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Abstract

Background: Cold stress causes dynamic changes in gene expression that are partially caused by small non-coding
RNAs since they regulate protein coding transcripts and act in epigenetic gene silencing pathways. Thus, a detailed
analysis of transcriptional changes of small RNAs (sRNAs) belonging to all known sRNA classes such as microRNAs
(miRNA) and small interfering RNA (siRNAs) in response to cold contributes to an understanding of cold-related
transcriptome changes.

Result: We subjected A. thaliana plants to cold acclimation conditions (4 °C) and analyzed the sRNA transcriptomes
after 3h, 6h and 2 d. We found 93 cold responsive differentially expressed miRNAs and only 14 of these were
previously shown to be cold responsive. We performed miRNA target prediction for all differentially expressed
miRNAs and a GO analysis revealed the overrepresentation of miRNA-targeted transcripts that code for proteins
acting in transcriptional regulation. We also identified a large number of differentially expressed cis- and trans-nat-
siRNAs, as well as sSRNAs that are derived from long non-coding RNAs. By combining the results of sSRNA and mRNA
profiling with miRNA target predictions and publicly available information on transcription factors, we reconstructed
a cold-specific, miRNA and transcription factor dependent gene regulatory network. We verified the validity of links
in the network by testing its ability to predict target gene expression under cold acclimation.

Conclusion: In A. thaliana, miRNAs and sRNAs derived from cis- and trans-NAT gene pairs and sRNAs derived from

INcRNAs play an important role in regulating gene expression in cold acclimation conditions. This study provides a
fundamental database to deepen our knowledge and understanding of regulatory networks in cold acclimation.

Keywords: Arabidopsis thaliana, Cold acclimation, Small non-coding RNA, Gene regulation, RNA sequencing,
miRNA-transcription factor network

Background

Plants are severely affected by dynamic and extreme cli-
matic conditions. Changes in temperature is one of the
most critical factors for plants to exhibit flourishing
growth and low temperature stress globally influences
the development of plants and restricts their spatial dis-
tribution affecting the total agricultural productivity [1].

* Correspondence: wolfgang.frank@lmu.de

'Department of Biology |, Plant Molecular Cell Biology,
Ludwig-Maximilians-Universitat Minchen, LMU Biocenter, Gro3haderner Str.
2-4, 82152 Planegg-Martinsried, Germany

Full list of author information is available at the end of the article

K BMC

Although most plant species have evolved a certain degree
of cold tolerance, deviations from the optimal conditions
lead to restructuring at the gene level enabling the plant
to cope with the environmental fluctuations [2].

Plant cells perceive cold stress by detecting reduced
cell membrane fluidity that triggers specific signaling
cascades [3] to induce the expression of cold responsive
genes [4]. Currently, the best characterized pathway is
the C-repeat binding factor (CBF)-dependent signaling
pathway in which OPEN STOMATA 1 (OST1)/SNF1-
related protein kinase 2 (SnRK2.6/SnRK2E) is released
from type 2C protein phosphatase (PP2Cs) in response
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to elevated abscisic acid (ABA) [5] levels to activate the
upstream transcription factor (TF) inducer of CBF ex-
pression (ICE1) by phosphorylation [6]. ICE1 further in-
duces the expression of several CBF/ dehydration
responsive element binding factors (DREB) TFs that
bind to the cold response sensitive TFs/dehydration re-
sponsive elements (CRT/DRE) promoter elements of
cold-responsive (COR) genes, which act in the adapta-
tion to low temperature conditions [7, 8]. Another ABA-
dependent pathway that controls COR gene expression
is mediated through the binding of bZIP TFs known as
ABRE-binding factors (ABFs) to ABA-responsive pro-
moter elements [9, 10]. Furthermore, studies have shown
that DREB/CBF can physically interact with ABFs to ex-
press ABA responsive genes [11]. The CRT/DRE and
ABRE regions are present in many cold-inducible genes
and indicate a tight link between the ABA-dependent
pathway and the ICE-CBF-COR pathway [10].

In addition to the TF mediated transcriptional control, epi-
genetic modifications control the gene expression in cold
stress mainly by chromatin remodeling altering the accessibil-
ity of chromatin for the transcription machinery [12, 13]. Be-
sides the transcriptional control, gene regulation involves
regulatory processes at the post-transcriptional and post-
translational level [14]. An important post-transcriptional con-
trol of gene expression is mediated by non-coding RNAs
(ncRNAs) that cannot be translated into functional proteins.
ncRNAs are classified into long non—coding RNAs (IncRNAs)
that contribute to the control of gene expression involving
transcriptional and post-transcriptional pathways [15] and
sRNAs binding to reverse complementary target RNAs to
confer target RNA cleavage or translational inhibition [16] or
they interfere with transcription via epigenetic mechanisms
such as RNA-directed DNA methylation (RADM) [17].

IncRNAs are longer than 200 nt and possess 5 capping
and 3’ polyadenylation similar to mRNAs [18-20].
IncRNAs exert their function by different modes of action,
for instance IncRNAs restrain the accessibility of regula-
tory proteins to nucleic acids by serving as decoys [21].
Another mechanism is presented by the well characterized
IncRNA Induced by Phosphate Starvationl (IPSI), that
acts as a non-cleavable competitor for the Phosphate 2
(PHO2) mRNA that is targeted by miR399 for degradation
[22]. LncRNAs also cause epigenetic alterations such as
histone modifications as identified in the vernalization
process where prolonged cold stress leads to epigenetic si-
lencing of the Flowering locus C (FLC) that controls flow-
ering time [23, 24]. Here, the IncRNA cold induced long
antisense intragenic RNA (COOLAIR) interacts with a
polycomb repressive complex (PRC2) and subsequently
causes histone methylation and silencing of the FLC locus.
IncRNAs also assist in de novo methylation of DNA cyto-
sine residues and cause transcriptional silencing of genes
by RADM [25, 26].
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Small RNAs (sRNA) are 21-24nt in size and effi-
ciently regulate mRNA transcript levels, translation and
also mediate epigenetic silencing [27]. The two main
SRNA classes are microRNA (miRNAs) that are proc-
essed from single stranded precursors forming a partially
double-stranded hairpin structure and small interfering
RNAs (siRNAs) that are generated from double-stranded
RNA precursors. miRNA biogenesis occurs in a multi-
step fashion starting with the transcription of nuclear
encoded MIR genes by RNA polymerase II to produce a
5" capped and polyA-tailed primary miRNA transcript
(pri-miRNA) [28]. The dicing complex containing Dicer-
likel (DCL1) and its accessory proteins Hyponastic
Leaves 1 (HYL1) and Serrate (SE) excise a miRNA du-
plex from the double stranded hairpin structure that is
translocated to the cytoplasm by the exportin Hasty
(HST). The mature miRNA is loaded into an argonaute
protein within the RNA-induced silencing complex to
mediate the cleavage of target mRNAs via reverse com-
plementary binding of the miRNA [29].

Plant miRNAs play important roles in a wide range of
biological processes including development and stress
adaptation [30]. To uncover the stress-regulated miRNA
repertoire, SRNA libraries were generated from plants
subjected to diverse stress conditions and analyzed by
RNA sequencing approaches [31-34]. Previous studies
in A. thaliana identified members of the miR171 family
to be upregulated by low as well as elevated tempera-
tures [35] targeting SCARECROW-LIKE6-1II (SCL6-I1I)
and SCL6-1V that belong to the GRAS family of TFs [36,
37]. MiR408 was recognized to be induced by cold and
other abiotic stresses. It regulates transcripts encoding
phytocyanin family proteins (cupredoxin, plantacyanin
and uclacyanin) which act as electron transfer shuttles
between proteins [38] and transcripts of phytophenol
oxidases called Laccases [39] which are known to oxidize
flavonoids during seed development and environmental
stress [40]. These are essential to maintain cell wall
functions and are important to regulate biological path-
ways necessary for abiotic stress responses [41]. Recent
investigations validated miR394 and its target LEAF
CURLING RESPONSIVENESS (LCR) to regulate leaf de-
velopment [42, 43] and to be involved in an ABA-
dependent manner in responses to cold, salt and drought
stress [44, 45]. In A. thaliana, miR397 was shown to
positively regulate cold tolerance via the CBF-dependent
signaling pathway and overexpression of MIR397a
caused increased CBF transcript levels leading to induc-
tion of cold responsive COR genes [46].

In contrast to miRNAs, siRNAs are generated from
dsRNA molecules and are sub-classified based on their
specific biogenesis pathways. Trans-acting siRNAs (ta-
siRNAs) are endogenous plant-specific small RNAs that
are capable of acting in trans and have the potential to
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repress distinct mRNA transcripts. The production of
ta-siRNAs is triggered by miRNA-mediated cleavage of
primary TAS transcripts to generate 21 nt ta-siRNAs in a
phased manner [47, 48]. Ta-siRNAs have been shown to
regulate plant development [49]. Recent studies suggest
their role in environmental stress adaptation, for ex-
ample, 14 hypoxia-responsive ta-siRNAs have been iden-
tified in A. thaliana that are processed from TASIa, b, c,
TAS2 and TAS3a precursors [50]. The expression of a
TAS1-derived ta-siRNA and its target transcript heat—in-
duced TASI target (HTT4) were shown to be regulated
by temperature shifts [51]. Furthermore, the generation
of TAS4-derived ta-siRNAs was shown to be triggered
by miR828 under phosphate deficiency [52].

Another subset of siRNAs are natural antisense tran-
script derived short interfering RNAs (nat-siRNAs)
which are produced from overlapping regions of RNA
polymerase II derived antisense transcripts [53]. The
NATSs can be classified into two types depending on the
genomic location of the overlapping transcripts. Either
both transcripts are encoded on opposite DNA strands
within the same genomic region to produce overlapping
transcripts (cis-NATs) or both transcripts derive from
separate genomic regions (trans-NATs), but are able to
pair with each other. A high salinity responsive nat-
siRNA was first identified in A. thaliana where the con-
stitutively expressed gene transcript delta-pyrroline-5-
carboxylate dehydrogenase (P5CDH) and the salt in-
duced gene transcript Similar to Radicle Induced Cell
Death One 5 (SROS) encoded on opposing strands of an
overlapping genomic region form a dsRNA and DCL2
processes a distinct 24 nt nat-siRNA from the dsRNA re-
gion. The generated nat-siRNA cleaves the PSCDH tran-
script and suppresses proline degradation thereby
inducing salinity tolerance [54]. In addition to nat-
siRNAs produced from cis-NATs, trans-NATs can be
generated when antisense-mediated pairing of tran-
scripts occurs that are derived from non-overlapping
genes [55]. The formation of these dsRNAs takes place
in diverse trams-combinations i.e. between long non-
coding RNAs, protein coding transcripts, homologous
pseudogenes and transposable elements (TE) [56, 57].
For example, the class of trans—NATs that are produced
from pseudogenes can regulate their homologous pro-
tein encoding transcripts levels [58].

A large number of TE-derived siRNAs were observed
in Decreased DNA methylation 1 (DDM1I1) mutants of A.
thaliana and are referred to as epigenetically activated
siRNAs (ea-siRNAs). These siRNAs are produced from
transposon-encoded transcripts that are cleaved in a
miRNA-dependent manner and become converted into
dsRNAs that are further processed by DCL4 into 21 nt
ea-siRNAs. These ea-siRNAs were shown to be mainly
required for silencing of TE by targeting their intrinsic
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transcripts whereas a subset of these siRNAs also targets
protein coding mRNAs to reduce their expression levels
[59]. In addition, similar to MIR precursors some TE-
derived transcripts can form a stem loop structure from
which siRNAs can be processed [60]. TE also encode
IncRNAs and there is rising evidence that environmental
factors lead to altered chromatin organization and the
expression of IncRNAs that may have functions in the
adaptation to altered environmental conditions and can
even be inherited. A study in A. thaliana reports on a
TE-derived TE-lincRNA1195 that was shown to be in-
volved in the ABA response and to contribute to abiotic
stress adaptation [61].

In our study we have used RNA sequencing to un-
cover the cold responsive non-coding RNA repertoire in
A. thaliana and to study their role in the regulation of
various target RNAs. We sequenced mRNAs and sRNAs
libraries from A. thaliana plants subjected to cold accli-
mation conditions for 3h, 6 h and 2 d and analyzed pu-
tative correlations between differentially expressed
sRNAs and their protein coding targets. To gain add-
itional insight into the cold-responsive interconnection
of miRNA-regulated direct targets and indirect targets
that are regulated by TFs, we generated a gene regula-
tory network (GRN) using information on miRNA-
targets and publicly available TF-related database the
generated network allows to identify connectivities and
regulatory impacts of miRNAs under cold acclimation.

Results

Altered expression of sSRNAs during cold acclimation in A.
thaliana

To analyze cold-responsive changes in the sRNA reper-
toire we subjected A. thaliana seedlings to 4°C cold
treatment for 3 h, 6 h and 2 d time points. Previous stud-
ies related to cold acclimation observed a rapid inhib-
ition of photosynthetic machinery when shifted from
normal temperatures to 4 °C [62]. In addition, studies re-
vealed that abundant cold-responsive genes were differ-
entially expressed at early time points i.e. 3h and 6h as
well as at later time points i.e. 48 h [33, 34, 62]. Thus, in
order to study the sRNAs that could possibly regulate
these cold-altered genes, the 3h, 6 h and 2 d time points
were chosen for RNA sequencing analyses. The RNA of
treated and control samples were used to perform tran-
scriptome profiling yielding a minimum of 7 million
reads per library. The sRNA reads were mapped to the
A. thaliana reference genome and in all samples on
average about 10% reads mapped to miRNA loci, 10% to
trans- and 2% to cis-nat-siRNA loci, 4% reads mapped to
IncRNAs, 3% to ta-siRNA producing regions and 0.3% to
pha-siRNAs (Additional file 1: Table S2). Only about 1%
of the total reads mapped to loci encoding the most
abundant RNAs such as ribosomal RNA, snoRNA, tRNA
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and snRNA which indicates a good quality of the SRNA
libraries. The remaining proportion of reads mostly
mapped to other RNA classes such as TE and repeat as-
sociated regions which are known to be involved in epi-
genetic pathways.

The size distribution of sSRNAs ranging from 21 to 24
nt showed two distinct peaks at 21 nt indicating an en-
richment of miRNAs, nat-siRNAs and ta-siRNA and at
24 nt corresponding to sRNAs derived from repetitive/
intergenic RNAs, inverted repeats and TE (Fig. 1a, b, ¢,
Additional file 1: Table S3). We observed an overall re-
duction of sRNAs in response to cold acclimation as
compared to the control. The distribution of SRNA reads
mapping to different sSRNA producing loci including
miRNAs, nat-siRNAs, ta-siRNAs, phasiRNAs and sRNAs
produced from IncRNAs indicated that miRNAs and
trans-nat-siRNAs are the two major sRNA classes de-
tected in our data set (Fig. 1d) To identify differentially
expressed (DE) sRNAs between cold treated samples
and the respective untreated controls (fold change > 2
& <-2 and a Benjamini-Hochberg corrected p-value
<0.05), the relative expression of mature miRNAs and
siRNAs was calculated on the basis of the number of
normalized reads. Over the analyzed time course cold
stress mainly affected sSRNAs produced from trans- and
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cis-NATs-pairs followed by the class of miRNAs and
sRNAs derived from IncRNA (Fig. 2a, b, c). Moreover,
we observed an increasing number of up- and downreg-
ulated sRNAs from all sRNA classes during the time
course reaching the highest numbers after 2 d of the
cold treatment (Fig. 2c). To evaluate the reliability of the
sRNA sequencing results, we performed stem-loop qRT-
PCRs for selected sSRNAs belonging to all analyzed sSRNA
classes to validate and confirm their expressional
changes during the time course of cold treatment (Fig. 3).
miR162a-3p, miR3434-5p, cis-nat-siRNA produced from
AT3G05870-AT3G05880 transcripts, a trans-nat-siRNA
generated from AT1G10522-AT5G53905 transcripts and
a sRNA derived from IncRNA AT5G04445 were found
to be induced over the course of cold treatment con-
firming our sSRNA sequencing results.

Expression profiling of cold acclimation responsive
miRNAs

The sRNA sequencing method allows to distinguish be-
tween individual miRNAs with even a single nucleotide
difference. After precise read mapping, sequence reads
were analyzed to identify differentially regulated miR-
NAs (FC>2 & < -2, Benjamini-Hochberg corrected p-
value <0.05) (Table 2, Additional file 2: Table S4). We
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observed a general trend in all the samples that around
10% of the detected miRNAs possessed very high nor-
malized read counts (>1000 reads per sample), about
50% showed moderate expression (< 1000 and > 20 nor-
malized reads), 11% showed reduced read counts (<20
and > 5 normalized reads) and 27% showed very low ex-
pression (<5 normalized reads) (Additional file 2: Table
S5). In response to cold treatment we observed 22 miR-
NAs (8 up and 14 down) that were DE after 3 h, 36 ma-
ture DE miRNAs (19 up and 17 down) after 6 h and 79
DE mature miRNAs (42 up and 37 down) after 2 d. We
found miRNAs showing differential expression at spe-
cific time points as well as miRNAs with differential ex-
pression at two or all three time points. Two DE
miRNAs were found throughout the course of cold

treatment, 13 DE miRNAs were detected at 6 h and 2 d,
8 DE miRNAs were common after 3h and 2 d, and 4
DE miRNAs were found at the 3h and 6 h time point.
We also observed 7, 17 and 55 DE miRNAs that were
specifically regulated at the 3h, 6 h, and 2 d time points
(Fig. 4). We detected an increasing number of DE indi-
vidual miRNAs over the time course of cold treatment
suggesting that alterations in miRNA levels seem to be
an important step during cold acclimation.

In recent years, 22 miRNA families were identified to be
conserved between A. thaliana, Oryza sativa and Populus
trichocarpa [63—-65] and some of them were shown to
have important roles in abiotic stress adaptation since they
predominantly regulate targets encoding TFs or enzymes
that promote tolerance to stresses [66—68]. Out of these
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22 miRNA families, we detected individual members of 16
families to be differentially expressed corresponding to 15,
20 and 43 DE mature miRNAs at 3h, 6 h and 2 d, respect-
ively (Fig. 5, Additional file 2: Table S6). In total, we
found 107 non-redundant mature miRNAs to be dif-
ferentially expressed throughout the course of cold
treatment and 36 mature miRNAs out of these be-
longing to 9 conserved miRNA families have been
known to be cold regulated in other plant species
(Additional file 2: Table S6) [35, 69, 70]. Out of 107
miRNAs, 14 have been previously known to be cold
responsive in A. thaliana and our study shows simi-
larity in the induction or repression pattern of these
miRNAs compared to other cold stress related studies
[35, 71, 72]. The remaining 93 DE mature miRNAs
that belong to 55 miRNA families have not been re-
ported before to be cold-regulated in A. thaliana
(Additional file 2: Table S6). We identified several
miRNAs with a varying expression pattern ie. up-
and downregulation at different time points. For ex-
ample, miR156f-5p and miR157b-3p were downregu-
lated at 3h and upregulated at 2 d, miR166f was
upregulated at 3 h and downregulated at the 2 d time
point, miR447b and miR5653 were upregulated at 3 h,
but downregulated at 6h time point whereas
miR157b-5p was downregulated at 3h and upregu-
lated at 6h. Similarly, 12 miRNAs showed inconsist-
ent regulation at 6h and 2 d, whereas we observed
consistent upregulation of miR408-5p, miR395e,
miR159¢, miR169h and downregulation of miR160a-

5p, miR160b, miR398a-5p, miR8175, miR319b in at
least two time points. This indicates that the regula-
tory pattern of a miRNA can vary at different time
points of cold treatment and the steady-state level of
mature miRNAs depends on the physiological need of
plants subjected to stress conditions.

Differentially expressed miRNA targets

Since miRNAs and mRNA/IncRNA were sequenced
from the same RNA samples we were able to compare
changes in miRNA expression with the changes of their
cognate targets. To identify the targets of miRNAs that
were found to be differentially expressed during the time
course of cold treatment we have used the psRNAtarget
prediction tool with a stringent expectation cut-off of
2.5 and allowed miRNA accessibility to its mRNA target
with a maximum energy to unpair the target site of 25
[73]. Applying these stringent parameters, the prediction
tool revealed putative targets for 93 DE miRNAs out of
107. The target prediction for the 93 non-redundant DE
miRNAs identified 338 mRNAs and 14 non-coding
RNAs as putative targets (Additional file 3: Table S7,
S8). The 18 DE miRNAs at 3 h (5 up- and 13 downregu-
lated) can target 96 non-redundant mRNAs and 3 non-
coding transcripts. The 33 DE miRNAs at 6 h (18 up-
and 15 downregulated) can target 173 non-redundant
mRNAs and 3 non-coding RNA targets and the 69 DE
miRNAs after 2 d (34 up- and 35 downregulated) are
able to target 267 non-redundant mRNAs and 12 non-
coding RNA targets (Additional file 3: Table S7, S8). To
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analyze how the regulation of these targets correlates
with the expression of miRNAs, we used our mRNA and
IncRNA transcriptome sequencing data generated from
the identical RNA pools as the SRNA data set for the 3
h, 6h and 2 d cold treatments and their respective un-
treated controls (Additional file 4: Table S9, S10). We
used the mRNA/IncRNA transcriptome data to examine
the expression levels of all 338 transcripts targeted by
the 93 differentially regulated miRNAs in order to cor-
relate the target transcript expression to the expression
of their cognate miRNAs (Additional file 3: Table S7). In
frequent cases we observed that one transcript can be
targeted by various isoforms of a miRNA family, but in a
few cases target transcripts can also be cleaved by differ-
ent miRNAs that are unrelated in sequence. In general,
we considered all individual DE miRNAs and their cog-
nate protein-coding targets (mRNAs) as miRNA:mRNA
pairs and identified 111, 246 and 376 of these pairs for
the 3h, 6h and 2 d time points of cold treatment, re-
spectively (Additional file 3: Table S7). For each time
point we classified the miRNA:mRNA target pairs into
different subgroups according to the correlation of their
expression with the expression of their cognate miRNA.
These miRNA:mRNA target pair subgroups were classi-
fied as inversely correlated when they show an anticorre-
lation of mRNA and miRNA expression, showing same
tendency of expression when the miRNA and its target
are either upregulated or downregulated, and the
miRNA is regulated, but the target remains unchanged
or undetected (Table 1). We observed 2, 12 and 27
anticorrelated miRNA:mRNA target pairs at 3h, 6 h and
2 d, respectively, with a total number of 39 non-
redundant anticorrelated miRNA:mRNA target pairs
pointing to a role of these miRNAs in controlling the
transcriptome upon cold treatment (Additional file 3:
Table S7). Apart from the mRNA targets, the target pre-
diction tool also identified 14 putative non-coding RNA
targets of DE miRNAs, but the expression levels of
ncRNA target transcripts was less than 5 reads or they
were not differentially expressed.

Table 1 Number of putative miRNA:mRNA target pairs and
their relative expression pattern after 3h, 6 h and 2 d of cold
treatments

mMiRNA:mRNA pairs 3h 6h 2d
11 2 12 27
1 0 9 15
1l 1 1 12
t—or |— 7 15 32
Toorlo 29 137 99

The first arrow corresponds to miRNA regulation and the second to the
regulation of its target mRNA transcripts and the arrows represent the
correlation expression as follows: 1 = upregulated, | = downregulated,
—=unchanged, o = undetected.

Page 8 of 25

On the basis of Araport (Version 11; https://araport.org/
) annotation, we observed 54 targets of DE miRNAs from
all the four subgroups to be consistently present at all the
time points (Additional file 5: Table S11). These mainly
encode TFs and DNA binding domain containing proteins
and include MYB domain containing proteins, nuclear
factor Y subunit genes, heat shock TFs (HsFs), TCP do-
main proteins and Squamosa promoter binding (SPLs)
proteins. We also examined the functions of the miRNA
targets that were specific for each time point. Specifically,
at 6 h time point we found several PPR proteins that are
known to be important for RNA maturation in various or-
ganelles, TPR encoding genes required in plant signaling
and organellar import and genes encoding membrane
multi-antimicrobial extrusion [22] efflux proteins that act
in the transport of xenobiotic compounds. At the 2 d time
point we found abundant transcripts coding for factors in-
volved in transcriptional regulation and protein phosphor-
ylation that control intracellular signaling in response to
stress. Taken together, we found a remarkable overrepre-
sentation of genes encoding transcription factors, proteins
associated with transcriptional regulation, and proteins in-
volved in RNA processing and translational control.

We found 39 miRNAs and their putative targets show-
ing an inverse correlation, for example, after 3 h of cold
treatment we noticed a strong downregulation of
miR172¢ (FC=-4.86) and an upregulation of its pre-
dicted target TARGET OF EARLY ACTIVATION
TAGGED (EAT, FC=2.18) which is known to be re-
duced in A. thaliana icel mutants [33]. In addition, EAT
also showed increased expression levels in roots and
leaves at 4 °C in A. thaliana [74]. After 6 h of cold treat-
ment we observed downregulation of miR395c (FC =
-19.27) and a concomitant upregulation of its target
transcript encoding the magnesium-chelatase subunit H
which presents the GUNS5 gene (FC=2.18) that was
shown to be an important component of plastid to nu-
cleus signal transduction. Another miRNA, miR5595a
showed reduced expression levels (FC = — 2.88) whereas
its target encoding a methyl esterase 9 was upregulated
(FC =3.58) and is known to be a plant core environmen-
tal stress responsive gene (PCESR) [75]. Additionally,
after 2 d of cold treatment, we observed three isoforms
of miR319 to be downregulated and an upregulation of
one of their target transcript encoding a TCP2 TF (FC =
2.56). A previous study revealed an upregulation of the
TCP2 transcript after shifting A. thaliana plants to cold con-
ditions with 100 uE light conditions, but not in dark condi-
tions and it was speculated that light-dependent signals
derived from the chloroplast at low temperature are import-
ant for increased TCP2 levels that might be important for
the control of photosynthesis related genes [76, 77]. After 2
d of cold treatment we also detected downregulation of
miR159 isoforms (FC = — 2.53) resulting in elevated levels of
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one of their target transcripts Translocase Inner Membrane
Subunit 44 (TIM44)-related encoding a subunit of the mito-
chondrial inner membrane translocase complex subunit
(FC =2.80).

Gene ontology analysis of predicted miRNA targets

To obtain information about the possible role of DE cold
responsive miRNAs and their targets, we performed
gene ontology (GO) analysis of all putative targets using
the David bioinformatics tool [78]. Based on the three
categories; biological processes, cellular component and
molecular function, we observed an enrichment of GO
terms for all three time points with Benjamini-Hochberg
corrected p-values obtained from Fisher’s test (Fig. 6,
Additional file 6: Table S12). At the 3h time point the
significant biological processes included regulation of
transcription (47), transcription (41), cell differentiation
(12), ethylene-activated signaling pathway (7) and auxin-
activated signaling pathway (7) indicating a major impact
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of miRNAs on an early response of genes that code for
proteins mainly acting in signaling and gene transcrip-
tion. Concerning the category cellular component, we
identified the highest number of targets associated with
the nucleus (63) which nicely correlates with the over-
representation of TFs before. Furthermore, in the cat-
egory molecular functions, the TF activity, sequence-
specific DNA binding (46), DNA binding (44) and auxin
binding functions were most significant also pointing to
an overrepresentation of transcripts that code for regula-
tory proteins and factors involved in gene transcription.
For the 6 h time point significant biological processes
with the highest number of genes included regulation of
transcription (62 target genes), response to salicylic acid
(8), regulation of secondary cell wall biogenesis (5) and
positive regulation of programmed cell death. We also
found S-adenosylmethionine-dependent methyltransfer-
ase activity (7) to be significantly enriched in the mo-
lecular function category. Similar to 3h time point, we
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observed an enrichment of transcription related genes at
the 6 h time point. Along with these, the overrepresenta-
tion of methyltransferase activity related genes indicates
epigenetic modifications related to abiotic stress and the
genes that may act in secondary cell wall biogenesis
could lead to strengthening of the cell wall and reduc-
tion in pore size in stress conditions. At the 2 d time
point, significant biological processes included regulation
of transcription (89), embryo development ending in
seed dormancy (15), multicellular organism development
(13), methylation (9) and response to jasmonic acid (8).
At all the three time points, we observed an enrichment
of genes encoding TFs which indicates that these are key
regulators of a set of genes involved in transcriptional
reprogramming during cold acclimation. Concerning
the category cellular components, we observed the
highest number of targets associated with the nucleus
(136 target genes) which is in line with the categories
outlined before and underlines the massive processes
of transcriptional regulation in response to cold accli-
mation (Fig. 6).

Construction of a gene regulatory network (GRN)

To understand the possible interactions and contribu-
tions of the major gene regulatory classes, we recon-
structed a miRNA and TF regulatory network
(Additional file 7, Data S1). The network comprises dir-
ect miRNA-mediated target control, miRNAs that regu-
late transcripts encoding TFs regulating their
downstream targets (indirect targets), and TFs which are
not miRNA-controlled but regulating miRNA regulated
downstream targets (direct targets). To construct the
final network, we considered the generated miRNA and
mRNA expression data and analyzed all miRNA targets
that were predicted using the psRNATarget tool to-
gether with publicly available information of TF binding
sites (TFBS) and downstream targets. We included ex-
perimentally validated regulatory connections from Ara-
bidopsis Transcriptional Regulatory Map [79] and Agris
[80]. Further, we included TF target interactions with
high confidence from PlantRegMap [81] only consider-
ing TFs with different criteria of binding site conserva-
tion. First criterion includes TFs and their targets whose
binding sites lie within conserved elements of different
plant species (CE) whereas the second criterion includes
TFs and targets whose binding sites were found to be
conserved in different plant species when scanned for
conservation of TFBS (FunTFBS).

The validity of the connections in the network was
tested by predicting miRNA- and TF-controlled target
mRNA expression levels based on miRNA or TF expres-
sion levels at a given time point. Here, the prediction
power is used as an indicator for the reliability of regula-
tory links in the network and is calculated by Pearson
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correlation between the predicted and the measured
mRNA expression level (Fig. 7 b). We tested the predict-
ive power of the three different network versions to ensure
maximal information in the model. Here, the combined
version is able to explain on average 77% of the change in
target gene expression (0.77 Person correlation coefficient)
and was considered for further investigation.

This resulting network model contains 350 miRNAs
classified into 166 families and consisting a total of 657
TFs belonging to 38 families that either activate or repress
2420 downstream target genes. In total, there are 36,523
regulatory relationships out of which 3846 are miRNA
based whereas the remaining 32,677 are TF-based (Fig. 7
a, Additional file 7: Data S1, Additional file 8: Fig. S1).

After validation of the network reconstruction we ana-
lyzed the network modularity. Modules are clusters of
nodes which are closely connected to each other com-
pared to other nodes in the network. In biological sys-
tems, nodes of one module are often co-regulated and
closely associated in function. Modules can therefore be
interpreted as the functional units of the cell [82]. By
using the community detection method [83], we found
17 modules. Functional enrichment using GO and Map-
Man ontology revealed signaling, transport, cold and bi-
otic stress components, RNA and protein synthesis and
cellular organization to be overrepresented in five major
network modules.

A cold responsive subnetwork (Fig. 8 a, Additional file
7: Data S2, Additional file 9: Fig. S2) comprising targets of
differentially expressed miRNA and targets encoding TFs
and their downstream targets was extracted from the
GRN. The depicted targets are differentially expressed in
at least one of the time points and the extracted network
is comprised of 830 nodes and 1332 edges. We observed
103 mature miRNAs and 58 TFs to be involved in the
regulation of 669 direct and indirect targets. The func-
tional enrichment revealed a predominant regulation of
genes related to cold acclimation, transcription/transla-
tion, biotic stress/cell organization, signaling/protein deg-
radation and cell wall/lignin synthesis.

We selected two subnetworks, for miR319 which was
DE at all the three time points and miR858 found to be
DE at 6 h and 2 d. The miRNA-TF subnetwork of these
two miRNAs was extracted from the whole network
(Fig. 8 b, ¢) and the depicted targets in the network are
DE in at least one of the analyzed time points (Add-
itional file 10: Fig. S3 and Additional file 11: Fig. S4).
The miR858 subnetwork consists of 30 nodes and 51
edges. Among its targets miR858 controls the expression
of Tryptophan synthase (TSB1, AT5G54810) catalyzing
tryptophan synthesis that is the precursor of the auxin
indole-3-acetic acid [84]. MiR858 also controls a tran-
script encoding the TF MYB111 (AT5G49330) which
modulates the salt stress response by regulating
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Fig. 7 (a) Cold-responsive gene regulatory network generated by inferring miRNA and TF-mediated control of gene expression. The TF and
target connections were obtained from publicly available databases and were combined with psRNATarget predicted miRNA targets. Vertex
colors indicate the respective regulatory activity and edge colors mark the association to a calculated module. The largest modules are labeled
with their most prominent functional groups which were identified using ontology enrichment. (b) Predictive power of the network. The Pearson
correlation of the predicted and measured expression levels of different network versions considering regulatory connections of different sources.
All versions contain experimentally validated TFBS. Additionally, CE includes TFBS predictions only present in conserved regions, while FunTFBS
contains predicted TF based connections only if the binding sites are functionally conservation. Combined merges all sources. The data related to
GRN can be accessed through GEPHI Software (Additional file 7: Data S1)

flavonoid biosynthesis [85] and the heat shock factor
HSFA4A (AT4G18880) involved in the response to heat
stress. We found 25 nodes and 43 edges to be linked
with miR319 that mediates regulation of transcripts such
as TRANSPARENTt TESTA 8 (TT8, AT4G09820) en-
coding a TF regulating anthocyanin biosynthesis by the
control of dihydroflavonol 4-reductase [86]. MiR319 also
regulates mRNA for the thermotolerance related heat
shock factor HSFB-2b (AT4G11660) and a transcript
coding for Probable pectinesterase/pectinesterase inhibi-
tor 25 (PME25, AT3G10720) that could facilitate cell
wall modifications in cold stress.

Differentially expressed sRNAs derived from various other
RNA classes

We used our sRNA sequencing data not only to analyze
miRNA regulation in response to cold, but also to iden-
tify sSRNAs derived from other RNA classes which could
provide links to their role in cold acclimation. We
mapped sRNA reads to publicly available reference data-
bases of IncRNAs, trans- and cis-NATs pairs, TAS and
PHAS [57, 87-89] and we were able to associate a high
number of DE sRNAs to these RNA classes.

sRNAs derived from non-overlapping IncRNAs

Here we define non-overlapping IncRNAs as transcripts
with a size larger than 200 nt that are single stranded
RNA and do not overlap with protein coding transcripts
or other non-coding transcripts. In our sSRNA data, we

observed 15 non-redundant non-overlapping IncRNA
loci that produce DE sRNAs and 13 of these upregulated
sRNA production whereas the remaining two downregu-
lated sRNAs in response to cold (Additional file 12:
Table S13). However, even if these IncRNAs generate
DE sRNAs, the transcript levels of the IncRNAs
remained unchanged across the analyzed samples. We
found one IncRNA at 3 h, another IncRNA at 6 h and 7
IncRNAs at the 2 d time point of cold treatment that
produced DE sRNAs. In addition, we found two
IncRNAs differentially producing sRNAs at 3 h as well as
6 h out of which AT5G07745 reduced sRNA production
and the other (AT5G04445) upregulated sRNAs at both
time points. At 6h and 2 d we detected four common
IncRNAs producing sRNAs with elevated expression
levels. The IncRNA AT5G05455 was the only one that
produced reduced amounts of sSRNAs at the 2 d time
point whereas others were upregulated. Single stranded
transcripts have the capability to produce fold back
structures forming dsRNA which can be processed into
small RNAs, but we observed sRNAs produced from
sense as well as antisense strands of these IncRNA tran-
scripts. Since these IncRNAs do not overlap with
any other transcript and do not have any pairing
partners in other genomic loci, it probably indicates
that RNA dependent RNA polymerases are involved
in the formation of dsRNA from these IncRNA in a
primer independent manner that are later converted
to sRNAs [9, 90].
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sRNAs derived from NATs

NATSs are pairs of transcripts either non-coding (nc) or
protein coding (pc) genes that overlap and form dsRNAs
due to sequence complementarity. The pairing of tran-
scripts is possible between nc-nc, nc-pc and pc-pc tran-
scripts and the resulting paired transcript serve as targets
for DCL-mediated processing into sRNAs. We found the
majority of cis- and trans-NAT pairs to be produced from
pcpe or panc transcript pairs. In case of pcnc, the nc
pairing partner mostly represents pre-tRNAs or tran-
scripts from TE which also have the capacity to produce
sRNAs individually [91-93]. It is known that pre-tRNA
and TE-derived sRNAs have the capacity to regulate other
transcripts by sequence complementarity which could

indicate their contribution in regulation of cold acclima-
tion related network [92, 94]. Our data set revealed that
transcript pairs producing elevated levels of sSRNAs in re-
sponse to cold can have different expression patterns.
They can show anticorrelation (one transcript upregulated
and the other downregulated), a same tendency of expres-
sion (both transcripts either upregulated or down regu-
lated) or no correlation (one transcript regulated and the
other remains unchanged). During stress conditions, re-
verse sequence complementary transcripts of a stress-
induced gene and a constitutively expressed gene pair to
each other and produce 24 nt and 21 nt siRNAs. The siR-
NAs produced have the capability to cleave the constitu-
tively expressed transcript resulting in its downregulation
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to facilitate stress acclimation. This mechanism represents
the classical expression pattern of NATs [54]. The pair is
characterized by induced differential expression of nat-
siRNAs and anticorrelated expression pattern of the sense
and antisense transcripts. We observed abundant sRNAs
that were regulated, but their transcript levels remained un-
changed. The second most abundant case was an upregula-
tion or downregulation of one of the transcripts whereas
the other transcript remained unchanged (Table 2).

Most of the trans-NATs gene pairs produced large
amounts of sRNAs after 2 d of cold treatment and
showed a decrease or no change in the gene transcript
levels deduced from the mRNA data. This indicates the
possible pairing of both transcripts which are further
processed into nat-siRNAs and higher production of
these nat-siRNA in the cold acclimation could be re-
quired to keep at least one of transcripts at steady levels.

cis-nat-siRNAs

We found 5, 20 and 100 cis-NATs loci (104 non-
redundant pairs) at 3h, 6h and 2 d, respectively, that
produced DE sRNAs from two overlapping transcripts
one of which is up- or downregulated whereas the other
one remains unchanged (Table 2) (Additional file 12:
Table S14). In addition, we detected 24, 34 and 278 cis-
NATSs (308 non-redundant pairs) at 3h, 6 h and 2 d time
point that produced DE sRNAs, but where the cognate
overlapping transcripts remained unchanged or could
not be detected. Prevalently, we observed that most of
the pairs producing cis-nat-siRNA were pc:pc transcript

Table 2 Overview of DE nat-siRNAs including expression
analysis of the underlying cis- or trans-transcript pairs

Time points sRNA clusters 11 t— | — —— 11
3 h cis-NATs up 1 5 3
down 21
6 h cis-NATs up 1 20 26 1
down 8
2 d cis-NATs up 15 93 7 270 9
down 8
Non-redundant 16 104 308 9
3 h trans-NATs up 8
down 33
6 h trans-NATs up 6 24
down 2 7 15
2 d trans-NATs up 9 11 75
down 1 13 13
Non-redundant 2 14 18 95

The two symbols in the five columns at the right represent the pairing cis- or
trans-transcript partners and indicate their expression as follows: 1 =
upregulated, | = downregulated, —= unchanged (unchanged refers to FDR >
0.05 and/or fold change FC>2 &< -2).

Page 13 of 25

pairs. We found one NATSs pair at 6 h and 9 pairs at 2 d
resembling the classical mechanism of antisense tran-
script regulation by nat-siRNAs (Table 3) [54]. We de-
tected a gene pair that gives rise to an increased
production of nat-siRNAs and comprises a cold-induced
transcript coding for a RAS-Related GTP-Binding Nu-
clear Protein (RAN2, AT5G20020) and a concomitant
downregulation of its pairing transcript encoding a Plant
Tudor-like RNA-binding protein (AT5G20030). Until
now, functional studies on the Plant Tudor-like RNA
binding protein are lacking, but RAN2 is known to be
necessary for nuclear translocation of proteins and for
RNA export [95]. Another transcript of a salt stress re-
sponsive gene encoding an Oleosin-B3-like protein
(AT1G13930) [96] which is known to be ABA-induced
[97] was also induced by cold in our data and its tran-
script is able to pair with the transcript of a T-box TF
(AT1G13940) to induce production of cis nat-siRNAs.
Apart from the above mentioned expression patterns of
transcripts that differentially regulate siRNA production,
we found sRNA producing loci showing same tendency
of transcript expression denoted by the upregulation of
both pairing transcripts (16 non-redundant pairs; 1, 1
and 15 at 3h, 6h and 2 d, respectively) leading to in-
duced sRNA biogenesis. In this category we observed
enrichment of pc:pc as well as pcinc transcript pairs.
Prominent examples from our results include the stress-
induced pc:pe transcripts RARE-COLD-INDUCIBLE 2A
(AT3G05880) and anaphase-promoting complex/cyclo-
some 11 (AT3G05870) which cause increased cis-nat-
siRNA production. We also found a cold-induced pc:nc
transcript pair coding for a chloroplast beta amylase and
a IncRNA, and this upregulated cis-nat-siRNAs produc-
tion consistently at all the three time points. The beta
amylase promotes starch degradation into sugars which
may act as osmolytes to maintain osmotic balance under
cold stress conditions [98].

trans-nat-siRNAs

We found 38 non-redundant trans-NAT pairs (5, 14 and
26 at 3h, 6h and 2 d, respectively) that generated DE
trans-nat-siRNAs from each transcripts. The transcript
levels of these 38 gene pairs showed that one of the
pairing transcript was either upregulated (5 transcript
pairs) or both were unchanged (33 transcript pairs). Out
of these 38, we detected four trans-NATSs gene pairs that
generated DE trans-nat-siRNA and were common after
3 h (both gene transcripts unchanged) as well as after 6 h
(one transcript upregulated and the other one un-
changed). We observed 41, 39 and 88 (95 non-
redundant) trans-NATs gene pairs at 3h, 6h and 2 d,
respectively, that gave rise to DE trans-nat-siRNAs from
the overlapping region of two transcripts having un-
changed or undetected transcript levels (Table 2). We
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Table 3 Examples of cold acclimation induced cis-NATs pairs that produce siRNAs resembling the classical nat-siRNA expression

Gene 1 sense transcript FC  Gene 2 antisense transcript FC
6h
Transmembrane protein 4.75 AT2G22090 UBP1-associated proteins 1A 141
AT2G22080
2d
RAS-related GTP-binding nuclear protein 2 2.58 AT5G20030 Plant Tudor-like RNA-binding -217
AT5G20020 protein
TCP-1/cpn60 chaperonin family protein 286 AT3G11840 Plant U-box 24 -29
AT3G11830
Methylcrotonyl-CoA carboxylase alpha chain, mitochondrial / 3- —2.5 AT1G03100 Pentatricopeptide repeat (PPR) 247
AT1G03090 methylcrotonyl-CoA carboxylase 1 (MCCA) superfamily protein
Acyl-CoA N-acyltransferases (NAT) superfamily protein —2.3 AT1G72040 Deoxyribonucleoside kinase 244
AT1G72030
Transmembrane amino acid transporter family protein —2.3 AT2G40430 SMALL ORGAN 4 232
AT2G40420
HIGH CHLOROPHYLL FLUORESCENCE 106 —1.7 AT5G52450 MATE efflux family protein 29
AT5G52440
E GROWTH-REGULATING 3 —14 AT3G16810 Pumilio 24 55
AT3G16800
Transmembrane protein 3.13  AT2G22090 UBP1-associated proteins 1A —-1.51
AT2G22080
Oleosin-B3-like protein 4.53 AT1G13940 T-box transcription factor, -1.31
AT1G13930 putative (DUF863)

Sense transcript and antisense transcript fold change >2 or < -2, Benjamini-Hochberg corrected p-value <0.05 and siRNA expression fold change >2, Benjamini-

Hochberg corrected p-value <0.05.

observed 2, 5 and 23 trans-NAT pairs comprising over-
lapping pc:pc transcript that generate DE trans-nat-siR-
NAs. We found one pcipc NAT pair that produced
reduced nat-siRNAs at 3 h, but increased nat-siRNAs at
6 h and 2 d time points. Both transcripts encode ZED re-
lated kinases (ZRK 1, AT3G57710 and ZRK 7,
AT3G57770) that are known to be induced at high
temperature and to inhibit the immune response in the
absence of plant pathogens [99]. In our data, the tran-
script levels of these two genes were unchanged, but the
generation of trams-nat-siRNAs from the two overlap-
ping transcripts might be important to keep the tran-
scripts at a steady-state level. After 2 d of cold
treatment, we found a pc:pc trans-NAT pair that led to
increased tramns-nat-siRNA production from transcripts
encoding Plastid Redox Insensitive (PRIN2, AT1G10522)
and prolamin like protein (AT5G53905), but the tran-
script levels for these two genes remained unchanged. It
is known that PRIN2 is a plastid protein involved in
redox-mediated retrograde signaling and is required for
light-activated PEP-dependent transcription. Another
similar example comprises a ncRNA (AT1G70185) and
a transcript for a hypothetical protein (AT5G53740) that
produce high amounts of trans-nat-siRNAs, but their
transcript levels were unchanged. Apart from pc:pc
pairs, we detected pc transcripts that are able to pair
with distinct pre-tRNA. In particular, 7 pc transcripts
pairing with 36 pre-tRNA transcripts produced DE

trans-nat-siRNAs at 3 h, 10 pc transcripts paired with 46
pre-tRNAs at 6 h and 15 pc paired with 82 pre-tRNAs
after 2 d of cold treatment. The majority of the trans-
NAT gene pairs comprised a nc transcript partner en-
coding a pre-tRNA or RNA deriving from TE. We found
a large number of pc:nc pairs that generated DE sRNAs
(41, 37 and 65 loci at 3h, 6h and 2 d, respectively)
where the transcripts levels were undetected or un-
changed. There is a possibility that these pc:nc NATs
pairs produce sRNA from the double stranded region of
two completely or partially overlapping transcripts,
which can be referred as trans-nat-siRNAs or these
could be derived from single stranded region of two par-
tially overlapping tRNA or TE transcripts (Add-
itional file 12: Table S15). In particular, we observed 1, 8
and 17 pcnc trans-NATs pairs at 3h, 6h and 2 d, re-
spectively, that produced DE sRNAs from TE tran-
scripts. One widely known example for a TE-derived
siRNA is siRNA854 which shows partial complementar-
ity to the 3" UTR of its target encoding an RNA-binding
protein involved in stress granule formation known as
UBP1b transcript [100]. We also detected TE-derived
sRNAs that are able to target mRNA transcripts to pro-
mote cold treatment adaptation. Concerning the trans-
nat-siRNA producing loci we found 13 transcript pairs
after 6 h and 34 pairs after 2 d time that produced DE
trans-nat-siRNAs where one of the transcripts from each
pair was either up- or downregulated and the pairing
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partner remained unchanged. The time profile revealed
that the highest number of DE trams-nat-siRNAs were
identified after 2 d indicating trans-nat-siRNA mediated
regulation of gene expression seems to be most import-
ant for the late response to cold acclimation.

Pha-siRNA

At 6 h time point we identified upregulated sRNAs that
were derived from a transcript coding for a mitochon-
drial PPR protein (AT1G63070) and this was already
shown to produce pha-siRNAs [101] (Additional file 12:
Table S16). Despite the increasing abundance of the
pha-siRNAs we were not able to detect the respective
PPR transcript in the mRNA data. The most abundant
sRNAs were 21 nt in size followed by 22 nt sSRNAs gen-
erated from this PPR transcript. The 21 nt pha-siRNAs
are known to be loaded into the argonaute and RNA-
induced silencing complex to mediate cleavage of
mRNAs targets. We performed a target prediction for
the 21 nt pha-siRNA with psRNATarget applying strin-
gent parameters and identified putative target transcripts
that encode other PPR and TPR proteins, the photo-
system II subunit QA (AT4G21280), RNA processing
factor 2 (AT1G62670) and HVA22 Homologue A
(AT1G74520). The RNA processing factor 2 also belongs
to a class of PPR protein which facilitates RNA process-
ing in mitochondria [102]. The photosystem II subunit
QA is a component of the electron transport chain and
the HVA22 Homologue A protein with an unknown
function was previously shown to be ABA and stress in-
ducible [103]. In agreement with the observed upregula-
tion of the pha-siRNA we found the transcript levels of
one of the putative targets encoding a PPR protein
(AT1G18485) to be significantly downregulated.

Discussion

Our study aims to provide insights into the cold-
responsive regulation of different classes of sRNAs and
their impact on the control of either the transcripts
underlying sRNA production or the control of tran-
scripts targeted by the sSRNAs. We combined sRNA se-
quencing together with sequencing of mRNAs and
IncRNAs to correlate changes in mRNA/IncRNA steady
state levels to changes in sSRNA expression. We observed
classical cold stress related marker genes to be upregu-
lated in the mRNA sequencing data which were found
to be differentially expressed in a previous study (Lee
et al. 2005) (Additional file 13: Table S17). Over the time
course of cold treatment, we observed an overall reduc-
tion of sSRNAs produced from RNA classes such as miR-
NAs, trans- and cis-NATs-pairs and IncRNAs. To
exclude that these changes are not caused by altered
levels of the major components involved in SRNA bio-
genesis we analyzed the levels of transcripts encoding
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sRNA biogenesis associated proteins such as Hua En-
hancer 1 (HEN1), RNA dependent RNA polymerase
(ATRDR1-6), DCL1-4, HST1, HYL1, Serrate and Sup-
pressor of Gene Silencing 3 (SGS3). Their levels
remained unaffected during the time course of cold
treatment and we speculate that the reduced sRNA pro-
duction could be due to a reduced transcription of
sRNA precursor transcripts in response to cold
acclimation.

Analysis of miRNAs and their putative targets

We analyzed DE miRNAs since these are powerful regu-
lators of gene expression and are involved in the control
of nearly all cellular pathways [104]. We found 107 DE
miRNAs over the time course of the treatment and com-
pared our results to previously reported cold-responsive
miRNAs in in A. thaliana [32, 35, 71]. Baev et al. (2014)
treated plants at 4°C for 24 h and sequenced the RNA
from rosette leaves and detected 44 DE miRNAs. We
found an overlap of 7 miRNAs following the same ex-
pression pattern and the majority of these were DE after
2 d of cold treatment. Similarly, Liu et al. (2008) sub-
jected plants to 4°C, isolated RNA from whole plant tis-
sues and detected 11 DE miRNAs through microarray
experiments. We detected 5 of these 11 miRNAs follow-
ing the same expression pattern. Sunkar et al. (2004)
studied DE miRNAs from whole plants treated at 0°C
for 24h and two miRNAs were also identified as DE
miRNAs in our study. We found 14 out of 107 DE miR-
NAs to be previously identified in A. thaliana in cold
stress and these comparisons show that there is limited
overlap between the different studies which might be
due to the applied temperature, duration of the treat-
ment or plant tissue types used in the studies. Several
miRNAs such as miR167c, miR168, miR397, miR389,
miR400, miR837-5p, miR838, and miR857 were re-
ported to be cold stress responsive in other studies,
but were not identified to be differentially expressed
in this study [32, 35, 71].

We analyzed the psRNATarget tool predicted putative
miRNA targets of the DE miRNAs and found 96, 173
and 267 miRNA target pairs at 3h, 6h and 2 d time
points, respectively, which reflects the importance of
miRNAs in regulating the transcriptome at prolonged
cold treatment. Typically, the alterations in miRNA ex-
pression affect the abundance of target genes via cleav-
age of the target transcript after complementary pairing.
The responses of several abiotic stresses are regulated by
common mediators that facilitate cross talk of multiple
signaling pathways [105]. To maintain the temporal and
spatial expression of stress-related genes, the regulatory
factors comprising TFs and sRNAs are extremely essen-
tial. Among the predicted targets of the DE miRNAs, we
found mRNAs encoding TFs such as NFY, MYB, TCP
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and HSFs. The GO enrichment of all predicted miRNA
targets showed that the highest number of targets are as-
sociated with the nucleus (136 mRNAs) and 85 of these
encode TFs. Some miRNAs were not associated with
anticorrelated targets, but their expression pattern sup-
ports the findings of previous cold- related studies such
as miR161.1 and miR159b, which were found to be
downregulated at the 6h time point. Studies with
SNRK1 overexpression lines showed reduced miR161
and miR159b promoter activity and lowered transcript
levels of the respective MIR precursors that is likely to
cause reduced miR161 and miR159b levels [106]. Plants
have a multitude of TFs that are necessary for growth
and stress responses and we predicted 85 targets of DE
miRNA that encode TFs. We predicted TCP2
(AT4G18390) and TCP4 (AT3G15030) to be targeted by
miR319 and which is consistent with previous studies in
A. thaliana and sugarcane [107]. All miR319 isoforms
were downregulated after 2 d of cold treatment which is
consistent with a study in rice, where miR319 was down-
regulated and its target TCP21 was upregulated by cold
treatment [108]. We observed a similar downregulation
of miR319 and concomitant upregulation of its targets
TCP2 and TCP4 after 2 d of cold treatment.

MYB TFs are known to facilitate cell proliferation and
to control phenylpropanoid metabolism and hormone
responses [109]. We observed upregulation of miR858
and a corresponding downregulation of its putative tar-
gets MYB48, MYB34 and MYB20. Apart from TFs, tar-
gets of miRNAs also comprise transcripts for epigenetic
regulators such as methyl transferases. miR163 was up-
regulated after 6 h and downregulated after 2 d of cold
treatment. One of its targets coding for a S-adenosyl-L-
methionine-dependent methyltransferases superfamily
protein (AT1G15125) was downregulated after 6 h and
another target encoding a N2, N2-dimethylguanosine
tRNA methyltransferase (AT5G15810) was upregulated
after 2 d of cold treatment. The tRNA methyltransferase
(AT5G15810) was shown to cause stress-related N2, N2-
dimethylguanosine (m?*,G) modification in tRNAs of A.
thaliana [110]. Usually, tRNA nucleotide modifications
occur within tRNAs during their maturation and pro-
cessing and these modifications are biomarkers of spe-
cific stresses and were observed to be induced in
response to oxidizing agents [111]. It is also known that
stress-induced epitranscriptomic changes regulate tRNA
stability, translation initiation, and microRNA-based
regulation of transcripts [111].

miR159 alters mitochondrial protein import and ethylene
biosynthesis

Similarly, miR159 isoforms were upregulated at 3 h, but
downregulated after 2 d of cold treatment. The putative
target transcript of miR159 encoding a mitochondrial
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translocase TIM-44 related protein (AT5G27395) was
anticorrelated with 1.4 fold downregulation at 3h and
2.8 fold upregulation after 2 d. Since mitochondrial pro-
teins are translated in the cytosol and require import
into the mitochondria, our results suggest miRNA-
mediated regulation of TIM-44 that may lead to altered
mitochondrial protein import during cold treatment. It
is known that environmental stresses inhibit and stimu-
late protein import [112]. TIM44 recruits mitochondrial
HSP70 and facilitates the import of proteins containing
a transit peptide from the inner membrane into the
mitochondrial matrix [113]. miR159 is also known to
target RNAs coding for MYB TFs, an amino-
cyclopropane-1-carboxylate synthase (ACC synthase)
and proteins of the Small Auxin-Up RNA (SAUR) family
[114]. Consistent with the previous findings, the upregu-
lation of miR159 was accompanied by a downregulation
of 13 SAUR mRNAs and a transcript for an ACC syn-
thase (AT4G37770) that is required for ethylene biosyn-
thesis which is known to be a negative regulator of
freezing tolerance [115]. Thus, miR159-mediated down-
regulation of ACC synthase observed in our study sug-
gests a reduced ethylene biosynthesis and increased
transcription of CBF genes.

miR395c¢ targets an mRNA for a mg chelatase that
promotes thermogenesis in cold acclimation

miR395c was found to be downregulated after 6h of
cold treatment and its putative target coding for the Mg
chelatase subunit H was concomitantly upregulated. The
Mg chelatase is a multifunctional protein involved in
chlorophyll synthesis catalyzing the insertion of Mg**
ions into protoporphyrin IX to produce Mg protopor-
phyrin IX (Mg-Proto-IX) [116]. A recent study con-
firmed the role of Mg-Proto-IX-derived signals in
inducing the gene Alternative oxidase la (AOX1a) [117].
AOXla reduces O, to H,O without pumping protons
from the matrix to the inter-membrane space and in
turn dissipates excess energy in the form of heat. The
generated heat plays a role in thermogenesis during cold
stress conditions and promotes stress tolerance. More-
over, the Mg-Proto-IX signals also lead to increased ac-
tivities of antioxidant enzymes that add to the
maintenance of redox equilibrium in cold stress [118].

A putative target of miR408 coding for a galactose
oxidase/kelch repeat protein could induce acclimation in
an ABA-dependent manner

Interestingly, miR408-5p was upregulated at all ana-
lyzed time points. A chickpea MIR408 overexpression
line subjected to drought stress showed reduced levels
of its target coding for plastocyanin. The lack of plas-
tocyanin caused an accumulation of copper and in-
creased levels of copper were shown to cause
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upregulation of drought responsive genes such as
DREB factors and induced their downstream genes
COR47/RD17 and Low Temperature-Induced 78/Re-
sponsive to desiccation 29A (LTI78/RD29A) [119].
Similarly, we observed upregulation of miR408-5p,
transcripts of DREBs and their downstream tran-
scripts COR47/RD17 and LTI78/RD29A [120, 121].
Further, MIR408 overexpression lines showed an in-
creased efficiency of photosystem II, reduced electro-
lyte leakage and lipid peroxidation and increased
chlorophyll fluorescence resulting in enhanced cold
tolerance due to reduced ROS levels [122]. We pre-
dicted a miR408-5p target coding for a galactose oxi-
dase/kelch repeat superfamily protein (AT1G67480)
that was found to be downregulated at 6h and 2 d
time points indicating cleavage of the mRNA tran-
script. Song et al. (2013) studied miR394 and one of
its targets coding for the galactose oxidase kelch fam-
ily protein LCR (Leaf Curling Responsiveness) in A.
thaliana MIR394 overexpression and lcr mutant lines.
They demonstrated upregulation of miR394 and
downregulation of LCR in the presence of ABA indi-
cating their regulation in salt and drought stress.
Other galactose oxidase kelch family proteins such as
ZEITLUPE (AT5G57360) have been observed to be
reduced at low temperatures [123] and KISS ME
DEADLY (AT1G80440) was downregulated to induce
UV tolerance [124]. There is a possibility that the pu-
tative target galactose oxidase/kelch repeat superfam-
ily protein (AT1G67480) could also mediate cold
tolerance in an ABA-dependent manner by its down-
regulation through miR408-5p [45].

miRNA-mediated inhibition of chlorophyll biosynthesis
and flowering in cold

miR171-3p was downregulated at the 2 d time point and
its cognate mRNA target encoding the GRAS domain
TF Scarecrow-Like 27 (AT2G45160) was upregulated. It
is known that SCL27 binds to the promoter of the PORC
gene (protochlorophyllide oxidoreductase) through GT cis-
element repeats and represses its expression causing reduced
chlorophyll synthesis [125]. The upregulation of SCL27 due
to reduction in miR171 levels could facilitate the cold treat-
ment imposed inhibition of chlorophyll biosynthesis.

We detected miR156/157 isoforms to be upregulated
at the 2 d time point accompanied with downregulation
of their target SPL3 (Squamosa Promoter Binding
Protein-Like 3). It has been shown that overexpression
of MIR156a maintains reduced levels of SPL3 transcripts
which leads to delayed flowering in A. thaliana [126]. In
contrast, miR172c was downregulated and its putative
target encoding RAP2.7 also known as Target of Early
Activation Tagged 1 (TOE1) was upregulated. A. thali-
ana TOE1 overexpression lines also showed delayed
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flowering [127] and it is possible that miR156 and
miR172c¢ regulate transcript levels of SPL3 and TOEI
under cold treatment to inhibit flowering.

A cold-responsive gene regulatory network indicates
importance of miRNA-TF-mRNA interaction

By combining the temporal miRNA and mRNA expres-
sion data with publicly available knowledge about regu-
latory binding behavior of miRNAs, TFs and their
downstream target genes, we were able to construct a
cold-related GRN of A. thaliana. In the resulting GRN
we observed different modes of target regulation with re-
spect to miRNAs and TFs both regulating direct targets
and miRNAs that regulate TF transcripts and thus con-
trol additional targets in an indirect manner. A large
number of connections was observed between miRNAs
and their direct targets, but the number of affected tar-
gets increased when miRNA-targeted TFs were included
into the network. This indicates that TFs act as the cen-
tral nodes for relaying information from miRNAs to sev-
eral TF-affected targets. The extracted cold responsive
GRN revealed an overrepresentation of distinct func-
tional modules such as cold stress, biotic stress and cell
organization, transcription and translation, transport and
PPR, cell wall and lignin synthesis, signaling and protein
degradation. This indicates that miRNA-regulation
seems to be important to control major cellular path-
ways that are known to be involved in cold adaptation.
The complete GRN as well as specific subnetworks can
be used to study the regulatory relationships of miRNA,
TFs and their direct and indirect targets to explore puta-
tive novel interacting regulatory components that facili-
tate cold acclimation.

Differentially expressed sRNAs derived from other RNA
classes

We further investigated sRNAs derived from other RNA
classes such as IncRNA, cis- and trans-NATs, TAS and
PHAS. We found 15 non-redundant, non-overlapping
IncRNAs that produced DE sRNAs during the course of
cold treatment. Since 12 of these IncRNA transcripts
were not detected by RNAseq and 3 were not DE, we
speculate that the IncRNA transcripts are efficiently
processed into sRNAs to repress their transcript levels.
Such an autoregulatory mechanism has been shown in
rice where the IncRNA Long day specific male fertility
associated RNA (LDMAR) was able to produce Psi-
LDMAR siRNAs that were able to repress their parent
LDMAR transcript by RNA-dependent DNA methyla-
tion (RADM) [128].

Besides non-overlapping IncRNAs, we found 429 non
redundant cis-NATs and 179 non redundant trans-
NATSs pairs producing DE siRNAs with a high propor-
tion of pcnc and pcopce transcript pairs. DE sRNAs
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derived from cis-NATs have been identified in A. thali-
ana subjected to drought, cold and salt stress treatments
[87]. Zhang et al. (2012) grew seedlings for 29 days at
23°C and shifted them to 5°C for 24 h and we detected
three cis-NATs pairs that were reported in this study to
give rise to cold-induced nat-siRNAs. One transcript pair,
AT5G15845 (ncRNA) and AT5G15850 (CONSTANS-like 1)
showed the same pattern of nat-siRNA production as reported
for cold and salt stress and the transcript levels of both genes
as well as the nat-siRNAs were upregulated [87]. Another
transcript pair, AT5G19220 (ADP-glucose pyrophosphorylase)
and AT5G19221 (ncRNA) showed unchanged transcript
levels, but elevated nat-siRNA production. The second pair
showed less normalized reads in untreated samples compared
to cold, salt and drought stress in Zhang et al. (2012). Another
NATS pair comprising AT3G22120 (Cell wall-plasma mem-
brane linker protein homolog) and AT3G22121 (ncRNA) led
to increased nat-siRNA production. The same gene pair was
found to generate reduced nat-siRNA in the previous study in
response to cold, but produced elevated nat-siRNAs under salt
stress [87].

We observed a predominance of pc:nc gene pairs with
pre-tRNA or TE as the non-coding transcript partner.
We found a large number of pre-tRNA transcripts
pairing with protein coding transcripts and producing
siRNAs from one or both pairing transcripts. Several
pre-tRNA transcripts are able to pair with an mRNA en-
coding a Gly-Asp-Ser-Leu (GDSL)-like Lipase/Acylhy-
drolase superfamily protein (AT5G55050) and a GDSL
type lipase gene in pepper has been shown to be in-
volved in drought tolerance, the expression of ABA-
inducible genes and oxidative stress signaling [129].
Transcripts encoding F-Box containing proteins
(AT2G33655, AT1G11270, AT2G16365) that are known
to be co-expressed with several abiotic stress related
genes [130] or to activate stress-responsive genes [131]
showed pairing with pre-tRNA transcripts to produce
trans-nat-siRNAs. With respect to the expression pat-
tern of the pairing transcripts and the resulting nat-
siRNA it is possible that the siRNAs are produced from
the pre-tRNA alone or they are processed from a dsRNA
formed by pairing of pre-tRNA and the protein coding
transcript. tRNA-derived small RNAs (tsRNAs) were ini-
tially thought to be degradation products of endonucle-
ases, but recent advances suggest their functional role in
the maintenance of genome stability, epigenetic inherit-
ance, stress response and cell proliferation [132]. Studies
in other organisms suggest that the expression of these
sRNAs referred to as transfer RNA-derived fragments
(5’tRF and 3'tRF) can be related to the quality control of
protein synthesis [133, 134]. Previous experiments in
A.thaliana and human suggest that the tRNA-derived
sRNA biogenesis depends on the miRNA pathway [135]
and tRFs target transcripts of TE to promote genome
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stability [91, 136]. A recent study confirmed the loading
of 19-25 nt tRFs into AGO proteins suggesting a role of
tRNA produced sRNAs in post-transcriptional gene si-
lencing [94, 137-140]. German et al. (2017) observed
the accumulation of 19nt tRNA-derived sRNAs from
the 5 end of mature tRNA transcripts in A. thaliana
pollen. It was concluded that tRFs are processed similar
to miRNAs since there was a reduction in tRF accumu-
lation in a ddml/dcll double mutant. tRFs and TE-
derived sRNAs have been observed to be DE in barley in
the presence and absence of phosphorous [141] and in
response to phosphate deficiency in A.thaliana [142].
Moreover, recently a new class of DCL-independent siR-
NAs termed sidRNAs were identified that are incorpo-
rated into AGO4 and trigger de novo methylation in A.
thaliana [143] suggesting similarity to tRFs. Besides
tRNAs, we detected differential regulation of trams-nat-
siRNAs derived from transposons containing Ty3 Gypsy,
CACTA and Tyl Copia elements. TE-derived siRNAs
can cause DNA methylation or induce repressive histone
tail modifications to repress TE loci [144]. Furthermore,
in A. thaliana TE-derived siRNAs can also target protein
coding genes. For example the TE-derived siRNA854
was found to control UBPI transcript level that encodes
Upstream Binding Protein la component of plant stress
granules [100]. We found 4, 6 and 26 hypothetical pro-
tein coding transcripts pairing with TE encoded tran-
scripts, pseudogene RNAs, mRNA and non-coding RNA
transcripts at 3h, 6h and 2 d time point, respectively,
indicating an involvement of several RNA classes in the
adaptation to cold treatment.

In addition to nat-siRNAs derived from pc:inc pairing
transcripts, we also identified pc:pc cis- and trans-NATSs
pairs that produced siRNAs and we observed an increas-
ing number of nat-siRNAs over the time course of the
treatment. We detected elevated expression of nat-siRNAs
from 9 cis-NAT pairs in response to cold where the over-
lapping transcripts underlying nat-siRNA production fol-
low the classical expression pattern of a nat-siRNA
regulon [54]. This is characterized by an increased expres-
sion of nat-siRNAs in response to a stimulus due to an el-
evated transcription of one of the pairing partners that
causes downregulation of the cognate partner transcript.
We observed cold-induced upregulation of one transcript
together with the repression of its cognate pairing tran-
script and these gene pairs comprised the transcripts
RAN2 GTPase (AT5G20020) and Plant Tudor-like RNA-
binding protein (AT5G20030), TCP-1 chaperonin family
protein (AT3G11830) and plant U-box 24 (AT3G11840)
and PPR (AT1GO03100) pairing with mitochondrial/3-
methylcrotonyl-CoA carboxylase 1 (AT1G03090). The in-
verse expression pattern of these pairing transcripts was
accompanied by the induction of cis-nat-siRNAs in cold
treatment. An ideal example is represented by the cold
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responsive upregulation of an mRNA encoding a MATE
efflux protein (AT5G52450) that is involved in xenobiotic
detoxification, disease resistance, and the control of phyto-
hormones and its pairing partner High Chlorophyll Fluor-
escence 106 (HCF106, AT5G52440) that displays a
concomitant downregulation. Until now, functional stud-
ies on the putative MATE efflux protein are lacking
whereas the overlapping transcript encoding HCF106 pro-
tein is well characterized. HCF106 is a chloroplast thyla-
koid protein and imports proteins into the thylakoid
lumen. The /cf106 knockout mutants are albino mutants
and seedling-lethal, whereas weaker T-DNA alleles are
paler in color and display reduced stomatal aperture and
reduced water loss and hence cause elevated dehydration
tolerance [145]. The production of nat-siRNAs from the
two transcripts resulting in elevated levels of the MATE
transcript and downregulation of HCF106 transcript sug-
gests a cold-responsive regulatory mechanism which could
act in cold acclimation.

Based on our results, we conclude that cold treatment
leads to considerable changes in sRNA levels that are
likely to contribute to changes in gene expression that
underlie cold acclimation in A. thaliana. The combination
of multilevel high throughput sequencing and bioinfor-
matics analysis proved to be a powerful tool to create a
regulatory network of sRNAs and mRNAs responsive to
cold stress. A high number of miRNAs were DE and their
predicted targets include a large number of mRNAs en-
coding TFs, PPR and TPR proteins that act in the regula-
tion of gene expression and protein biosynthesis,
respectively, and transcripts encoding important enzymes
that act in cold acclimation. Along with miRNAs, large
numbers of sRNAs were produced from IncRNAs and
transcripts of cis- and trans-NATs pairs indicating a
strong impact of all SRNA classes in cold adaptation.

Conclusions

According to this study in A. thaliana, miRNAs and
sRNAs derived from, cis- and trans-NAT gene pairs and
from IncRNAs play an important role in regulating gene
expression in cold acclimation. The gene regulatory net-
work constructed provides substantial information re-
lated to the interaction of miRNA and their associated
direct and indirect targets. Overall, this study provides a
fundamental database to deepen our knowledge and un-
derstanding of regulatory networks in cold acclimation.

Methods

Plant material and stress treatment

Seeds of A. thaliana ecotype Columbia (Col-0) were
sown at a high density (ca. 50 seeds on 9 x 9 cm pots)
with soil substrate and stratified at 4°C for 2 d in the
dark. Following stratification, the pots were transferred
to LED-41 HIL2 cabinets (Percival, Perry, USA) and
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cultivated under control conditions with a light / dark
regime of 16 h light (80 umol photons m™?s™'; corre-
sponding to 18% of blue and red channel) at 22°C
followed by 8 dark at 18°C for 14 d. Plants serving as
controls remained under these condition whereas plants
subjected to cold treatment were transferred 4h after
the onset of light at continuous 4 °C with diurnal light
intensity of 35 pumol photons m™*s™'. The cold treat-
ment was performed in three independent subsequent
experimental replicates using the same growth chamber
with identical settings. The aerial tissues from three ex-
perimental replicates of cold-treated as well as control
samples were harvested after 3h, 6 h, and 48 h (2 d).

RNA isolation and sRNA sequencing

The total RNA from the biological triplicates of each
sample were isolated using TRI-Reagent (Sigma) accord-
ing to the manufacturer’s instructions. For each mRNA
and IncRNA library including polyA-tailed IncRNAs,
10 ug total RNA was vacuum dried with RNA stable
(Sigma-Aldrich). The libraries were prepared by Novo-
gene (China) using the Next Ultra RNA Library Prep Kit
(NEB). The libraries were strand-specifically sequenced
as 150 bp paired-end on a HiSeq-2500 platform with at
least 15 million read pairs per library.

For each sRNA library 50 pg of total RNA was sepa-
rated on a 15% native polyacrylamide gel. The ZR small-
RNA Ladder (Zymo Research) served as RNA size
marker and sRNAs corresponding to 17-29 nt were ex-
cised from the gel. The gel pieces were transferred into a
LoBind Eppendorf tube and crushed using a disposable
polypropylene pestle. 0.3 M NaCl was added to immerse
the gel pieces and the tubes were frozen for 15 min at -
80°C and RNA was subsequently eluted overnight at
4°C. The buffer was transferred into a Spin-X centrifuge
tube filter (COSTAR) and centrifuged for 1 min at 4°C
to remove the gel pieces. RNA was precipitated by add-
ing 2.5 volume of 100% (v/v) ethanol, 1/10 volume of 3
M NaOAc (pH5) and 1l of glycogen (10 mg/ml) and
incubation at — 80°C for 4 h. The samples were centri-
fuged for 30 min with 17.000 x g at 4°C and the RNAs
were washed twice with 80% ethanol, dried at room
temperature and resuspended in 7 ul of nuclease free
water. RNA concentrations were measured spectro-
photometrically and the sRNA fractions were used for li-
brary preparation using the NEBNext multiplex small
RNA library prep kit Illumina following the manufac-
turer’s protocol with minor modifications. The 3" SR
adapter was ligated at 16 °C overnight and the SR reverse
transcription primer was hybridized to an excess of 3’
SR adapter to prevent adapter dimer formation. After
ligation of the 3" SR adapter, the 5° SR adapter was li-
gated to the RNA and incubated for 1.5h at 25°C. PCR
amplification of the libraries was performed using
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specific index primers for 12cycles and the cDNA
amplicons were separated on a 6% native acrylamide gel
at 120 V. The gel was stained with SYBR gold and RNAs
with a size between 138 and 150nt corresponding to
adapter-ligated sSRNAs with a size between 18 and 30 nt were
excised. Gel elution of the DNA was performed as described
above except the addition of 1 pl linear acrylamide (5 mg/ml)
prior to precipitation to increase the DNA pellet mass. The
cDNA library with concentration of at least 8 ng/pl was con-
sidered optimum for sequencing. The sRNA libraries were
sequenced with an Illumina deep sequencing platform (Illu-
mina HiSeq 1500) with a read length of 50 nt and a mini-
mum of 7 million reads per library.

Bioinformatic analyses of transcriptomes

The mRNA/IncRNA sequencing data for the triplicates
of 3h, 6h and 2 d cold-acclimated samples together
with the respective controls were analyzed using open
web based platform GALAXY (https://usegalaxy.org/)
[146]. The adapter sequences were trimmed using the
FASTQ Trimmomatic tool using the default parameters.
To map the raw reads against A. thaliana reference gen-
ome (https://www.arabidopsis.org, release: TAIR10),
Tophat tool was used with a maximum intron length
parameter of 3000 nt. The Araportll annotation [147]
was used to annotate the transcripts and ncRNA tran-
scripts longer than 200 bp were considered as IncRNAs.
We used the FeatureCounts tool to count the number of
reads mapped to the reference genome (Additional file
1: Table S1). Using the count file as an input for the
DeSeq2 tool of GALAXY, we obtained the final list of
genes. All genes were classified based on Araportll ref-
erence annotation (https://araport.org/).

The sRNA raw reads were mapped to the TAIR10
(https://www.arabidopsis.org, release: TAIR10) reference
genome using the Shortstack software [148]. Approxi-
mately 80% of the obtained reads efficiently mapped to
it (Additional file 1: Table S2). We generated a reference
annotation database for sRNAs derived from RNA clas-
ses such as miRNA (miRBase version 22.1), IncRNA
(Araportll), trans- and cis-nat-siRNA [57, 87-89], ta-
siRNA and phasiRNA [101] that was used to generate
read counts of SRNAs obtained from these RNA classes.
The counts generated from the triplicates were used for
the analysis of differential expression using the DeSeq2
tool in GALAXY and sRNAs having a FC>2& <-2,
Benjamini-Hochberg corrected p-value <0.05 were con-
sidered to be DE. Global comparisons of DE miRNAs
were generated using UpSetR package (https://CRAN.R-
project.org/package=UpSetR).

cDNA synthesis for stem loop qRT-PCR
c¢DNA was synthesized using 300 ng of RNA from three
biological replicates of treated and untreated samples
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[149]. The RNA was treated with DNAse I (2 U, NEB) at
37 °C for 30 min to eliminate genomic DNA contamin-
ation, the enzyme was heat-inactivated at 65°C for 10
min and the RNA was reverse transcribed into cDNA by
M-MuLV Reverse transcriptase (200U, NEB) at 42°C
for 30 min. Specific stem loop primers and a universal
reverse primer were used for ¢cDNA synthesis (Add-
itional file 14: Table S18). During cDNA synthesis, we
added UBI1 (AT4G36800) specific reverse primer and
monitored the successful cDNA synthesis through PCR
by using UBII specific gene primers.

Stem loop qRT-PCR

The Real-time PCR was performed using EvaGreen and
sRNA-specific primers (Additional file 14: Table S18). For
each sample, the qRT-PCR was performed in three tech-
nical replicates and each reaction contained cDNA
amounts equivalent to 20 ng/ul of initial RNA. The qRT-
PCR program was adjusted to initial denaturation at 95 °C
for 2 min followed by 40 cycles of amplification with 95°C
for 125, annealing for 30s and 72°C for 15s. The SYBR
green signals were measured after each cycle and melting
curves were monitored to confirm primer specificities.
The C; values were used to calculate the expression levels
by using AAC,; method [150]. The expression levels were
normalized using UBII housekeeping gene (AT4G36800).

miRNA target prediction

MiRNA targets were predicted using the psRNATarget
prediction tool (2017 Update) [73]. DE miRNAs were used
as a query to search against A. thaliana protein coding
and non-coding transcripts of Araportll keeping default
parameters and allowing calculation of target accessibility
(maximum energy to unpair the target site = 25). We used
a stringent cut off value 2.5 as the maximum expectation
score for selecting our potential targets.

Gene ontology of miRNA targets

GO analyses were performed with the DAVID Bioinfor-
matics tool [78]. The list of miRNA target genes was
provided as an input and the output list contained genes
categorized into biological process, cellular compartment
and molecular function. We filtered for significant GO
terms with Benjamini-Hochberg corrected p-value <0.05
which was obtained from Fisher’s test in all the categor-
ies. The dot plot visualizing the GO terms was generated
using ggplot2 package (https://CRAN.R-project.org/
package=ggplot2).

Construction and validation of the regulatory network
model

The gene regulatory network (GRN) was constructed
using high confidence experimentally validated regula-
tory connection from ATRM [79] and Agris [80]. We


https://usegalaxy.org/
https://www.arabidopsis.org
https://araport.org/
https://www.arabidopsis.org
https://cran.r-project.org/package=UpSetR
https://cran.r-project.org/package=UpSetR
https://cran.r-project.org/package=ggplot2
https://cran.r-project.org/package=ggplot2

Tiwari et al. BMC Plant Biology (2020) 20:298

did not include all the connections available in PlantReg-
Map [151] but the ones which fulfill the criteria of con-
servation of binding motifs. First criterion includes TF
connections whose binding sites lie in the conserved ele-
ments of different plant species (motif CE) and the sec-
ond criterion included TF connections whose binding
sites were found to be conserved in different plant spe-
cies when scanned for conservation of TFBSs (FunTFBS)
[81]. The TF based regulatory connections following
these two criteria were merged with the psRNATarget
tool predicted miRNA targets to obtain the full network
model. The prediction of target gene expression was per-
formed using the Fast Tree Regression learner from Dot-
net.ML version 0.8 [152]. The outcome variable was the
FPKM of target gene expressions at the separate time
points 3h, 6 h, and 2 d. As input variables, we used the
time point, the expression levels for each regulator
familywise aggregated at the respective time and the
counts of binding sites of the target gene. Both family
assignments for each TF and binding site information
for each target were taken from the AtTFDB database
[153]. The data related to GRN can be accessed through
free visualization Software GEPHI available for down-
load at https://gephi.org/ (Additional file 7: Data S1, S2).

Heatmap clustering

The pheatmap function (https://cran.r-project.org/web/
packages/pheatmap/index.html) of the R package ‘Pheat-
map’ was used to create a heatmap showing hierarchical
clustering of differentially expressed miRNAs at the
three time points of cold treatment.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/512870-020-02511-3.

Additional file 1 Table S1: Total mRNA sequencing reads mapping to
the A. thaliana reference genome after adapter trimming in control and
cold treated samples (biological triplicates). Table S2: Total SRNA
sequencing reads mapping to different SRNA producing RNA classes for
control and cold treated samples. Table S3: sSRNA size distribution in
reads per million. The size distribution of total SRNAs derived from
control and cold treated samples after adapter trimming.

Additional file 2 Table S4: Differentially expressed miRNAs during cold
acclimation. The three sub-tables depict DE miRNAs at 3h, 6h and 2 d,
respectively. The miRNAs highlighted in orange belong to evolutionarily
conserved miRNA families. Table S5: Normalized read counts and fold
changes of all miRNAs during cold acclimation. The three sub-tables de-
pict all miRNAs at 3 h, 6 h and 2 d, respectively. Table S6: Differentially
expressed cold-responsive miRNAs in A. thaliana. Fold changes of miRNAs
after 3h, 6h and 2 d of cold treatment, considered DE when log2FC =
1& < — 1, Benjamini-Hochberg corrected p-value <0.05, Conserved miR-
NAs are highlighted in bold.

Additional file 3 Table S7: List of miRNA-targeted mRNAs predicted
using psRNATarget. The sub-tables depict all predicted targets of DE miR-
NAs at the three time points. A stringent expectation value of 2.5 was
used to filter the targets. N/A = No significant fold change Table S8: List
of miRNA-targeted ncRNAs predicted using psRNATarget. The sub-tables
depict all predicted ncRNA targets of DE miRNAs at the three time points.
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A stringent expectation value of 2.5 was used to filter the targets. N/A =
No significant fold change .

Additional file 4 Table S9: List of all MRNAs generated from mRNA
sequencing data. The three sub-tables depict normalized read counts
(triplicates) from control and cold treated samples at 3h, 6h and 2 d.
Table S10: List of all significant DE mRNAs generated from mRNA se-
quencing data. The sub-tables present all the details from control and
cold treated samples after 3h, 6h and 2 d.

Additional file 5 Table S11: List of 54 targets of differentially expressed
miRNAs from all the four subgroups found to be consistently present at
all the three time points. The Venn diagram depicts all targets of
differentially expressed miRNAs observed after 3h, 6h and 2 d.

Additional file 6 Table S12: Gene Ontology term enrichment analysis
for predicted targets of differentially expressed miRNAs. The sub-tables
depict GO terms after 3h, 6h and 2 d of cold acclimation.

Additional file 7. The data file that can be accessed using free software
GEPHI available at https://gephi.org/ comprising of Data S1: Gene
regulatory network in cold acclimation, Data S2: Cold responsive network
of the differentially expressed miRNAs.

Additional file 8 Fig. S1: Complete gene regulatory network (GRN) of
cold acclimation. Overview of the GRN for cold acclimation. All predicted
miRNA targets in cold were selected and TFs regulating these targets
were inferred. Vertex colors indicate the respective regulatory activity and
edge colors mark the association to a calculated module. The biggest
modules are labeled with their most prominent functional groups which
were identified using ontology enrichment.

Additional file 9 Fig. $2: Cold responsive gene regulatory network
comprising of direct and indirect targets of DE miRNAs. The miRNAs and
the targets are differentially expressed at any one of the analyzed time
points (FC 2 2& < — 2, Benjamini-Hochberg corrected p-value <0.05).
Functional modules associated with cold stress; kinase signaling; tran-
scription, translation and transport are represented by blue, dark green,
pink, and orange color, respectively.

Additional file 10 Fig. S3: Subnetwork of miR858a extracted from the
complete network. The direct and the indirect targets of miRNAs are
differentially expressed in at least one of the analyzed time points (FC 2
2& < -2, Benjamini-Hochberg corrected p-value <0.05).

Additional file 11 Subnetwork of miR319b extracted from the complete
network. The direct and the indirect targets of miRNAs are differentially
expressed in at least one of the analyzed time points (FC 2 2& < -2,
Benjamini-Hochberg corrected p-value <0.05).

Additional file 12 Table S13: Differentially expressed sRNAs produced
from non-overlapping INcCRNAs. The sub-tables depict detailed sRNA and
INcRNA transcript sequencing data at 3 h, 6 h and 2 d. Table S14: Differ-
entially expressed sSRNAs produced from cis-NAT pairs. The sub-tables de-
pict detailed sRNA and cis-NAT sequencing data at 3h, 6h and 2 d.
Table S15: Differentially expressed sRNAs produced from trans-NAT pairs.
The sub-tables depict detailed SRNA and trans-NAT sequencing data at 3
h, 6h and 2 d. Table S16: Differentially expressed sRNAs produced from
PHAS pairs. The sub-tables depict detailed sRNA and PHAS transcript se-
quencing data at 3h,6h and 2 d.

Additional file 13 Table S17: List of classical cold responsive genes
that were found to be differentially expressed in Lee et al. 2005 and are
also differential expression in our study.

Additional file 14 Table S18: Sequences of oligonucleotides used in
this study to perform stem loop gRT-PCR.
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