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Abbreviations:
AGO: Argonaute protein
A. thaliana: Arabidopsis thaliana
DCL: DICER-LIKE
N. benthamiana: Nicotiana benthamiana
mRNA: messenger RNA
miRNA: microRNA
pha-siRNA: phased siRNA
PolIV: RNA polymerase IV
PolV: RNA polymerase V
RDR: RNA Dependent RNA Polymerase
RITS complex: RNA Induced Transcriptional Silencing complex
ROS1: REPRESSOR OF SILENCING
sRNA: small RNA
siRNA: short interfering RNA
ta-siRNA: trans-acting siRNA
WT: wild type

Summary
Plants as sessile organisms continually sense and adapt to environmental conditions. The 2124 nt small regulatory RNAs (sRNA) have recently been recognised as important gene
expression regulators, which play a major role in development and adaptation. However, little
is known about how they respond to ambient temperature at the genomic level. It was shown
recently, that chromatin state is important to mediate thermosensory response in plants. Since
sRNAs are important chromatin regulators in plants, it was plausible to hypothesize that
sRNAs could have a role in temperature sensing and mediating physiological responses to
different temperature.
To profile changes in temperature regulated mRNA and sRNA expression, we have grown A.
thaliana Col-0 plants at three different ambient temperatures (15, 21 or 27 °C). We used
Illumina deep-sequencing platform followed by computational methods to identify, profile
and describe conserved and non-conserved sRNAs during different ambient temperature
conditions. Furthermore we also identified sRNA cleaved mRNAs through genomic-scale
high-throughput Illumina sequencing. During our analysis we found many sRNA loci with
temperature dependent expression pattern and most of them were located in transposons or
intergenic regions. In our sRNA libraries we identified 28 miRNA families and 378 different
miRNA sequences. We identified 187 miRNA/cleavage target pairs using degradome libraries
prepared from four tissues and three temperatures. We identified the mRNAs that were
cleaved by the temperature regulated miRNAs. Among the experimentally identified targets
we found significant enrichment for the GO terms of nucleic acid binding, DNA binding,
transcription regulator activity and transcription factor activity. These findings may suggest
that the temperature regulated miRNAs serves as master regulators in temperature dependent
gene expression regulation. One of the temperature regulated miRNAs belongs to the miR169
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family. The NF-YA2 component of the SOC1 regulating NF-Y TF complex is regulated by
miR169h-n. The SOC1 floral pathway integrator triggers the floral transition during plant
development under environmental conditions that are favourable for reproduction. Based on
our work we propose that miR169h-n could mediate ambient temperature signals during
inductive photoperiod to modify flowering time via SOC1.
In our sRNA libraries we also identified pha-siRNA loci that were temperature regulated. We
identified the mRNAs that were cleaved by the temperature regulated pha-siRNAs in our
degradome libraries. Among the experimentally identified targets we found significant
enrichment for the GO terms of post-embryonic development. These findings may suggest
that the temperature regulated pha-siRNAs could help to adapt the plants post embryonic
development to changing temperature.
Furthermore, we identified temperature dependent 24-nt-long heterochromatic siRNA clusters
at distinct sites which are usually associated with transposons. The number of transposon
genes with significantly different siRNA production could be observed at higher temperature,
especially in the flower and the seedling. In flowers, most of the transposons that were
associated with significantly changed siRNA production belonged to the LTR/Gypsy
superfamily, whereas in the seedling, almost every superfamily was represented.
The results of this research were continuously presented on international and national
conferences, with 9 presentations (4 posters and 5 lectures). Preparation of a manuscript and a
doctoral dissertation based on the results on the analysis of the role of small RNAs in
temperature sensing in Arabidopsis is already in progress. The results and figures shown in
this report outline the high quality of this study, which is anticipated to be published in a top
academic peer reviewed journal with high impact factor. The results of this work are expected
to be a highly cited reference for future studies.
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1. Brief Introduction

Plants are sessile organisms, therefore it is vital to their survival to sense and readily adapt
their growth and development in response to continuously changing environment.
Temperature is a key environmental signal and accurate monitoring of ambient temperature is
fundamental of living organisms. Plants measure temperature very accurately and can show
remarkable responses to small changes in temperature (Argyris et al., 2005). For example, in
response to higher temperatures plants grow faster and flower earlier, while plants grown in
cold remain smaller and more compact. Some of these responses (like vernalization)
accumulate data on temperature for several weeks; while others (like thermotolerance) are
fast. Temperature can dramatically affect plant growth and development; however how
temperature is sensed and integrated into development is largely unknown. The majority of
research so far has focused on plant-temperature responses mostly associated with
temperature stress condition (cold or heat stress) (Penfield, 2008) and mechanisms by which
plants sense ambient growth temperature (or non-stress temperature) remained mostly
unknown. In a forward genetic screen in Arabidopsis, Kumar and Wigge (2010) found that
chromatin has an important role in the detection of changes in ambient temperature. They
showed that nucleosomes containing the alternative histone H2A.Z are essential to perceiving
ambient temperature correctly and this provides thermosensory information that is used to
coordinate the ambient temperature transcriptome. Nucleosomes play an active role in
controlling gene expression through modulating the ability of transcription factors to access
their cis elements (Lam et al., 2008; Segal and 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 and therefore
can modulate gene expression in a temperature-dependent manner. The same effect was
observed in budding yeast, indicating that this is an evolutionary conserved mechanism in
eukaryotes. (Kumar and Wigge, 2010).
Gene expression is highly regulated in living organisms to ensure proper development
and adequate responses to environmental changes. Since gene expression is a multi-step
process it can be regulated at several levels. Short non coding RNAs (sRNA) have been
recognised as important gene expression regulators and they can act both transcriptionally and
post-transcriptionally (Voinnet, 2009; Carthew and Sontheimer, 2009). The unexpectedly
complex sRNA content of plant cells suggests that these molecules have an extensive
regulatory role in gene expression. The function of these regulatory sRNAs is to give
sequence specificity to effector complexes. This layer of gene regulation is known as RNA
silencing.
The sRNAs are 21-24 nt long and they belong to two major classes: microRNA
(miRNA) and short interfering RNA (siRNA). All sRNA are generated by an RNAse-III type
enzyme called DICER-LIKE (DCL) from double stranded RNA (dsRNA) but dsRNA can be
formed through different mechanisms. MiRNAs are generated from precursor RNA (pre4
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miRNA) where single-stranded primary transcripts form a hairpin structure and are cleaved
during a stepwise process in the cell nucleus by DCL1. The mature miRNA duplex is
transported to the cytoplasm, where one of the miRNA strand is incorporated into Ago1 (an
Argonaute protein) and the other strand is degraded. Plant miRNAs have near-perfect
complementarity to their target sites and they bind to these sites to guide the cleavage of
target mRNAs (Llave et al., 2002), although there are examples where the translation of the
mRNA is suppressed without a cleavage (Aukerman and Sakai, 2003; Chen, 2004; Brodersen
et al., 2008). MiRNAs are mainly 21 nt long and are important regulators of endogenous gene
expression during development and environmental adaptation as it have been demonstrated by
the pleiotropic developmental abnormalities seen in many miRNA biogenesis mutant.
The other big class of small RNAs based on their biogenesis is siRNAs. SiRNAs are produced
from long dsRNA precursor. SiRNAs can be categorized into many different groups, however
based on the origin of the dsRNA and the type of their targets the two most important are the
followings:
(1) phased siRNAs (pha-siRNAs; they are also known as trans-acting siRNAs or ta-siRNAs)
are 21 nt long and they belong to a special class of endogenous siRNAs. Pha-siRNAs require
components of both the miRNA and siRNA pathways for their biogenesis. They are produced
from long non-coding transcripts, which are converted into dsRNA by an RNA Dependent
RNA Polymerase 6 (RDR6) (Peragine et al., 2004; Vazquez et al., 2004). This long dsRNA is
then cleaved in a phased dicing reaction by DCL4 to generate 21 nt ta-siRNAs (Gasciolli et
al., 2005; Xie et al., 2005; Yoshikawa et al., 2005). The phase of the dicing reaction is
determined by the initial miRNA cleavage site. Ta-siRNAs target and regulate mRNAs in a
similar way as miRNAs.
(2), the vast majority of endogenous siRNAs form a complex population of more than
100,000 different siRNA transcribed from thousands of loci (Kasschau et al., 2007; Mosher et
al., 2008). The dsRNAs precursor are produced by RDR2 and cleaved by DCL3 to produce 24
nt siRNAs. The biogenesis of these heterochromatin siRNAs also requires an RNA
polymerase IV (PolIV), which is unique to the plant kingdom and homologues to DNAdependent RNA polymerase II (Zhang et al., 2007). A subset of these 24 nt cis-acting siRNA
molecules are involved in stress responses, others target DNA and cause changes in chromatin
structures. PolV is another plant specific RNA polymerase that generates nascent scaffolds
transcripts that serves as a platform for complexes (likely through base-pairing between
AGO4/siRNA complexes and scaffold RNA) to direct DNA methylation in Arabidopsis
(Wierzbicki et al., 2009; Zhong et al., 2014).
sRNAs are not only important in endogenous gene regulation they also play role in
plant defence against molecular parasites, including viruses (Ding and Voinnet, 2007).
Environmental factors, especially temperature has strong influence on the outcome of plantvirus interactions. We showed previously that siRNA mediated plant defence against
molecular parasites is temperature dependent (Szittya et al., 2003). At low ambient
temperature (15 °C) the level of virus or transgene-derived siRNAs are dramatically reduced
and as a consequence, this led to enhanced virus susceptibility or to a loss of gene silencing
5
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mediated transgenic phenotypes. In contrast, RNA silencing is activated and the amount of
siRNAs gradually increases with temperature rising. We also showed that in contrast to
siRNA production, the accumulations of three selected miRNAs (miR157, miR169 and
miR171) were not affected by temperature in Arabidopsis seedlings. In a more detailed
miRNA expression study, Lee et. al., (2010) analysed the expression levels of the 120 unique
Arabidopsis miRNA loci in response to ambient temperature changes (16 and 23 °C) by using
miRNA microarray and miRNA northern hybridization analysis. They identified six ambient
temperature-responsive miRNAs (miR156, miR163, miR169, miR172, miR398 and miR399)
and proposed that some miRNAs are involved in the ambient temperature response in
Arabidopsis.
Since we and others showed that low temperature inhibits RNA silencing mediated defence
and some of the endogenous sRNAs show temperature dependent expression, we
hypothesized that they likely have a role in temperature sensing and mediating physiological
answer to different ambient temperature. Therefore we proposed to use genomic tools to
globally identify expressional changes of sRNAs in response to ambient temperature at
genomic level in the model plant Arabidopsis thaliana. The results written here are not
published yet, therefore we give a detailed description of our results here.

2. Identification of small RNAs in Nicotiana benthamiana
As a preliminary research of this OTKA project, we prepared next generation sequencing data
from N. benthamiana mRNAs, sRNAs and miRNA cleaved mRNA libraries (degradome
library) to test our bioinformatic pipelines. N. benthamiana is a widely used model plant
species for research on plant-pathogen interactions as well as other areas of plant science. It
can be easily transformed or agro-infiltrated; therefore it is commonly used in studies
requiring protein localization, interaction, or plant-based systems for protein expression and
purification. We used a comprehensive molecular approach to detect and to experimentally
validate N. benthamiana miRNAs and their target mRNAs from various tissues. We identified
40 conserved miRNA families and 18 novel microRNA candidates and validated their target
mRNAs with a genomic scale approach. The accumulation of thirteen novel miRNAs was
confirmed by Northern blot analysis. The conserved and novel miRNA targets were found to
be involved in various biological processes including transcription, RNA binding, DNA
modification, signal transduction, stress response and metabolic process. Among the novel
miRNA’s targets we found the mRNA of REPRESSOR OF SILENCING (ROS1). Regulation
of ROS1 by a miRNA provides a new regulatory layer to reinforce transcriptional gene
silencing by a post-transcriptional repression of ROS1 activity. The identified conserved and
novel miRNAs along with their target mRNAs also provides a tissue specific atlas of known
and new miRNA expression and their cleaved target mRNAs of N. benthamiana. Thus this
study will serve as a valuable resource to the plant research community that will be beneficial
well into the future. The above summarised results were published in BMC Genomics (Baksa
et al., 2015).

6
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3. Investigating the role of small regulatory RNAs in temperature sensing in Arabidopsis
thaliana
Plant development is responsive to temperature; therefore plants can measure temperature
very accurately and can distinguish differences of 1 oC. To profile changes in mRNA and
sRNA expression, we have grown A. thaliana Col-0 plants at three different ambient
temperatures (15, 21 or 27 °C; Figure 1).

Figure 1. Arabidopsis Col-0 plants were grown at three different ambient temperatures (15, 21, 27 oC).
Plant development is responsive to changes in the ambient temperature and they adjust their growth and development in
response to temperature cues. At lower ambient temperature (15 oC) the plant grows more rosettes leaf and start to flower
significantly later than at higher ambient temperature (27 oC).

Arabidopsis plants were grown either in soil (flower and leaf samples) or on half-strength
Murashige and Skoog plates (seedling and root samples) under standard growth conditions at
15, 21 or 27 °C under long day condition. We collected total RNA samples from seedling,
root, leaf and flower tissues, than prepared genomic scale libraries (mRNA, small RNA and
degradome a.k.a. genome-wide 5’ RACE) for further analysis. We used Illumina deepsequencing platform followed by computational methods to identify, profile and describe
conserved and non-conserved sRNAs during different ambient temperature conditions.
Furthermore we also identified sRNA cleaved mRNAs through genomic-scale highthroughput Illumina sequencing.
Following Illumina sequencing, raw small RNA sequences in fastq format were processed and
filtered with cutadapt 1.9.1 (Martin, 2011) set to trim Illumina small RNA adaptor (5’TGGAATTCTCGGGTGCCAAGG-3’), keep sequences between 18-35 nt that contain
residues with quality higher than 20. Untrimmed sequences (containing no or incomplete
adaptor sequence) were discarded. Quality check of the libraries before and after processing
was performed using FastQC 0.11.3 (Andrews, 2010). Processed reads were aligned to the
Arabidopsis thaliana TAIR10 reference genome with butter 0.3.3 (Axtell, 2014) (utilising
bowtie 1.1.1) allowing 1 mismatch (Table 1). For the manipulation of the alignment files
samtools 0.1.19 and bamtools 2.3.0 were utilised. Summary statistics for different annotations
were prepared by a custom made Linux shell script. Plots and heatmaps were generated using
various R packages. To make the read counts in different libraries comparable we applied a
normalisation method as suggested by McCormick et al. (McCormick et al., 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
7
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calculation of the normalisation factor but were not discarded. These effective library sizes
were scaled to 1 million reads (RPM).
Unprocessed Processed
Redundant

Discarded Mapped

Unmapped

Uniquely mapped

Redundant Non-Redundant Complexity Redundant Redundant Non-Redundant Complexity Redundant Non-Redundant Complexity Redundant

Multi-mapped
Non-Redundant Complexity Redundant

Non-Redundant Complexity

Flower 15°C 1

12 485 960 12 337 909

2 271 637

0.1841

148 051 11 780 542

2 048 106

0.1739

557 367

223 531

0.401

8 179 120

1 433 767

0.1753

3 601 422

614 339

0.1706

Flower 15°C 2

18 615 780 18 460 973

3 762 118

0.2038

154 807 17 885 672

3 479 259

0.1945

575 301

282 859

0.4917

11 936 930

2 488 906

0.2085

5 948 742

990 353

0.1665

Flower 21°C 1

6 968 436 6 906 932

1 259 756

0.1824

61 504 6 701 427

1 153 778

0.1722

205 505

105 978

0.5157

4 455 784

789 973

0.1773

2 245 643

363 805

0.162

Flower 21°C 2

18 552 004 18 269 387

3 265 487

0.1787

282 617 17 828 409

3 032 858

0.1701

440 978

232 629

0.5275

10 532 297

2 185 142

0.2075

7 296 112

847 716

0.1162

Flower 27°C 1

8 123 862 7 917 323

1 971 771

0.249

206 539 7 375 383

1 772 587

0.2403

541 940

199 184

0.3675

4 757 724

1 262 506

0.2654

2 617 659

510 081

0.1949

Flower 27°C 2

34 594 159 34 266 319

3 928 191

0.1146

327 840 33 311 310

3 570 296

0.1072

955 009

357 895

0.3748

22 062 251

2 518 401

0.1141

11 249 059

1 051 895

0.0935

Leaf 15°C 1

10 505 972 10 408 796

1 672 553

0.1607

97 176 10 040 602

1 520 817

0.1515

368 194

151 736

0.4121

4 016 928

949 686

0.2364

6 023 674

571 131

0.0948

Leaf 15°C 2

5 276 498 5 223 169

1 056 878

0.2023

53 329 5 041 460

961 419

0.1907

181 709

95 459

0.5253

1 946 041

577 556

0.2968

3 095 419

383 863

0.124

Leaf 21°C 1

7 708 673 7 533 325

1 169 755

0.1553

175 348 7 246 408

1 058 000

0.146

286 917

111 755

0.3895

3 042 142

657 962

0.2163

4 204 266

400 038

0.0952

Leaf 21°C 2

7 958 675 7 905 518

1 172 747

0.1483

53 157 7 645 337

1 061 560

0.1389

260 181

111 187

0.4273

3 166 313

658 291

0.2079

4 479 024

403 269

0.09

Leaf 27°C 1

6 843 983 6 659 885

905 180

0.1359

184 098 6 242 158

741 940

0.1189

417 727

163 240

0.3908

1 419 256

384 185

0.2707

4 822 902

357 755

0.0742

Leaf 27°C 2

11 929 921 11 637 253

1 009 109

0.0867

292 668 11 220 481

887 861

0.0791

416 772

121 248

0.2909

3 404 332

456 924

0.1342

7 816 149

430 937

0.0551

Root 15°C 1

20 315 025 19 946 757

2 856 967

0.1432

368 268 13 944 996

2 324 054

0.1667 6 001 761

532 913

0.0888

4 992 989

1 507 134

0.3019

8 952 007

816 920

0.0913

Root 15°C 2

6 820 233 6 707 358

834 649

0.1244

112 875 6 530 129

758 599

0.1162

177 229

76 050

0.4291

1 179 033

435 683

0.3695

5 351 096

322 916

0.0603

Root 21°C 1

9 446 414 9 239 179

1 853 810

0.2006

207 235 8 905 547

1 690 294

0.1898

333 632

163 516

0.4901

3 046 187

1 075 277

0.353

5 859 360

615 017

0.105

Root 21°C 2

15 766 766 15 590 045

2 232 756

0.1432

176 721 15 184 885

2 044 600

0.1346

405 160

188 156

0.4644

4 859 434

1 300 960

0.2677

10 325 451

743 640

0.072

Root 27°C 1

5 087 668 4 992 683

1 092 650

0.2189

94 985 4 790 325

993 731

0.2074

202 358

98 919

0.4888

1 637 296

628 293

0.3837

3 153 029

365 438

0.1159

Root 27°C 2

5 771 046 5 692 567

843 373

0.1482

78 479 5 422 656

751 857

0.1387

269 911

91 516

0.3391

1 290 558

447 298

0.3466

4 132 098

304 559

0.0737

Seedling 15°C 1

17 075 959 16 570 649

2 972 525

0.1794

505 310 16 043 611

2 750 014

0.1714

527 038

222 511

0.4222

6 403 763

1 808 103

0.2824

9 639 848

941 911

0.0977

Seedling 15°C 2

6 715 201 6 645 127

1 191 855

0.1794

70 074 6 462 770

1 106 591

0.1712

182 357

85 264

0.4676

1 753 342

683 891

0.39

4 709 428

422 700

0.0898

Seedling 21°C 1

9 635 717 9 430 150

1 651 892

0.1752

205 567 9 183 463

1 526 161

0.1662

246 687

125 731

0.5097

2 987 139

960 612

0.3216

6 196 324

565 549

0.0913

Seedling 21°C 2

16 361 460 16 232 849

2 653 586

0.1635

128 611 15 767 768

2 443 086

0.1549

465 081

210 500

0.4526

5 954 542

1 610 696

0.2705

9 813 226

832 390

0.0848

Seedling 27°C 1

16 091 400 15 857 400

3 024 057

0.1907

234 000 15 229 531

2 752 892

0.1808

627 869

271 165

0.4319

6 727 659

1 802 046

0.2679

8 501 872

950 846

0.1118

Seedling 27°C 2

10 065 907 9 971 869

1 841 018

0.1846

94 038 9 161 846

1 639 444

0.1789

810 023

201 574

0.2488

3 759 883

1 055 568

0.2807

5 401 963

583 876

0.1081

Table 1. High-throughput sequencing statistics of Arabidopsis sRNAs. Sequencing statistics of sRNA samples by tissue
type and growing temperature with biological replicates. The complexity index was calculated as non-redundant divided by
redundant read count. The higher the complexity index, the more diverse the mature sRNA population is.

De novo small RNA locus prediction was carried out using ShortStack 3.4 (Johnson et al.,
2016). The co-ordinates of the loci were converted into a bed format and the loci were
annotated with bedtools 2.17.0 (Quinlan and Hall, 2010) using its intersect command and
TAIR10 annotations as reference (also converted to bed format). Filtering of the loci by
ShortStack tags was carried out using a custom R script. Heterochromatic siRNA loci were
defined as having a ‘Dicercall’ parameter of ‘24’ (dominant size class), not having a
‘PhaseScore’ and flagged as not ‘MIRNA’. Phased RNA producing loci were accepted when
the ‘Dicercall’ and ‘PhaseSize’ parameters were ‘21’ or ‘24’, the ‘PhaseScore’ was at least
‘25’, and were flagged as not ‘MIRNA’. Genome browser tracks for every sequence size class
were created by bedtools genomecov command. Alignments to the plus or minus strands were
calculated separately and then were merged into a single track. RNA-seq analysis was
performed following the Tuxedo protocol (tophat 2.0.13) (Trapnell et al., 2012). The resulting
tables were analysed and filtered with Vennt {https://github.com/drpowell/vennt}. GO
enrichment analysis on the filtered gene lists were performed with AgriGO server (Du et al.,
2010).
To find out the effect of ambient temperature on sRNA expression on the genomic level we
profiled the sRNA expression at the three different temperatures (150C, 210C and 27 0C) to
identify differentially expressed sRNA loci at temperature dependent manner (Figure 2.). We
identified de novo all sRNA loci that showed temperature dependent expressional changes
and we grouped them based on their biogenesis, functions or annotations. We found that small
RNAs are produced all over the Arabidopsis genome; however most of the small RNA
producing loci are depleted from the coding part of the genome.
8
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Chr1

Chr2

Chr3

Chr4

Chr5

Figure 2. Genome browser tracks of the temperature regulated sRNA loci. The differential expression pattern of each
temperature regulated sRNA loci can be directly compared between the different tissues or different temperatures using the
prepared genome browser tracks. Each Arabidopsis chromosome is represented with a black horizontal line. The positions of
mRNA coding genes and TE genes are represented as black vertical lines below each chromosome. The down regulated
sRNA loci are represented as blue vertical lines and the up regulated sRNA loci are represented as red vertical lines in each
tissue.

We grouped the small RNA producing loci based on the trend of the temperature dependent
expressional pattern (increasing or decreasing trend). The resulting sRNA loci were further
grouped based on their size or TAIR 10 functional annotations (miRNA, tasiRNA, siRNA,
mRNA, snRNA, snoRNA, tRNA, rRNA, transposon, intergenic region etc.). Next we tested
the GO term enrichment on those sRNA loci that were located in known protein coding genes.
In the case of those sRNA loci that were located in transposons or intergenic regions we
analysed the GO term enrichment of the nearest protein coding genes. During our analysis we
found many sRNA loci with temperature dependent expression pattern and most of them were
located in transposons or intergenic regions. Furthermore, we also found temperature
dependent sRNA loci produced from tRNA genes (Figure 3). We tested two tRNA genes for
sRNA production (tRNA fragments) with small RNA northern blots and we were able to
confirm that these loci produced sRNAs in a temperature dependent fashion. Next we checked
the biogenesis of these tRNA fragments (tRNA derived sRNAs) using dcl mutant Arabidopsis
plants and we think that they are produced in a DCL2 dependent fashion (Figure 4). Although,
the exact roles of tRNA fragments are yet to be elucidated, accumulating evidence suggests
that tRNA-derived small RNAs participates translation regulation of gene expression under
stress conditions. Furthermore, recent studies have demonstrated that tRNAs also serve as a
major source of small non-coding RNAs that possess distinct and varied functions in both
plants and animals. These 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 (Keam and Hutvagner 2015).
9
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Leaf

Flower

Root

Seedlings

Figure 3. Pie chart of down regulated sRNA loci from four different tissues grouped by annotations.

Figure 4. Temperature dependent expression of tRNA-derived sRNA fragments. A) Northern blot analysis of two tRNA
genes for sRNA production in Arabidopsis wild type seedling, root, leaf and flower samples at three different temperatures.
U6 snRNA represents a loading control here. B) tRNA fragments tested in dcl mutant (dcl3-1, dvl4-1, dcl2-1 d2d4 – dcl21/dcl4-1, d2/d3/d4 - dcl2-1/dcl3-1/dcl4-1) Arabidopsis seedlings grown at 21 0C. 5S rRNA is a loading control.

Among the sRNA loci that showed increasing expression trend with the elevation of ambient
temperature (Figure 5.) the most interesting was the U12 minor spliceosome derived sRNAs.
These sRNAs were derived from the 3’ end of the U12 snRNA. It could be possible that U12
snRNA derived sRNAs might regulate U12 expression (Figure 6). U12 snRNA is a single
copy gene in Arabidopsis and a component of the minor spliceosome. Regulation of U12 by
temperature dependent sRNAs may lead to the regulation of genes that contain U12
dependent intron.

10
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Figure 5. Pie chart of up regulated sRNA loci from four different tissues grouped by annotations.

A

B

Figure 6. Temperature dependent expression of U12-derived sRNA fragments (A) and Northern blot validation of the
temperature dependent expression pattern of U12 snRNA (B).
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3.1. Identification of miRNAs and their target RNAs
Micro RNAs are the most characterised small RNA species in plants. They are processed
from PolII-dependent self-complementary transcripts folding back to form hairpin structures.
An RNaseII-like endonuclease, the Dicer-like 1 (DCL1) cleaves the hairpin out of the primiRNA sequence and then the same enzyme cuts the double stranded miRNA with 2nt 3’
overhangs from a defined position. This duplex is then modified at the 2’-hydroxyl group at
both 3’ ends and loaded into the RISC complex containing Argonaute proteins. This enzyme
cleaves one of the sequences in the duplex (“star” sequence), leaving the “mature” sequence
bound that serves as a guide to cleave target mRNA sequences or in some cases, inhibits the
translation of it. The maturation process has been extensively studied that led to the
development of many bioinformatic tools that can predict miRNAs in plants with high
confidence. We performed the de novo miRNA prediction with ShortStack 3.4 (Johnson et al.,
2016) using all sRNA libraries. The sRNA clusters that qualified as miRNA were graphically
represented (Figure 7).
Cluster_9423 Original Location: chr1:8502021-8502298 Displayed Location: chr1:8502105-8502229 Strand: CUUCACUUACUUGGUUCUUCAGAUCGAUUGUGUGACAUUACCAUUGUUCAACAAAGAACCAAGUAAGUGAUCUGAAAAAAUGGUAAUCUCACAAAAUCGAUCUGAAGAAAUACGAACAAGGGAUU
((((..(((...(((((((((((((((((.(((((.(((((((((.((((......................))))..))))))))).))))).)))))))))))))).....(..(.((((((.
....................AGAUCGAUUGUGUGACAUUACCAU................................................................................. miRNA
l=24 a=67
.................................................................................GGUAAUCUCACAAAAUCGAUCUGg.................... miRNA-star l=24 a=1
....................................................................................................UCUGAAGAAAUACGAACAAGGGA..
............................................................................................AAAAUCGAUCUGAAGAAAUACG...........
..........................................................................................ACAAAAUCGAUCUGAAGAAAUACGA..........
.................................................................................GGUAAUCUCACAAAAUCGAUCUG.....................
....................AGAUCGAUUGUGUGACAUUACCAUU................................................................................
....................AGAUCGAUUGUGUGACAUUACCAUUu...............................................................................
....................AGAUCGAUUGgGUGACAUUACCAU.................................................................................
....................AGAUuGAUUGUGUGACAUUACCAU.................................................................................
....................AGAaCGAUUGUGUGACAUUACCAU.................................................................................

l=23
l=22
l=25
l=23
l=25
l=26
l=24
l=24
l=24

a=1
a=1
a=5
a=1
a=4
a=1
a=1
a=1
a=1

Figure 7. Graphical representation of a miRNA producing loci. The patterns of small RNA deep sequencing reads
mapping to a newly identified microRNA in this projects. Hairpin microRNA sequences are shown at the top of the panel,
with derived mature microRNA sequences shown in red, and predicted base-paired secondary structure in dot-bracket
notation underneath. Read sequences are shown in blue, with the summed count across all data sets on the right. L represent
the length of the sRNA sequence on the right.

Mature and star sequences (the most abundant sequence and the corresponding antiparallel
sequence, respectively) were collected and compared to the nonredundant miRNA sequences
deposited in miRBase v21. A union of the two sets were created and used for further analysis.
Most of the de novo identified miRNA loci matched known miRNA genes but four potential
novel miRNA loci have been identified as well. However, these newly identified miRNAs are
hardly expressed under our conditions. However, they might be induced under other, more
specific conditions like biotic or abiotic stresses or might be expressed in a few cells like in
meristems or in tissues that we did not sample like seeds. Analysis of the hairpin structures of
these novel miRNAs suggests that they are genuine miRNAs (Figure 8).
Cluster_9423 is located on chromosome 1 in the promoter of At1g24020, MLP-like protein
423 and produce 24-nt mature and star sequences. Cluster_27981 is also located on
chromosome 1 in an intergenic region. This locus produces 23 and 21-nt long mature and star
sequences, respectively. Despite its low abundance, we identified a category 0 target
(At1g20570, Spc97) for the 23-nt-long mature sequence using our degradome libraries
(Figure 9). Cluster_95379 is a mirtron that is located on chromosome 5 in the sixth intron of
At5g17010, a Major Facilitator superfamily protein.
12
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Figure 8. Secondary structures of the newly identified Arabidopsis miRNAs in our sRNA libraries. The mature miRNA
and its star sequence are labelled as blue and red on the predicted secondary structure, respectively.

Both mature and star sequence is 21-nt-long. Cluster_98876 is also on chromosome 5 in an
intergenic region. Its mature and star sequences are 22 and 21-nt-long, respectively. Both
appear to be temperature dependent. However, because of its low abundance, these novel
miRNAs were not considered in further analysis.

Figure 9. Target plots (t-plots) of Cluster_27981 miRNA target confirmed by degradome sequencing. In the head of the
pictures there is a unique identifier of the mRNA followed by the annotation of the transcript. The relative degradome tag
abundances are plotted against the nucleotide position within the transcript.

In our sRNA libraries we identified 28 miRNA families and 378 different miRNA sequences
(not shown). Next we identified experimentally the target mRNAs of these miRNAs. To
generate a miRNA cleaved target library (degradome) from Arabidopsis we applied a highthroghput experimental approach that can identify mRNAs targeted by sRNAs (German et al.,
2009). The poly-A fraction of total RNA extracted from the different Arabidopsis tissues;
seedling (Se), root (R), leaf (L), flower (F) were analysed for the identification of target
transcripts of known and new miRNAs. We obtained a total number of 204 million short
sequencing reads representing the 5’ ends of uncapped, poly-adenylated RNAs. After initial
processing, equal numbers of 20- and 21-nt sequence reads were obtained, and 90 % of the
13
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Table 2. Category 0 targets of Arabidopsis miRNAs.

short sequencing reads could be mapped to the Arabidopsis transcriptome. In plants, miRNA
mediated mRNA cleavage is highly specific and miRNAs have been shown to bind with near
perfect complementarity to their mRNA targets, that generally leading to the slicing of the
14
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mRNA between positions 10 and 11 of the AGO1 bound miRNA. As a consequence, the
cleaved mRNA targets should have distinct peaks in the degradome sequence tags at the
predicted cleavage site relative to the other regions of the transcript. In our analysis we have
applied the CleaveLand4 pipeline (Brousse et al., 2014) to identify cleaved targets for both
known and new miRNAs. Abundance of the sequenced tags was plotted on each transcript
and the cleaved target transcripts have been categorized into five classes (categories 0, 1, 2, 3
and 4) as it was defined previously in CleaveLand (version2) (Addo-Quaye et al., 2009). In
our target list we kept high-confidence miRNA-target gene interactions (categories 0, 1, 2)
and only category 3 targets as low–confidence miRNA-target pairs. Category 4 targets are
defined as only one raw read at the expected cleavage position, however it might also be the
result of the degradation of the target RNA, therefore they were omitted from our target list.
We identified 187 miRNA/cleavage target pairs using degradome libraries prepared from
four tissues and three temperatures with CleaveLand4 (Brousse et al., 2014; p-value cutoff >=
0.1, category cutoff <= 3), including 145 category 0 hits (Table 2).
Temperature regulated miRNAs were identified by filtering for sequences that had
abundances more than 40 RPM in any libraries and changed more than 1.5-fold between
temperatures. This filtering step resulted in 50 temperature regulated miRNA sequences
(Figure 10), including isomiRs of known sequences. Many of the temperature regulated
miRNA sequences show clear tissue-specific expression pattern. A good example is mir780,
which mainly is expressed in flowers (Figure 10).
We used northern blot assay to confirm the results of our bioinformatic analysis about the
temperature regulated expression of Arabidopsis miRNAs in the different tissues (seedling,
root, leaf, and flower). Those miRNAs that gave signal on the northern blot, in most cases
were detectable in all of the tissues tested and they were temperature regulated (Figure 11).
Interestingly, many of the de novo predicted mature miRNA sequences are not the same as
the miRBase mature sequence. Sometimes the “star” sequence is more abundant than the
“mature”. This phenomenon has been described by others as well, leading to the conclusion
that the nomenclature using “mature” and “star” for the most abundant and the corresponding
antiparallel sequence is outdated, because the Argonaute enzyme can cleave either one of
them depending on yet unknown regulatory processes. One example is the mir169f-3p, which
is considered the “star” sequence, however, it is roughly 10 times more abundant in our
libraries than the canonical mir169f-5p “mature” sequence and is strongly temperature
dependent, decreasing in higher temperature. Interestingly, we have identified a 0 category
target (AT1G49910, BUB3.2, BUDDING UNINHIBITED BY BENZYMIDAZOL) for this
sequence by using our degradome libraries. This WD40-domain containing protein is part of a
Cul4 RING E3 ubiquitin ligase complex and can be found in mitotically active cells
(Lermontova et al., 2008).We also found few temperature-regulated non-conserved miRNAs.
For example the Arabidopsis specific miRNA779 was downregulated at higher temperature in
every tissue (Figure 10).
We identified the mRNAs that were cleaved by the temperature regulated miRNAs in our
degradome libraries. Next we also performed the GO enrichment analysis of the temperature
15
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Figure 10. Heatmap of temperature regulated 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 1.5× between temperatures were kept and listed.

Figure 11. Northern blot analysis of selected temperature regulted miRNAs in different tissues. Total RNA was
extracted from different tissues including, seedling, root, leaf and flower from Arabidopsis plants. The RNA was separated
on PAGE and transferred to nylon membranes for Northern blot analysis of the temperature regulated miRNAs.
Oligonucleotide probes were used to detect specific miRNAs, and an U6-specific probe was used to detect U6 RNA as a
loading control for each membrane.
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Table 3. Experimentally validated targets of the temperature regulated Arabidopsis miRNAs

Figure 12. GO enrichment analysis of the temperature regulated miRNA’s target genes.
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regulated miRNA’s target genes. Among the experimentally identified targets we found
significant enrichment for the GO terms of nucleic acid binding, DNA binding, transcription
regulator activity and transcription factor activity. These findings may suggest that the
temperature regulated miRNAs serves as master regulators in temperature dependent gene
expression regulation.
3.2. MiR169 is ambient temperature regulated
One of the temperature regulated miRNAs is the miR169 family that we investigated in more
details. The miR169 family is evolutionary conserved and it has been identified in more than
40 species (Sunkar and Jagadeeswaran, 2008). The miR169 family often makes up the largest
miRNA family. In Arabidopsis four isoforms of miR169 are encoded by 14 different genes
(Figure 13). The miR169 isoforms show distinct expression patterns during development
(Gonzales et al., 2011; Sorin et al., 2014), in response to abiotic (Licausi et al., 2011; Zhao et
al., 2011) or biotic stresses (Singh et al., 2012), suggesting a functional specialization.

Figure 13. The mature sequences of the Arabidopsis miR169 family with the chromosomal location. The identical
nucleotides of the miR169 isoforms are marked in red.

Figure 14. Target plots (t-plots) of miR169 targets confirmed by degradome sequencing. In the head of the pictures there
is a unique identifier of the mRNA followed by the annotation of the transcript. The relative degradome tag abundances are
plotted against the nucleotide position within the transcript.
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The miR169 family target diverse mRNAs, encoding subunits A of the Nuclear Factor Y (NFY) transcription factor complex. We also identified NF-Y mRNAs that were cleaved by
miR169 in our degradome libraries (Figure 14). This transcription factor (TF) is a conserved
heterotrimeric TF complex and it 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. NF-Ys are sequence-specific transcription factors
and recognize the CCAAT motif in eukaryotic promoters. The Arabidopsis genome contains
10 NF-YA, 10 NF-YB and 10 NF-YC subunits and they could theoretically combine to form
1000 unique complexes (Figure 15).

Figure 15. Nuclear Factor Y transcription factors in Arabidopsis.

Plant development is responsive to temperature and plants can measure temperature very
accurately and can distinguish as little differences as 1 oC. Warm temperature promote early
flowering and it was shown that in Arabidopsis the NF-Y complex (composed of NF-YA2,
NF-YB2 and NF-YC9) control flowering time by integrating environmental and
developmental signals. It was shown that a NF-Y complex (composed of NF-YA2, NF-YB2
and NF-YC9) interacts with Constans (CO) in the photoperiod pathway and DELLAs in the
gibberellin pathway, to directly regulate the transcription of SOC1, a major floral pathway
integrator (Hou et al., 2014). The SOC1 floral integrator is a member of the MADS box TF
family and trigger the floral transition at the right moment during plant development and
under environmental conditions that are favourable for reproduction (Figure 16).

Figure 16. Simple model of flowering time regulation in Arabidopsis.
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We found that Arabidopsis plants grown at 15 oC flowers significantly later than at higher
ambient temperatures (Figure 1) and in their rosette leaves the expression level of the SOC1
floral pathway integrator was lower than at higher ambient temperatures (Figure 18). The
expression level of SOC1 is regulated by the NF-Y TF complex. Furthermore the NF-YA2
component of the SOC1 regulating NF-Y TF complex is regulated by miR169h-n. In line with
flowering time and SOC1 expression level we also found that the negative regulator of NFYA2 (miR169h-n isoforms) shows temperature regulated expression pattern and has high
expression level at 15 oC and expresses lowly at 27 oC (Figure 17).

Figure 17. The miR169h-n isoform is ambient temperature regulated

A

B

Figure 18. A proposed model for flowering time regulation by miR169h-n. (A) NF-YA2 is down-regulated by miR169hn at low ambient temperature. (B) miR169h-n level decreases with temperature increasing therefore it promotes flowering
via SOC1 regulation at higher ambient temperatures.
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Furthermore we experimentally identified and validated that indeed the miR169h-n cleaved
the NF-YA2 mRNAs (Figure 14). The NF-YB2 component of the NF-Y TF complex also
shows a temperature regulated expression pattern, however it is independent of miR169
regulation.
Based on these observations we propose miR169h-n could mediate ambient temperature
signals during inductive photoperiod to modify flowering time via SOC1.

3.3. Identification of temperature regulated 21 nt and 24 nt long pha-siRNAs
In plants a few usually 22 nt long miRNA can trigger the production of pha-siRNAs from
target transcripts (Fei et al., 2013). Target RNA produced from PHAS loci is cleaved by
miRNA-guided AGO and either the 5’ or 3’ cleavage fragment is converted by RDR6 to
double stranded RNA, which is then successively diced into 21-nt pha-siRNAs. The phasing
register of the loci is determined by miRNA-guided cleavage. Originally in Arabidopsis, eight
noncoding TAS loci were described. Since these TAS loci derived phasiRNAs regulate target
genes in trans, they are also termed as trans-acting siRNAs (ta-siRNAs). In addition to the
noncoding TAS loci, protein-coding genes such as NBS-LRR and pentatricopeptide repeat
(PPR) genes are also targeted by 22-nt long miRNAs and produce phasiRNAs (Howell et al.,
2007).
In our sRNA libraries we identified pha-siRNA loci that were temperature regulated. First we
identified the “classical” pha-siRNA producing loci that produced 21 nt long pha-siRNAs
(Figure 19). Among the top 50 temperature regulated 21 nt pha-siRNA cluster we found the
members of TAS loci (TAS1, TAS2, TAS3, TAS4). These TAS loci were also the most
abundant pha-siRNA producing loci. Many pha-siRNA producing loci showed also tissue
specific expression pattern. Most of the pha-siRNA producing loci were down regulated with
the temperature increasing, however there were loci which produced more pha-siRNAs at
higher ambient temperature (eg. Cluster 66929) (Figure 19).
We also identified pha-siRNA producing loci that produced 24 nt long pha-siRNAs (Figure
20). The vast majority of the top 50 temperature regulated 24 nt pha-siRNA cluster were
located on transposable elements. These 24 nt long pha-siRNA producing loci showed also
tissue specific expression pattern and they were most abundant in flowers. Most of the 24 nt
long pha-siRNA producing loci were down regulated in leaf and root with the temperature
increasing and they showed opposite expression pattern in seedlings (Figure 20).
We identified the mRNAs that were cleaved by the temperature regulated pha-siRNAs in our
degradome libraries. Next we also performed the GO enrichment analysis of the temperature
regulated pha-siRNA’s target genes. Among the experimentally identified targets we found
significant enrichment for the GO terms of post-embryonic development (Figure 21). These
findings may suggest that the temperature regulated pha-siRNAs could help to adapt the
plants post embryonic development to changing temperature.
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Figure 19. Heatmap (A) and annotaions (B) some of the temperature regulated 21 nt long pha-siRNAs in different
tissues.
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Figure 20. Heatmap and annotaions of the temperature regulated 24 nt long pha-siRNAs in different tissues.

Figure 21. GO enrichment analysis of the temperature regulated pha-siRNA’s target genes.

3.4. 24-nt-long heterochromatic siRNAs
Most of the de novo predicted sRNA clusters have a dominant sequence size of 24-nt (41240,
35.5%). The mechanism of production of 24-nt-long siRNAs can be diverse. One class of
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siRNAs is produced from PolIV-dependent short transcripts. These transcripts are
immediately subjected to RDR2-dependent complementary RNA synthesis and DCL3mediated cleavage. These cleaved, perfectly complementary double stranded siRNAs are then
loaded into RITS complexes keeping one strand while eliminating the other. This active
complex is then recruited to PolV-dependent transcripts (PolV has an AGO-interacting
domain) where they promote the assembly of DNA methylating protein complexes and
initiate de novo methylation of DNA at closely localised asymmetric CHG and CHH sites.
The 24-nt-long class of siRNAs usually derive from repetitive and/or transposable elements
and their function is to repress their expression through guiding DNA methylation at these
sites and therefore prevent genomic instability. This is extremely important in reproductive
tissues and germlines which is reflected in the increase of ratio of this size class compared to
the 21-nt-long class in flowers (Figure 21, panel D).
A

B

C

D

Figure 21. Size distribution of sRNAs in various tissues at different ambient temperatures.
Small RNA sequences were mapped to the Arabidopsis thaliana TAIR10 genome using ShortStack. Genome matching
sequences of size classes from 18-nt to 35-nt were counted, normalised and the values were plotted in all four tissues sampled
at three ambient temperatures.

At global scale, there is no significant change can be seen in the level of 24-nt-long siRNAs.
The same conclusion can be drawn when the genomic location of the 24-nt-long sequences
are visualised (Figure 22). However, there are clearly temperature dependent 24-nt-long
clusters at distinct sites which are usually associated with transposons.
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Figure 22. Genome-wide distribution of 24-nt siRNAs.
Small RNA sequences were mapped to the Arabidopsis thaliana TAIR10 genome using ShortStack. 24-nt-long sequences
were filtered from the alignment file and converted to bedgraph format using samtools and bedtools. The abundances were
normalised and the tracks were visualised with Integrated Genome Browser along with the distribution of transposon genes.

The siRNA distribution was measured at every known transposon genes according to the
TAIR10 genome annotation. Again, in most of the tissues the global siRNA distribution did
not change significantly, except for the leaf tissue, where the total siRNA production dropped
at higher ambient temperatures (Figure 23, panel A). The number of transposon genes with
significantly different siRNA production could be observed at higher temperature, especially
in the flower and the seedling. In flowers, most of the transposons that were associated with
significantly changed siRNA production belonged to the LTR/Gypsy superfamily, whereas in
the seedling, almost every superfamily was represented.
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