud, Greenberg,
Feng, Bernatavichute & Jacobsen 2013). We tested the temperature-dependency of the CHH
methylation at this locus with DNA-methylation-sensitive Chop-qPCR and the expression
level of YUC2 mRNA with RT-qPCR in leaf samples grown at 15, 21 and 27 °C. We found a
positive correlation between the level of CHH methylation of the DNA and the number of 24-
nt siRNAs, and a negative correlation between DNA methylation and YUC2 expression
(Figure 8). This observation suggests that the YUC2 transcription is under epigenetic control
by RNA-directed DNA methylation. The YUC2 promoter does not contain G-box
(CACGTG), which is the binding site of PIF4 and other transcription factors (Ezer et al.
2017b) but contains binding sites for the NF-Y complex (CCAAT) and the NF-CO complex
(CCACA) around the 24-nt siRNA locus (Figure 7). It suggests that the methylation state and
perhaps the chromatin structure at this locus affects the binding of these NF complexes and
ultimately the YUC2 expression, like in the case of FT (Cao et al. 2014). Supporting this
hypothesis, a recent study demonstrated that NF-YA2- and NF-Y A10-containing complexes
could bind the YUC2 promoter altering the expression of the gene (Zhang, Hu, Zhu, Xu &

Wang 2017).
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As a summary, we suggest a hypothesis to explain the role of miR169 and its targets, NF-YA
and JAZ4 in the regulation of leaf morphology and flowering time at different ambient
temperatures (Figure 9). According to this, the level of NF-YA and JAZ4 is higher in the
warm due to the downregulation of miR169, resulting in the activation of NF-YA-dependent
gene expression, including FT and YUC2 and the inhibition of TOE action on FT expression
by JAZ4. The YUC2 gene expression might have another layer of regulation: the
hypomethylation of the DNA at the YUC2 promoter in the warm may allow more NF-Y
complexes and maybe other transcription factors (but not PIF4 or related G-box-binding
factors) to bind, resulting in a higher YUC2 expression and higher auxin level, without a
direct PIF4 action. We speculate that the temperature-dependent epigenetic regulation of
YUC?2 expression by heterochromatic sSiRNAs and RNA-dependent DNA methylation
represents a PIF4-independent regulation of auxin level that may help the plants to adapt to
higher ambient temperature by adjusting body shape, flowering time and other auxin-

dependent processes.
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Fig S5. Degradome target plots.

Fig S6. GO term enrichment analysis of the thermoregulated miRNA target genes using all
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Figure 1. Differential expression of small RNA loci between ambient temperatures in
different tissues.

MA-plots show the distribution of expression fold-changes (in log2 scale) as a function of
average expression (the baseMean value of DESeq?2 results) of every locus in the compared
samples. Positive log2FC values mean that the expression of the given locus was higher at the
higher temperature, while the negative log2FC value means that it was lower at the higher
temperature. Locus expressions were considered changed (red crosses) when the absolute
value of expression fold-change between the two investigated conditions was at least 1.5x,
the normalized abundance was at least 10, and the adjusted p-value was lower than 0.05 (5%
false discovery rate). The remaining loci were depicted as blue dots. We identified 116,169
small RNA loci, of which 704 (0.6%) changed altogether in the four tissues and at the three

temperatures. More information about these loci can be found in Table S2.
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Figure 2. Expression of thermoregulated miRNAs in different tissues.

Nonredundant miRNA sequences from miRBase v21 and the mature and star sequences of
ShortStack-predicted miRNA loci were merged, and their differential expression upon
temperature change was measured. Only sequences with more than 40 RPM maximum value
in any samples that changed at least 1.5x between temperatures were kept and listed. The
colors represent z-scores, which shows how many standard deviations the given value is

above or below from the mean of all the values in the row.
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Figure 3. Northern blot analysis of selected temperature-regulated miRNAs in different
tissues.

Total RNA was extracted from different tissues of Arabidopsis thaliana plants as described in
the Materials and Methods section. The RNA was separated on PAGE and transferred to
nylon membranes for Northern blot analysis. Oligonucleotide probes were used to detect
specific mIRNAs, and a U6-specific probe was used to detect U6 RNA as a loading control.
The expression values were measured by densitometry. First, the values were normalized to
the corresponding loading control value, then to the 15 °C sample value. The analysis was
performed on three biological replicas, here we show the results of one representative replica.

The results of the other two replicas are shown in Fig S4A.
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Figure 4. Ambient temperature regulation of miR169h-n-5p, NF-YA2, and FT.

The miR169h-n-5p level is higher at high ambient temperature. NF-YAZ2 is down-regulated by
miR169h-n-5p at low ambient temperature. The transcription of FT is dependent on NF-Y
heterotrimeric protein complexes. The increased NF-YA2 level at high ambient temperature
contributes to the increase of FT level, which results in early flowering. To validate the
sequencing results, we prepared RNA samples from three biological replicas at ZT6
(zeitgeber time, 6 hours after lights on) from the leaves of Arabidopsis thaliana plants grown
in pots in a controlled growth chamber under long day condition (16L:8D). The miR169h-n-
5p expression values were normalized to the U6 expression, the NF-YA2 expression values
were normalized to the ACT7 expression, while the FT expression values were normalized to
the PP2A expression. After this, every sample was normalized to the 21 °C sample. The error

bars represent the minimum and the maximum values.
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Figure 5. Expression of the 21-nt phasiRNA-producing loci in different tissues.

The 21-nt phasiRNA-producing loci were predicted with ShortStack. Only loci with
PhaseScore > 25 were retained, and their expression was illustrated on a heat map. Additional
information about these loci can be found in Table S2D. Most of the phasiRNA-producing
loci are downregulated with the temperature increasing, especially in the leaf. The colors
represent z-scores, which shows how many standard deviations the given value is above or

below from the mean of all the values in the row.
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Figure 6. Expression of the thermoregulated 24-nt siRNA-producing loci in different
tissues.

ShortStack-predicted loci with a dominant size class of 24-nt with an average expression
level of at least 100, that changed at least 5x between temperatures are shown. Locus_77297
was identified in the YUC2 promoter which was consistently downregulated at high ambient
temperature in all the four tissues (see Figure 7). The colors represent z-scores, which shows
how many standard deviations the given value is above or below from the mean of all the

values in the row.
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Figure 7. Genomic view of the 24-nt siRNA coverage, methylation density and H2A.Z
enrichment in the vicinity of the YUC2 gene.

The normalized coverage data for the 24-nt sSiRNAs in the seedling (S), root (R), leaf (L), and
flower (F) at 15, 21 and 27 °C were visualized in the Integrated Genome Browser.
Methylation data were taken from GSM980986; the H2A.Z enrichment data derive from
GSM954590. The thermoregulated Locus_77297 was identified in the YUC2 promoter
spanning 263-681 bp upstream of the transcription start site. NF-Y A2 and CO-containing NF
heterotrimer binding sites along the chromosome are represented by purple and green tick

marks, respectively.
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Figure 8. The YUC2 auxin biosynthesis gene expression is under a possible temperature-
dependent epigenetic regulation.

We observed much lower 24-nt SiRNA levels at 27 °C than at 15 or 21 °C in all the four
tissues (see Figure 7), but here we show only the leaf data. The expression pattern of the 24-
nt SIRNAs in the leaf positively correlated with the CHH methylation state at the same site
and negatively correlated with YUC2 mRNA expression. First, the siRNA read counts were
normalized by DESeq2, the Chop-qPCR values of the Alul-digested samples were normalized
to the undigested control, while the YUC2 gPCR values were normalized to PP2A. Second,
all values were scaled to the mean value of the 21 °C sample. All measurements represent

two biological replicas. The error bars denote the minimum and maximum values.
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Figure 9. A proposed model for the role of small RNAs in the regulation of flowering
time and leaf morphology.

MiR169 can affect the expression of various genes that are dependent on the NF-YA-
containing transcriptional regulators. It was previously shown that certain NF-Y complexes
bind to the promoter of the flowering time regulator gene FT (Cao et al. 2014) and the auxin
biosynthesis gene YUC2 (Zhang et al. 2017) resulting in altered flowering time and leaf
morphogenesis. A 24-nt siRNA-producing locus in the promoter of the YUC2 may block the
binding of NF-Y and potentially other transcription factors in a temperature-dependent
manner. At low temperature, the level of miR169 and the 24-nt hc-siRNA is high, which
results in-a low concentration of active NF-Y complex and JAZ4, a high concentration of
TOE1 and TOE2, and a methylated YUC2 promoter. In the absence of NF-Y the expression
of NF-Y-dependent genes, including FT and YUC2 remains low. Furthermore, the FT

expression is inhibited by TOEs causing delayed flowering (Zhang et al. 2015; Zhai et al.
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2015). On the other hand, at high ambient temperature, the miR169 level drops, so as the hc-
SIRNA and the methylation level at the YUC2 promoter. In parallel, the NF-YA and the NF-
Y-dependent gene expression rises. JAZ4 inhibits the repressor activity of TOEs so that the
FT level can rise (Zhai et al. 2015). The high level of FT induces flowering, while the
elevated level of YUC2 modulates leaf morphology by increasing the auxin concentration and

promoting cell elongation.
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