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SUMMARY

SUMMARY

Plants are sessile organisms that have to deal with environmental stress
conditions due to changes in gene expression. The development of the
chloroplast and the response to environmental fluctuations is dependent on
signals released from plastid, which are mediated through retrograde signalling
pathways causing alterations in gene expression. Further, abiotic stresses such
as low temperatures negatively affect the plants and require alterations in gene
expression to better cope with stress conditions. Posttranscriptional regulation
through small non-coding RNA (sRNA) classes is one mechanism to regulate
gene expression. However, deeper understandings of sSRNAs and the regulation
of their corresponding mRNA targets are still lacking. The aim of the thesis was
to analyse sSRNA, mRNA and long non-coding RNA (IncRNA) expression profiles
in response to norflurazon in Arabidopsis thaliana wild type as well as the two
retrograde signalling mutants, gun1 and gunb. Further, sSRNA expression profiling
of the Arabidopsis thaliana wild type was performed in response to a time series
(3 h, 6 h and 2 d) of cold acclimation condition (4°C). In both studies many
different SRNA classes like microRNAs (miRNAs) have been detected to be
differentially expressed in response to the applied treatments. Consequently,
miRNA target prediction was performed to correlate the expression levels of
miRNAs to their potential mMRNA targets and to decipher their role in response to
different stress conditions. In addition, for the miRNA:mRNA target pairs of
interest, germination assays in MiRNA overexpression lines and quantitative
analysis of the putative targets have been performed to elucidate their impact in

response to different stress conditions.



ZUSAMMENFASSUNG

ZUSAMMENFASSUNG

Pflanzen sind sessile Organismen, die sich aufgrund von Umweltstress mit
Veranderungen der Genexpression auseinandersetzen mussen. Die Entwicklung
des Chloroplasten und die Reaktion auf Umweltschwankungen hangen von
plastidaren Signalen ab, welche durch retrograde Signalwege vermittelt werden
und Veranderungen in der Genexpression hervorrufen. Darlber hinaus
beeinflussen abiotische Stressbedingungen wie niedrigere Temperaturen die
Pflanzen negativ und fordern Anderungen in der Genexpression, um
Stressbedingungen besser zu bewaltigen. Die posttranskriptionelle Regulation
durch kleine nicht-codierenden RNAs (sRNAs) ist eine Madglichkeit zur
Regulierung der Genexpression. Allerdings fehlen immer noch tiefere
Verstandnisse Uber sRNAs und der Regulation ihrer korrespondierenden Ziel-
MRNAs. Das Ziel der Dissertation war die Analyse von Expressionsprofilen von
sRNAs, mRNAs und langen nicht-codierenden RNAs (IncRNAs) nach
Norflurazon-Behandlung des Arabidopsis thaliana Wildtyps sowie zwei
retrograden Signalmutanten, gun1 und gun5. Weiterhin wurden sRNA-
Expressionsprofile vom Arabidopsis thaliana Wildtyp unter Kalteakklimatisierung
(4°C) in einer Zeitreihe (3 h, 6 h, 2 d) untersucht. In beiden Studien konnten nach
abiotischen Stressbehandlungen eine Vielzahl an differenziell exprimierten
sRNAs, wie microRNAs (miRNAs), ermittelt werden. Infolgedessen wurden
Vorhersagen zu moglichen miRNA Ziel-mRNAs durchgefuhrt, um die
Expressionsniveaus der miRNAs mit der Regulierung ihrer Ziel-mRNAs zu
korrelieren, um ihre Rolle als Reaktion auf unterschiedliche Stressbedingungen
zu entschlusseln. Zusatzlich wurden fur vielversprechende miRNA:RNA Paare
Keimungsassays mit verschiedenen miRNA-Uberexpressionslinien und eine
quantitative Analyse der Ziel-mRNAs durchgefuhrt, um deren Auswirkungen in

Reaktion auf verschiedene Stressbedingungen zu erklaren.
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Endosymbiotic theory

More than 100 years ago, in 1905, Mereschkowsky published a paper suggesting
that organelles contain genes (Martin and Kowallik, 1999). However, it took many
more years until it was partially accepted that mitochondria and chloroplasts have
evolved through the endosymbiosis of distinct prokaryotic progenitors, an
evolutionary event known as endosymbiotic theory today (Margulis, 1970).
Whereas the endosymbiosis of a-proteobacteria led to the formation of
mitochondria in all common eukaryotes, plastids, present only in the green
lineage of life, have evolved from endosymbiotic cyanobacteria; however, until
now it is unknown which lineages exactly give rise to the specific organelles (Gray
et al.,, 1999, Martin et al.,, 2002, Wu et al., 2004). During the functional
internalisation and transformation into plastids, the major part of the
cyanobacterial genome was transferred to the nuclear DNA of the host organism,
and only few protein coding genes remained in the plastid genome (Simpson and
Stern, 2002). The number of protein coding genes, which have been transferred,
were specific to the donor cyanobacteria species as well as acceptor eukaryotes
(Timmis et al.,, 2004). Hence, several genes necessary for organellar
development and regulatory functions are now located in the nuclear genome
and their proteins have to be imported into the plastid (Martin et al., 2002). As a
result of this gene transfer, the stoichiometry of nuclear and chloroplastic
encoded polypeptides functioning in the plastids requires the coordination of both
genomes during various developmental stages as well as in response to

environmental stimuli (Zimorski et al., 2014).
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Anterograde and retrograde signalling

In plants, there are two pathways that highly coordinate the nuclear and
organellar gene expression. Firstly, there is the anterograde signalling, which
controls organellar gene expression by nucleus-to-plastid signals. It is required
for the direct regulation of the organellar gene expression through different
nuclear-encoded factors that are transported into the plastid. The anterograde
signalling modulates chloroplast transcription, RNA metabolism, and the post-
transcriptional and post-translational regulation through RNA-binding proteins,
such as pentatricopeptide repeat (PPR) and tetratricopeptide repeat (TPR)
proteins, respectively (Berry et al., 2013). The second pathway is the so-called
retrograde signalling, which controls nuclear genes through plastid-to-nucleus
signals (Kleine and Leister, 2016). In contrast to the anterograde signalling, the
retrograde signalling utilizes signals, which are sent from the chloroplast (or
mitochondria) to the nucleus, and thus, affected the expression of nuclear-
encoded genes (Surpin and Chory, 1997). These factors are known to originate
from (i) plastid gene expression, (ii) plastid metabolites like the tetrapyrroles, (iii)
the reactive oxygen species (ROS) and changes in the redox state (Kleine et al.,
2009, Terry and Smith, 2013, Dietz et al., 2016, Kim, 2019, Zhao et al., 2019a).
For instance, lincomycin, a plastid translation inhibitor, or rifampicin, a selective
inhibitor of the plastid-encoded RNA polymerase (RNA Pol), cause defects in
gene expression and trigger retrograde signalling, and thus lead to a decrease of
the photosynthesis associated nuclear genes (PhANGs) (Sullivan and Gray,
1999). Another example is norflurazon (NF), a herbicide that acts as a non-
competitive inhibitor of the phytoene desaturase enzyme (Oelmuller and Mohr,
1986). The phytoene desaturase catalyses a two-step dehydrogenation of
phytoene to generate zeta-carotene in the carotenoid biosynthesis pathway
(Suarez et al., 2014). The carotenoids as natural antioxidants are components of
the light-harvesting complexes that are involved also in chloroplast protection
from negative effects of ROS through a mechanism known as nonphotochemical
quenching (Kim and Apel, 2013). An oxidative by-product of B-carotene is B-
cyclocitral, known to be a retrograde signal (Ramel et al., 2012). Therefore, NF

blocks the carotenoid biosynthesis pathway by inhibiting the phytoene
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INTRODUCTION

desaturase, resulting in photooxidative damage and bleaching of the green plant
tissue (Figure 1a); moreover, the absence of B-cyclocitral reduces expression of
PhANGs (D'Alessandro et al., 2018).

To gain more knowledge about the factors involved in retrograde signalling during
chloroplast development, several mutant screens were performed in Arabidopsis
thaliana (Susek et al., 1993, Larkin et al., 2003, Mochizuki et al., 2001, Gray et
al., 2003, Saini et al., 2011, Meskauskiene et al., 2001, Gutierrez-Nava et al.,
2004, Ball et al., 2004, Rossel et al., 2006, Woodson et al., 2011). Transgenic
wild type plants containing the B-glucuronidase (GUS) reporter gene and the light
harvesting complex of photosystem Il (LHCB) promoter were mutagenized with
ethyl methanesulfonate (EMS), and subsequently screened in presence of NF
with GUS activity and the mutants show blue cotyledons (Susek et al., 1993).
Further, wild type and selected mutagenized seedlings were grown in the
presence of NF to monitor the expression of some PhANGs like LHCB1.2 (Figure
1b). Thereby, GENOME UNCOUPLED (gun) mutants were isolated, which
showed a de-repression of PhANGs despite chloroplast development
perturbations induced by NF (Susek et al., 1993, Woodson et al., 2011).

(a) WT gunt gun5 (b) e R
' > WT
w & normal
without S &
norflurazon ax ¥ ) 4
{ . 4 A
.\7 WT
Y/ % + norflurazon
(46 4 £ h- 4
\’ ,’ . \ b ' \
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] . ; gun . .
norflurazon [ ) 7 + norflurazon = = >§
“ ' \ /

Figure 1: Retrograde signalling mutants. Images of four-day-old seedlings of the wild type,
guni and gun5 mutants of Arabidopsis thaliana treated with and without NF (a) (adapted
from (Habermann et al., 2020)). The retrograde signalling can result in following reduced
pattern (b). Under normal conditions in wild type the PhANGs can be expressed normally,
but when treated with NF a repressor signal can move from chloroplast to nucleus that
inhibits the gene expression of the PhANGSs; in case of gun mutants the retrograde
signalling pathway is disturbed and the absence of a signalling molecule results in a gene
expression even under photobleaching conditions.
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Five of the six gun mutants, namely gun2 to gun6, were found to be involved in
the tetrapyrrole biosynthesis pathway (TPB). GUN2 encodes a heme oxygenase,
which converts heme to biliverdin Ixa. GUN3 encodes a phytochromobilin
synthase, which is required for the generation of phytochromobilin through
biliverdin Ixa (Mochizuki et al., 2001). Both gun2 and gun3 mutants are affected
in the heme biogenesis that provoke a higher accumulation of heme in the plastid.
Moreover, studies have shown that the gunZ2 is allelic to the long hypocotyl 1 (hy7)
mutant and gung3 is allelic to the hy2 mutant, which leads to the assumption that
hy1-1 and hy2-1 are gun mutants (Koornneef and van der Veen, 1980, Mochizuki
et al., 2001). The GUN4 gene encodes a protoporphyrin IX (Proto)/ magnesium-
protoporphyrin IX (Mg-Proto) binding protein supporting the accumulation of
chlorophyll by leading to a higher activation of the magnesium-chelatase, which
means that the gun4 mutant has an increased efficiency of this enzyme (Larkin
et al., 2003, Adhikari et al., 2011).The GUNS gene encodes the CHLH subunit of
the magnesium-chelatase, which catalyses the conversion of Proto to Mg-Proto
in the chlorophyll biosynthetic pathway. The gun5 mutant is defective in the CHLH
gene due to a nucleotide substitution (C to T) and produces a less efficient
magnesium-chelatase (Mochizuki et al., 2001). Moreover, the gun6 mutant was
identified to have an increased ferrochelatase | expression, which resulted in
higher ferrochelatase activity (Woodson et al., 2011, Woodson et al., 2013). In
summary, these studies showed the involvement of tetrapyrroles in retrograde
signalling, but how these compounds exactly contribute to plastid-to-nucleus
signalling is still not clear (Mochizuki et al., 2001, Mochizuki et al., 2008, Strand
etal., 2003). Finally, the gun1 mutant differs from the other gun mutants, because
it is able to express PhANGs not only after exposure to NF, but also in the
presence of lincomycin (Shimizu et al., 2019). GUN1 encodes a chloroplast-
localised pentatricopeptide repeat (PPR) protein containing a C-terminal small
MutS-related domain (SMR) (Tadini et al., 2016, Barkan and Small, 2014). Even
though the exact molecular mechanism of GUN1 is still unknown, it is suggested
that the gun1 mutant can integrate signals derived from perturbations in the TPB,
plastid gene expression and redox state (Kleine and Leister, 2016). Previous

genetic evidences suggested that GUN7 signalling activates the nuclear

12



INTRODUCTION

transcription factor ABI4 through a chloroplast envelope-bound plant
homeodomain transcription factor (PTM) (Koussevitzky et al., 2007, Sun et al.,
2011). However, two recent studies could not confirm that PTM or ABI4 play a
role in the GUN7-mediated retrograde signalling pathway, since no consistent
gun phenotype could be detected under various conditions in both mutants (Page
et al., 2017, Kacprzak et al., 2019).

However, GUN1 plays an important role during the regulation of the chloroplast
development in response to different changes disturbing protein homeostasis
(Llamas et al., 2017). Recently, Wu et al. (2018) discovered that GUN1 acts in
two main networks, the so-called biogenic and operational control. During the
development of chloroplast and photosystem the biogenic control takes place and
the operational control acts through fluctuations in the environment in later stages
(Kleine and Leister, 2016). In conclusion, more investigations are still required to

reveal all the biological functions of GUN1 (Pesaresi and Kim, 2019).

The GOLDENZ2-LIKE (GLK) transcription factors are involved in expression of
nuclear photosynthetic genes and development of chloroplast. Interestingly, the
double mutant glk1glk2 was identified to exhibit a subtle gun phenotype with
reduced chlorophyll intermediates that can affect the GUN-mediated retrograde
signalling pathway (Waters et al., 2009, Leister and Kleine, 2016). In addition, the
overexpression lines of GLK1 and GLK2 show higher expression levels of LHCB
transcripts (Waters et al., 2009). The overexpression lines of GLK7 and GLK2
can be compared phenotypically to the gun1-1 and gun5-1 mutants in response
to NF, which can make a link to the organellar gene expression (Leister and
Kleine, 2016).

In the last years, additional studies and screenings were performed to shed more
light on the retrograde signalling pathway. For instance, the retrograde signalling
pathway was also found to be involved in the photoreceptor pathways in
regulating photomorphogenesis (Martin et al., 2016), the control of the flowering
time (Feng et al., 2016), acclimation in response to abiotic stress (Leister et al.,
2017) as well as hormonal signalling cascades (Bobik and Burch-Smith, 2015,
Gollan et al., 2015).

13
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Thus far, two microarray studies investigated the impact of plastid-to-nucleus
signals by comparing transcriptional changes in the Arabidopsis thaliana gun
mutants and wild type (Strand et al., 2003, Koussevitzky et al., 2007). The first
transcriptome study was performed by Strand et al. (2003) and compared wild
type, gun1, gun2 and gun5 mutants after growing for six days in the presence of
NF (Strand et al., 2003). The second transcriptome study focused on wild type
together with gun1 and gunb5 mutants after five days of NF treatment
(Koussevitzky et al., 2007). Both studies could detect a robust link between the
retrograde signalling mutants gun1 and gunb (and gunZ2 in case of Strand et al.
(2003)), because a considerable number of detected genes had equal expression
patterns. Additionally, it was identified that PhANGs are mainly decreased in the
wild type samples; however these were de-repressed in the gun mutants in

response to NF.

14



INTRODUCTION

Biogenesis and functions of small non-coding RNAs

So far, nearly all studies have used transcriptome analysis to investigate the
alteration of protein-coding gene expression in retrograde signalling mutants
(Strand et al., 2003, Koussevitzky et al., 2007, Marino et al., 2019, Richter et al.,
2020). Indeed, it is well known that there are also other regulatory RNA classes
that have an impact on several biological plant functions. The class of non-coding
RNAs (ncRNAs) including long ncRNAs (IncRNAs) and small ncRNAs (sRNAs)
are known to play important roles during plant development and in adaptation to
various abiotic and biotic stresses, as the ncRNAs are involved mostly in gene

expression regulation (Wang and Chekanova, 2017, Huang et al., 2019).

The class ncRNAs of referred as sRNAs are 20 - 24 nucleotides in length and
control gene expression in many biological processes (Li et al., 2017). For
instance, sRNAs are able to control epigenetic modifications by transcriptional
gene silencing (Holoch and Moazed, 2015, Bannister and Kouzarides, 2011,
Khraiwesh et al., 2010). However, it is more common that SRNAs mediate the
cleavage or translational inhibition through binding to the mRNA target, and thus
function in the post-transcriptional control (Catalanotto et al., 2016). sRNAs can
be classified according to their origin, since they can originate from a double-
stranded RNA (dsRNA) or a single-stranded RNA (ssRNA) precursor (Axtell,
2013). Those sRNAs processed from the dsRNA precursor are called small
interfering RNA (siRNA), but sRNAs can also be processed from a ssRNA
precursor named hairpin RNA (hpRNA).

One class of hpRNA generating microRNAs (miRNAs), is well-studied and known
to control transcript levels by sequence specific base pairing during various
biological processes (Reinhart et al., 2002, Manavella et al., 2019). The RNA Pol
Il transcribes the endogenous MIR genes in ssRNAs, which form a characteristic
hairpin structure due to intra-molecular sequence complementarity. This results
in a 5’'capped and polyA-tailed primary miRNA (pri-miRNA) transcript. Further,
the pri-miRNA has to be cleaved into precursor miRNA (pre-miRNA) through two
cleavages, whereas the first cleavage determines the mature miRNA and the

second cleavage is placed at the end of the MIR precursor. This cleavage occurs

15



INTRODUCTION

through DICER-LIKE1 (DCL1) enzymes with the help of HYPONASTIC LEAVES
1 (HYL1) and SERRATE (SE) and they form the so-called dicing body (Laubinger
et al.,, 2008). In the next step, the pre-miRNA is further processed into a
mMiRNA/miRNA* duplex with 20 - 22 nucleotide in length by DCL1, and the 3" ends
of both strands of the miIRNA/miRNA* duplex are 2°-O-methylated by HUA
ENHANCER 1 (HEN1), protecting those strands from degradation (Yu et al.,
2005, Park et al., 2002). The miRNA/miRNA* duplex comprises the mature
miRNA (guide strand) as well as the miRNA* (miRNA passenger stand). The
place of function of mature miRNAs is the cytosol, but the miRNA/miRNA* duplex
is still located in the nucleus, which requires now to be exported by RNA exporters
HASTY (HST) (Park et al., 2002). The ARGONAUTE1 (AGO1) protein acts as a
central module in the miRNA biogenesis and function, which loads the mature
miRNA strand from the miRNA/miRNA* duplex to form the RNA-induced silencing
complex (RISC) (Rogers and Chen, 2013). The miRNA* strand is usually
degraded, but in some cases the strand can be stabilised und functionalised
during stress conditions (Devers et al., 2011). The RISC guides the miRNA to its
mRNA target by Watson-Crick pairing, leading to a successive transcript
cleavage at position 10 or 11 and the mRNA gets degraded by nuclear
exoribonucleases (XRNs) or the RNA target acts a precursor for the biogenesis
of other siRNAs such as trans-acting siRNA (ta-siRNA) (Figure 2a) (Wierzbicki et
al., 2008, Voinnet, 2009). With those functions, miRNAs are able to mediate the
regulation of the transcript levels of many transcription factors or stress
responsive proteins under various biological processes, such as plant
development, signal transduction or in response to environmental stress
conditions (Yu et al., 2017). Moreover, in a recent study by Fang et al. (2018), it
has been detected that sSRNAs can have an impact on retrograde signalling, since
they discovered that tocopheroles and 3'-phosphoadenosine 5-phosphate (PAP)
have an effect on miRNA processing. The metabolite PAP was previously
identified to have a function in the RNA metabolism, where it serves as a mobile
signal to inhibit XRN, and thus preventing the degradation of 5 uncapped ends
of MRNA and pri-miRNA (Estavillo et al., 2011). Fang et al. (2018) showed that

tocopheroles are positive regulators of miRNA biogenesis, since they also
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positively control PAP accumulation. XRN2 levels can be inhibited by PAP,
2018).
Furthermore, miR395 is able to guide cleavage of a transcript encoding the

leading to an increased pri-miRNA accumulation (Fang et al.,
enzyme ATP sulfurylase (APS), which catalyses the initial step of the PAP
synthesis, and miR398 targets the mRNA of COPPER/ZINC SUPEROXIDE
DISMUTASE 2 (CSD2) for cleavage under heat stress, causing not only a
negative regulation of miRNA biogenesis through a reduction of the synthesis of
PAP precursors, but also protection against heat through CSD2 regulation (Fang
et al., 2018).
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Figure 2: Biogenesis pathway of different sRNAs. Different sSRNAs are processed through
different pathways. (a) The biogenesis of miRNAs comes along with a hairpin structure of
the miRNA precursor and those cleavage is mediated through DCL1. (b) The TAS precursor
gets cleaved through AGO proteins with the help of miRNAs and the ta-siRNA processing
occurs through dsRNA synthesis requiring the DCL4 phased cleavage. (c) nat-siRNAs are
processed through the overlap of two mRNA transcripts and subsequent cleavages by
DCL2 and DCLA1.

In addition to hpRNAs, the other class of siRNAs that can be processed from

dsRNA precursors include natural antisense transcript-derived siRNA (nat-
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siRNA) and trans-acting siRNA (ta-siRNA). ta-siRNAs are generated with the
help of mMiRNAs, which target and guide cleavage of the TAS precursor transcript,
leading to a dsRNA by RNA-DEPENDENT RNA POLYMERASE 6 (RDR6), which
is subsequently processed to phased siRNAs by DCL4. In Arabidopsis thaliana,
four different TAS genes, encoded by eight different loci, were identified
TAS1a/b/c, TAS2, TAS3a/b/c and TAS4 (Allen et al., 2005, Rajagopalan et al.,
2006). Two different pathways are known to produce ta-siRNAs: the one-hit and
two-hit pathway. The precursors of TAS1, TAS2 and TAS4 possess just one
single miRNA binding site and so they are part of the one-hit pathway, whereas
the remaining TAS3 precursor has two miRNA binding sites, and thus belongs to
the two-hit pathway (Yoshikawa, 2013). TAS7 and TASZ2 transcripts are targeted
by miR173, which has a size of 22 nucleotides, and the TAS4 transcript is
targeted by miR828 with a length of 22 nucleotides. In the one-hit pathway, the
cleavage of the TAS mRNA precursor is mediated through AGO1 and miR173 or
miR828. On the other hand, AGO7 and the miR390 with 21 nucleotides in size
mediate the cleavage of the TAS3 transcript at two diverse binding sites (Singh
et al., 2018). Nevertheless, after cleaving of the TAS transcripts, SUPPRESSOR
OF GENE SILENCING 3 (SGS3) is relevant for stabilising the ssRNAs, RDR6
generates dsRNAs and DCL4 cleaves those dsRNAs into phased ta-siRNAs with
24 nucleotides in size that are subsequently loaded in the RISC complex to
regulate their RNA targets (Figure 2b) (Borges and Martienssen, 2015). Different
ta-siRNAs are known to have different targets. Those ta-siRNAs which are
processed from TAS7 and TAS2 precursor target PPR proteins (Axtell et al.,
2006). In addition, ta-siRNAs originated from the TAS2 precursor are mainly
targeting transcripts encoding AUXIN RESPONSE FACTORs (ARF), and thus
control the auxin signalling pathway (Allen et al., 2005, Fahlgren et al., 2006).
Transcripts of MYB transcription factors or PRODUCTION OF ANTHOCYANIN
PIGMENT 1 (PAP1) are targets of the ta-siRNAs derived from the TAS4
precursor to regulate the anthocyanin biosynthesis (Luo et al., 2012).

In contrast to ta-siRNAs, dsRNA molecules underlying nat-siRNA biogenesis are
generated through the overlapping of two endogenous transcripts in antisense

orientation. Originally, the biogenesis of nat-siRNAs was discovered in salt stress
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experiment, where nat-siRNAs were processed from two overlapping transcripts
(Borsani et al., 2005). In particular, ROS accumulation triggered by salt stress
causes a higher expression of SIMILAR TO RCD ONE 5 (SROS). Borsani et al.
(2005) detected an overlapping of the mRNA transcripts of SRO5 and DELTA1-
PYRROLINE-5-CARBOXYLATE DEHYDROGENASE (P5CDH) encoding for a
constitutively expressed enzyme that catabolises the production of DELTA1-
PYROLINE-5-CARBOXYLATE (P5C) in the proline metabolism. DCL2 initiates
the cleavage of the overlapping region of the mRNA transcripts of SROS and
P5CDH, leading to the formation of double stranded nat-siRNAs with a size of 24
nucleotides. This step involves also NUCLEAR RNA POLYMERASE D1A
(NRPD1A), RDR6 and SGS3. One strand of the 24-nucleotide double stranded
nat-siRNA has two functions. The first one is to target the PS5CDH mRNA
transcript for cleavage, and the second function is to phase the successive
cleavage by DCL1, NRPD1A, RDR6 and SGS3 that generates a formation of nat-
siRNAs. Those 21-nucleotide nat-siRNAs also provoke the cleavage of the
P5CDH mRNA transcript (Figure 2c). Moreover, reduced expression levels of
mRNA transcript of P5CDH cause less proteins, which in turn leads to an
accumulation of proline, P5C and ROS that are involved in salt stress adaptation

mechanisms (Borsani et al., 2005).

Within the nat-siRNA class, two different types can be distinguished based on the
chromosomal arrangement of the overlapping endogenous transcripts: cis- and
trans-nat-siRNAs (Yuan et al., 2015). The nat-siRNA are called cis-nat-siRNA
when the RNA of the overlapping genes is transcribed from opposite DNA strands
in an equal genomic region, whereas, if both genes encode RNA transcripts from
different genomic regions and have reverse complementary sequences, then
they are able to generate frans-nat-siRNA (Lapidot and Pilpel, 2006). Regardless
of the chromosomal arrangement, both nat-siRNA types have the same function:
they are able to cause the cleavage of one of the initial overlapping mRNA
transcripts, thus leading to gene expression regulation in response to various
biological mechanisms (Borsani et al., 2005, Katiyar-Agarwal et al., 2006, Zhang
et al., 2012).
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There are many other sRNAs known, which do not belong to any of the already
described classes, because of their different biogenesis pathways, for instance
phased small interfering RNAs (phasiRNAs), heterochromatic siRNAs
(hetsiRNAs), epigenetically-activated small interfering RNAs (easiRNAs) or piwi-
interacting RNA (piRNAs) (Axtell, 2013, Borges and Martienssen, 2015, Singh et
al., 2018).
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Biogenesis and functions of long non-coding RNAs

The ncRNAs possessing a size longer than 200 nucleotides are called IncRNAs.
Generally, INncRNAs are transcribed by different RNA polymerases (RNA Pol I,
I, IV or V), but do not produce a functional protein (Wierzbicki et al., 2008). They
are known to regulate gene expression in different biological processes, such as
fertility, photomorphogenesis, protein re-localization or modulation of chromatin

loop dynamics (Liu et al., 2015).
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Figure 3: IncRNAs and their functions. IncRNAs can have various functions in regulating
different biological mechanisms. The IncRNA ASCO is known to cause alternative splicing
events (a). The IncRNA IPS1 acts through target mimicry to serve as a decoy for miR399
to increase the expression levels of the miRNA target, PHO2, to maintain the inorganic
phosphate (Pi) homeostasis (b). In addition, IncRNAs like COOLAIR and COLDAIR guide
histone modifications under cold temperatures at the FLC locus to cause a delay in the
flowering time (c). Furthermore, IncRNAs can act as precursors of other siRNAs (d).

sRNA

One important role is the regulation of alternative splicing events through
activation or inhibition of mRNA splicing (Figure 3a). It was discovered that the
alternative splicing competitor (ASCO) IncRNA interacts with the nuclear speckle
RNA-binding protein (NSR) to build an alternative splicing regulatory module,
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which controls lateral root development (Bardou et al., 2014). Another interesting
function of IncRNAs is target mimicry, where the IncRNA acts as a decoy for
miRNAs by complementing and sequestering miRNAs (Figure 3b). One well
known biological example in Arabidopsis thaliana is the endogenous INncCRNA
INDUCED BY PHOSPHATE STARVATION1 (IPS1), which is increased during
phosphate excess and operates as a target of miR399 (Franco-Zorrilla et al.,
2007). Typically, the UBIQUITIN-CONJUGATING ENZYME 24 (PHO2) is an
important enzyme to maintain the inorganic phosphate (Pi) homeostasis, as it
ubiquitinates proteins for further degradation such as the Pi transporters (PHT1)
that need to be reduced under high Pi (Aung et al., 2006). The mRNA transcript
of the PHOZ is a target of miR399, which regulates PHOZ2 protein levels to further
regulate the downstream Pi uptake (Chiou et al., 2006). The IncRNA IPS1 acts
as binding partner and sequesters miR399 with a mismatch creating loop around
miRNA cleavage site leading to increased PHOZ2 levels and enhanced
ubiquitination of cognate protein targets and subsequent degradation resulting in
a survival of plants under high Pi (Franco-Zorrilla et al., 2007). Another interesting
biological function of IncRNAs is the control of vernalization that promotes
flowering time through epigenetic modifications (Figure 3c). Commonly, the
FLOWERING LOCUS C (FLC) plays a key role in Arabidopsis thaliana to delay
flowering under low temperatures (Michaels and Amasino, 1999). There are two
IncRNAs transcribed from the FLC locus: COLD INDUCED LONG ANTISENSE
INTRAGENIC RNA (COOLAIR) that is transcribed in antisense direction
(Swiezewski et al., 2009), and COLD ASSISTED INTRONIC NONCODING RNA
(COLDAIR) that is transcribed in the sense direction (Heo and Sung, 2011). Both
IncRNAs, COOLAIR and COLDAIR, act as epigenetic regulators and cause
histone modifications on the FLC locus, thus inhibiting flowering under cold
temperatures (Heo and Sung, 2011). Interestingly, INncRNAs can also serve as
precursors for sSRNAs (Figure 3d) (Ma et al., 2014). Tang et al. (2019) discovered
numerous RDR2- and DCL3-dependent sRNAs in silico, which have been
generated from IncRNAs in Arabidopsis thaliana and the sRNAs have been
detected to be associated with AGO4 for chromatin modifications or associated

with AGO1 for target cleavage, but further validations are needed.
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Non-coding RNAs in biotic and abiotic stress response in Arabidopsis

thaliana

Plants have developed complex regulatory mechanisms to adapt to stressful
conditions like variations in climate and environmental conditions (abiotic
stresses) or upon attack by a vast range of pests and pathogens (biotic stresses).
One important regulatory mechanism involves the regulation of mRNA transcript
levels of transcription factors and stress responsive proteins via RNA interference
(RNAI) mediated by sRNA (Yang et al., 2018b, Ben-Gera et al., 2016).

Upon pathogen attack, the plant immune response is mediated by the so-called
resistance genes, which comprise the most common nucleotide-binding leucine-
rich repeat (NB-LRR) proteins (Ellis et al., 2000). The activated resistance genes
induce also re-allocation of plant resources; indeed, an autoimmune response
triggered by unregulated resistance gene expression is able to restrain plant
growth (Zhai et al., 2011, Li et al., 2012). Pseudomonas syringae is a ubiquitous
gram-negative bacterium that causes many different plant diseases such as
bacterial canker and makes plants more fragile for environmental changes like
low temperatures. In Arabidopsis thaliana, during Pseudomonas syringae
infection, a flagellin-derived peptide triggers the induction of miR393, which
targets mRNA transcripts of auxin receptors, and thus suppresses the auxin
signalling and shifts the plant priority from development towards defence
(Navarro et al., 2006). Further investigations showed that miR393 also affects the
salicylic acid pathway, since it inhibits auxin signalling, which causes decreased
levels of camalexin, an indolic phytoalexin preventing necrotrophic fungi, and
higher levels of glucosinolate, a natural component preventing pests and
diseases, that boost Arabidopsis thaliana immunity to Pseudomonas syringae
(Robert-Seilaniantz et al., 2011). Another miRNA that was identified to play a role
during Pseudomonas syringae infection is miR863-3p, which targets the mRNA
transcripts of atypical receptor-like pseudokinases, ARLPK1 and ARLPKZ2 (Niu et
al., 2016). Interestingly, the mRNA cleavage of ARLPK1 and ARLPK?2 directed
by miR863-3p is an early defence response upon infection. The transcript of SE
provides another target for miR863-3p, and the transcriptional inhibition of SE

causes a self-regulation of miR863-3p (Niu et al., 2016).
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Different stress conditions, such as oxidative stress, hypoxia, extreme
temperatures, high salinity and drought, are able to trigger RNAi-based gene
silencing mechanisms mediated by sRNAs, in particular by miRNAs (Khraiwesh
et al., 2012, Li et al., 2017, Shriram et al., 2016). Moreover, miRNAs have been
identified to play not only a role under one stress condition, but they are also able
to be affected by many stress conditions like the highly conserved miR408 and
miR156 (Ma et al., 2015, Zheng et al., 2019).

Plant hormones, especially auxin, are main focus of studies as they control
developmental processes including root hair elongation. In Arabidopsis thaliana,
the ARF transcription factors are known to play a role during auxin signal
transduction in plant development; and the mRNA transcripts of ARF10 are
targeted by miR160 (Liu et al., 2007). Furthermore, overexpression lines of
miR160 have been described to have reduced sensitivity against abscisic acid
(ABA) during seed germination (Liu et al., 2007). Further, miR160 has an
important role during seed germination as well as post-germination under stress
conditions (Liu et al., 2007).

Several miRNAs were identified to play a role mainly during drought and salt
stress; as most of the studies were focused on those conditions (Khraiwesh et
al., 2012, Shriram et al., 2016). The miRNA miR394 was identified to be induced
by ABA; and transgenic lines overexpressing miR394 are very sensitive to high
salt concentration, but more tolerant to drought stress (Song et al., 2013). In
Arabidopsis thaliana, the LEAF CURLING RESPONSIVENESS (LCR) is
essential to maintain the leaf morphology and its mRNA transcript serves as a
target for miR394, and this interaction is required for a proper leaf shape, which
can help to adapt to stress conditions like salt or drought (Song et al., 2012).
Another example is miR399f, involved in phosphate homeostasis that was also
found to be implicated in stress response related to ABA, different salt
concentrations and drought (Baek et al., 2016). In this context, one already
validated miRNA target transcript encoding for MYB DOMAIN PROTEIN 2
(AtMYB2) and two additional putative miRNA targets encoding for ABA-
RESPONSIVE ELEMENT (ABRE)-BINDING TRANSCRIPTION FACTOR3
(ABF3) and CHLOROPLAST STEM-LOOP BINDING PROTEIN OF 41 KDA
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(CSP41b) were suggested to play a role under those stress conditions.
Overexpression lines of miR399f were found to increase an ABA and salt
tolerance along with reduced root growth and seed germination as well as a
hypersensitivity to drought stress (Baek et al., 2016). Therefore, it was concluded
that miR399f plays a role in adaptive response to abiotic stress conditions by
regulating its targets, ABF3 and CSP41b, to maintain the balance of the
homeostasis associated with ABA, different salt concentrations and drought.

Different stresses influence the plants in terms of development and productivity.
For example, the population is increasing, which result in a future problem to feed
the world population and the focus of studies should be on crops to increase their
efficiency since particularly for instance under low temperatures (Chinnusamy et
al., 2007, Ding et al., 2019, Kazemi-Shahandashti and Maali-Amiri, 2018). Cold
stress can be categorised according to the temperature: freezing stress when the
temperatures are below 0°C, and chilling stress when the temperatures are below
20°C. At low temperatures, two pathways are responsible for acclimation in
plants: the C-repeat/drought-responsive element binding factor (CBF)-dependent
and CBF-independent transcriptional pathway (Zhu, 2016). The inducer of CBF
expression 1 (/CE1) regulates the expression of the genes coding for CBF
transcription factors by binding on their promoter region (Chinnusamy et al.,
2010). Further, ICE1 is also involved in the activation of the expression of
dehydration responsive element binding (DREB) transcription factors, which in
turn bind to the cold response sensitive transcription factors/dehydration
responsive elements (CRT/DRE) promotor regions of the cold-responsive (COR)
genes that encode cold responsive proteins. Another CBF-independent
transcriptional pathway regulates the expression of COR genes, which is
triggered by the binding of basic leucine zipper (bZIP) transcription factors ABA-
responsive element (ABRE)-binding protein (AREB)/ABRE-binding factors
(ABFs) and those AREB/ABF proteins verified an ABA-mediated signal (Huang
et al., 2012). Lee et al. (2010) discovered a direct interaction between ABA-
mediated stress response due to ABF transcription factors and DREB/CBF gene

family, which suggests a crosstalk between different stress responsive pathways.
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Several studies have shown that sRNAs, especially miRNAs, play an important
role in regulating transcription factor and COR genes under cold stress (Pegler
et al.,, 2019, Sunkar and Zhu, 2004, Liu et al., 2008, Megha et al., 2018).
Overexpression lines of mMiR397a in Arabidopsis thaliana were investigated using
cold tolerance assay, implying an improved adaptation of those overexpression
lines at low temperatures (Dong, 2014). In particular, the expression of the mRNA
transcripts of the CBF genes and their downstream COR genes are affected
under cold treatment in miR397a overexpression lines, leading to the conclusion
that miR397a plays a role in controlling the cold signalling pathway (Dong, 2014).
In Arabidopsis thaliana, leaf senescence is regulated by miR408, which guides
the cleavage of mMRNA transcripts of a cupredoxin superfamily protein, LACCASE
3 and PLANTACYANIN that are expressed in leaves (Thatcher et al., 2015).
Those mRNA transcripts regulated by miR408 belonging to the group of
cupredoxins acting as electron transfer shuttles between proteins in several
biological processes (Choi and Davidson, 2011). The copper containing protein
laccase (LACCASE 13) is implicated in the polymerization of lignin and miR408
overexpression lines resulted in decreased mMRNA LACCASE 13 expression
levels and increased seed yield and biomass (Song et al., 2017). Many studies
focus on the highly conserved miR408 and their targets, because of their
important functions in regulation within different biological pathways in response
to various stress conditions like copper, high salt or drought in different plant
species for instance Arabidopsis thaliana, rice, maize (Liu et al., 2008, Rajwanshi
et al., 2014, Trindade et al., 2010, Hajyzadeh et al., 2015, Zhang et al., 2017).
Flowering time is mainly controlled by members of the SQUAMOSA PROMOTER
BINDING PROTEIN LIKE (SPL) transcription factors and their mRNA transcripts
function as targets for the miRNA family miR156 (Wu et al., 2009). Under abiotic
stress conditions, miR156 targets the SPL mRNA transcript, causing a delay
flowering and thus keeping the plant in a juvenile state (Cui et al., 2014, Stief et
al., 2014).
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Until now, only less sequencing studies focused on the correlation between
sRNAs and mRNA transcripts (Crisp et al., 2017, Thatcher et al., 2015, Vidal et
al., 2013). The function of sSRNAs and other ncRNAs has not fully studied in the
retrograde signalling pathway. Therefore, we wanted to make use of next
generation sequencing (NGS) to investigate the role of SRNAs and other ncRNAs
in two well-known retrograde signalling mutants, gun1 and gunb. We intended
Arabidopsis thaliana wild type, gun1 and gunb seeds in the presence/absence of
NF, and whole RNA, including sRNA, ncRNA and mRNA, were isolated from four-
day-old seedlings and sequenced. All RNA profiles were analysed in terms of
changes in expression levels and correlated to the specific retrograde signalling
pathway. Consequently, the sRNA profiles have been associated with IncCRNA
and mRNA expression levels to determine how sRNAs are involved in the

retrograde signalling pathway.

Additionally, the ncRNAs were also investigated in two-weeks-old Arabidopsis
thaliana wild type plants in response to cold treatment. Plants growing at 4°C
were collected at different time points, 3 h, 6 h, and 2 d, and different expression
levels of SRNA have been correlated to ncRNA and mRNA from a public data set
in order to gain more knowledge about cold responses mediated by sRNA or
NcRNA (Garcia-Molina et al., 2020).

Preliminary investigations on miRNA:mRNA target pairs of interest have been
generated. We used already available miRNA overexpression lines for analysis.
Therefore, germination assays have been performed under various stress
conditions including salt, mannitol, ABA, cold, heat or high light. Furthermore,

putative miRNA targets have been quantified.
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The following section includes summaries, the both publications, that are part of

this thesis and additional unpublished work.

Publication I: Impact of small RNAs in retrograde signalling

pathways in Arabidopsis thaliana

Kristin Habermann', Bhavika Tiwari', Maria Krantz?, Stephan O. Adler?, Edda

Klipp?, M. Asif Arif"”, Wolfgang Frank'

1 Plant Molecular Cell Biology, Department Biology |, Ludwig-Maximilians-
Universitat Muanchen, LMU Biocenter, 82152 Planegg-Martinsried,
Germany

2 Humboldt-Universitat Berlin, Department Biologie, Bereich Theoretische

Biophysik, 10115 Berlin, Germany

https://doi.org/10.1111/tpj.14912

Abstract

Chloroplast perturbations activate retrograde signalling pathways causing
dynamic changes of gene expression. Besides transcriptional control of gene
expression different classes of small non-coding RNAs (sRNAs) act in gene
expression control, but comprehensive analyses regarding their role in retrograde
signalling is lacking. We performed sRNA profiling in response to norflurazon
(NF) that provokes retrograde signals in A. thaliana wild type and the two
retrograde signalling mutants gun1 and gunb. The RNA samples were also used
for mMRNA and long non-coding RNA (IncRNA) profiling to link altered sRNA levels
to changes of their cognate target RNAs. We identified 122 sRNAs from all known
SRNA classes that were responsive to NF in wild type. Strikingly, 140 and 213
sRNAs were found to be differentially regulated in both mutants indicating a
retrograde control of these sRNAs. Concomitant with the changes in sRNA
expression we detected about 1500 differentially expressed mRNAs in the NF
treated wild type and around 900 and 1400 mRNAs that were differentially
regulated in the gun1 and gun5 mutant with a high proportion (~30%) of genes
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encoding plastid proteins. Furthermore, around 20% of predicted miRNA targets
code for plastid localised proteins. The analyses of sRNA-target pairs identified
pairs with an anticorrelated expression as well pairs showing other expressional
relations pointing to a role of SRNAs in balancing transcriptional changes upon
retrograde signals. Based on the comprehensive changes in SRNA expression
we assume a considerable impact of sRNAs in retrograde-dependent

transcriptional changes to adjust plastidic and nuclear gene expression.
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SUMMARY

Chloroplast perturbations activate retrograde signalling pathways, causing dynamic changes of gene
expression. Besides transcriptional control of gene expression, different classes of small non-coding RNAs
(sRNAs) act in gene expression control, but comprehensive analyses regarding their role in retrograde sig-
nalling are lacking. We performed sRNA profiling in response to norflurazon (NF), which provokes retro-
grade signals, in Arabidopsis thaliana wild type (WT) and the two retrograde signalling mutants gun7 and
gunb. The RNA samples were also used for mRNA and long non-coding RNA profiling to link altered sRNA
levels to changes in the expression of their cognate target RNAs. We identified 122 sRNAs from all known
sRNA classes that were responsive to NF in the WT. Strikingly, 142 and 213 sRNAs were found to be differ-
entially regulated in both mutants, indicating a retrograde control of these sRNAs. Concomitant with the
changes in sRNA expression, we detected about 1500 differentially expressed mRNAs in the NF-treated WT
and around 900 and 1400 mRNAs that were differentially regulated in the gun1 and gun5 mutants, with a
high proportion (~30%) of genes encoding plastid proteins. Furthermore, around 20% of predicted miRNA
targets code for plastid-localised proteins. Among the sRNA-target pairs, we identified pairs with an anti-
correlated expression as well pairs showing other expressional relations, pointing to a role of sRNAs in bal-
ancing transcriptional changes upon retrograde signals. Based on the comprehensive changes in sRNA
expression, we assume a considerable impact of sRNAs in retrograde-dependent transcriptional changes to
adjust plastidic and nuclear gene expression.

Keywords: small non-coding RNA, non-coding RNA, gene regulation, retrograde signalling, gun1, gun5, Ara-
bidopsis thaliana.

INTRODUCTION .
enzyme phytoene desaturase, which produces p-carote-

Both mitochondria and chloroplasts are characteristic orga-
nelles of eukaryotes that have evolved through the
endosymbiosis of distinct prokaryotic progenitors (Gok-
soyr, 1967). Cyanobacteria gave rise to plastids, and the
majority of the endosymbiotic cyanobacterial genome was
transferred into the nuclear DNA of the host organism.
Consequently, most multiprotein complexes within the
plastids are formed by organellar- and nuclear-encoded
proteins, requiring a well-coordinated expression of both
genomes (Zimorski et al., 2014; Zhao et al., 2019a). The
nuclear gene expression is controlled by plastid-to-nucleus
retrograde signalling (Kleine and Leister, 2016; Chan et al.,
2016), which is proposed to be mediated by several factors.
For example, norflurazon (NF), a specific inhibitor of the

138

noids from phytoene, causes repression of photosynthesis-
associated nuclear genes (PhANGs) (Woodson et al., 2011).
Carotenoids are part of the light-harvesting complexes and
protect the cells from photooxidative damage (Kim and
Apel, 2013). In the presence of NF the chloroplast suffers
from photooxidation, leading to characteristic bleaching
symptoms of the green plant tissues caused by the degra-
dation of chlorophyll (Breitenbach et al., 2001). Several
decades ago Arabidopsis thaliana mutant screens were
performed to identify factors which specifically block the
expression of PhANGs under conditions of chloroplast
developmental prevention (Susek et al., 1993; Mochizuki
et al., 2001; Meskauskiene et al., 2001; Larkin et al., 2003;
Gray et al., 2003; Gutierrez-Nava et al., 2004; Ball et al.,
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2004; Rossel et al., 2006; Saini et al., 2011). Several GEN-
OME UNCOUPLED (gun) mutants were identified with dis-
turbed retrograde signalling leading to a de-repression of
PhANGs. Interestingly, five different gun mutants, gun2 to
guné, are affected in the tetrapyrrole biosynthesis pathway
(TPB). The gun5 mutant has a defective regulatory CHLH
subunit of the magnesium-chelatase (Mochizuki et al.,
2001). The gun4 mutation also affects the subunit of the
magnesium-chelatase, leading to an increased efficiency.
The gun2, gun3 and gun6 mutants are impaired in heme
oxygenase, phytochromobilin synthase and Fe-chelatase,
respectively (Woodson et al., 2011; Woodson et al., 2013).
Based on these studies, it has been proposed that chloro-
plast metabolites may act as retrograde signals (Kakizaki
et al., 2009). The gun1 mutant is not related to the remain-
ing gun mutants since GUN7 encodes a member of the
chloroplast-localised pentatricopeptide repeat proteins,
which usually act in post-transcriptional processes (Tadini
et al., 2016). The gun1 mutant is able to perceive signals
from the TPB, plastid gene expression and redox state, but
the mode of action of GUNT in retrograde signalling
remains unknown (Kleine and Leister, 2016). Microarray
studies have been performed to compare transcriptional
changes of A. thaliana wild type (WT) and gun1 and gun5
mutants in response to NF, revealing a strong correlation
between the gun1 and the gun5 mutant because a large
number of genes were consistently regulated in both
mutants, including de-repression of PhANGs.

To date, all studies analysing gene expression in various
retrograde signalling mutants focused on the analysis of
protein-coding genes. However, it is well known that
classes of non-coding RNAs (ncRNAs), including long
ncRNAs (IncRNAs) as well as small ncRNAs (sRNAs), have
important functions in diverse biological processes
because they mainly act in the control of gene expression
(Wang and Chekanova, 2017; Huang et al., 2019).

LncRNAs with a size larger than 200 nucleotides were
shown to have important functions in the control of gene
expression (Wierzbicki et al., 2008; Dinger et al., 2009) and
to exert their function by various mechanisms. One speci-
fic role of IncRNAs is the regulation of mRNA splicing,
where they can either activate or inhibit specific splicing
events (Ma et al., 2014). They also mediate epigenetic mod-
ifications and act in microRNA (miRNA) target mimicry,
where the IncRNA harbours a miRNA binding site, causing
miRNA binding and sequestration (Franco-Zorrilla et al.,
2007; Swiezewski et al., 2009; Heo and Sung, 2011). A
specific gene regulatory class of ncRNA comprises sRNAs
with a size of 20-24 nucleotides. They can interfere with
nuclear transcription by regulating epigenetic modifica-
tions (Khraiwesh et al, 2010; Bannister and Kouzarides,
2011; Holoch and Moazed, 2015) or they can act post-tran-
scriptionally by targeting RNAs, mediating RNA cleavage
or translational inhibition (Meister and Tuschl, 2004; Bartel,
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2004; Kim, 2005). sRNAs can be divided into two classes on
the basis of their origin: hairpin RNA (hpRNA) and small
interfering RNA (siRNA) (Axtell, 2013a). One of the most
important classes of hpRNA are miRNAs, which are pro-
cessed from stem-loop transcripts by DICER-LIKE1 enzymes
(Park et al., 2002; Meyers et al., 2008) and guided through
ARGONAUTE1 and RNA-induced silencing complex to their
target RNAs by sequence complementarity to mediate their
cleavage or translational inhibition (Wierzbicki et al., 2008;
Voinnet, 2009). Until now only one recent study reported
on a functional role of miRNAs in retrograde signalling
(Fang et al., 2018). It was shown that tocopherols positively
regulate the accumulation of 3'-phosphoadenosine 5'-phos-
phate (PAP), which is an inhibitor of exonuclease 2 (XRN2),
which negatively regulates mRNA and pri-miRNA levels by
degradation of 5 uncapped mRNA. Moreover, miR395
mediates cleavage of the mRNA encoding ATP sulfurylase
(APS), the enzyme catalysing the initial step of PAP synthe-
sis (Fang et al., 2018).

Two other sRNA classes are formed from double
stranded RNAs (dsRNAs), which are derived from
endogenous transcripts and generate natural antisense
transcript-derived siRNA (nat-siRNA) or trans-acting
siRNA (ta-siRNA), based on their specific biogenesis
pathways. Nat-siRNAs are generated from two genes
encoding overlapping transcripts in antisense orientation,
leading to the formation of dsRNA molecules (Borsani
et al, 2005). Nat-siRNAs are processed from these
dsRNAs and mediate subsequent cleavage of one of the
initial overlapping transcripts. According to their geno-
mic location, NAT pairs can be distinguished into cis-
NAT pairs, generated from opposing DNA strands within
an identical genomic region, and trans-NAT pairs, pro-
duced from transcripts encoded by separated genomic
regions (Lapidot and Pilpel, 2006; Yuan et al., 2015). The
first identified nat-siRNA was shown to have an impor-
tant function in salt stress adaptation of A. thaliana (Bor-
sani et al., 2005), where it is involved in the regulation
of proline biosynthesis. Unlike nat-siRNAs, ta-siRNA gen-
eration is triggered by miRNAs, since ta-siRNA precursor
transcripts are cleaved in a miRNA-dependent manner
and further processed into phased 21 nt ta-siRNA
duplexes to control target RNAs (Chen, 2009). The role
of sRNAs in retrograde signalling has not been analysed
yet and information on the role of IncRNAs in retro-
grade control is completely lacking. To gain information
whether these classes of ncRNA act in retrograde sig-
nalling, we made use of two well-characterised mutants
affecting plastid-to-nucleus signalling events. A. thaliana
gunl and gun5 mutants were grown under standard
conditions and in the presence of NF, and RNA expres-
sion profiles were compared to WT controls to identify
functional sRNA-RNA target pairs that are modulated by
retrograde signals.
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RESULTS
De novo sRNA sequencing after norflurazon treatment

To identify sRNAs that may act in retrograde signalling
pathways, seedlings of A. thaliana WT and the two retro-
grade signalling mutants gun1 and gun5 were treated for 4
days with 5 um NF under continuous light (Figure S1a) and
sRNA sequencing was performed from six independent bio-
logical replicates samples, yielding a minimum of 5 million
reads per replicate. The length distribution of all sRNA
reads was analysed and we observed an enrichment of
reads with a length of 21 and 24 nt (Figure S1b-d). The 21 nt
peak corresponds to an expected enrichment of miRNAs,
ta-siRNAs and nat-siRNAs, whereas the 24 nt peak complies
with enriched repeat-associated sRNAs. The ShortStack
sRNA analysis software has been used to map the sRNA
data set against different reference databases (Table S1).

DeSeq2 was used to calculate the differential expression
(2-fold regulation and false discovery rate [FDR] < 0.05) of
sRNAs between the samples, with a special focus on
sRNAs that were differentially expressed in NF-treated
samples with respect to their untreated controls, and in
NF-treated gun mutants compared to the NF-treated WT
(Table S2). Specific SRNA clusters arising from different
ncRNA classes were found to be differentially expressed
(Figure 1). These classes include mature miRNAs, cis-nat-
siRNAs and trans-nat-siRNA, as well as sRNAs derived
from IncRNAs. Upon growth on normal media, we identi-
fied only a small number of differentially regulated sRNAs
in the gun mutants as compared to the WT, whereas the
number of differentially regulated sRNAs between the
mutants and WT strongly increased upon NF treatment
(Table S3).

NF treatment caused an increased number of differen-
tially expressed sRNAs in WT and both gun mutants, indi-
cating a considerable sRNA regulation by retrograde
signals. Furthermore, we observed a higher number of
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differentially expressed sRNAs in both NF-treated gun
mutants compared to NF-treated WT, pointing to a strong
regulation of sSRNAs that underlies specific retrograde sig-
nals in these mutants. Most of the changes affect miRNA
and nat-siRNA expression levels, and we mainly focused
on these sRNA classes with regard to their differential
expression and further target analysis to predict the regula-
tory functions of these sRNAs (Figure 1 and Table S3).

Analysis of differentially expressed miRNAs

Because beside a recent analysis of tocopherol-responsive
miRNAs (Fang et al., 2018) little is known about the role of
miRNAs in retrograde signalling, we analysed changes in
miRNA expression in response to NF in A. thaliana WT and
in the gun1and gun5 mutants. The comparison of differen-
tially expressed miRNAs between the samples is shown in
a hierarchically clustered heatmap (Figure 2a). Only a low
number of differentially expressed miRNAs was observed
in the untreated mutants compared to the WT control. In
the gunl mutant (gun1/WT), only six differentially
expressed miRNAs were detected, and only five miRNAs
were detected in the untreated gun5 mutant compared to
the WT control (gun5/WT).

We hypothesised that miRNAs can play a role in retro-
grade signalling that should be reflected by an enrichment
of differentially expressed miRNAs after NF treatment.
Indeed, we observed a remarkable increase in the number
of differentially expressed miRNAs in response to NF treat-
ment with a similar number of NF-responsive miRNAs in
the three analysed genotypes (Figure 2b). In total, we
observed 22 miRNAs to be differentially regulated in the
NF-treated WT compared to the untreated control (WT NF/
WT). Twenty-four miRNAs were differentially expressed in
the NF-treated gun? compared to the untreated gunft
mutant (gun1 NF/gun1), and 18 miRNAs were differentially
regulated in the NF-treated gun5 mutant compared to the
untreated gun5 control (gun5 NF/gun5).

Figure 1. Differentially expressed sRNAs within the
different samples. Overview of differentially regu-
lated sRNAs between the different samples
(log,(FC) < —2 or > +2; FDR < 0.05) subdivided into
specific sRNA classes. (a) miRNAs, (b) sRNAs
derived from IncRNA, (c) cis-NAT pairs and (d)
trans-NAT pairs. The up- and downregulation of the
members of each class are depicted by grey (up)

and black (down) partitions of the respective bars.
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Interestingly, we further detected miRNAs that seem to
be controlled by retrograde signals, as de-repressed miR-
NAs were observed in the gun? and gun5 mutants in
response to NF treatment, which is reminiscent of the de-
repression of PhANGs in these mutants. We focused on
miRNAs with altered expression levels in the treated WT
(WT NF/WT) and correlated them with differentially
expressed miRNAs in the NF-treated gun mutants (Fig-
ure 2b). In response to NF, two miRNAs (miR169g-3p and
miR5996) showed patterns of de-repression in both gun
mutants similar to de-repressed PhANGs, and one miRNA
(miR3932-5p) was de-repressed only in the NF-treated
gun5 mutant compared to the treated WT (gun5 NF/WT
NF). Furthermore, five miRNAs were downregulated in the
treated WT (WT NF/WT) and were upregulated in at least
one NF-treated gun mutant (gun NF/WT NF). We also iden-
tified two miRNAs which seemed to be controlled by retro-
grade signals in an opposite manner. These two miRNAs
were found to be upregulated in the treated WT (WT NF/
WT) and downregulated in at least one of the treated gun
mutants (gun NF/WT NF). In addition, we found miRNAs
which showed a specific regulation restricted to NF-treated
gun mutants when compared to the treated WT. Two miR-
NAs were found to be downregulated in both treated gun
mutants (gun NF/WT NF). Moreover, nine miRNAs were
specifically downregulated in the NF-treated gun? mutant
compared to the treated WT (gun1 NF/WT NF), and the
expression of three miRNAs was reduced in the treated
gun5 mutant (gun5 NF/WT NF). Furthermore, two miRNAs
were upregulated in the treated gun7 mutant and five miR-
NAs were upregulated in the treated gun5 mutant (gun NF/
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WT NF). We also detected four upregulated miRNAs com-
mon for both treated gun mutants (gun NF/WT NF).

Differentially regulated nat-siRNAs

To identify nat-siRNAs from our sRNA sequencing data we
made use of different accessible databases (Table S1) com-
prising experimentally validated and computationally pre-
dicted cis- and trans-NAT pairs (Jin et al., 2008; Zhang
et al., 2012; Yuan et al., 2015).

We identified 12 various cis-NAT pairs producing differ-
entially regulated nat-siRNA clusters in both untreated
gunl and gun5 mutants (gun1/WT and gun5/WT) (Fig-
ure 1c). Besides this, 57 and 23 trans-NAT pairs were
detected to produce differentially regulated nat-siRNA in
the gun1and gun5 mutants, respectively (Figure 1d).

Upon NF treatment we detected 21 cis-NAT pairs (Fig-
ure S2a) and 70 trans-NAT pairs (Figure S2b) in the WT
(WT NF/WT) producing differentially regulated nat-siRNA
clusters from at least one transcript of these NAT pairs. In
the treated gunT mutant (gun1 NF/gun1), nat-siRNAs from
12 cissNAT pairs were detected to be differentially
expressed (Figure 1c) and 23 differentially regulated trans-
NAT pairs producing nat-siRNA clusters were identified to
be differentially regulated in the treated guni1 mutant
(gun1 NF/gun1). In the NF-treated gun5 mutant, we identi-
fied 33 cis-NATs and 38 trans-NATs generating differen-
tially expressed nat-siRNAs (gun5 NF/gun5) (Figure 1c,d).

The overlap and co-regulation as well as specific expres-
sion of the differentially expressed cis-NAT pairs and
trans-NAT pairs producing differentially regulated nat-
siRNA clusters were analysed between the samples and
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are shown in an UpSet plot (Figure S2). We focused on the
analysis of NF-responsive differentially expressed nat-siR-
NAs in the WT to provide information on nat-siRNAs that
are controlled by retrograde signals. Moreover, we com-
pared NF-treated WT with both NF-treated gun mutants to
identify NF-responsive nat-siRNA misregulation that is
caused by the perturbed retrograde signals in these
mutants. We detected 31 cis-NAT pairs and 54 trans-NAT
pairs producing differentially expressed nat-siRNAs in the
NF-treated gun1 mutant (gun1 NF/WT NF). In the NF-trea-
ted gun5 mutant we detected 73 cis-NAT pairs and 68
trans-NAT pairs that produce differentially regulated nat-
siRNA clusters (gun5 NF/WT NF). For both gun mutants
the majority of cis-derived nat-siRNAs were upregulated,
whereas the majority of trans-derived nat-siRNAs were
downregulated in these mutants (Figure S2). We identified
five cis-NAT pairs to be downregulated in the treated WT
(WT NF/WT) and upregulated in both treated gun mutants
(gun NF/WT NF), thus representing the gun-specific de-re-
pression of nuclear-encoded PhANGs (Figure S2a). We also
detected one nat-siRNA cluster produced from a cis-NAT
pair displaying an opposing expression pattern (upregu-
lated in WT NF/WT and downregulated in both gun NF/WT
NF). Within trans-derived nat-siRNAs we identified 19
sRNA clusters that were differentially regulated in
response to NF in WT (WT NF/WT) and showed further dif-
ferential regulation in response to NF in both gun mutants
(gun NF/WT NF) (Figure S2b). Five of them resemble the
gun-specific de-repression, since they were downregulated
in the WT (WT NF/WT) and upregulated in both mutants
(gun NF/WT NF). Eleven trans-derived nat-siRNAs dis-
played an opposite expression and were upregulated in
the treated WT (WT NF/WT) and downregulated in both
treated gun mutants (gun NF/WT NF). In addition, two dif-
ferentially expressed nat-siRNA from trans-NAT pairs were
downregulated within all three samples and another one
was upregulated in the treated WT (WT NF/WT) and in the
treated gun5 mutant (gun5 NF/WT NF) and downregulated
in the treated gun1 mutant (gun7 NF/WT NF).

Other differentially regulated sRNA classes

Besides the differentially expressed miRNAs and NAT pairs
we also found differentially expressed sRNAs produced
from IncRNAs and phased siRNA (phasiRNAs) precursors
(Figure S3 and Table S3). Similar to miRNAs and nat-siR-
NAs, we detected only a small number of differentially reg-
ulated sRNA clusters derived from IncRNA precursors in
the untreated genotypes (gun/WT). In total, 11 differentially
expressed sRNA clusters produced from IncRNAs were
noticed in the gun1 mutant (gun1/WT) and all 18 differen-
tially expressed sRNA clusters in the untreated gun5
mutant were downregulated (gun5/WT).

When comparing the individual genotypes with and
without NF treatment, we identified only a considerably

small number of differentially expressed sRNAs. In the
treated WT, eight sRNA clusters processed from IncRNA
precursors were identified to be differentially expressed
(WT NF/WT). For both treated gun mutants, we observed
nine different upregulated sRNA clusters (gun NF/gun).

Comparing the NF-treated gun mutants with the NF-trea-
ted WT we noticed an increase in the number of differen-
tially expressed sRNAs (Figure S3). Generally, we observed
a higher number of upregulated sRNA clusters produced
from IncRNA precursors in both treated gun mutants (gun
NF/WT NF). Of 31 differentially expressed sRNA clusters,
22 were detected to be upregulated in the NF-treated gun?
mutant (gun1 NF/WT NF). For the treated gun5 mutant, 36
out of 51 differentially expressed sRNA clusters were found
to be upregulated (gun5 NF/WT NF). We detected only one
sRNA cluster derived from a IncRNA precursor that was
downregulated in the treated WT (WT NF/WT) and upregu-
lated in both NF-treated gun mutants (gun NF/WT NF).
Two sRNA clusters were downregulated in the treated WT
(WT NF/WT) and upregulated in the treated gun1 mutant
(gun1 NF/WT NF). Another two sRNA clusters derived from
IncRNA precursors were downregulated in the treated WT
(WT NF/WT) and upregulated in the treated gun5 mutant
(gun5 NF/WT NF). Furthermore, 11 sRNA clusters produced
from IncRNA precursors were similarly regulated in both
treated gun mutants (gun NF/WT NF), with six of them
upregulated and five downregulated (Figure S3).

In addition to the IncRNA-derived sRNA clusters, we
identified two differentially expressed phasiRNAs. One
phasiRNA derived from locus AT1G63070 was 5.8-fold
upregulated in the untreated gun? mutant (gun1/WT) and
4.1-fold upregulated in the NF-treated gun7 mutant (guni
NF/WT NF). The second phasiRNA produced from the
locus AT5G38850 was 2.6-fold downregulated in the trea-
ted WT (WT NF/WT) and 3.5-fold downregulated in the
treated gun1 mutant (gun1 NF/gun1).

Analysis of IncRNA and mRNA in the gun mutants

Besides sRNA sequencing, we also sequenced mRNAs and
IncRNAs to gain more information about NF-dependent
regulation of IncRNAs and to examine the correlation of
sRNAs with their targets.

The samples were mapped against the A. thaliana gen-
ome deposited in Araport11 (Table S4) and differential
expression of mRNA and IncRNA between the samples
(Tables S5 and S6) was calculated with Cuffdiff. Represen-
tative transcripts belonging to different RNA classes show-
ing differential expression levels in the RNA sequencing
data were selected for expression analyses by quantitative
real-time PCR (gRT-PCR), which confirmed the mRNA and
IncRNA sequencing data (Figure S4). We selected various
genes which were detected to be differentially expressed
in the treated WT as well as in both NF-treated gun
mutants. Furthermore, we selected two transcripts each
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that displayed a low, moderate and high abundance,
respectively. In addition, we included one IncRNA that was
found to be differentially regulated in all three samples.

Classification of differentially expressed ncRNAs detected
via ribosomal depleted RNA sequencing

We identified differentially expressed transcripts belonging
to distinct ncRNA classes (Tables S5 and S6), including
IncRNAs, which may act in regulatory processes of gene
expression, as well as tRNA, rRNA and small nucleolar
RNA (snoRNA), which act in protein translation and splic-
ing and usually have few regulatory functions. Under nor-
mal growth conditions we identified 10 differentially
expressed ncRNAs in each of the gun mutants as com-
pared to the untreated WT (Table 1 and Figure Sb5a). The
number of differentially expressed ncRNAs increased upon
NF treatment, indicating potential roles upon plastid per-
turbations that trigger retrograde signalling. In total, we
identified 34 differentially expressed ncRNAs in the NF-
treated WT compared to the untreated control (Table 1). In
the NF-treated gun1 and gun5 mutants (gun NF/gun), we
identified 32 and 70 differentially expressed ncRNAs,
respectively. Interestingly, in the NF-treated gun mutants
we observed 20 and 45 differentially expressed ncRNAs in
the gunT1and gun5 mutants (gun NF/WT NF), respectively.

An UpSet plot (Figure S5b) depicts the distribution of
differentially expressed ncRNAs between various samples
(WT NF/WT, gun1 NF/WT NF and gun5 NF/WT NF). We
identified two interesting IncRNAs (AT1G05562 and
AT4G13495), which represent the classical gun-related
expression as these show a downregulation in response to
NF treatment in WT, but are upregulated in both NF-trea-
ted gun mutants. Furthermore, three IncRNAs (AT3G01835,
AT5G07325 and AT5G07745) were identified to be upregu-
lated in the NF-treated WT (WT NF/WT) and downregulated
in the treated gun1 mutant (gun1 NF/WT NF).

Another interesting IncRNA (AT4G13495) was de-re-
pressed in both NF-treated gun mutants with 7.2-fold and
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3.4-fold upregulation in gun1 and gun5 mutants (gun NF/
WT NF), respectively, whereas this IncRNA was highly
downregulated (fold change [FC] of —10.5) in the treated
WT (WT NF/WT). From our sRNA data we already detected
sRNAs arising from this IncRNA and in agreement with the
expression level of this IncRNA, the total SRNAs generated
from this transcript were downregulated in the treated WT
(FC of —2.8; WT NF/WT) and 3.4-fold upregulated in the
treated gun? mutant (gun?1 NF/WT NF). Interestingly, this
IncRNA overlaps with three individual miRNA precursors
(miR5026, miR850 and miR863) in sense direction, suggest-
ing that these miRNAs can be processed from the individ-
ual precursors as well as from the overlapping IncRNA. In
line with this hypothesis, we observed a consistent differ-
ential expression of the IncRNA and the three individual
miRNAs within the analysed samples (Table 2).

In addition, we identified two differentially regulated
IncRNAs overlapping with mRNA transcripts in antisense
that may act as precursors for the generation of nat-siR-
NAs. One IncRNA (AT1G05562) that may act as a natural
antisense transcript was downregulated in the treated WT
(FC of —3.7; WT NF/WT) and upregulated in the treated
gun1 and gun5 mutants with a FC of 3.9 and 4.2 (gun
NF/WT NF), respectively. This IncRNA transcript is able to
overlap with an mRNA encoding an UDP-glucose trans-
ferase (AT1G05560). Furthermore, the overlapping mRNA
transcript was downregulated in the treated WT (FC of
-5.8; WT NF/WT) and upregulated in both treated
mutants (FC of 3.6 for gun? NF/WT NF; FC of 3.1 for
gun5 NF/WT NF). We also detected differentially
expressed sRNA clusters processed from this region in
the sRNA sequencing data in the treated WT (FC of —4.4
for WT NF/WT) as well as in the treated gun7 mutant (FC
of 6.6 for gun? NF/WT NF). Thus, the regulation of nat-
siRNAs correlates with the expression of the respective
IncRNA-mRNA transcript pair and the differential expres-
sion seems to be regulated by specific retrograde sig-
nalling pathways.

Table 1 Overview of differentially expressed ncRNAs in response to NF in A. thaliana WT and gun1and gun5 mutants

guni/ gunb/ WT NF/ gun1NF/ gun5 NF/ gun1NF/ gun5 NF/

WT WT WT guni gunb WT NF WT NF
IncRNAs 6 5 15 13 34 11 20
snRNAs 0 0 3 0 8 1 5
snoRNAs 0 0 3 3 1" 2 4
rRNAs 0 0 2 0 1 1 0
tRNAs 0 0 3 4 1 2 1
pseudogenes 4 5 5 6 9 2 10
transcript regions 0 0 2 5 3 1 4
MIR precursors 0 0 1 1 2 0 0
antisense RNAs 0 0 0 0 1 0 1
Total 10 10 34 32 70 20 45
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Table 2 Expression data for the IncRNA AT4G13495 that overlaps
in sense with the individual miRNA precursors miR5026, miR850
and miR863

FC FC
guni gunb
FCWT NF/WT NF/WT

ID NF/WT  FDR  NF FDR  NF FDR
AT4G13495 -10.54 0.001 7.17 0.001 3.36 0.001
miR5026 -2.63 0.085 4.08 0.004 3.08 0.042
miR850 -258 0.077 261 0.068 3.81 0.007
miR863-5p -1.7 0.561 1.29 0941 234 0.467
miR863-3p -151 0538 2.7 0.025 2.61 0.045

In addition, we identified a TAS3 precursor transcript
(AT3G17185) that was downregulated in the NF-treated WT
(FC of —2.9 for WT NF/WT) and de-repressed in the treated
gun5 mutant (FC of 2.6 for gun5 NF/WT NF). Ta-siRNAs
produced from the TAS3 transcript control the expression
of transcripts coding for auxin response factors such as
ARF2, ARF4 and ETT. However, we detected neither differ-
entially expressed TAS3-derived ta-siRNAs nor differential
expression of their cognate targets between the analysed
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Differentially regulated nuclear- and organellar-encoded
mRNAs after NF treatment

In parallel to sRNA and IncRNA, we analysed the data
obtained from the ribosomal depleted nuclear- (Figure 3)
and organellar-encoded (Figure 4) RNA sequencing to
identify protein-coding mRNAs that are regulated by retro-
grade signalling pathways. Furthermore, to categorise
putative functions of differentially regulated RNAs after NF
treatment, Gene Ontology (GO) enrichment terms were
explored (Table S8 and Figure S6). We detected only a low
number of differentially expressed genes (DEGs), with 212
and 165 differentially expressed transcripts in the
untreated gun? and gun5 mutants (gun/WT), respectively
(Figure 3a). However, when we analysed differential gene
expression in response to NF, we observed a remarkable
increase in the number of DEGs (Figure 3b). We identified
1557 DEGs in the WT in response to NF (WT NF/WT). For
both treated mutants compared to their respective
untreated controls, we identified slightly lower numbers of
DEGs. In total, 1361 DEGs were identified in the treated
gun1mutant (gun1 NF/gun1) and 1177 DEGs were detected
in the treated gun5 mutant (gun5 NF/gunb). In addition, we
compared mRNA expression between the NF-treated gun
mutants and the NF-treated WT. We identified 905 DEGs in

Figure 3. Distribution of nuclear DEGs in the
untreated and NF-treated samples. (a) UpSet plot
showing the distribution of differentially regulated
mRNAs in the untreated gun mutants compared to
the WT. (b) UpSet plot depicting the distribution of
differentially regulated mRNAs in response to NF in
WT (WT NF/WT) and both gun mutants (gun1 NF/
WT NF and gun5 NF/WT NF). (c) Hierarchically clus-
tered (UPGMA) heatmap of normalised log,(FC) val-
ues from nuclear-encoded DEGs with 15 clusters
based on co-expression patterns.
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the NF-treated gun? mutant (gun7 NF/WT NF) and 1319
DEGs in the treated gun5 mutant (gun5 NF/WT). We gener-
ated a hierarchically clustered heatmap from all 3352
nuclear-encoded mRNAs that were differentially regulated
in at least one sample (Figure 3c). Based on the co-expres-
sion of DEGs we were able to separate 15 specific clusters
of differentially regulated nuclear-encoded genes
(Table S7). We identified 1557 DEGs in the treated WT (WT
NF/WT) and 75% of the mRNAs were downregulated. As
expected, the NF-treated gun mutants behaved in an oppo-
site manner, as the majority of the RNAs were upregulated,
with 65% and 75% upregulated DEGs in the treated gunt
and gun 5 mutants (gun NF/WT NF), respectively.

To identify the most interesting candidates regulated by
retrograde signals, we analysed the overlap between the
treated WT (WT NF/WT) and both treated gun mutants
(gun NF/WT NF) to detect those genes that display a typical
gun-related expression in both mutants (Figure 3b). We
identified 284 DEGs in response to NF in WT (WT NF/WT)
as well as in both gun mutants (gun NF/WT NF). These
DEGs seem to be controlled by retrograde signalling path-
ways, because they are repressed by NF in the WT and de-
repressed in the gun mutants. Furthermore, we detected
56 DEGs with a specific de-repression in the treated gun7

number of plastid encoded DEGs
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specifically de-repressed in the gun5 mutant (gun5 NF/WT
NF). Most likely, the regulation of the genes requires speci-
fic retrograde signals, as we identified genes showing a
specific de-repression restricted to only one of the gun
mutants.

Besides the analysis of nuclear-encoded genes, we
investigated organellar gene expression and studied the
expression of genes encoded by the plastidic and mito-
chondrial genomes in the WT and both gun mutants in the
absence or presence of NF. We generated two hierarchi-
cally clustered heatmaps for plastidic (Figure 4a) and mito-
chondrial (Figure 4b) genes that were differentially
expressed in at least one of the samples. As expected, we
only detected eight mitochondrial genes with differential
expression in at least one of the samples, as NF treatment
affects carotenoid biosynthesis in the plastids and should
not directly affect mitochondrial gene expression. Further-
more, the low number of affected genes in the mitochon-
dria indicates an insignificant crosstalk between plastids
and mitochondria triggered by plastid-derived retrograde
signals.

In contrast, we detected a considerable high number of
differentially regulated plastid-encoded genes. Upon
growth in the absence of NF, none of the plastid-encoded
genes were differentially expressed in the gun5 mutant

Figure 4. Distribution of differentially expressed
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ﬁmggg?jg plastidic and mitochondrial DEGs in the untreated
ﬁmggqug and NF-treated samples. Hierarchically clustered
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ﬁmggﬂ;g normalised log,(FC) values. (c) UpSet plot depicting

Q 9 the expression of plastid-encoded DEGs detected in

3 ?Zn the NF-treated gun mutants (gun7 NF/WT NF and

a3 gun5 NF/WT NF) and in the NF-treated WT (WT NF/

$3 wr),

z =z

m m

24

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd,

The Plant Journal, (2020), 104, 138-155



146 Kristin Habermann et al.

and only one plastid-encoded gene was differentially
expressed in the gun1 mutant (gun/WT). However, after NF
treatment we detected 41, 56 and 36 differentially
expressed plastid-encoded genes in the treated WT (WT
NF/WT) and guni and gun5 mutants (gun NF/WT NF),
respectively. Furthermore, we noticed a highly interesting
phenomenon: Almost all plastid-encoded differentially
expressed mRNAs were downregulated in the NF-treated
gun1 mutant (gun1 NF/WT NF) and upregulated in the NF-
treated gun5 mutant (gun5 NF/WT NF). Thus, based on the
plastidic gene expression, both mutants respond in an
almost completely opposed manner to NF treatment, sug-
gesting specific perturbations in the NF-triggered organel-
lar signalling pathways. We observed 27 differentially
expressed plastid-encoded mRNAs in response to NF in
both the gun1 and the gun5 mutant (Figure 4c) compared
to the NF-treated WT, but they were regulated in an oppos-
ing manner: They were all downregulated in the treated
gunT1 mutant, but upregulated in the treated gun5 mutant.

miRNA target analysis

We performed miRNA target prediction with ‘psRNATar-
get’ using all protein-coding and non-coding transcripts

non-TF mRNA transcripts

TF mRNA transcripts

» non-TF mRNA transcripts (q20.05)
TF mRNA transcripts (g20.05)

mRNAs of downstream targets
of miRNA regulated TFs

~ mRNAs of downstream targets

"~ of miRNA regulated TFs (g20.05)

from Araport11 to correlate the expression of miRNAs with
putative target RNA transcripts (Table S9). For each pre-
dicted miRNA target, we considered its expression
changes to subclassify the miRNA-RNA pairs. For the dif-
ferentially regulated miRNAs, which were detected in WT
NF/WT, gun1 NF/WT NF and gun5 NF/WT NF, we were able
to predict 218 protein-coding targets as well as 16 non-cod-
ing target RNAs, and some of these can be targeted by
several miRNAs. We generated a non-redundant list of
miRNA targets and excluded transcripts with low frag-
ments per kilobase of transcript per million reads (FPKM)
values (> 5). Applying these parameters, we obtained 119
predicted miRNA targets that were categorised into three
different classes based on their expression. It has to be
noted that a specific miRNA-RNA pair can be grouped into
different categories since the miRNA as well as the cognate
RNA target can be differently regulated between the anal-
ysed samples. The first category comprises miRNA-RNA
pairs that are ‘unchanged’ according to the FC of the RNA
transcript (but not the miRNA) and includes 1017 miRNA-
RNA pairs. The second category contains seven miRNA-
RNA pairs that show an anticorrelated expression pattern,
and the third category encompasses 16 miRNA-RNA pairs

Figure 5. Scatter plots of differentially expressed
miRNAs and their targets. Only miRNAs with
FDR < 0.05 were included. The direct plots (left
panel) depict all differentially expressed miRNAs
and their direct predicted target transcripts. MiRNA
target transcripts encoding transcription factors are
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where the miRNA and the predicted target show the same
direction of their differential expression (both up- or both
downregulated). Two different miRNAs together with at
least two of their targets were validated by qRT-PCR, con-
firming their anticorrelated expression pattern (Figure S7a,
b). Scatter plots (Figure 5) were created to show the distri-
bution of the differentially regulated miRNAs and their cor-
relating targets and were divided into ‘direct’ and ‘indirect’
scatter plots. The direct plots show the correlation of miR-
NAs and their cognate RNA targets either coding for tran-
scription factors or coding for other proteins. The indirect
scatter plots depict the expression of downstream genes
that are controlled by miRNA-regulated transcription fac-
tors. From the direct scatter plot, it is obvious that most
differentially expressed miRNA targets do not encode tran-
scription factors. Nevertheless, we identified transcription
factor transcripts which are controlled by miRNAs, and
their effect on the transcription factor targets can be seen
in the indirect plots. For example, the indirect plot shows
many differentially expressed transcripts coding for tran-
scription factors, which are controlled by miRNAs in the
NF-treated WT (WT NF/WT).

We identified one miRNA-RNA target pair (Table S9)
that has been shown to play a role in the acclimation to
phosphate deficiency. MiR399a was downregulated in the
treated gun? mutant (gun7 NF/WT NF), whereas the
expression of its target PHO2 (AT2G33770), encoding a
ubiquitin-conjugating E2 enzyme, remained unchanged in
the treated gun1 mutant (gun1 NF/WT NF). MiR850 and its
cognate target, encoding a chloroplast RNA-binding pro-
tein (AT1G09340), belong to the category of miRNA-target
pairs showing the same expression (Table S9) since both
were upregulated in the treated gun5 mutant (gun5 NF/WT
NF). This chloroplast RNA-binding protein is necessary for
the proper function of the chloroplast and mutations in this
gene cause growth deficiency (Fettke et al., 2011). Further-
more, we also identified miR157a-5p (FC of —7 in gun5 NF/
WT NF), displaying an anticorrelated expression to its tar-
get PHOTOSYSTEM Il REACTION CENTRE PSB28 PROTEIN
(AT4G28660), which is 2.9-fold upregulated (gun5 NF/WT
NF). PSB28 is highly conserved in photosynthetic eukary-
otes and lack of PSB28 results in a pale-green phenotype
in rice, pointing to a role in the assembly of chlorophyll-
containing proteins such as CP47 (Lu, 2016).

Nat-siRNA target analysis

We detected a larger number of differentially expressed
sRNAs arising from predicted NAT pairs than from any
other sRNA class in the treated WT (WT NF/WT) as well as
in both NF-treated gun mutants (gun NF/WT NF). Filtering
the differentially expressed nat-siRNAs with at least five
normalised reads in one of six samples (WT, WT NF, gun1,
gun1 NF, gun5 and gun5 NF) led to a total number of 73
non-redundant cis-NATs and 193 non-redundant trans-NAT
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pairs. These pairs were further analysed and we only
selected the nat-siRNA producing transcript pairs with at
least five normalised reads for one of the two overlapping
transcripts. This reduced the number to 64 non-redundant
cissNAT and 40 non-redundant trans-NAT pairs
(Table S10). The expression changes of two nat-siRNAs
together with their overlapping transcripts in NF-treated
WT and the NF-treated gun5 mutant were confirmed by
gRT-PCR (Figure S7c,d).

For many trans-NAT pairs, we observed that one of the
transcripts was derived from a transposable element or a
pre-tRNA, whereas the second overlapping transcript rep-
resented a protein-coding gene. Among these trans-NAT
pairs, we only detected one overlapping transcript encod-
ing a plastid-localised protein, suggesting a low impact of
trans-NAT pairs in the adjustment of plastid and nuclear
gene expression in response to NF. The trans-nat-siRNA
generated from this pair was found to be downregulated
in the treated WT (WT NF/WT) and upregulated in both
treated gun mutants (gun NF/WT NF). The first overlapping
transcript codes for the plastid-localised UDP-glucosyl
transferase 75B2 (AT1G05530), which is able to bind UDP-
glucose, important for cellulose and callose synthesis
(Hong et al., 2001). Its expression was unchanged in the
treated WT (WT NF/WT) as well as in both treated gun
mutants (gun NF/WT NF). The second overlapping tran-
script represented a IncRNA (AT1G05562) that was down-
regulated in the treated WT (WT NF/WT) and upregulated
in both treated gun mutants (gun NF/WT NF).

Interestingly, out of 64 cis-NAT pairs that give rise to
differentially regulated nat-siRNAs, we detected 31 indi-
vidual transcripts which encode plastid proteins, indicat-
ing a considerable role of cis-NAT pairs in the direct
control of genes coding for plastid proteins via NF-trig-
gered retrograde signals. Moreover, within the cis-NAT
pairs we identified 35 individual transcripts encoding
nuclear-localised proteins, pointing to a large impact of
these in the indirect adjustment of nuclear gene expres-
sion via nuclear regulatory proteins. One sRNA processed
from a cis-NAT pair was detected to be downregulated in
the treated WT (WT NF/WT). Interestingly, both overlap-
ping transcripts were identified to encode plastid-
localised proteins. The expression of the first overlapping
transcript (AT1G29900), which codes for a subunit of car-
bamoyl phosphate synthetase, which is presumed to be
necessary for the conversion of ornithine to citrulline in
the arginine biosynthesis pathway (Molla-Morales et al.,
2011), was unchanged (WT NF/WT). In agreement with
the expression of the nat-siRNAs, the second overlapping
transcript (AT1G29910) was downregulated by NF in the
WT (WT NF/WT). This transcript encodes a chlorophyll
A/B-binding protein, which is the major protein of the
light-harvesting complex and is required for absorbing
light during photosynthesis.
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Network analysis

In order to gain a comprehensive picture of the role of
miRNAs in retrograde signalling and to analyse possible
downstream effects, we investigated a miRNA-RNA-target
network that also comprises related transcription factor to
target gene connections. The results were combined in a
complex interaction network (Data S1), since one miRNA
can control many mRNAs encoding transcription factors,
which in turn control several downstream genes, but also
one miRNA target can be controlled by numerous miRNAs
(Figure S8 and Table S12). Within the considered network,
most miRNAs regulate just a small number of target tran-
scripts (Figure S8a), but there are some miRNAs regulating
up to 140 targets. In contrast, the majority of miRNA tar-
gets are regulated by only a few miRNAs, but there are still
some targets that can be regulated by up to 15 miRNAs
(Figure S8b). We observed that miRNAs controlling the
highest number of targets mainly regulate mRNAs that do
not encode transcription factors (Figure S8c), while the dis-
tribution of miRNA targets encoding transcription factors
indicates that most miRNAs regulate only a small number
of such targets, with the highest number being eight (Fig-
ure S8d). Some motifs are recurrent in the miRNA-RNA
target network (Figure 6). We explored the network for dif-
ferent characteristic relations of regulatory linkage and
behaviour. Here, we found simple expected patterns where
a miRNA, miR157a-5p, was downregulated and its target

mRNA transcript encoding a plastid-localised protein
(AT4G28660) in turn was upregulated, or vice versa (Fig-
ure 6a), but we also observed many miRNA targets that
did not show any differential expression on the mRNA
level, although corresponding miRNAs were differentially
expressed. The effect of these miRNAs might be visible on
the protein level due to inhibition of translation. If the tar-
get mRNA encodes a transcription factor, we should see
the miRNA-dependent regulation in the expression of
downstream targets of this transcription factor (Figure 6b),
as reported before (Megraw et al., 2016). As an example,
the transcription factor AT4G36920 can act as an activator
or repressor on its targets, and furthermore, the transcrip-
tion factor can control other transcription factors or down-
stream targets like AT2G33380, which is a CALEOSIN 3
transcript and important for stress responses (Sham et al.,
2015). In addition, the downstream transcription factors
can also target other transcription factors or downstream
targets, which increases the network complexity. Further-
more, this points to a sophisticated interaction between
miRNAs and their targets, because miRNAs indirectly regu-
late genes encoding plastid proteins through the direct
control of transcription factor mRNAs. Besides transcrip-
tion factor mRNAs, many miRNAs are able to regulate tran-
scripts of genes that do not encode transcription factors,
but also these transcripts do not always show the expected
behaviour. For instance, miR395¢c is predicted to control

(a) gun5 NFIWT NF (C) WT NFWT Figure 6. lllustration of different network motifs
s which we observed in the miRNA-RNA target net-
v - R 8 . . . .
MRISTASR, work in connection with relative changes of RNA
levels between treatments. (a) Examples of
WT NEWT expected regulations where a miRNA and its target
b irass aTics0732 mRNA exhibit inversed differential expression. (b)
"AT2G26780 The interaction between a miRNA regulating the
mRNA of a transcription factor, and the interactions
(b) of this transcription factor with its downstream tar-
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four different mMRNA targets, including three transcripts
encoding plastid-localised proteins (Figure 6¢). Further,
we found examples where several miRNAs are able to
control the transcript of a single transcription factor (Fig-
ure 6d). These cases show possible interactions between
miRNAs and their targets and suggest a wide range of
direct and indirect impacts of miRNAs to regulate gene
expression. Nevertheless, behavioural predictions are
impossible without additional information on the exact
mode of action of each miRNA and the magnitude of its
influence.

DISCUSSION

Until now, it is not known whether ncRNAs and sRNAs are
regulated by retrograde signalling in response to NF treat-
ment and how they contribute to the control of nuclear
gene expression in response to plastid-derived signals. To
better understand these biological processes, we com-
bined sRNA sequencing with mRNA/IncRNA sequencing of
A. thaliana WT seedlings and the two retrograde signalling
mutants, gun and gunb, to identify ncRNAs and mRNAs
regulated by retrograde signals.

Generally, after NF treatment we detected nearly the
same number of DEGs in all treated samples compared to
the untreated WT. Further, we observed an overall ten-
dency that more DEGs were downregulated than upregu-
lated in response to NF treatment. In addition, we could
observe an overrepresentation of DEGs encoding plastid-
localised proteins in all three samples and detected more
DEGs to be upregulated in the treated gunmutants com-
pared to the treated WT.

Previous studies with different gun mutants were per-
formed using A. thaliana microarrays lacking probes for
ncRNAs (Strand et al, 2003; Koussevitzky et al., 2007;
Woodson et al., 2013). Koussevitzky et al. (2007) analysed
changes in mRNA levels in WT (Col-0), gun1 and gun5
mutant seedlings grown on media with and without NF.
About 43% of upregulated and 67% of downregulated
DEGs in the present study overlap with those of Kousse-
vitzky et al. (2007) in response to NF (Figure S9a,b). Gener-
ally, more downregulated DEGs and larger changes in the
NF-treated gun5 mutant than in the other mutant were
identified in both studies. A good overlap of DEGs was
found in both gun mutants. About 56% of the DEGs
detected in gun1-102 (gun1 NF/WT NF) in our study were
also detected in the treated gun1-9 mutant by Koussevitzky
et al. (2007) (Figure S9c), and about 50% of the DEGs iden-
tified in the treated gun5 mutant (gun5 NF/WT NF) in our
study were also identified by Koussevitzky et al. (2007)
(Figure S9d). However, in our data set we identified also
44% (gun1 NF/WT NF) and 50% (gun5 NF/WT NF) of DEGs
that have not been shown to be controlled by gun-related
retrograde signalling pathways before, which might be
due to the differences between the two methods (RNA
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sequencing versus microarrays) and the varying duration
of the NF treatment between the studies (5 versus 4 days).
Recently, another RNA sequencing study reported NF-re-
sponsive transcriptome changes in a different gun7 mutant
(gun1-1) (Richter et al., 2020); 55% and 49% of the DEGs
detected in the NF-treated gun? and gun5 mutant com-
pared to the NF-treated WT overlapped with DEGs in our
study (Figure S9e,f). RNA sequencing was also performed
in the gun1-9 mutant grown in the presence of NF (Zhao
et al., 2019b) with an overlap of 65% of DEGs compared to
our data (Figure S9g). Taken together, we observed a con-
siderably high overlap with other transcriptome studies
despite the differences between the studies regarding
growth conditions, available mutants and analysis
methods.

In our study, we observed an opposite regulation of dif-
ferentially expressed plastid-encoded transcripts in both
gun mutants, while the nuclear-encoded DEGs showed
large overlap between the gun? and gun5 mutants. Sur-
prisingly, in response to NF all differentially expressed
plastid-encoded transcripts were downregulated in the
gun1 mutant, whereas they were upregulated in the trea-
ted gun5 mutant. These observations are in line with the
model suggesting that plastid gene transcription is con-
trolled by retrograde signalling networks, including sigma
factors (SIG2 and SIG6) and plastid-encoded RNA poly-
merase (PEP), which might be crucial for proper plastid
RNA transcription (Woodson et al., 2013). It seems that
GUNT activates PEP (Maruta et al., 2015) and a perturbed
PEP activation in the gun1 mutant may prevent the upregu-
lation of the plastid-encoded genes compared to WT upon
NF treatment.

We identified an interesting IncRNA (AT4G13495) show-
ing classical de-repression in both gun mutants (gun NF/
WT NF) (Table 2). This IncRNA overlaps in sense direction
with three different miRNA precursors (MIR5026, MIR850
and MIR863) and all three miRNAs were differentially
expressed in at least one treatment (WT NF/WT, gun1 NF/
WT NF and gun5 NF/WT NF). We assume that all three
miRNAs can be produced either from the three individual
miRNA precursor transcripts or from the IncRNA. We did
not find any predicted target for miR5026 according to the
applied psRNATarget parameters. MiR850 was upregulated
in the gun5 mutant (gun5 NF/WT NF), and two predicted
cognate target RNAs, encoding a chloroplast RNA-binding
protein (AT1G09340) and a threonine-tRNA ligase
(AT2G04842), respectively, were upregulated as well.
MiR863 targets the SERRATE transcript (AT2G27100),
encoding an accessory protein essential for the miRNA
biogenesis pathway, and thus may influence the regulation
of several miRNAs (Meng et al., 2012). MiR863 was upregu-
lated in both treated gun mutants (gun NF/WT NF), but we
did not detect significant changes of the SERRATE tran-
script in the two treated gun mutants.
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Concerning the overall regulation of differentially
expressed sRNAs belonging to different classes (miRNAs,
nat-siRNAs and other sRNA producing loci), we detected
more downregulated sRNAs in the treated WT (WT NF/
WT), whereas both treated gun mutants exhibited a higher
number of upregulated sRNAs (gun NF/WT NF). Princi-
pally, this suggests an increased sRNA processing in
response to NF in both gun mutants, resembling the de-re-
pression of nuclear-encoded genes, and we assume that
these sRNAs might have an impact on retrograde-con-
trolled nuclear gene expression. sRNAs are able to affect
nuclear transcripts regulated by retrograde signals and
they may regulate mRNA transcripts, affecting plastid-lo-
calised proteins. Among all sRNA classes, we observed in
all treatments the highest number of differentially regu-
lated sRNAs within the nat-siRNA class. Furthermore, all
differentially regulated sRNAs have been associated to
their corresponding putative differentially expressed RNA
targets (Table S13) and we could detect high numbers of
differentially regulated sRNAs. Besides an effect of sRNAs
on their direct targets, we expect based on our network
analyses a considerable indirect regulation by sRNAs
through transcription factors (Data S1).

Interestingly, we found that miR169g-3p, a heat- and salt
stress-responsive miRNA (Szyrajew et al, 2017; Pegler
et al., 2019), is the most strongly downregulated miRNA in
the treated WT (—151.6-fold; WT NF/WT), and the most
strongly upregulated one in the treated gun5 mutant (38.2-
fold; gun5 NF/WT NF). We did not find any predicted target
for miR169g-3p according to our parameters.

Unexpectedly, after miRNA target prediction the expres-
sion of most of the targets was not anticorrelated to the
expression changes of their cognate miRNA, leading us to
conclude that miRNAs might not be involved in the expres-
sion of genes controlled by retrograde signalling path-
ways, or the expressional changes of miRNAs somehow
balance transcriptional changes of their targets to maintain
constant steady-state levels. Another possibility could be
that they act as translational repressors and do not have a
direct effect on the transcript abundance of their target
RNAs. However, we predicted 20 miRNA targets coding for
transcription factors and 22 targets encoding plastid-lo-
calised proteins to be targeted by 23 differentially regu-
lated miRNAs. Thus, we assume that miRNAs may have
important functions in the control of transcripts that code
for regulatory proteins that are directly involved in tran-
scriptional control and may contribute to the manifold
changes of gene expression in response to retrograde sig-
nals. Further, nuclear transcripts that code for plastid-
localised proteins are targets of miRNAs, suggesting that
these specific miRNA-mRNA pairs can play an important
role in the retrograde signalling pathway, and thus may
contribute to the adjustment of plastidic and nuclear gene
expression. One interesting case involves miR395b and

miR395¢c, which target the mRNA for the magnesium-che-
latase subunit GUN5 (AT5G13630). In the NF-treated WT,
both miRNAs and the target mRNA are downregulated
compared to the untreated control, whereas in the treated
gun5 mutant both miRNAs and the target are upregulated.
Even though the expression of this miRNA-mRNA pair is
not anticorrelated, the enhanced miRNA levels may bal-
ance an increased transcription rate of the target mRNA to
keep physiologically relevant steady-state levels. Magne-
sium-chelatase is required in the chlorophyll biosynthesis
pathway, where it catalyses the insertion of Mg?" into pro-
toporphyrin IX, and the gun5 mutant is characterised by a
single nucleotide substitution resulting in a defective mag-
nesium-chelatase. In the WT, the GUN5 transcript level
decreases in response to NF-triggered retrograde sig-
nalling, whereas the transcript level in the gun5 mutant
remains high and cannot be efficiently downregulated by
the increased miRNA levels. The seven detected classical
anticorrelated mMiRNA-mRNA pairs point to regulatory
functions of specific miRNAs in the retrograde signalling
pathway, because we assume efficient miRNA-mediated
target cleavage followed by a reduced mRNA steady-state
level. In this category of anticorrelated pairs, we identified
the mRNA for the transcription factor SPL10, representing
a validated target of miR157a, suggesting miR157 acts in
retrograde signalling by affecting the levels of a transcrip-
tional regulator and its downstream targets. Another anti-
correlated predicted miRNA-mRNA pair is miR398,
targeting the transcript of the multidrug and toxic com-
pound extrusion (MATE) efflux protein (AT2G04050). We
found miR398 to be downregulated in the treated WT com-
pared to the untreated control, and the target was slightly
upregulated. This MATE efflux protein belongs to a huge
class of membrane proteins located in the plasma mem-
brane and the chloroplast envelope membrane (Wang
et al., 2016) that are able to bind cytotoxic compounds like
primary and secondary metabolites, xenobiotic organic
cations (Omote et al., 2006) and toxic substances such as
pollutants and herbicides (Diener et al., 2001) to eliminate
them from the cell (Liu et al., 2016). NF-triggered downreg-
ulation of miR398 most likely causes elevated transcript
levels and increased levels of the encoded plasma mem-
brane-located MATE efflux protein. We speculate that the
regulated MATE efflux protein might be involved in the
extrusion of the applied herbicide NF or the extrusion of
toxic compounds accumulating within the cell in response
to NF treatment. Another interesting target encodes a plas-
tid protein that appeared to be upregulated in the NF-trea-
ted gun5 mutant (gun5 NF/WT NF) by decreased levels of
the cognate miRNAs. PSB28 (AT4G28660), targeted by
miR157a, encodes a protein that is part of the photosystem
Il reaction centre and is suggested to function in the bio-
genesis and assembly of chlorophyll-containing proteins
(Mabbitt et al, 2014). NF treatment usually leads to the
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downregulation of PhANGs and thus should cause
decreased expression levels of the PSB28 mRNA. However,
miR157a contributes to the downregulation of PSB28
mRNA levels post-transcriptionally and seems to be con-
trolled by retrograde signals, as indicated by the misregu-
lation of miR157a in the gun5 mutant.

Fang et al. (2018) identified miR395 and miR398 to be
important in retrograde signalling triggered by toco-
pherols, and we confirmed both miRNAs applying NF as
another trigger of retrograde signalling. Additionally, the
transcript encoding the enzyme APS, which catalyses the
initial step in PAP synthesis (Klein and Papenbrock, 2004;
Pornsiriwong et al., 2017) was identified to be targeted by
miR395 (Liang et al., 2010). We found miR395b to be down-
regulated in the treated WT (WT NF/WT) and upregulated
in the treated gun5 mutant (gun5 NF/WT NF). In the treated
WT, reduced miR395b levels lead to increased APS tran-
script levels, causing elevated PAP synthesis, which acts as
retrograde inhibitor of XRNs and should provoke elevated
pri-miRNA and mature miRNA levels. Besides, Fang et al.
(2018) detected the downregulation of miR398 in the WT
after NF treatment, which is in line with our sSRNA sequenc-
ing data. The COPPER/ZINC SUPEROXIDE DISMUTASE 2
(CSD2) was previously found to be a target of miR398
(Guan et al, 2013). After heat stress, Fang et al. (2018)
found miR398, PAP and tocopherol levels to be increased
and CSD2 levels to be decreased in the WT, and they
hypothesised that tocopherols and PAP are required for
miR398 biogenesis under heat stress. The CSD2 mRNA
escaped our miRNA target prediction due to a considerably
high number of mismatches within the miRNA binding
site, causing a score value that was above our cut-off
value. Still, we identified this miRNA as differentially
expressed supporting the previous study by Fang et al.
(2018).

Besides differentially expressed miRNAs, we identified
an even higher number of differentially regulated nat-siR-
NAs in the treated WT (WT NF/WT) and both gun mutants
(gun NF/WT NF). Most of the overlapping transcripts
encode nuclear or plastid proteins, suggesting that nat-siR-
NAs have a considerable impact on the control of PhANGs
encoding plastid proteins. For most of the cis-NAT pairs
we observed similar correlations between RNA transcript
and sRNA expression levels. For example, the levels of two
overlapping transcripts (AT1G05560 and AT1G05562) and
the related cis-nat-siRNA were decreased in the treated WT
(WT NF/WT) and increased in both gun mutants (gun NF/
WT NF). The gene AT1G05562 encodes an antisense
IncRNA and overlaps with the gene AT1G05560, which
codes for a UDP-glucose transferase. Another interesting
cis-nat-siRNA and one of the overlapping transcripts
encoding a chlorophyll binding protein (AT1G29930) were
downregulated in the treated WT (WT NF/WT) and upregu-
lated in the treated gun5 mutant (gun5 NF/WT NF),
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whereas levels of the other overlapping transcript, coding
for a nuclear RNA polymerase (AT1G29940), remained
unchanged in both treatments.

Here, we could demonstrate that NF treatment and sub-
sequent retrograde signals lead to comprehensive changes
in the steady-state levels of non-coding sRNAs comprising
all known sRNA classes. The majority of the identified dif-
ferentially expressed sRNAs belong to the cis- and trans-
nat-siRNAs, followed by miRNAs, representing the second
most abundant class. Thus, we postulate that mainly these
two sRNA classes act as important regulators of gene
expression in retrograde signalling. We also identified a
considerably high number of so far unknown nuclear-
encoded DEGs and thus add to the knowledge about genes
that are controlled by retrograde signalling. Finally, we
were able to identify promising sSRNA-RNA target pairs
that may act in the adjustment of plastidic and nuclear
gene expression in retrograde signalling pathways.

EXPERIMENTAL PROCEDURES
Plant material and growth conditions

Arabidopsis thaliana WT (Col-0) and the retrograde signalling
mutants gun1-102 and gun5-1 were used in this study. Gun1-102
(SAIL_290_D09) harbours a transfer DNA insertion within the
AT2G31400 gene locus resulting in a loss-of-function allele (Tadini
et al., 2016). Gun5-1is an EMS mutant harbouring a point muta-
tion within the gene AT5G13630 causing an Ala/Val substitution at
residue 990 (A990V) resulting in deficient magnesium-protopor-
phyrin IX synthesis (Mochizuki et al, 2001). Surface-sterilised
seeds were incubated on % MS agar plates containing 1.5%
sucrose. For treatments with NF, seeds were incubated on the
same medium supplemented with 5 pm norflurazon (Sigma-
Aldrich, Taufkirchen, Germany). After vernalisation (2 days at 4°C
in darkness) the seeds were grown for 4 days under continuous
light (115 umol photons m~2 sec™") at 22°C. Whole plants were
harvested and immediately frozen in liquid nitrogen and stored at
—80°C until RNA isolation. All control experiments and norflura-
zon treatments were performed in three biological replicates for
each genotype.

RNA isolation

The plant material was ground in liquid nitrogen and RNA isola-
tion was performed using TRIzol reagent (Invitrogen) according to
the manufacturer’s protocol. RNA integrity was monitored by
agarose gel electrophoresis and RNA concentration and purity
were determined spectrophotometrically (260 nm/280 nm and
260 nm/230 nm absorbance ratios).

sRNA purification

For sRNA sequencing 30 ug of total RNA were separated by 15%
PAGE for 2 h at 120 V. The sRNA fractions with sizes ranging from
18 to 29 nucleotides were excised from the gel and eluted in 0.3 m
NaCl overnight at 4°C with rotation. Remaining gel pieces were
removed using a Spin-X centrifuge tube (Sigma-Aldrich) and 1 pl
GlycoBlue (15 mg ml~", Thermo Fisher), 25 ul sodium acetate
(3™, pH 5.0) and 625 pl ethanol were added to the 250 pl flow-
through and samples were incubated for 4 h at —80°C. After cen-
trifugation for 30 min with 17 000 g at 4°C the RNA pellet was

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd,

The Plant Journal, (2020), 104, 138-155



152 Kristin Habermann et al.

washed twice with 80% ethanol, dried and dissolved in nuclease-
free water.

Quantitative RT-PCR

Prior to cDNA synthesis, RNA samples were subjected to DNase |
digestion (NEB, Ipswich, MA, USA) to remove residual genomic
DNA. Total RNA (2 pg) was incubated at 37°C for 30 min together
with DNasel (2 U; NEB). To inactivate the DNasel, 2.5 pl 50 mm
EDTA was added and samples were incubated at 65°C for
10 min. The RNA was denatured for 5 min at 65°C in the pres-
ence of 100 pmol of an oligo-dT23VN oligonucleotide and 10 mm
dNTPs and transferred to ice. Subsequently, cDNA synthesis was
performed for 1 h at 42°C using M-MulV reverse transcriptase
(200 U; NEB) followed by heat inactivation at 80°C for 5 min.
To monitor successful cDNA synthesis, we performed RT-PCR
using gene-specific primers for the gene UBI7 (AT3G53090)
(Table S11).

For each gRT-PCR we used cDNA equivalent to 20 ng ul’1 RNA
with gene-specific primers and an EvaGreen qPCR mix. The sam-
ples were pre-heated for 2 min at 95°C and gRT-PCR cycling con-
ditions were as follows: 12 sec at 95°C, 30 sec at 58°C and 15 sec
at 72°C for 40 cycles. All gqRT-PCRs were performed in three tech-
nical triplicates with the CFX Connect Real-Time PCR device (Bio-
Rad, Feldkirchen, Germany). The Ct-values were used to calculate
changes in gene expression by the 2724t method (Livak and Sch-
mittgen, 2001). The values were normalised to the housekeeping
gene UBIT (AT4G36800). Oligonucleotide sequences of all gene-
specific primers are listed in Table S11.

Stem-loop qRT-PCR

Stem-loop gRT-PCRs were used for sRNA quantification as
described previously (Kramer, 2011). RNA from three independent
biological replicates (300 ng) was used for cDNA synthesis. RNA
was denatured for 5 min at 65°C together with 100 pmol of stem-
loop oligonucleotides (Table S11) and 10 mm dNTPs. ¢cDNA syn-
thesis was performed for 5 min at 25°C and 20 min at 42°C using
M-MulLV reverse transcriptase (200 U; NEB), followed by heat inac-
tivation at 80°C for 5 min. RT-PCR for the gene UBI7 (AT3G53090)
served as control (Table S11).

RNA sequencing

For the generation of mRNA libraries, including poly(A)-tailed
IncRNAs, 10 ug total RNA from each sample was vacuum-dried in
the presence of RNAstable (Sigma-Aldrich). The libraries were pre-
pared using the Next Ultra RNA Library Prep Kit (NEB) by Novo-
gene (China). The samples were sequenced strand-specifically as
150 bp paired-end reads on a HiSeq-PE150 platform with at least
15 million read pairs per library.

sRNA libraries for each RNA sample were generated twice fol-
lowing two slightly modified protocols. The first set of libraries
was generated from 5 pg total RNA with the NEBNext Multiplex
Small RNA Library Prep Set for Illumina according to the manufac-
turer’s instructions and 1 h of 3’ adapter ligation. The second set
of sRNA libraries was prepared from purified sSRNAs obtained
from 30 pug of total RNA using the same kit as described above
performing 3' adapter ligation for 18 h. For both libraries, exces-
sive non-ligated 3" adapters were made inaccessible by converting
them into dsRNA by hybridisation of complementary oligonu-
cleotides. 5 adapter ligation was carried out at 25°C for 1.5 h,
reverse transcription was performed by using the ProtoScript Il
reverse transcriptase and libraries were amplified by 12 PCR
cycles. The PCR products were separated by 6% PAGE for 2 h at

60 V. The cDNA library fractions with a size ranging from 138 to
150 nucleotides were excised from the gel and eluted overnight.
The sRNA libraries were sequenced as 50 bp single-end reads on
an lllumina HiSeq1500 sequencer with approximately 10 million
reads per library.

Analysis of mRNA and IncRNA

The mRNA and IncRNA sequencing results were analysed with
the open source and web-based platform GALAXY (Afgan et al.,
2016). The FASTQ raw sequences were trimmed with the tool
Trimmomatic to remove adapter sequences with their default
parameters (Bolger et al., 2014). Tophat (Kim et al, 2013) was
used to map the reads against the A. thaliana reference genome
(https://www.arabidopsis.org/, release: TAIR10) with a maximum
intron length parameter of 3000 nt. The transcripts were annotated
in Araport11 (https://apps.araport.org/thalemine/dataCategories.
do); we considered annotated ncRNAs longer than 200 bp as
IncRNAs. Differential expression of transcripts was analysed by
Cuffdiff (Trapnell et al., 2010) to normalise the sequencing depth
of each library and to calculate FPKM values. The FDR was used
as a statistic indicator to exclude type | errors or rather false posi-
tives. Transcripts having FDR < 0.05 and log,(FC) < -1 and > +1
were considered as DEGs. The package pheatmap (https://cran.
r-project.org/web/packages/pheatmap/pheatmap.pdf) was used to
generate hierarchically (UPGMA) clustered heatmaps of differen-
tially expressed RNAs (Kolde, 2019).

Gene ontology terms

GO enrichment terms were analysed using the DAVID Bioinfor-
matics Resources 6.8 (https:/david.ncifcrf.gov) with default
parameters (Huang da et al., 2009a,b) and results were visualised
with the R package ‘ggpubr’ (Wickham, 2016).

Analysis of sSRNA

NEBNext Kit adapter sequences were clipped from the sequencing
reads using a custom script within GALAXY that identifies lllu-
mina adapter sequences using a seed sequence of 10 nt. After
adapter clipping FASTQ files of the raw reads with a length of 18-
26 nt were loaded into the CLC Genomics Workbench 11.0.1 (Qia-
gen, Hilden, Germany) for further analyses. The ShortStack analy-
sis package was used for advanced analysis of the sRNA
sequences (Axtell, 2013b). The FASTQ files of the six biological
replicates derived from each treatment were first mapped against
the A. thaliana TAIR10 reference genome (https://www.arabidop
sis.org/, release: TAIR10). The merged alignments were mapped
against a file covering all A. thaliana mature miRNAs (http://www.
mirbase.org/) and a second file comprising different RNA classes,
namely nat-siRNAs, ta-siRNAs, phasiRNAs and IncRNAs. A nat-
siRNA database (Table S1) was generated from previously anno-
tated NAT pairs (Jin et al., 2008; Zhang et al., 2012; Yuan et al.,
2015), phasiRNAs were taken from Howell et al. (Howell et al.,
2007) and IncRNAs were downloaded from Araport11 (https:/
apps.araport.org/thalemine/dataCategories.do, release: Araport 11
Annotation). After mapping to the respective references, the indi-
vidual raw reads for each replicate were used for normalisation
and differential expression analysis based on a calculation with
DeSeq2 (Love et al., 2014). The sRNAs were filtered by fold
changes between < -2 and > +2. The significance of the differen-
tially expressed sRNAs was evaluated with FDR < 0.05. MiRNA tar-
get RNAs were identified using the psRNATarget (Dai et al., 2018)
prediction V2 tool (http:/plantgrn.noble.org/psRNATarget/) from
protein-coding and non-coding transcripts present in Araport11.
An expectation value of less than 2.5 was considered as a cut-off
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for true miRNA targets, where mRNAs harbouring a lower number
of mismatches to the reverse and complementary miRNA obtain
lower score values.

Network analysis

Using the sRNA and mRNA sequencing data together with the
miRNA target prediction, we assembled an interaction network of
miRNAs and their putative targets. For network analysis, we used
the python package networkX (Hagberg et al., 2008). We further
investigated the miRNA targets that were predicted as described
above using the psRNATarget tool to identify all miRNA targets
that encode transcription factors. For this, we compared all
miRNA targets with a reference database, containing A. thaliana
transcription factors, which was generated using publicly avail-
able data (http://atrm.cbi.pku.edu.cn). Furthermore, this reference
database was extended by incorporating available information
about whether the transcription factors act as activators or
repressors of gene expression together with available informa-
tion about the individual target genes of the transcription factors
(https://agris-knowledgebase.org). The data obtained from the
RNA sequencing experiments were then used to generate a net-
work of miRNAs and their targets, differentiating between miRNA
targets encoding transcription factors and targets encoding other
proteins. For network analyses connected to measurements, only
RNAs with a FDR less than 0.05 were considered, unless indi-
cated otherwise. Network analyses were performed to determine
relationships between miRNAs and their targets with special
focus on miRNA targets encoding transcription factors. In these
network analyses we considered the impact of miRNAs on the
transcripts coding for transcription factors and the impact of the
expression of transcription factor mRNAs on downstream genes,
regulated by these transcription factors. If the change of a miRNA
results in an expected change of an mRNA coding for a transcrip-
tion factor, or at least downstream genes show expected tran-
scriptional changes, we classified this behaviour as ‘expected’.
For example, if miRNA expression was reduced and the target
mRNA encoding a transcription factor was upregulated, the tran-
scription factor acted as an activator and downstream genes of
this transcription factor were consequently also upregulated, this
would be considered as ‘expected’ behaviour. Furthermore, the
scatter plots presented for all differentially expressed miRNAs
(FDR < 0.05) were subdivided into two categories: plots depicting
relations of miRNA and their direct target transcripts (direct) and
plots depicting indirect relations comprising miRNAs that control
mRNAs encoding transcription factors and their downstream tar-
get genes (indirect).
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Data S1. MiRNA-RNA target network in GML format that can be
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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 3 h, 6 h 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 frans-nat-siRNAs, as well as sRNAs that are derived from
long non-coding RNAs. By combining the results of SRNA and mRNA profiling

with miRNA target predictions and publicly available information on transcription
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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 frans-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.
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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].
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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

~

a b c
40+
41
301 181 T
207 10——
S12] 5 83
a w &
g @ 81 4]
5_10' et —
a a
5 x x 24
8 1 N3 o
g ) o
2 64 £ £
2 S 2
€ 4 2 21 g
2 ]: 21 I
ol I | < 0 0
S PRI ORI S » A2 RO
T D XD F DD T QXD NGRS
&S S F & &S LI F& LS F& S
S & S <@ CE ¢ S & E S <& S &8
miR162a-3p miR3434-5p trans-NATs IncRNA cis-NATs
AT1G10522/ AT5G04445 AT3G05870/
AT5G53905 AT3G05880
Fig. 3 Validation of sSRNA sequencing data by stem loop gRT-PCR. The expression levels of miRNAs (a) and sRNAs produced from trans-NATs and
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samples were normalized to UBIT housekeeping gene. The error bars indicate the standard deviation from three technical replicates
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Fig. 4 UpSet plot depicting the number of DE miRNAs. The plot depicts the global comparison of up- and downregulated DE miRNAs after 3 h,
6h and 2 d of cold treatment (FC 2 2 & < — 2, Benjamini-Hochberg corrected p-value <0.05)
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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.
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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].



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

Page 12 of 25

2 ke

Software (Additional file 7: Data S2)

IMILO NHLS  pyra miR¥90a3p O
e __ O3 Pay.
rD /¢

Fig. 8 The extracted cold responsive GRN comprising of direct and indirect targets of DE miRNAs. (a) Network of miRNAs and targets that are
differentially expressed at any one of the analyzed time points (FC = 2& < — 2, Benjamini-Hochberg corrected p-value <0.05). Functional modules
associated with cold acclimation, kinase signaling, transcription; translation and transport are represented by blue, dark green, pink, and orange
color, respectively. (blue nodes = miRNAs, orange nodes = TFs, gray nodes = targets) (b) Subnetwork of miR858. (c) Subnetwork of miR319. In (b)
and (c) direct and indirect targets of miRNAs are differentially expressed in at least one of the analyzed time points (FC = 2& < — 2, Benjamini-
Hochberg corrected p-value <0.05). Curved edges indicate regulatory connections of a regulator and its target. The node colors depict the
inferred function based on GO enrichment analyses. Green: biotic stress, cell organization; blue: cold stress; pink: transcription, translation; orange:
transport, PPR; dark blue: cell wall, lignin synthesis; red: signaling, protein degradation. The data related to GRN can be accessed through GEPHI

AKRACS
miR##1a-3p ApKh O -

A
il

o
miRL65b

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).
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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
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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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Abstract

Micro RNAs (miRNAs) have an important impact under different stress conditions
by regulating gene expression. Therefore, overexpression lines of different
miRNAs have been analysed to uncover their role in plants in response to various
environmental stimuli. Already available miRNA overexpression (OEX) lines of
miR156h, miR398b and miR847 have been examined using a germination assay
in response to salt, mannitol, abscisic acid (ABA), cold, heat and varying light
conditions and have been compared to the Arabidopsis thaliana wild type
(ecotype Columbia-0). Beside this, the miRNA levels have been quantified using
RNA gel blot to confirm the overexpression of the respective MIR genes. Different
miRNA targets have been predicted using the commonly available bioinformatic
tool “psRNATarget” and quantitative reverse transcriptase PCR was used to
quantify the mRNA levels of those miRNA targets. We could uncover seedlings
of the miR847 OEX line to develop deviant phenotypes grown under salt (NaCl)
and compared to the wild type. Further investigations on different NaCl
concentrations have been performed to analyse the optimum concentration of
NaCl where miR847 OEX line shows deviant phenotypes. Those phenotypes

include tiny and dark green seedings; seedlings with one or two pail cotyledonn
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leaves, or seedlings with brown hypocotyls. miR847 OEX line and its putative
MRNA target transcripts might play role in the development and/or stress

acclimation.

Keywords

Small non-coding RNA; ncRNA; gene regulation; Arabidopsis thaliana

Introduction

Over the last years, there is rising evidence that small non-coding RNAs (sRNAs)
with 20 to 24 nucleotides in length are important regulators of gene expression
during the adaptive and protective responses of plants to various environmental
stimuli (Manavella et al., 2019). sRNAs can execute diverse and complex gene
regulation by different mechanisms. These mechanisms include epigenetic
modifications to control the nuclear transcription (Holoch and Moazed, 2015,
Bannister and Kouzarides, 2011, Khraiwesh et al., 2010), madiated target mMRNA
cleavage and translational inhibition (Meister and Tuschl, 2004, Bartel, 2004,
Kim, 2005). Based on their specific origin two major types of sRNAs can be
distinguished as hairpin-derived sRNA (hpRNA) and small interfering RNA
(siRNA) (Axtell, 2013). siRNAs are processed from double-stranded RNA
(dsRNA) precursors, whereas hpRNAs have single-stranded precursors that fold
back into a characteristic hairpin structure. microRNAs (miRNAs), a crucial class
of hpRNA, regulate gene expression via sequence specific base pairing within
MRNA molecules (Meyers et al., 2008). miRNAs are produced from characteristic
stem-loop precursor transcripts encoded by MIR genes that are transcribed by
RNA polymerase Il (Pol IlI) generating a 5°capped and polyA-tailed primary
miRNA transcript (pri-miRNA). These pri-miRNAs are further be processed into
pre-miRNAs by DICER-LIKE1 (DCL1) enzymes with the help of accessory
proteins HYPONASTIC LEAVES 1 (HYL1) and SERRATE (SE) (Park et al.,
2002). A miRNA/miRNA* duplex with 20-22 nucleotide in length is produced from
the pre-miRNA by DCL1 and methylated through HUA ENHANCER 1 (HEN1),
which is exported out of the nucleus into the cytoplasm by HASTY (HST) (Kim,
2004, Park et al., 2005). The mature miRNA of the miRNA/miRNA* duplex is
further loaded into the ARGONAUTE1 (AGO1) protein and combined to the RNA-
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induced silencing complex (RISC). This complex guides the miRNA to its target
RNA by sequence complementarity and mediates either target cleavage or
translational inhibition (Wierzbicki et al., 2008, Voinnet, 2009). miRNAs control
diverse biological processes including plant development, signal transduction,
and response to environmental stress by regulating expression of many important
genes (Palatnik et al., 2003, Sunkar and Zhu, 2004).

In recent years, several miRNAs as well as their targets could be identified to be
important in the adaptation to environmental stress (Pegler et al., 2019, Shriram
et al., 2016, Khraiwesh et al., 2012). For instance, miR408, one of the most
conserved miRNAs in land plants, and their related RNA targets were previously
identified to play a role in different stress conditions (Abdel-Ghany and Pilon,
2008, Zhang and Li, 2013, Thatcher et al., 2015, Axtell and Bowman, 2008).
miR408 was analysed in response to different stresses and higher miRNA
expression levels have been identified under cold, oxidative stress and salinity
(Kantar et al., 2010, Li et al., 2011, Lu et al., 2005, Trindade et al., 2010, Zhang
and Li, 2013, Thatcher et al., 2015, Abdel-Ghany and Pilon, 2008). In addition,
miR408 targets are genes responsible for copper-binding proteins, which allows
plants to better coordinate copper protein expression as well as development
(Song et al., 2017).

Furthermore, in a previous study we have shown that SRNA classes especially
miRNAs may act as regulators in retrograde signalling pathways (Habermann et
al., 2020). Arabidopsis thaliana gun1 and gun5 mutants that show specific defects
in retrograde signalling were used to analyse transcriptional changes of different
SRNA classes as well as changes in mRNA and IncRNA levels in response to
norflurazon (NF) (Habermann et al., 2020). We could detect a high number of
differentially expressed miRNAs in response NF pointing to a considerable role
of sRNAs in the adjustment of plastidic and nuclear gene expression caused by
retrograde signals. The differentially expressed miRNAs that were identified in
both gun mutants in response to NF included miRNAs showing the classical de-
repression of nuclear genes encoding plastid proteins, which leads to the
presumption that these miRNAs are controlled by retrograde signals and may

have an impact on retrograde-controlled nuclear gene expression. Finally,
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miRNA:RNA target pairs of interest could be detected that could act the
adjustment of plastidic and nuclear gene expression or the adaptation of plastid
function within retrograde signalling pathways (Habermann et al., 2020). For
example, miR156h, miR398b and miR847 were found to be differentially
regulated either in the NF treated wild type or in one of the gun mutants. The
miR156 family is evolutionary conserved and involved in early root development,
the control of flowering time as well as the control of different stages of the
vegetative development by regulating mRNAs encoding important transcription
factors including SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL)
(Wu et al., 2009, Wu and Poethig, 2006, Wang et al., 2009). Compared to wild
type miR156h overexpression lines show an improved growth and survival rate
under heat stress conditions, which is caused by decreased expression levels of
its targets encoding SPL transcription factors (Stief et al., 2014). In contrast,
miR398 was found to be downregulated by oxidative stress causing elevated
levels of their cognate target RNAs CSD1 and CSDZ2 that code for a cytosolic and
plastidic copper-zinc superoxide dismutase, respectively, that scavenge toxic
superoxide radicals (Sunkar et al., 2006). miRNAs were also shown to play a role
in hormone signalling. For example, elevated auxin levels lead to increased
miR847 expression levels that cause concomitant downregulation of its cognate
target transcript coding for INDOLE-3-ACETIC ACID INDUCIBLE 28 (IAA28), a
negative regulator of auxin signalling (Wang and Guo, 2015) and finally provokes
lateral root development. Other miRNAs are important for the biotic stress
response such as miR863-3p that has two major roles after infection of
Arabidopsis thaliana with the bacterial pathogen Pseudomonas syringae (Niu et
al., 2016). It was shown that miR863-3p mediates cleavage of transcripts
encoding atypical receptor-like pseudokinases ARLPK1 and ARLPKZ2, which
leads to a defence response during the beginning of the infection, whereas at
later stages miR863-3p forms a negative feedback loop by acting as a
transcriptional inhibitor and reducing the expression levels of SERRATE (SE),
which is necessary to regulate the expression levels of miR863-3p.

In our previous study, we reported different SRNAs that are affected by retrograde

signals (Habermann et al., 2020). Based on this, we selected different miRNAs
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of interest and analysed different miRNA overexpression lines identify new
potential roles of SRNAs under various stress conditions. One of these, miR847,
seems to be involved in the response to abiotic stress, since the seedlings of the
respective overexpression lines display specific phenotypic deviations in

response to salt treatment.
Results

Selection of miRNA overexpression lines

Recently, we reported that retrograde signals cause changes in the steady-state
levels of different SRNAs classes (Habermann et al., 2020). Within the class of
miRNAs an increase in response to NF in the gun? and gun5 mutants was found
to resemble the de-repression of nuclear encoded genes and it was assumed
that these miRNAs may have an impact on retrograde-controlled nuclear gene
expression. Besides, many differentially expressed mRNA transcripts were
detected in response to NF suggesting mRNAs could regulate retrograde
signalling and, more likely, they are themselves regulated by retrograde signals.
miRNAs bind to their cognate targets by the recognition of reverse
complementary sequences that was exploited to predict potential mMiRNA:mRNA
target pairs that may act in the adjustment of plastidic and nuclear gene
expression in retrograde signalling pathways (Habermann et al., 2020).

On the basis of miRNA and mRNA expression as well as biological function of
miRNA targets, we selected miRNAs for functional analysis. Three miRNAs show
differential expression (2-fold regulation, false discovery rate (FDR) < 0.05) in
response to retrograde signalling (Habermann et al., 2020). miR156h was
identified to be 6.8-fold and 4.5-fold upregulated in both NF treated gun? and
gun5 mutants compared to the NF treated wild type, respectively. miR398b-5p
was -3.2-fold downregulated in the NF treated wild type compared to the
untreated wild type and further -2.5-fold downregulated in the NF treated gun1
mutant compared to the NF treated wild type. miR847 was -5.2-fold
downregulated in the NF treated wild type compared to the untreated wild type.
Available miRNA overexpression (OEX) lines of miR156h (Stief et al., 2014),
miR398b (Sunkar et al., 2006) and miR847 (Wang and Guo, 2015) were selected
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for further analysis and compared to the Arabidopsis thaliana wild type (ecotype
Columbia-0). Stief et al. (2014) reported miR156h overexpression lines to have
an enhanced growth and survival rate under high temperatures caused by
reduced expression levels of SPL transcription factors. Sunkar et al. (2006)
reported miR398 to be decreased by oxidative stress leading to increased mRNA
expression levels of CSD1 and CSD2 encoding for a cytosolic and plastidic
copper-zinc superoxide dismutase, respectively. Wang and Guo (2015) show
improved miR847 expression levels under enhanced auxin levels leading to
decreased mRNA expression levels of IAA28, which regulates auxin signalling
negatively causing lateral root development. In two of the three miRNA OEX lines,
we obtained two independent lines from the same miRNA OEX lines: miR156h
14.7 and miR156h 7.1 as well as miR398b 30a and miR398b 21c. In addition,
one OEX line of miR847 was used for further analysis. Those selected miRNA
OEX lines have been analysed under various stress conditions to identify new

potential roles of sSRNAs.

Germination assay

We used germination assay to improve insights about the specific role of different
miRNAs. Therefore, different conditions were selected for the germination assay:
salt (100 mM and 150 mM NacCl), mannitol (200 mM), abscisic acid (ABA, 1 uM),
cold (10°C), heat (48°C, 60 min) and varying light conditions (high light at 450 uE
and fluctuating light at 5 min - 50 yE and 1 min - 500 pE). The germination assay
was performed on seeds from miRNA OEX lines and the wild type (Figure 1).
Germination rates were scored on days 1, 2, 3, 4, and 7. In the case of cold

treatment, germination was scored on days 1, 4, 7, 8, and 9.
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Figure 1: Gemination assay for different miRNA OEX lines and wild type) under different
growth conditions. Germination rates were calculated for different treatments after two
days of stratification and germination rates on > MS media served as control (a). Seeds
were treated differently: 100 mM NacCl (b), 150 mM NaCl (c), 1 uM ABA (d), 200 mM mannitol
(e), cold at 10°C (f), high light at 450 JE (g), heat for 60 min at 48°C (h) and fluctuating light
at 5 min - 50 yE and 1 min - 500 YE (i). The emergence of the radicle was considered as
successful germination and was determined microscopically.

Germination frequencies of seeds from the different MIR OEX lines and WT
control in various conditions were compared to their respective frequencies on V2
MS media. Differences in the germination of seeds were observed under control
conditions where miR156h OEX remained below 80% of the germination rate
after seven days. It is known that miR156 OEX lines show a delay in development
and flowering, which might explain these germination differences (Schwab et al.,
2005). Different NaCl concentrations like 100 mM (Figure 1b) and 150 mM NaCl
(Figure 1c) reduced germination frequencies in some OEX lines. mir156h OEX
showed only an approximately 50% germination rate after seven days under 100
mM NaCl as compared to the wild type. In general, higher salt concentration
delayed seed germination and adversely affected seed germination frequencies,
however, miR398b and miR847 OEX lines reached a higher gemination rate than
the wild type under 150 mM NaCl after seven days. The plant hormone ABA is
known to inhibit seed germination and we observed delayed germination for all

genotypes and the wild type in response to 1 yM ABA (Figure 1d). miR156h and
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miR847 OEX lines show the lowest germination rates compared to the wild type.
Mannitol is a sugar alcohol that is taken up by plant cells and causes oxidative
and osmotic stress, that delays seed germination of all lines (Figure 1e). Seeds
of the miR156h OEX lines (miR156h 14.7 and miR156h 7.1) showed less than
50% germination rates on 200 mM mannitol after seven days, whereas the
miR398b OEX lines (miR398b 30a and miR398b 21c) showed nearly identical
germination rates like the wild type. Under 10°C cold treatment a delay in
germination was observed for all lines including the wild type and after 9 days
nearly all lines reached the same germination rate as under control conditions
(Figure 1f). 450 uE were used for high light treatment and after seven days all
lines including the wild type showed more than 50% of germination, but still
miR156h OEX line displayed reduced germination compared to all other lines and
the wild type (Figure 1g). After 60 min of heat stress at 48 °C, we observed a
delay in the germination rate in all lines that was restored to control levels after
seven days (Figure 1h). Under fluctuating light (5 min at 50 yE and 1 min at 500
ME) the different OEX lines and the wild type showed a large deviation between
all the samples (Figure 1i). After seven days, only the wild type and miR398b
OEX line reached germination rates higher than 80% of germination after seven
days. The remaining OEX lines, miR156h and miR847, showed lower
germination frequencies. miR847 OEX line had a germination rate of about 65%,
miR156h 14.7 OEX genotype showed 40%, whereas the other genotype showed

60% seed germination rate after seven days under fluctuating light.
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Figure 2: Wild type and OEX miR847 line were grown on 2 MS medium supplemented with
100 mM NaCl plates seven days after stratification. The scale bars indicate 0.5 cm.

The germination assay shows differences in all the OEX lines and genotypes.
The wild type showed the highest germination frequencies under all conditions.
Surprisingly, miR847 OEX lines showed pleiotropic phenotypes on %2 MS media
+ 100 mM NaCl. miR847 OEX seedlings developed tiny and dark green seedings,
seedlings with one or two pail cotyledons, or seedlings with brown hypocotyls

under salt treatment.

miRNA:mRNA target analysis

miRNAs are able to target mRNA transcripts and to mediate their cleavage.
Previously, we reported miRNA target analysis, which was now used for
additional investigations (Habermann et al., 2020). In addition, we performed
RNA gel blots to confirm the overexpression of miRNAs in the OEX lines and
gRT-PCR to address the impact on their target RNAs by comparing their steady-
state levels between wild type and the miRNA OEX lines (Figure 3).
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Figure 3: Analysis of miRNA OEX lines and their cognate targets. RNA gel blots confirm
the overexpression of miRNAs in different miRNA OEX lines: miR156h (a) miR398b (c) and
miR847 (e). Signals were quantified and normalised to the constitutively expressed U6
snRNA and are indicated below the blots. Right panels (b, d and f) show graphs depicting
the mRNA expression levels of predicted and validated target transcripts of the related
miRNAs. Expression values were normalised to the constitutively expressed gene UBI1
(AT4G36800). Error bars indicate standard errors (n=3).

miRNA156 is known to target mRNAs encoding SPL transcription factors, which
are crucial for plant development (Stief et al., 2014). The RNA gel blots revealed
a strong overexpression of miR156h in both independent miR156h OEX lines
(Figure 3a). Further, we analysed the expression levels of two already known
targets of miR156h encoding SPL transcription factors SPL10 (AT1G27360) and
SPL11 (AT1G27370) and verified an efficient downregulation of these target
transcripts. In addition, we analysed the transcript level of a predicted miR156h
target encoding the plastid-localised PsbP domain-OEC23 like protein
(AT2G28605) and detected a remarkable downregulation of this transcript in both
independent miR156h OEX lines (Figure 3b). We also confirmed an
overexpression of miR398b in both OEX lines (miR398b 30a and miR398b 21c)
by RNA gel blot analysis (Figure 3c). Two interesting putative targets of miR398b
encoding a plastid-localised phosphoglycerate/bisphosphoglycerate mutase

(PGM, AT1G78050) and a multidrug and toxic compound extrusion efflux protein
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(MATE, AT2G04050), respectively, were previously detected to be inversely
correlated to the miRNA after norflurazon treatment (Habermann et al., 2020).
We confirmed reduced steady-state levels for PGM in both miR398b OEX lines,
whereas the transcript coding for the MATE transporter only showed decreased
steady-state levels in the miR398b 30a OEX line (Figure 3d). The mRNA
transcript coding for copper/zinc superoxide dismutase 2 (CSD2, AT2G28190) is
an already validated miR398b target and operates as a positive control for the
miR398b OEX line (Sunkar et al., 2006). The overexpression of miR847 was
validated by RNA gel blot (Figure 3e). We could confirm a strong downregulation
in the expression levels of three target transcripts of miR847 (Figure 3f). The first
one encodes a plastid localised pentatricopeptide repeat (PPR) protein
(AT3G46610), the second one encodes for the protein kinase general control
non-repressible 2 (GCN2, AT3G59410) and the third one for the PALE CRESS
(AT2G48120). However, we did not determine considerably decreased transcript
level for the indole-3-acetic acid inducible 28 (IAA28, AT5G25890), which has
been reported to be a target for miR847 (Wang and Guo, 2015).

Phenotypic analyses of miR847 OEX line

Seedlings of the miR847 OEX line were identified to show deviant phenotypes
under salt, which require further analyses. The effect of salt concentration was
investigated by seed germination assays for wild type and miR847 OEX lines,
while using 114 seeds grown under different conditions: control (%2 MS media)
and %2 MS media supplemented with 50 mM NaCl, 100 mM NaCl and 150 mM
NaCl. After 3 and 7 days monitored the germination rates (Table 1). Under control
conditions and 50 mM NaCl we observed less germination in miR847 OEX line
compared to the wild type, but at least 90% of the seeds germinate. Higher salt
concentrations delayed seed germinations and decreased seed germination in
miR847 OEX line and the wild type. We observed a 10% decrease in the
germination rate compared to the control conditions under 100 mM NaCl in
miR847 OEX line and wild type. After three days of treatment a high difference
between control conditions and 150 mM salt was observed with 11.5%. During
later stages, after 7 days of germination, we detected lesser seed germination

rate difference (2%) between control conditions and 150 mM salt.
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Table 1: Germination assay of wild type and miR847 OEX line under different conditions.
In total, 114 seeds of wild type and miR847 OEX line were grown under different NaCl

concentrations.

Y2

concentrations (50 mM NaCl, 100 mM NaCl, 150 mM NaCl) were used.

After 3 days After 7 days
Media Wild type | OEX miR847 | Wild type | OEX miR847

Y2 MS 96% 90% 99% 93%
2 MS + 94.50% 88% 96% 90%
50 mM NaCl

Y2 MS + 87% 80% 87% 82%
100 mM NaCl

Y2 MS + 64.50% 53% 76% 74%
150 mM NaCl

Plants, both wild type and miR847 OEX, germinated on

and showed delayed germination together with drastic phenotypic alterations

including pale seedlings (Figure 4).

MS media was used and supplemented with different NaCl

Y2 MS + 150 mM NaCl
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Figure 4: Wild type (WT) and OEX miR847 seedlings were grown differently and monitored
after seven days. The seedlings were grown on 2 MS media, 2 MS media + 50 mM NacCl,
2 MS media + 100 mM NacCl, and "2 MS media + 150 mM NaCl seven days after germination.
The seedlings were examined microscopically with Nikon SMZ1500. The scale bar
indicates 0.5 cm.

Further analyses on miR847 OEX lines germinated on %2 MS media + 100 mM
NaCl plates revealed that miR847 OEX seedlings had tiny and dark green
cotyledons, seedlings with one or two pail cotyledons, or seedlings with brown
hypocotyls (Figure 2 and 4). Despite these phenotypic differences, half of the
miR847 OEX seedlings showed no altered phenotype compared to wild type.
Therefore, miR847 OEX lines were further characterised on the molecular level
by leaflet PCR in order to validate the presence of 35S promoter (Figure 5). A
wild type seedling serves as a control. Further, we checked four seedlings

showing wild type looking phenotypes (WT/OEX1, 2, 3, 4) as well as deviant
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phenotypes: tiny and dark green seedling (OEX1), seedlings with two (OEX2) or
one (OEX3) pail cotyledon leaves or seedlings showing a brown hypocotyl
(OEX4) (Figure 5). The leaflet PCR indicates no 35S-promoter region for the wild
type and two out of four wild type looking OEX miR847 seedlings (WT/OEX1 and
WT/OEX4). Further, UBI7 was used as a DNA control and it indicates that DNA

could be extracted for all the samples.
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Figure 5: Investigation on genomic level by leaflet PCR of 35S promoter of miR847
overexpression. Leaflet PCR indicate no 35S promoter in the wild type seedling (WT) and
in two WT looking OEX miR847 seedlings (WT/OEX1 and WT/OEX4). 35S promoter was
identified in two WT looking OEX miR847 seedlings (WT/OEX2 and WT/OEX3) and 4
different phenotypes (OEX1, OEX2, OEX3, OEX4). UBI7 could confirm DNA extraction for
all samples. Water depicts as the negative control (NC) and positive control (PC) is
validated cDNA from the wild type to prove the RT-PCR conditions.

We could identify OEX miR847 seedlings, which look like the wild type, but they
do not have 35S promoter insertion of the overexpression of the MIR847 gene,
whereas all deviant phenotypes possess the 35S promoter insertion. This

indicates a heterozygous OEX miR847 line.

Discussion

Over the last years, many miRNAs have been identified to play an important role
in plants under different stress conditions (Song et al., 2019). Furthermore, many
investigations on miRNAs and their putative targets have been performed in vitro
and in silico (Basso et al., 2019). For instance, miR398 was identified to be
increased under heat stress to regulate its target CSD2 and to better cope with
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high temperatures (Fang et al., 2019). The Arabidopsis thaliana gun mutants
show to have an influence on miRNA expression level under NF treatment, which
was recently shown in our own study about the impact on sSRNAs controlled by
plastid-derived retrograde signals (Habermann et al., 2020). Both gun1 and gunb
mutants show changes in many miRNA expression steady-state levels in
response to NF and compared to the NF treated Arabidopsis thaliana wild type,
which leads an assumption that those miRNAs are regulators of the retrograde
signalling by controlling transcript expression levels (Habermann et al., 2020).
mMiRNA:mRNA pairs of interest were analysed regarding the correlation of their
expression levels to assume a biological impact.

We selected three different miRNAs, miR156h, miR398b and miR847, which
have been previously identified to be differentially expressed in retrograde
signalling (Habermann et al., 2020). Available miRNA OEX lines have been used
for further analyses. miR156 is known to control different vegetative stages of the
plant as well as the flowering time mainly through regulation of the mRNA
transcripts of the SPL transcription factors (Wu et al., 2009, Wu and Poethig,
2006, Wang et al., 2009). miR156 OEX lines could show a better survival under
high temperatures by decreased mRNA transcript levels encoding SPL
transcription factors (Stief et al., 2014). In contrast to miR156, miR398 was
identified to be reduced under oxidative stress to maintain the mRNA transcripts
of the CSDZ2 to cope with very toxic superoxide (Sunkar et al., 2006). Auxin
signalling can be controlled by miR847 and increased miRNA expression levels
under auxin treatment cause a mediated cleavage of the IAA28 transcript helping
to regulate the lateral root development positively (Wang and Guo, 2015).

A germination assay under different conditions was performed to find more
evidence on the different overexpression lines. Generally, miR156h OEX line
showed a delay in germination in response to all stress conditions which is in line
with previous investigations (Gao et al., 2017, Yu et al., 2015). Plants get
adversely affected by salinity in terms of development and/or productivity,
because they accumulate salt up to toxic levels leading to an excessive amount
of reactive oxygen species (Miller et al., 2010, Fernando et al., 2018). This

explains the delay in germination rates in all the OEX lines and the wild type under
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salt stress. ABA and mannitol can affect the seed germination causing a delay as
well as reduction in germination rates, which we could confirm in our germination
assay (Yang et al., 2018). In addition, the cold treatment delayed germination in
all lines, but all lines could reach the same germination rate after one week as in
the control conditions. High and/or fluctuating light or heat stress did not cause
any differences within the OEX lines. Heat and high light stresses affect the seeds
only with regard to a delay in germination, but after seven days all lines, including
the wild type and all OEX samples, are able to reach the same germination
frequencies like under control conditions. Fluctuating light stress causes small
differences between all the samples and after seven days miR398b OEX line
could reach a slightly higher germination rate than the wild type. However,
different germination was observed in different samples/conditions.
Nevertheless, the wild type reached in nearly all conditions the highest
germination rates. The miR847 OEX line evolve various phenotypes including
tiny and dark green cotyledons, seedlings with one or two pail cotyledons, or
seedlings with brown hypocotyl on 72 MS media containing 100 mM NaCl.

We could validate the miRNA overexpression of the related MIR genes in all OEX
lines under normal growth conditions via RNA gel blot. Furthermore, the
expression levels of the miRNA targets have been quantified for each OEX line.
Both well-known miR156 targets, SPL10 and SPL11, show decreased mRNA
expression levels. Further, the putative target transcript encoding for a plastid-
localised PsbP domain-OEC23 like protein was reduced by 50% compared to the
wild type, which leads to the assumption that this target might be regulated
through miR156h. The PsbP domain belongs to one of the extrinsic proteins of
photosystem Il and it is required for the stabilisation and activation of the
cofactors of the oxygen-evolving complex (OEC) (Gregor and Britt, 2000).
Consequently, miR156h is able to regulate transcripts, which are important for
different development stages as well as the flowering time. miR156h mediate the
cleavage of the transcript of a plastid-localised PsbP domain-OEC23 like protein,
which is essential for the control of the Photosystem II. The validated miR398b
target, CSD2, could confirm decreased steady-state levels in miR398b OEX line

compared to the wild type. In addition, two new putative targets have been
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checked regarding their transcript expression levels, but the mRNA transcript
encoding for the MATE protein suggests no cleavage mediated through
miR398b, whereas the second putative target shows reduced expression values
compared to the control. The beginning of the starch biosynthesis is mediated by
the enzyme PGM, which converts glucose-6-phosphate into glucose-1-
phosphate (Zhang et al., 2019). The Arabidopsis thaliana pgm mutant is defective
in starch biogenesis leading to adverse effects on the cell wall metabolism and
structure (Engelsdorf et al., 2017). Taken together, reduced transcript levels of
PGM in miR398b OEX line indicate a mediated cleavage of the PGM transcript
by miR398b. Unfortunately, we could not detect downregulation of the IAA28
MRNA transcript targeted by miR847, but all three newly predicted targets
showed decreased steady-state levels of their mMRNA transcripts compared to the
wild type. The PPR protein known as LOW PHOTOSYNTHETIC EFFICIENCY 1
(LPET) binds to the mRNA of psbA that encodes the D1 protein of the
photosystem Il reaction centre (Jin et al., 2018). Therefore, miR847 seems to be
involved in the photosynthesis by targeting LPE1. The GCN2 kinase, a universal
regulator, is required for the translation initiation factor elF2a, which is necessary
in stress signal transduction or different immune responses (Lokdarshi et al.,
2020). The PALE CRESS (PAC) protein is important for the leaf as well as for
chloroplast development and its albinotic pac mutant possess drastic
translational deficiencies demonstrating the importance of this protein in plastid
gene expression (Meurer et al., 2017). Consequently, miR847 might target some
very important mMRNA target transcripts, that play role in the development and/or
stress acclimation.

In addition, the miR847 OEX line was checked with regard to different NaCl
concentrations. We could identify different phenotypes in the miR847 OEX line
under 100 mM NaCl: tiny and dark green cotyledons, seedlings with one or two
pail cotyledons, or seedlings with brown hypocotyls. However, half of the NaCl
treated seedlings did not show a phenotypic change in the miR847 OEX line
compared to the NaCl treated wild type. Therefore, different miR847 OEX
seedlings were analysed concerning the presence of the 35S promoter region.

We could not detect the 35S promoter region for the overexpression of the
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MIR847 gene for the wild type looking miR847 OEX seedlings indicating a
heterozygous miR847 OEX line.

Here, we could demonstrate that miRNAs can play important roles in response
to different stress conditions. miR847 OEX line evolve pleiotropic phenotypes in
response to NaCl treatment compared to the wild type. Nevertheless, genotypic
analyses of the MIR847 promotor region have been performed indicating a
heterozygous miR847 OEX line. Therefore, further investigations are required to
uncover the role of miR847 generally and under NaCl treatment. Firstly, it is
indispensable to create a homozygous miR847 OEX line through generation of a
new miR847 OEX line. Secondly, the NaCl treatment has to be repeated to
validate the current findings and to do additional analyses like quantification of
the miRNA target transcripts, which might include also the quantification of the

protein levels compared to the wild type and in response to salt.

Experimental procedures

Plant material and germination assay conditions

Arabidopsis thaliana wild type (ecotype Columbia-0) and the overexpression
(OEX) mutants, OEX miR156h (Stief et al., 2014), OEX miR398b (Sunkar et al.,
2006), OEX miR847 (Wang and Guo, 2015) and OEX miR863 (Niu et al., 2016),
were used for this study. 30 surface-sterilised seeds from the different OEX lines
and wild type were grown on one plate with three biological replicates to monitor
germination. The overall germination rate was determined on %2 Murashige and
Skoog (MS) medium containing 1.5% sucrose. Further, seeds were treated
differently with: salt (100 mM NaCl and 150 mM NaCl), Abscisic acid (1 uM ABA),
mannitol (200 mM mannitol), cold (10°C), high light (450 pE), heat (60 min at
48°C) and fluctuating light (5 min-50 pE, 1 min-500 pE). Germination was
monitored microscopically.

In addition, 38 surface-sterilised seeds from OEX miR847 and wild type were
grown on one plate and in three biological replicates to monitor germination at 2
MS media containing 1.5% sucrose and %2 MS media supplemented with 50 mM
NaCl, 100 mM NaCl and 150 mM NaCl.
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Growth conditions

Surface-sterilised seeds were incubated on %2 MS agar plates containing 1.5%
sucrose. In addition, 72 MS agar plates containing 100 mM NaCl were used. After
vernalisation (2 days at 4°C in darkness) the seeds were grown for one week at
22°C and 110 yE. Whole plants were harvested and immediately frozen in liquid
nitrogen and stored at -80°C until RNA isolation. All experiments were performed

in three biological replicates for each genotype.

RNA isolation

RNA isolation was performed by using TRIzol reagent (Invitrogen, Thermo Fisher
Scientific, Waltham, MA, USA) according to the manufacturer’s protocol. Agarose
gel electrophoresis was used to monitor the RNA integrity. The RNA
concentration and purity were evaluated by spectrophotometry (260 nm/280 nm
and 260 nm/230 nm absorbance ratios) (NanoDrop™ 2000/2000c
Spectrophotometer, Thermo Fisher Scientific, Waltham, MA, USA).

RNA gel blot

RNA gel blot was modified from Pall and Hamilton (2008). In total, 30 ug RNA
was loaded on a 15% PAGE and run for 3 h at 60 V, electroblotted on Amersham
Hybond-N neutral Membrane (GE Healthcare UK Limited, Buckinghamshire, UK)
at 180 mA for 1 h and the RNA was crosslinked with 1-Ethyl-3-[3-
dimethylaminopropyl] carbodiimide hydrochloride (EDC) for 1 h at 60°C.

The detection of specific RNAs was performed according to probe preparation
and hybridization conditions from Pall and Hamilton (2008). The membrane was
pre-hybridised in Church-Buffer (1 M Na2HPO4, 1 M NaH2PO4, 0.5 M EDTA, pH
8.0, 20 % SDS, 20 x SSC, 100x Denhardt’'s reagent) for at least 2 h at
hybridisation temperature. DNA oligonucleotides (Table S1) complementary to
miRNA were radiolabeled with [*2P]y-ATP (Hartmann Analytic GmbH,
Braunschweig, Germany) using T4 Kinase (New England Biolabs, Ipswich, MA,
USA) according to the manufactures protocol. After heat inactivation (68°C, 10
min) the probes and membranes were hybridised overnight and washed
according to Pall and Hamilton (2008). The membranes were incubated on a
phosphor imaging screen, scanned after overnight incubation using Typhoon
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TRIO (GE Healthcare Typhoon) and U6 normalised by using Quantity One
Software (Bio-Rad, Hercules, CA, USA).

Quantitative RT-PCR

To remove residual genomic DNA RNA samples were treated with DNase | (New
England Biolabs, Ipswich, MA, USA) to perform cDNA synthesis. In total, 2 ug
RNA was incubated with DNasel (2 U, New England Biolabs, Ipswich, MA, USA)
for 30 min at 37°C. 2.5 ul 50 mM EDTA were added and incubated for 10 min at
65°C to inactivate the DNasel. The RNA, 100 pmol of an oligo-dT23VN
oligonucleotide and 10 mM dNTPs were denatured at 65°C for 5 min and
transferred to ice. Afterwards, M-MuLV reverse transcriptase (200 U, New
England Biolabs, Ipswich, MA, USA) was used according to the manufactures
protocol. We performed reverse transcription (RT) PCR to examine effective
cDNA synthesis by the use of the gene UBI7 (AT3G53090) (Table S2).

20 ng/ul cDNA were used for each gRT-PCR together with gene-specific primers
and an EvaGreen qPCR mix. First, the samples were pre-heated for 2 min at
95°C. 40 gRT-PCR cycles were performed with these conditions: 12 sec at 95°C,
30 sec at 58°C and 15 sec at 72°C in three technical triplicates with the CFX
Connect Real-Time PCR device (Bio-Rad, Hercules, CA, USA).

2-28¢t method was used to calculate changes in gene expression with the help of
the ci-values (Livak and Schmittgen, 2001). Normalisation was done by using the
housekeeping gene UBI1 (AT4G36800). All oligonucleotide sequences which

were used in this study are listed in Table S2.

DNA extraction

Genomic DNA extraction was performed according to Edwards et al. (1991).
Approximately 100 mg of plant material was disrupted together with 200 pl plant
DNA extraction buffer (200 mM Tris - HCI pH 7.5, 250 mM NaCl, 25 mM EDTA,
0.5% SDS) and a metal beat (3 mm @) with TissueLyser Il (QIAGEN GmbH,
Hilden, Germany) for five times for 30 seconds at 30 movements /s and incubated
for 5 min at room temperature. After 7 min of centrifugation at 13,000 g, 130 pl of
the supernatant and 150 pl isopropanol (-20°C) were incubated for 2 min at room

temperature. DNA was pelleted by 10 min centrifugation at 4°C at 13,000 g. The
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pellet was washed with 500 pl 70% ethanol (-20°C) and centrifuged for 5 min at
13,000 g. The dried DNA pellet was resuspended in 30 ul TE Buffer (10 mM Tris
pH 8, 1 mM EDTA) with RNase A (5 mg/mL).

Leaflet RT-PCR was performed using gene-specific primers and the gene UBI7
(AT3G53090) as a positive control (Table S2). The RT-PCR was examined by

agarose gel electrophoresis.

Accession numbers

ATG accession numbers: MIR156h (AT5G55835), MIR398b (AT5G14545),
MIR847 (AT1G07051), GUN1 (AT2G31400), GUN5 (AT5G13630), plastid-
localised PsbP domain-OEC23 like protein (AT2G28605), MATE efflux family
protein (AT2G04050), SPL10 (AT1G27360), SPL11 (AT1G27370), PGM
(AT1G78050), CSD2 (AT2G28190), PPR protein (AT3G46610), GCN2
(AT3G59410), PALE CRESS (AT2G48120), 1AA28 (AT5G25890), UBI7
(AT3G53090), UBI1 (AT4G36800)
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Table S1: Sequences of DNA oligonucleotides used for RNA gel blot in this
study.

Probe Name Sequence

ath-miR156h GTGCTCTCTTTCTTCTGTCA
ath-miR398b-5p GTGTGTTCTCATATCAACCCT
ath-miR847 CATCAAGAAGAAGAGGAGTGA
ath-miR863-3p ATTATGTCTTGTTGCTCTCAA

Table S2: Sequences of oligonucleotides used for quantitative RT-PCR this

study.
Primer Sequence forward Primer Sequence reverse Primer
Name
AT3G5309 | ACTCAAACCCGGTGGGAAGG AGGGCACAATCTGCCGGTTA
0
AT4G3680 | CTGTTCACGGAACCCAATTC GGAAAAAGGTCTGACCGACA
0
AT2G2860 | CGACTCGCAATCAGAACGAAG | TTGCCTAGTTAACATTCTTTGT
5 GGA
AT1G2736 | TCATGGCGAAGATGTGGGAGAA | AAATGGCTGCACATGTGGTTG
0 G
AT1G2737 | TGGGTTCTCAGCAGGGAAATCC | GGAGTGTGTTTGATCCCTTGT
0 GA
AT1G7805 | TGGGAGCTAGAGAATGAAAAAG | TAAAACGCCTCCTTCAACAACC
0 A
AT2G0405 | CCACAAGGCATAGGAGCCAG ACACATACTCTGCAACTGCC
0
AT2G2819 | ACACACGGAGCTCCAGAAGA TGTTGTTTCTGCCACGCCAT
0
AT3G4661 | AGATTGAAGCCTGCGGTAGC TCATAGCACCCAAAAGGCTGT
0
AT3G5941 | GATTGGCAATGGAGATTGTTGC | CTTTAACCTCTCCAACTTCACT
0 CTC
AT5G2589 | CCGGAGAAACCTAACGGCAC TGGAACTCCTTCCATGTTGATC
0 T
AT2G4812 | ACGATGATGAATGGCAAGCTC | CCTCGTGCCAATTTCACGGT
0
35S- GGAAAGGCTATCGTTCAAGATG | TACCCTGCTCAACTCATGTCAC
promoter ceT cC
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DISCUSSION

Until now, few next generation sequencing (NGS) studies have been performed
on sRNAs, which also take into account the expression levels of putative mRNA
target transcripts. The aim of my thesis was to investigate the role of sSRNA as
well as their targets in Arabidopsis thaliana in retrograde signalling and during
cold conditions using high-throughput sequencing techniques. Furthermore,
functional analysis experiments have been performed to confirm the sRNA,
INcRNA and mRNA sequencing data. In the first publication, mMRNA/INCRNA
sequencing was performed and combined with sRNA sequencing to better
understand the function of sRNAs and IncRNAs in retrograde signalling
(Habermann et al., 2020). Seedlings of Arabidopsis thaliana wild type and the
two retrograde signalling mutants, gun1 and gunb, were treated with and without
NF for four days, and the differentially expression of different RNA classes were
analysed with focus on retrograde-dependent expression level changes. In the
second publication, sRNA sequencing was performed with 2-weeks old
Arabidopsis thaliana wild type seedlings after 3 h, 6 h and 2 d of cold treatment
(4°C) (Tiwari et al., 2020) and published mRNA transcriptome data was used to
complete the analyses (Garcia-Molina et al., 2020) to identify the effect of cold-
responsive regulation through sRNAs by RNA interference.

Little is known about the role of IncRNAs and sRNAs in plastid-to-nucleus
signalling. Until now, few transcriptomic data approaches analysed the retrograde
signalling gun mutants under NF treatment, however, they neglected to analyse
IncRNAs and sRNAs. Previous Arabidopsis thaliana microarray studies have
been performed on seedlings of wild type as well as of gun1, gun1-9, gun2 and
gunb mutants to gain more knowledge about the retrograde signalling pathway
(Koussevitzky et al., 2007). An overlap of 43% and 67% could be observed for
the up- and downregulated differentially expressed genes (DEGs) in the wild type
in response to NF between our study and Koussevitzky et al. (2007) (Publication
I, Figure S9a, b). Additionally, 56% and 50% of the identified DEGs in our study
detected in the NF-treated gun1-9 and gun5 compared to the treated wild type,
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respectively, were also detected by Koussevitzky et al. (2007). New
methodologies have been developed leading to replacement of microarray
experiments by NGS tools with a better sequencing quality and depth. Zhao et
al. (2019b) performed RNA-sequencing with seedlings of Arabidopsis thaliana
wild type and gun1-9 mutants treated with/without NF to discover accessory roles
of GUN1. In addition, recently, NGS was used to study the regulation of genes
involved in anthocyanin biosynthesis in response to NF in Arabidopsis thaliana
wild type seedlings as well as gun1-1, gun4-1 and gun5-1 mutant seedlings
(Richter et al., 2020). A quite good overlap could be observed between both NGS
studies and our study. In detail, 55% and 49% of our DEGs could also be
identified to be differentially expressed in Richter et al. (2020) in the NF-treated
gun1 and gunb mutant compared to the NF-treated wild type, respectively. An
even higher overlap of DEGs of about 65% could be observed in our NF-treated
gun1 mutant compared to the NF-treated wild type to Zhao et al. (2019b).
Consequently, we noticed a high accordance between our study and other
transcriptome studies, although different methods, growth conditions and

mutants were used.

Our transcriptome data could confirm the classical de-repression of PhANGs
under NF in both retrograde signalling mutants. Generally, we identified a large
overlap between the nucleus encoded DEGs in NF-treated gun1 and gunb mutant
compared to the NF-treated wild type; but interestingly, all the plastid encoded
DEGs are downregulated in the NF-treated gun1 mutant compared to the NF-
treated wild type, whereas the plastid encoded DEGs are upregulated in the NF-
treated gun5 mutant compared to the NF-treated wild type. Previously, Woodson
et al. (2013) suggest the sigma factors (S/IG2, SIG6) and the plastid encoded
RNA polymerase (PEP) are able to control the plastid gene transcription by
retrograde signalling networks. It can be hypothesised that PEP is activated
through GUNT and in the gun1 mutant the PEP is perturbed, which might cause
the changes in the plastid encoded DEGs compared to the wild type in response
to NF.

Besides mRNA data, IncRNA data was also analysed to identify an impact of
NcRNA on plastid-derived signals. One IncRNA (AT4G13495) showed the

102



DISCUSSION

classical de-repression like PhANGs (2-fold regulation (gun NF/WT NF), false
discovery rate (FDR) < 0.05) in treated gun1 and gun5 mutant compared to the
NF-treated wild type. Interestingly, three different miRNA precursors (MIR5026,
MIR850 and MIR863) overlap in sense direction with this IncRNA, and all sSRNAs
generated from this locus have been identified to be differentially expressed in at
least one sample in response to NF (downregulated in WT NF/WT and
upregulated in gun NF/WT NF; Publication |, Table 2). Further, the same
AT4G13495 IncRNA transcript could be detected to be downregulated after 2 d
of cold treatment (-2,3 fold, FDR < 0.05), but no differentially expressed sRNAs
could be observed for any time point (3 h, 6 h, or 2 d). Nevertheless, it can be
suggested that miRNAs can either be processed from the IncRNA itself or from
the individual miRNA precursor transcripts. To predict putative miRNA targets we
used psRNATarget tool with optimised stringent parameters. We could not detect
MRNA targets for miR5026, whereas two targets, coding for a chloroplast RNA
binding protein (AT1G09340) and a threonine-tRNA ligase (AT2G04842), could
be predicted for miR850. The miRNA and both targets have been detected to be
upregulated in the NF-treated gun5 mutant compared to the treated wild type.
Because miRNAs mediate cleavage of mRNA transcripts and miR850 and both
putative transcripts are upregulated in expression levels it leads to the
assumption that miR850 does not cleave those transcripts. Additionally, miR863
could be detected to be upregulated (fold change 2 +2; FDR < 0.05) in both NF-
treated gun mutants compared to the treated wild type, even if the changes in
expression levels of the predicted SERRATE (SE) transcript was not detected to
be significant (FDR < 0.05) in those samples (Publication I, Table 2). SE protein
is known be a regulator of the miRNA biogenesis pathway, which affect the

processing of various miRNAs (Meng et al., 2012).

We demonstrate in Publication | and Il the role of non-coding sRNAs in retrograde
signalling pathway and cold acclimation, since comprehensive changes in the
steady-state levels could be observed for different SRNA classes (miRNAs, nat-
siRNAs and other sRNA producing loci). In the first Publication, we detected
generally more downregulated sRNAs in the NF-treated wild type compared to

the untreated control and more upregulated sRNAs in both treated gun mutants
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compared to the treated wild type (Habermann et al., 2020). Thus, increased
SRNA processing in the gun mutants in response to NF resembles the de-
repression of nuclear encoded genes, which leads to the hypothesis that sSRNAs
can play a role in regulation of retrograde-controlled nuclear gene expression. In
the second Publication, an overall reduction of different SRNA classes was
observed over the time course in response to low temperatures. However, this
could also be due to general changes of the levels of main components required
for sSRNA biogenesis. To elucidate this case, the expression levels of the
transcripts of those components, such as HEN1, RDR6, DCL1, HST, HYL1, SE
and SGS3, have been analysed and we could see that they are unchanged over
the time course of cold treatment. Consequently, we can assume that sRNA
processing is reduced due to a reduction of the transcripts of the sRNA

precursors.

The highest changes of steady-state levels of miRNAs were identified in the NF-
treated wild type compared to the untreated control with the highest
downregulation of miR169g-3p (-151.6-fold; FDR < 0.05). The same miRNA is
the most upregulated miRNA found in the NF-treated gun5 mutant compared to
the NF-treated wild type (38.2-fold; FDR < 0.05). The miR169 family was already
detected to be a drought, heat and salt responsive miRNA in different plants (Li
et al., 2008, Yang et al., 2019, Shukla et al., 2018, Xu et al., 2014). Under cold
acclimation, the highest changes of the expression levels could be observed after
6 h of cold treatment. miR395e was detected to be the most upregulated miRNA
(53.0-fold; FDR < 0.05) and miR447b the most downregulated miRNA (-28.0-fold;
FDR < 0.05). The gene family of miR395 can be encoded from six different
Arabidopsis thaliana loci and those individual members have been identified to
play different roles in abiotic stress conditions like salt or mannitol, because single
nucleotide differences in the miRNA family members cause changes in the
miRNA targets (Kim et al., 2010).

Since miRNAs are powerful regulators of RNA interference to control gene
expression, we performed miRNA target prediction and associated our sRNA
sequencing data with the mRNA data to identify miRNA:RNA pairs. In total, we
discovered 47 differentially expressed miRNAs belonging to 119 non-redundant
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putative targets in response to NF and further 93 differentially expressed miRNAs
belonging to 352 non-redundant putative targets in response to cold treatment.
In total, we detected 16 miRNAs to be differentially expressed in response to NF

as well as under cold treatment.

The most conserved miRNAs in Arabidopsis thaliana comprised miR156 and
miR157 (Reinhart et al., 2002, Wu and Poethig, 2006, He et al., 2018) and we
detected both miRNAs in response to NF as well as in cold acclimation. Under
NF treatment, miR156 isoforms have been detected to be downregulated in the
treated wild type compared to the untreated wild type (fold change < -2; FDR <
0.05) and to be upregulated in both treated gun mutants compared to the treated
wild type (fold change = +2; FDR < 0.05). miR157a was only detected to be
downregulated in the NF-treated gun5 mutant compared to the treated wild type
(miR157a-3p: -48.8-fold; miR157a-5p: -6.67; FDR < 0.05). In addition, both
miRNAs, miR156 and miR157, were upregulated after 2 d of cold treatment
(miR156f-3p: 5,61-fold; miR156f-5p: 4,56-fold; miR157a-3p: 4,55-fold; miR157b-
3p: 33,7-fold; miR157¢c-3p: 3,2-fold; FDR < 0.05). After miRNA target prediction,
a high number of targets could be determined and it was found that different
MRNAs encoding transcription factors of the SPL family are targeted by miRNAs.
In response to NF, the SPL targets have the same correlation in expression levels
like the miRNAs. So, miR156 and SPL10 transcript target were upregulated in
the NF-treated gun5 mutant compared to the treated wild type (2.0-fold; FDR <
0.05). Nevertheless, both miRNAs, miR156 and miR157, were upregulated after
2 d of cold treatment, whereas its putative target SPL3 was detected to be
downregulated at the same time point (-2.9-fold; FDR < 0.05), showing the
classical anticorrelation between the miRNA and its target. However, a similar
regulation of the miRNA and its target can still denote a regulation, since the
mMiRNA binds to protein complexes leading to increased target transcription or no
cleavage caused by variations in the miRNA or target sequences (Baulina et al.,
2016, Saito and Saetrom, 2012). The SPL transcription factors are known to
regulate the early root development, flowering time as well as other different
stages of the vegetative development, showing the importance of those putative

targets as well as of the regulation through miRNAs under different stress
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conditions (Ren and Tang, 2012, Cui et al., 2014, Stief et al., 2014, Gao et al.,
2017).

Furthermore, we detected miR159 isoforms to be downregulated in the NF-
treated gun1 mutant compared to the NF-treated wild type (miR159b-5p: -3,75-
fold; FDR < 0.05), but upregulated after 3 h of low temperature (miR159c: 2,14-
fold; FDR < 0.05) and downregulated after 2 d of cold acclimation (miR159a: -
2,55-fold; miR159b-3p: -2,17-fold; FDR < 0.05). The RNA target prediction, the
retrograde signalling study could not detect an informative putative target, since
the target was not differentially expressed, but the cold study could determine a
MRNA target encoding a mitochondrial translocase TIM44 related protein to be
anticorrelated to miR159. This result suggests that under low temperatures an
altered protein import due to miR159-mediated regulation of its target, which is in
line with the assumption that environmental stress conditions can repress and
stimulate protein import (Taylor et al., 2003, Lister et al., 2004). As an example,
TIM44 together with heat shock protein 70 (HSP70) promote the protein import
from the inner membrane to the mitochondrial matrix (Krimmer et al., 2000,
Murcha et al., 2003).

In addition, miR395b and miR395c were detected to be downregulated in the NF-
treated wild type compared to the untreated control (miR395b: -5.48-fold;
miR395c: -5.35-fold; FDR < 0.05) and upregulated in the treated gun5 mutant
compared to the NF-treated wild type (miR395b: 6.36-fold; FDR < 0.05).
Moreover, miR395¢c was discovered to be downregulated after 6 h of cold
treatment (miR395c: -2.12-fold; FDR < 0.05). Fang et al. (2018) reports that
tocopheroles are involved in retrograde signalling and miR395 mediated
cleavage of APS mRNA transcript. Fang et al. (2018) identified tocopheroles to
positively regulate PAP accumulation, which has a positive effect on miRNA
biogenesis: PAP negatively regulates XRN2, which in turn regulates mRNA and
pri-miRNA levels by degrading 5 uncapped mRNA. In addition, the mRNA
transcript encoding the enzyme APS was validated to be a target for miR395
(Liang et al., 2010) and APS is catalysing the initial step in PAP synthesis (Klein
and Papenbrock, 2004). Our findings are in agreement with the previous

assumption by Fang et al. (2018) that reduced miR395b levels in the NF-treated
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wild type lead to increased APS transcript levels. Increased APS levels cause
enhanced PAP synthesis that in turn acts as a retrograde inhibitor of XRNs
leading to enhanced pri-miRNA and mature miRNA levels. Furthermore, miR398
was detected to be increased under high temperatures to regulate its target CSD2
resulting in a better stress adaptation under high temperatures (Fang et al.,
2018). We could detect another interesting mRNA targeted by miR395, which
codes for the magnesium-chelatase subunit GUNS (AT5G13630), an enzyme
involved in the chlorophyll biosynthesis pathway catalysing the insertion of Mg?*
into protoporphyrin IX. The GUN5 mRNA transcript levels were detected to be
downregulated in the NF-treated wild type compared to the untreated control (-
2.36-fold; FDR =< 0.05), upregulated in the treated gun5 mutant compared to the
NF-treated wild type (4.03-fold; FDR < 0.05) and upregulated after 6 h of cold
treatment (2.2-fold; FDR < 0.05). The gun5 mutant has a single nucleotide
substitution in the GUNS5 gene, which causes a defective magnesium-chelatase.
Although the expression levels of the miIRNA:mRNA pairs are not anticorrelated
in response to NF, the elevated miRNA expression levels can maybe balance an
increased transcription rate of its target mMRNA to maintain physiologically related
steady-state levels. In the NF-treated wild type, the GUN5 mRNA transcript is
decreased due to NF-triggered retrograde signalling, because lacking of the
retrograde signalling in the gun5 mutant the mRNA transcript levels remain
increased, which cannot be efficiently decreased by enhanced miRNA levels. A
study from Zhang et al. (2011) showed that Mg-Proto-IX-derived signals cause
an induction of Alternative oxidase 1a (AOX1a). The enzyme AOX1a catalyses
the reduction from Oz to H20, which emit excess energy as heat. Furthermore,
the Mg-Proto-IX-derived signals lead to enhanced activities of antioxidant
enzymes, which serve as preservation of redox equilibrium under cold stress
conditions (Zhang et al., 2016).

Besides miRNAs, other sRNA classes have been analysed with regard to the
differential regulation of their expression levels. Fewer differentially expressed
sRNAs derived from IncRNAs have been identified in both publications.
Nevertheless, we could detect an even higher number of differentially regulated

nat-siRNAs under cold acclimation as well as in response to NF. In numbers, 326
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non-redundant cis-NATs and 142 non-redundant trans-NATs pairs have been
detected to produce differentially expressed siRNAs under cold acclimation,
whereas 73 non-redundant cis-NATs and 193 non-redundant frans-NATs pairs
have been detected to produce differentially expressed siRNAs in response to
NF. In both publications, nat-siRNAs with less than five normalised reads have
been removed to ensure that we detect abundant sRNAs. It is noteworthy to
mention that more cis-nat-siRNAs were detected to be differentially regulated
under low temperatures and more differentially expressed trans-nat-siRNAs were
detected in response to NF. An overlap between nat-siRNAs in both publications
could be identified, which leads to the assumption that also nat-siRNAs play a
role in stress response. In response to NF, a huge number nuclear encoded
differentially expressed genes extend the knowledge about genes, which can be
controlled by retrograde signals. Under low temperatures a predominance of pre-
tRNA or transposable element (TE) serves as a non-coding partner of the gene

pairs.

To deepen our knowledge about the function of miRNAs and their corresponding
MRNA targets, we selected differentially expressed miRNAs for further analysis
(Unpublished work: Functional analysis of miRNA overexpression lines in
Arabidopsis thaliana). We examined putative mRNA targets to identify new

potential roles under various stress conditions.

Since both Arabidopsis thaliana retrograde signalling defective mutants, gun1
and gunb, as well as the wild type exhibit changes in the miRNA and mRNA
expression steady-state levels under NF, we hypothesized that miRNAs can have
an impact on the retrograde signalling by controlling the expression levels of their
associated mRNA target. Three different miRNAs, miR156h, miR398b and
miR847, and their putative targets were selected for functional analysis
experiments. miR156 belongs to the evolutionary highly conserved miRNA family
in plants and is involved in controlling early root development, flowering time and
other vegetative stages by regulating mRNA transcripts encoding SPL
transcription factors (Gao et al., 2017, Wang, 2014, Bari et al., 2013). Stief et al.
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(2014) studied miR156h overexpression lines and described better growth as well
as enhanced survival rates in response to high temperatures compared to the
Arabidopsis thaliana wild type. miR156h overexpression causes decreased
transcript levels of the SPL transcription factor genes by increased miRNA
cleavage that results in a better adaptation to heat stress conditions (Stief et al.,
2014). Conversely, in response to oxidative stress, decreased miR398 levels lead
to an increase of their validated transcript targets encoding cytosolic CSD1 and
plastidic CSD2 protein (Sunkar et al., 2006). Both dismutases are required to
protect plant cells against the toxic superoxide. Further, INDOLE-3-ACETIC
ACID INDUCIBLE 28 (IAA28) is a negative regulator of auxin signalling by
repressing ARFs. Therefore, mRNA transcript levels of IAA28 needs to be
reduced under auxin treatment, which is mediated by miR847 and results in an

increased lateral root development (Wang and Guo, 2015).

We performed germination assays using miR156h, miR398b and miR847
overexpression lines under control (1/2 MS media, 22°C, long day) and different
stress conditions such as high salinity (100 mM NaCl, 150 mM NaCl), cold
temperature (10°C), mannitol (200 mM), ABA (1 uM), high temperature (48°C for
60 min), high light (450 uE) or fluctuating light (5 min - 50 uE and 1 min - 500 pE)
to gain more knowledge about the specific role of miRNAs. The overexpression
line of MiR156h is already known to have a delay in germination (Gao et al., 2017,
Yu et al., 2015), a feature that we could also verify in all tested conditions. In
response to salt stress, we observed a delay in the gemination rate for all
overexpression lines as well as for the wild type, which can be explained by an
accumulation of salt that leads to increased ROS levels (Fernando et al., 2018).
Additionally, ABA and mannitol is known to impair the seed germination rates in
the wild type (Yang et al., 2018a). Under low temperatures, the plant lines show
initially a delay in germination compared to the control conditions, but after one
week all lines reached the same germination rate as under the control conditions
without differences in the lines. This germination delay in cold is an already known
phenomenon, since low temperatures affect plant metabolism, growth and
development (Sasaki et al., 2015). High light or heat stress could not cause an

effect on the different overexpression lines. Only the overexpression line
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miR398b had a slightly increased germination rate compared to the wild type
under fluctuating light stress conditions. Nevertheless, the wild type exhibited
except of one (fluctuating light) the highest germination rates in nearly all stress
conditions and we did not detect phenotypical differences between the
overexpression lines and the wild type with one exception. Seedlings of the
overexpression line miR847 showed various phenotypes on the 72 MS media
containing 100 mM NaCl. Those phenotypes include tiny and dark green
seedlings, seedlings with brown hypocotyls or seedlings with one or two pale
cotyledon leaves. Based on these findings, further investigations have been
performed. The growth behaviour of the MIR847 overexpression line has been
analysed at different NaCl concentrations (50 mM, 100 mM and 150 mM). We
could identify different phenotypes in the MIR847 overexpression line upon salt
stress (2 MS media containing 100 mM NaCl). Nevertheless, half of the miR847
overexpression line seedlings treated with NaCl showed a wild type phenotype.
The verification of the presence of the 35S promoter region of the MIR847
overexpression construct revealed that this construct is not present in the wild
type looking plants. Taken together, the miR847 overexpression line is a
heterozygous line, because we identified wild type looking plants without 35S
promoter region of the MIR847 and phenotypes containing the 35S promoter
region of the MIR847. Further, a homozygous line has to be generated for the
miR847 overexpression line to perform further analysis. Using homozygous
miR847 overexpression line, miR847 mRNA targets can be studied and validated
to identify the importance of this miRNA during salt treatment or other stress

conditions.

Besides the germination assay, the MIR genes related to the specific
overexpression lines have also been confirmed. The RNA gel blot was used to
detect an increase in expression levels of the associated miRNA in the
overexpression lines compared to the wild type. In addition, we checked the
MRNA expression levels of putative and already validated miRNA targets by
quantitative RT-PCR. Besides the two validated targets of miR156h, SPL10 and

SPL11, also a newly identified target transcript, which encodes for a plastid-
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localised PsbP domain-OEC23 like protein, was detected with decreased mRNA
levels in the overexpression line compared to the wild type. The mRNA levels of
the putative target were reduced by half, which suggest a cleavage mediated
through miR156h. This target coding for a PsbP domain is necessary for
stabilisation as well as activation of the cofactors of the oxygen-evolving complex
(OEC) in the photosystem Il (Gregor and Britt, 2000). As a result, miR156h is not
only able to regulate plant development and flowering time by modulating
transcripts of the SPL transcription factor family, but it might be also involved in
PSII regulation by cleaving the mRNA transcript encoding for a plastid-localised
PsbP domain-OEC23 like protein. As a positive control for miR398b, transcript
levels of the validated target CSD2 have been detected to be decreased
compared to the wild type. We analysed two additionally predicted targets for
miR398b and we discovered that the transcript encoding the MATE protein might
not get cleaved through miR398b, since the transcript levels were not decreased
in the overexpression line of miR398b. However, the second putative transcript
coding for a PGM protein showed reduced expression levels. The enzyme PGM
catalyses the conversion of glucose-6-phosphate into glucose-1-phosphate at the
beginning of the starch biosynthesis, an important pathway to produce and store
energy in the plant cells (Zhang et al., 2019). Interestingly, Arabidopsis thaliana
mutants defective in the starch biogenesis pathway have negative impacts in the
cell wall metabolism and structure (Engelsdorf et al., 2017). Due to reduced
transcript levels of PGM in the overexpression line of miR398b, we can assume
that miR398b is able to mediate the cleavage of the mRNA transcript encoding
for PGM. Consequently, the overexpression line of miR398b should develop a
phenotype in case miR398b is able to mediate the cleavage of the PGM
transcript. The validated target, IAA28, was not detected with remarkable
decreased expression levels in the miR847 overexpression line compared to the
wild type. We checked three putative targets that show a considerable
downregulation in expression values in the miR847 overexpression line. The first
miRNA target encodes for a PPR protein, which was already identified as LOW
PHOTOSYNTHETIC EFFICIENCY 1 (LPET1) and is able to bind the mRNA of
PHOTOSYSTEM Il REACTION CENTER PROTEIN A (PSBA), encoding the D1
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protein of the photosystem Il reaction centre (Jin et al., 2018). The second
putative target of miR847 encodes for the GENERAL CONTROL NON-
REPRESSIBLE 2 (GCNZ2) kinase, which binds uncharged tRNA and hence
supports the translation initiation factor elF2a (Lokdarshi et al., 2020). The third
interesting putative target identified with decreased expression levels in the
miR847 overexpression line compared to the wild type, encodes for the PALE
CRESS (PAC) protein. PAC is known to play an important role in leaf and
chloroplast developmental stages and the albinotic pac mutant has very drastic
translational deficiencies (Meurer et al., 2017). Briefly, these findings lead to the
assumption that miR847 targets the mRNA transcripts, which can be important in

the development and stress acclimation.

In summary, we demonstrated that sRNAs play a role in response to NF and
additionally under low temperatures. Furthermore, changes in the steady-state
expression levels of sSRNAs can be triggered by environmental stimuli such as
cold or plastid derived signals. In both publications most of the differentially
regulated sRNAs belong to the class of cis- and trans-nat-siRNAs followed by
miRNAs. Therefore, we hypothesise that both sRNA classes, nat-siRNAs and
miRNAs, are important players, which regulate mRNA transcript in response to
NF or low temperatures. Besides sRNAs, we detected a high number of
differentially regulated nuclear encoded genes, which are not related to plastid
derived signals until now. Subsequently, we combined mMRNA/INcCRNA
sequencing together with sRNA sequencing and correlated differentially
expressed sRNAs with putative RNA targets to detect SRNA:RNA target pairs.
Those sRNA:RNA target pairs might operate in the adaptation of plastidic and
nuclear gene expression in retrograde signalling pathways or in the regulatory
networks in cold acclimation. We found that different miRNAs have been
identified to play a role in different developmental stages or have been known to
be important in response to stress conditions. Nevertheless, further
investigations, like RACE-PCR and proteomic experiments on the protein amount
of the miRNA targets on the partially analysed miRNA overexpression lines
(miR156h, miR398b and miR847) and additional miRNA overexpression lines
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(e.g. miR157a or miR854) are needed to uncover the importance of sRNAs in
stress response. Besides overexpression, mimicry lines can help in studying
functions of miRNAs, because they have modified versions of the IncRNA IPS,
which acts as a sequester for miRNAs (Franco-Zorrilla et al., 2007). Available
miRNA mimicry lines like MIM156, MIM157, MIM169efg, MIM395, MIM398,
MIM847 (Todesco et al., 2010) can help to uncover new potential roles in

retrograde signalling or cold responsive pathways.
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