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Zusammenfassung

Zusammenfassung

Long non-coding RNAs (IncRNAs) haben sich als wichtige Modulatoren der Genexpression in
Eukaryonten erwiesen. In Pflanzen sind IncRNAs an einer Vielzahl biologischer Prozesse beteiligt,
darunter Blutezeit- und Keimungsregulation, Wurzelentwicklung sowie bei der Hormon- und
Stressantwort. Diese Forschungsarbeit konzentriert sich auf natural antisense long non-coding
RNAs (NATIncRNAs), eine bestimmte Untergruppe von IncRNAs, die vom gegeniberliegenden
DNA-Strang eines proteincodierenden Genes transkribiert werden. In der vorliegenden Arbeit
charakterisierten wir zwei NAT-IncRNAs aus dem Modellorganismus Arabidopsis thaliana,
bezeichnet als INncNAT1- und IncNAT2-, gemeinsam bezeichnet als INcCNATs-UGT73C6, die das
UDP-Glykosyltransferase-Gen UGT73C6 Uberlappen. Es wurde bereits beschrieben, dass
UGT73C6 und sein nachstes Homolog UGT73C5 eine Rolle in der Pflanzenentwicklung spielen,
indem sie polyhydroxylierte steroidale Phytohormone, die Brassinosteroide (BRs) genannt
werden, inaktivieren. Reporter-Genlinien, die die Promotorregion von IncNAT1 und IncNAT2
fusionieren, weisen auf eine unabhangige Promotoraktivitat in Wurzeln und Sprossen hin. Die
Analyse der IncNATs-UGT73C6-Transkripte zeigte, dass sie sehr stabil und cytosol-lokalisiert
sind. Die Uberexpression oder Runterregulierung jedes einzelnen IncNATs-UGT73C6
beeinflusste die Rosettenblattflache signifikant, wahrend andere Entwicklungsprozesse,
einschliel3lich Wurzellange, Frischgewicht, Blattzahl und Samenertrag nicht beeinflusst wurden.
Die beobachteten Phéanotypen korrelieren jedoch nicht mit entsprechenden Verdnderungen in den
Transkriptlevel des Uberlappenden proteinkodierenden Gens UGT73C6. Zusatzlich reagiert
INcNATs-UGT73C6, wie UGT73C6 und UGT73C5, nicht auf die BR-Behandlung, aber
Expressions- und in silico-Daten deuten darauf hin, dass sie ihre Funktion Gber eine Zielmimikry
der microRNA396 ausuben kdnnen. Daruber hinaus konnten Peptide, die durch kleine offene
Leserahmen in INncNAT2 kodiert werden, nach transienten Expressionsassays in Nicotiana
benthamiana nachgewiesen werden, obwohl ihre Uberexpression keinen phanotypischen Effekt
hat. Zusatzlich fuhrt die Uberexpression einer nicht-peptidcodierenden INcNAT2-Variante, bei der
alle Startcodons mutiert waren, zu einer Vergro3erung der Blattfliche. Unsere Daten weisen
darauf hin, dass IncNATs-UGT73C6 als bona fide long non-coding RNAs wirken, die die

BlattgroRRe bei A. thaliana modulieren.



Abstract

1 Abstract

Long non-coding RNAs (IncRNAs) have been shown to be important modulators of gene
expression in eukaryotes. In plants, INcRNAs are involved in a wide range of biological processes
including flowering time and germination regulation, root development, hormone and stress
related responses. This study focuses on natural antisense long non-coding RNAs (NAT-
IncRNAS), a particular sub-type of IncRNAs that are transcribed from the opposite DNA strand of
protein-coding genes. In the present work, we characterized two NAT-IncRNAs from the model
organism Arabidopsis thaliana, referred as IncNAT1 and IncNAT2, collectively InCNATSs-
UGT73C6, which overlap the UDP-glycosyltransferase gene UGT73C6. It has been previously
described that UGT73C6 and its closest homologue UGT73C5 play a role in plant development
by inactivating polyhydroxylated steroidal phytohormones called brassinosteroids (BRs). Reporter
gene lines fusing the promoter region of INcCNAT1 and IncNAT2 indicate independent promoter
activity in roots and shoots, respectively. Analysis of INCNATs-UGT73C6 transcripts showed that
they are fairly stable and cytosol-localized. Overexpression or down-regulation of each INCNATSs-
UGT73C6 significantly affected the rosette leaf area, whereas other developmental processes,
including root length, fresh weight, leaf number, and seed yield were not affected. However, the
observed phenotypes do not correlate with respective changes in transcript levels of the
overlapping protein-coding gene UGT73C6. Additionally, INcNATs-UGT73C86, like UGT73C6 and
UGT73C5, remain unresponsive to BR treatment but expression and in silico data suggest that
they can exert their function via target mimicry of microRNA396. Moreover, peptides encoded by
small open reading frames present in INCNAT2 could be detected after transient expression assays
in Nicotiana benthamiana although its overexpression has no phenotypic effect. Additionally, the
overexpression of a non-peptide coding INcNAT2 variant, in which all the start codons were
mutated, results in increased leaf area. Our data indicate that INcNATs-UGT73C6 act as bona fide
long noncoding RNAs modulating leaf size in A. thaliana.
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2 Introduction
2.1 Long noncoding RNAs as modulators of gene expression

2.1.1 Noncoding RNAs

Until recently RNA molecules were considered as a mere intermediator for the flow of
genetic information from gene to protein, a phenomenon generally referred to as the central
dogma of molecular biology (Crick, 1958). Advent and subsequent progresses in next-generation
sequencing technologies lead to genome-wide mapping and discoveries of different types of RNAs
(Schadt et al., 2010) that challenged this dogmatic view. It is now a widely accepted fact that only
a small proportion (Eddy, 2012) of total transcriptome is required for orchestrating the module for
protein synthesis in the form of messenger RNA (MRNA), transfer RNA (tRNA), and ribosomal
RNA (rRNA) in complex organisms such as mammals, mouse and plants (Okazaki et al., 2002;
Carninci et al., 2005; Chekanova et al., 2007; Klepikova et al., 2016). Although protein centric view
of molecular biology still holds its grounds, the debate that most of the genome undergo pervasive
transcription in a developmentally controlled manner in virtually all organisms is setting the pace
for the exploration of the roles of vast varieties of other unexplored noncoding RNA (ncRNA)
species that do not undergo translation (Palazzo and Lee, 2015). Recent advancement in ncCRNAs
research has strongly contradicted the canonical junk RNA or transcriptional noise’ conventions
(Brosius, 2005) about the functionalities of ncRNAs (Mattick, 2009) due to our improved
understanding that ncRNAs act as the major riboregulators. NcCRNAs has been shown to modulate
the expression of genes at multiple stages in numerous ways in a variety of organisms (Levine
and Tjian, 2003; Henz et al., 2007). Independent of the advancement in ncRNA research, the
narrative that RNA molecules were involved in prebiotic evolution and the origin of Life (Higgs and
Lehman, 2015) has consistently fascinated the scientific community for persistent efforts to
explore the evolutionary phenomenon such as the “RNA world” (Cech, 2012). NcRNAs comprise
RNA molecules that do not encode proteins or small peptides and are categorized according to
their size. Based upon the length of the transcript, whether shorter or larger than a defined cut-off

of 200 nt, ncRNAs are classified into different sub-classes (Hombach and Kretz, 2016).
2.1.2 Classification of long noncoding RNAs

Examples of extensively studied small ncRNAs (i.e. <200 nt) include microRNA (miRNA),

small interfering RNAs (siRNAs), piwi-interacting RNAs (piRNAs), small  nucleolar
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Introduction

RNAs (snoRNAs), and other short RNAs present in plants and animals (Kiss, 2002; Borges and
Martienssen, 2015; Czech et al., 2018). In contrast, long noncoding RNAs (IncRNAs) are defined
as transcripts longer than 200 nt, a size that excludes all known classes of small RNAs (Morris
and Mattick, 2014), and does not encode for peptides longer than 70 amino acids (Ben Amor et
al., 2009). Majority of IncRNAs contain bioinformatically predictable potential open reading frames
(pPORFs) that are usually not translated. Although, in some exceptional cases pORFs can undergo
translation leading to the synthesis of peptides that are smaller than 100 amino acids in length
(Nelson et al., 2016). LncRNAs are typically transcribed by RNA polymerase Il (RNAPII) (Jensen
et al., 2013), undergo splicing (Derrien et al., 2012) and possess canonical mMRNA like features
for RNA stability such as 5’ cap and poly A tail at the 3’ end of the transcript (Guttman et al., 2009).
In addition to size-based criteria, regulatory ncRNAs are distinguished from housekeeping RNAs
by categorizing cellular RNAs according to their function (Figure 1A). Besides, based upon the
relative genomic location and nature of origin at transcriptional level, IncRNAs are further grouped
into 4 different categories i.e. I) intronic INncRNAs are transcribed from the intronic region between
two adjoining exons of a gene for e.g. COLD ASSISTED INTRONIC NONCODING RNA
(COLDAIR) (Heo and Sung, 2011) in Arabidopsis and PROSTATE CANCER ASSOCIATED
TRANSCRIPT-1 (PCAT-1) in humans (Prensner et al., 2011), 1l) intergenic INcRNAs (lincRNAS)
are synthesized from a genomic region located between two adjacent genes e.g. FLOWERING
LONG INTERGENIC NON CODING RNA (FLINC) (Severing et al., 2018) in Arabidopsis and 17kb
long paradigmatic XIST (X-INACTIVE SPECIFIC TRANSCRIPT) IncRNA in mammals (Cerase et
al., 2015; da Rocha and Heard, 2017). Ill) Promoter IncRNAs, which are transcribed in divergent
manner from the promoter region of protein coding gene (Hamazaki et al., 2017; Severing et al.,
2018) and IV) natural antisense (NAT) IncRNAs (NAT-IncRNAs) that are transcribed from the
opposite DNA strand of a protein-coding gene thereby overlapping with cognate protein coding
sense gene fully or at least partially in the exonic region (Figure 1 B). NAT-IncRNAs can acts in
cis or trans. cis acting NAT-IncRNAs function by regulating the expression of complementary
target gene or of the genes neighboring their site of transcription. For example cis acting Tsix
(antisense transcript to XIST) downregulate the expression of XIST (Lee et al.,, 1999) that
epigenetically induces silencing one of the X-chromosomes in vertebrate females for monoallelic
expression and doses compensation (Cerase et al., 2015; da Rocha and Heard, 2017). In
Arabidopsis, only a fewer example of functionally characterized cis acting NAT-IncRNAs are
known. These examples include COLD INDUCED LONG ANTISENSE INTRAGENIC RNA
(COOLAIR), CYCLING DOF FACTOR 5 (CDF5) LONG NONCODING RNA (FLORE),
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ANTISENSE DELAY OF GERMINATION (asDOG1l) and MADS AFFECTING
FLOWERING4 ANTISENSE RNA (MAS) (Swiezewski et al., 2009; Fedak et al., 2016; Henriques
et al., 2017; Zhao et al., 2018).

A)

D

(messenger
RNA)

@ (ribosomal RNA)
@ Regulatory

ncRNA

Housekeeping
ncRNA (transfer RNA)

: microRNA
(ﬂog-’SIOAC)ilng (19-22nt)
snoRNA
(smallnucleolar RNA, 60-200 nt)
siRNA
00 (smallinterfering RNA, 18-21 nt)
<200 nt
snRNA
(smallnuclear RNA, ~150 nt)
piIRNA

(PIWI interacting RNA, 26-31 nt)

Figure 1: Classification of RNAs. A) Schematic for different types of RNAs. The size range of regulatory
RNAs smaller than 200 nt is specified. RNAs termed as ‘housekeeping’ indicate their role in translation. B)
Long noncoding RNAs (IncRNASs) classification based on their localization relative to nearby protein-coding
genes and transcription origin. Intergenic INcRNAs (lincRNAs) are transcribed from locus situated between
two genes and separated from them by at least 1 kb. Intronic IncRNAs initiate inside introns in either
direction. Transcripts arising from the promoter region of a gene are termed as promoter IncRNAs.
Antisense IncRNAs are transcribed from the opposite DNA strand of protein coding gene and overlap,
partially or completely with them. Green boxes indicate exons. Black thin lines designate introns and 5’ and
3’ untranslated regions (UTRs) from protein coding genes. LncRNAs are shown as intron-less in fluorescent
green. Arrowheads show 5’ transcription initiation sites. Right handed unscaled 2 dimensional (2D) double
helical twisted DNA strand is shown for structural impression of nucleic acid. Red dotted line(s) indicate
other twin DNA strand in each symbolized gene type. nt: nucleotide(s), kb: kilo base. Part of Figure 1B is

adapted after (Ariel et al. 2015).
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While trans acting NAT-IncRNAs function independent of the site of synthesis and originate
from a locus different than their overlapping partner gene for e.g. BRAVEHEART (Xue et al.,
2016). ANTISENSE HEAT SHOCK FACTOR HSFB2A (asHSFB2a) in shown to act both in cis
and trans over HSFB2a in Arabidopsis (Wunderlich et al., 2014). In contrast, it is not necessary
that antisense strand will always encode for NAT-IncCRNA. As exceptions, there also exist
examples in animals and plants where both sense and antisense gene encodes for proteins
(Terryn and Rouze, 2000; Su et al., 2012; Zhan and Lukens, 2013).

2.1.3 Functions and mechanisms of IncRNAs

A large number of IncRNAs have been annotated in different organisms. The IncRNAdb
(http://Incrnadb.org) lists up-to date functionally validated INcRNAs (Quek et al., 2015). Until more
than 1867 IncRNAs have been experimentally characterized where majority of them are from
animal studies. It has been shown that most of IncRNAs are transcribed by RNA Pol Il (Chekanova
et al., 2007), also by Pol IV and V in plants (Wierzbicki et al., 2008). They undergo mRNA like
post-transcriptional processing and soon after the biogenesis localize into the sub-cellular
locations such as nucleus, cytoplasm and organelles. Apart from classification of IncRNAs based
upon the nature of origin, it is possible to group IncRNAs according to localization and function
(Chen, 2016). The localization of IncRNAs additionally has been suggested as an important
predictor for the potential function in subcellular and physiological contexts. Evidences have
shown that several nuclear retained IncRNAs can acts as chromatin remodelers via their
association with chromatin modifiers, as splicing regulators or as epigenetic repressors or
activators (Sun et al.,, 2018). Moreover, the act of transcription itself or the co-transcriptional
processes such as splicing can be regulated by nuclear IncRNAs. Nucleus localized IncRNAs can
influence the expression of target gene(s) via recruitment of various histone methyl transferases
through their sequence guided interaction with polycomb repressive complex (PRC2) to deposit
active heterochromatin H3K9 repressive mark at the promoter region of target gene. Moreover,
they can act as activator of gene expression and thereby altering chromatin state due to histone
3 lysine 4 trimethylation (H3K4me) to activate or induce the expression of genes. In some cases
IncRNAs themselves can form R-loop, a tri molecular association of DNA: RNA hybrid complex,
to inactivate target gene(s) (Sun et al., 2013; Santos-Pereira and Aguilera, 2015; Marchese et al.,
2017). In addition, the regulatory cascade of cis acting nuclear IncRNA can spread across the
nearby genes to regulate their expression via recruitment of protein or by following other unknown
mechanisms. Moreover INCRNAs can play an important role in the organization of nuclear domains

(Sun et al., 2018). Other mechanisms by which IncRNAs can function is acting as ‘decoys’ to
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modulate gene expression by titrating out chromatin remodeling complexes or histone methyl
transferases or deacetylases from the physical association with the target gene loci (Fan et al.,
2015; Jain et al., 2016).

On the other hand, cytoplasmic IncCRNAs can adopt a variety of means to regulate
expression of genes post-transcriptionally. Indeed several signaling cascades can be directly or
indirectly regulated by IncRNAs via mRNA degradation, sponging of ribonucleoproteins and
turnover of proteins (Wang and Chekanova, 2017a). Also, many cytoplasmic IncRNA can act as
decoys for microRNAs (miRNA) activity (Franco-Zorrilla et al., 2007). The translational efficiency
of target mMRNA have also been shown to be enhanced by cytoplasmic IncRNAs (Jabnoune et al.,
2013). Since a large number of INcRNAs achieve their function via interaction with proteins, the
association of IncRNA with RNA binding proteins (RBP) can allow their translocation within
regulatory cascades to participate in gene expression regulatory networks (Wang and Chekanova,

2017a). A summary of various mechanisms for cytosolic IncRNAs is outlined in Figure 2.

Thousands of IncRNAs are annotated in plants. However, in comparison to animal studies,
only a less than two dozen of plants IncRNAs are functionally characterized including INcRNAs
present in the model plant A. thaliana and crop models such as rice (Oryza sativa) and tomato
(Solanum lycopersicum). Examples of studied IncRNAs in plants shows their role in various
biological processes for e.g. in root development, response to light, flowering time regulation,
reproduction, and stress responses (Ben Amor et al., 2009; letswaart et al., 2012; Liu et al., 2012;
Di et al., 2014; Li et al., 2014; Wang et al., 2014; Zhang et al., 2014, Li et al., 2016; Yuan et al.,
2016). Notwithstanding, despite being one of the most abundant IncRNAs class, only a limited
sets of NAT-IncRNAs have been functionally characterized in plants. Though more than 30000
NAT-IncRNAs pairs are estimated in A. thaliana (Wang et al., 2014), the number of experimentally
validated NAT-IncRNAs still remains abysmal in spite of their discovery as early as in 1976 first
in viruses (Barrell et al., 1976) than in prokaryotes (Tomizawa et al., 1981) and eukaryotes
(Williams and Fried, 1986) during the nineties. The best-studied examples include the IncRNAs
that are involved in flowering time regulation. NAT-IncRNAs COOLAIR and intronic IncRNAs
COLDAIR are expressed in A. thaliana during vernalization, and after a prolonged exposure to
cold, function in synergistic manner to epigenetically silence FLOWERING LOCUS C (FLC).
Intronic COLDAIR recruits PRC2 to FLC locus via its physical interaction with polycomb group
protein EZH2 methyltransferase subunit of PRC2 complex and deposits repressive chromatin
marks (Heo and Sung, 2011). The expression of COOLAIR, a pool of alternatively spliced and

differentially polyadenylated antisense transcripts synthesized from the opposite DNA strand of
6
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FLC, peaks during cold and inhibits FLC expression by deposition of repressive H3K27me3 marks.
This process facilitates switching of chromatin states and allows flowering in A. thaliana
(Swiezewski et al., 2009; Csorba et al., 2014). Moreover, expression of antisense COOLAIR and
sense FLC is mutually exclusive thereby resulting in the expression of either COOLAIR or FLC
from one allele (Rosa et al., 2016). Additionally, COLD OF WINTER-INDUCED NONCODING
RNA (COLDWRAP) that is transcribed from the upstream region of FLC promoter has also been
described to suppress FLC (Kim and Sung, 2017). MAS, is another NAT-IncRNA that has been
reported to play a role in preventing precocious flowering. MAS is transcribed from opposite DNA
strand of MAF4 locus and recruits a protein subunit of COMPASS-like complexes, WDR5a, to
MAF4 locus to enrich H3K4me3 histone marks indicating its transcriptional activation (Zhao et al.,
2018).

Following section outlines other reported NAT-IncRNAs, in A. thaliana and other plant
species, that have been shown to control crucial developmental processes, but the mechanisms
are still under study. For example FLORE NAT-IncRNA expression in A. thaliana oscillates with
circadian rhythms and modulates expression of the sense gene CDF5. The opposing expression
profiles of FLORE and CDF5 forms a negative feedback loop and thus helps prevent inhibitory
effects of CDF5 to progressively switch plant for flowering stage by allowing the expression of
FLOWERING LOCUS T (FT). Also, the suppressive role of FLORE in the downregulation of other
CDFs viz: CDF1, CDF3 and CDF5 suggest that its regulatory cascade spread over the locus and
not limited to the sense gene. The molecular mechanism of mutual inhibitory relationship between
FLORE and CDFs still needs to be identified. It was clearly shown that FLORE effects are not
mediated by generation of small-interfering RNA (siRNA) (Henriques et al., 2017), a mechanism
that was initially proposed as main means of NAT-IncRNAs action. Another descriptive study
showed that asDOG1 is derived from complementary DOGL1 strand and consequentially act as
negative regulator of seed dormancy in Arabidopsis by inhibiting expression of DOGL1 in cis.
However, overexpression studies showed that asDOGL is unable to produce similar effect in trans
(Fedak et al., 2016). Similarly, heat induced asHSFB2a and its overlapping protein coding gene
HSFB2a, a heat stress response factor, are antagonistically expressed from the locus to regulate
the development of female gametophytes in Arabidopsis. Ectopic overexpression of either of
asHSFB2a and HSFB2a counters expression of each other in a manner similar to Yin-Yang model
of gene expression regulation. Nonetheless, the mechanism of gene expression regulation by
asHSFB2a is not yet known (Wunderlich et al., 2014).
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Figure 2: Cartoon representation showing different layers of gene expression regulation by
cytoplasmic IncRNAs. (Clockwise) Cytoplasmic INcCRNAs are localized to cytoplasm after transcription
and can acts via interaction with RNA-binding proteins (RBPs) or with partially complementary mRNAs
to influence stability and/or translation of target mMRNAs (A). Activation of particular signaling cascades
can be achieved by association of IncRNAs with RBPs that activates kinases (B). Moreover, IncRNA-RBP
complex can regulate organelle functions (C). Also, IncRNAs can serve as platform for RBPs to regulate
protein turnover (D). Furthermore, INcRNAs can act as decoy for RBPs (E) or target mimic microRNAs
(F) thereby regulating functional output. (Figure reproduced after Noh et al., WIREs RNA, 2018).

Apart from developmental role of IncRNAs, a few of them have been described to be
involved in stress and defense related responses in plants. ELENA, ELF18-INDUCED LONG-
NONCODING RNA, induces expression of PATHOGENESIS-RELATED GENE1 (PR1) to
increase pathogen resistance via its interaction with Arabidopsis MEDIATOR COMPLEX
SUBUNIT 19A (MED19a) thereby titrates out its negative regulator FIBRILLARIN 2 (FIB2) from
FIB2/MED19a complex at PR1 promoter (Seo et al., 2017; Seo et al., 2019). MED19a is well
known to arbitrate interactions between transcriptional activators and RNA Pol Il in defense
responses (Wang et al., 2008; Kidd et al., 2009; Mathur et al., 2011). In tomato as well, NAT-
IncRNA 16397 has been shown to render resistance against late blight disease by inducing
positive regulation of sense target gene SIRX22, a glutaredoxin gene family member, which
results in reduced infection by Phytophthora infestans (Cui et al., 2017). Several other NAT-
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IncRNA are predicted and shown to be induced by other pathogens such as Fusarium oxysporum
in Arabidopsis (Zhu et al., 2014). In rice (Oryza sativa) NAT-IncRNAs control developmental and
stress responses. For example TWISTED LEAF regulates lead blade flattening via downregulation
of overlapping sense gene OsMYB60, member of conserved gene family of transcription factors
that play role in development and stress responses (Dubos et al., 2010), supposedly by chromatin
modification at OsMYB locus (Liu et al., 2018). Also in rice, phosphate starvation (Pi) induced cis-
NATrHo12 has been shown to positively affect PHOSPHATE ., (PHO12) mRNA translation by
associating with ribosomes without affecting steady state mMRNA levels of PHO1... This process
facilitates formation of a feed-forward loop for increased loading of Pi in xylem vasculature against
Pi deficiency (Jabnoune et al., 2013). Indeed, using polysomal profiling approach approximately
14 cis-NATs and more than 100 trans-NATs have been predicted in A. thaliana that could be
involved in positive or negative translational regulation of various target genes (Deforges et al.,
2019b; Deforges et al., 2019a). One of the other widely anticipated mechanism of NAT-IncCRNAs
is based on the generation of natural antisense siRNAs (nat-siRNAs) (Borsani et al., 2005; Held
et al., 2008) due to formation double stranded RNA (dsRNA) between NAT-IncRNA and
complementary target transcript. Subsequent slicing activity by DICER complex produces 21-25
nt siRNAs that can post-transcriptionally inhibit expression of sense gene. However, new studies
highlight that this mechanisms for NAT-IncRNAs is an exception rather than a rule (Ariel et al.,
2015). Studies suggest role of NAT-IncRNAs in epigenetic modifications independent of small
RNA pathway (Luo et al., 2013). Unlike predictable RNA-RNA hybridization, NAT-IncRNAs can
achieve their function via RNA-protein interactions (Mattick, 2005; Willingham et al., 2005). As
mentioned before, INcCRNAs in cytoplasm can act as decoys to competitively inhibit actions of
ribonucleoproteins (RBPs) and miRNAs. A variety of signaling cascades can be directly or
indirectly regulated by IncRNAs (Wang and Chekanova, 2017a). Nevertheless, IncRNAs
mechanism are far diverse than originally speculated and accumulating examples are adding to

the already existing complex layers of gene expression regulation.

2.2 cis-natural antisense transcripts of UGT73C6 in A. thaliana

2.2.1 UGT73C subfamily in UGT multigene family

Uridine diphosphate (UDP) glycosyltransferases (UGT) are carbohydrate-active enzymes
(CAZy) that are ubiquitously present in animals and plants. UGTs catalyze attachment of an UDP-
activated donar glucose moiety to various aglycone substrates, a process termed glycosylation.

Glycosylation of aglycon substrates such as plant hormones, secondary metabolites, biotic and
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abiotic toxic substances etc. has been shown to alter the bioactivity, solubility and other physical
properties associated with the storage and transport of endogenous metabolites in cellular
environment (Ross et al., 2001; Poppenberger et al., 2003; Lim and Bowles, 2004; Husar et al.,
2011; Li et al., 2018; Haroth et al., 2019). Therefore, glycosylation is one of the adaptive means
to maintain homeostasis in plants (Li et al., 2001). The enzymatic reaction of UGTs is mediated
by the presence of a conserved carboxy-terminal signature sequence known as plant _secondary
product glycosyltransferase (PSPG) motif (Paquette et al., 2003). Key amino acid residues in
PSPG motif forms a hydrophobic pocket and expedite binding with the donar sugar molecule
followed by formation of a region-specific acceptor pocket to glycosylate aglycones in the active
site. Different amino acid residues across the polypeptide chain in UGTs contribute to intricate 3D-
dimensional structure for the formation of the acceptor pocket and the active site. Binding of
aglycones results in conformational changes leading to the attack of unprotected nucleophilic
hydroxyl group from acceptor molecule over the donar carbon of the oxocarbenium ion formed
during the reaction. The catalytic cascade finally leads to formation of position specific O-
glycosidic bond between the sugar moiety and glycosylated target (Osmani et al., 2008). The
acceptor pocket formation is region specific and recognizes only the overall backbone of target
substrate rather than molecule itself specifically. As a result, UGTs in general tend to act
promiscuously in vivo and does not exhibit peculiar substrate specificity (Vogt and Jones, 2000;
Richman et al., 2005; Osmani et al., 2008).

2.2.2 Role of UGT73C5 and UGT73C6 in the regulation of BR homeostasis

The genome of A. thaliana possess about 119 UGTs genes that are classified into 14
distinct subgroups on the basis of their sequence similarity and presence of conserved PSPG
motif (Ross et al., 2001; Langlois-Meurinne et al., 2005). The UGT73C subfamily belongs to group
D of the UGT superfamily and consists of seven closely related genes. UGT73C1, UGT73C2,
UGT73C3, UGT73C4, UGT73C5 and UGT73C6 are clustered in tandem repeats on chromosome
2 while UGT73C7 is located on chromosome 3 (Figure 3). All seven subfamily members are
devoid of introns and their nucleotide sequences shows a range of 77.6-91% identity. Due to this
high level of similarity it has been strongly suggested that they are tandem duplicates, a major
gene duplication mechanism in eukaryotes (Reams and Roth, 2015). UGT73C7 might be a result
of a gene duplication event (Ross et al., 2001). Therefore, these genes might share analogous

regulatory elements and are speculated to have similar functions.
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Figure 3: Phylogenetic tree of UGT family-1 of Arabidopsis thaliana. UGT family contains more than
119 genes sub-grouped in various clades (A to N) based upon sequence similarity. Each UGT is
characterized by the presence of a conserved PSPG motif. The UGT73C subfamily contains 7 genes
(highlighted in black rectangle edge squire) and UGT73C6 is overlapped by two natural antisense long
noncoding RNAs (NAT-IncRNAS) viz: IncNAT1 and IncNAT2, collectively referred as INncNATs-UGT73C6.
Figure is modified after (Ross et al., 2001).
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In vitro characterization of UGT73C subfamily member’s activity showed that they can
recognize more than one aglycon substrate. The analysis of catalytic activities showed broader
substrate specificity for UGT73C subfamily members. Various secondary metabolites, plant
hormones, fungal mycotoxins and xenobiotics are recognized as potential aglycon substrates. For
example UGT73C1 and UGT73C5 are able to glycosylate class of key phytohormone called
cytokinins (CKs) under in vitro conditions and were shown to form O-glycososides with trans-
zeatin, cis-zeatin and dihydrozeatin (Hou et al., 2004). As a result, glycosylated CKs turns inactive
and serves as stable form of storage in cellular environment for this important growth promoting
plant hormone (Hou et al., 2004). However, in vitro studies can only provide a preliminary read out
for potential catalytic activities in planta (Bowles et al., 2005). Previous attempts have been made
to characterize UGT73C1, UGT73C2, UGT73C3, UGT73C4, UGT73C5 and UGT73C6 in planta
by means of ectopic overexpression. Unlike other sub-family members, only plants
overexpressing UGT73C5 or UGT73C6 were able to exhibit obvious morphological phenotypic
effects (Husar et al., 2011). Overexpression of UGT73C5 or UGT73C6 showed a typical
brassinosteroid (BR) deficiency phenotype marked by the presence of dark green and cabbage
leaf morphology (Azpiroz et al., 1998; Poppenberger et al., 2005; Husar et al., 2011). Husar et. al.
emphasized in their analysis that in vivo enzymatic activities and phenotypic effects of UGT73C5
and UGT73C6 are akin to each other. UGT73C5 and UGT73C6 are 91% similar and their encoded
proteins are shown to convert biologically active forms of brassinosteroids (BRs) viz: casterone
(CS) and brassinolide (BL) into glycosylated ones by means of 23-O-glycosylation in exogenous
feeding experiments with CS and BL. This resulted in higher levels of BL-23-O-glycoside and CS-
23-0-glycoside in plants overexpressing UGT73C5 or UGT73C6 compared to the wild type (WT)
controls. Moreover, BRs-23-0-glycoside were found to additionally form BRs-malonylglucosides
suggesting a potentially different physiological role for UGT73C6 and UGT73C5 in planta.
(Poppenberger et al., 2003; Husar et al., 2011).The glycosylated BRs potentially represent storage
form in cell and, therefore, no longer participate in the associated signaling processes related to
cell division, elongation, and differentiation which consequently hampers the normal growth and
development of plants thereby resulting in characteristic cabbage phenotype (Clouse et al., 1996).
Thus, these finding highlighted that UGT73C5 and UGT73C6 participates in regulation of BR
homoeostasis in planta and that both UGT73C5 and UGT73C6 inactivate most active forms of
BRs by glycosylation (Poppenberger et al., 2005; Husar et al., 2011).
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2.2.3 Antisense long noncoding RNAs of UGT73C6

As many as more than ten thousands of NAT-IncRNAs are predicted in A. thaliana (Wang
et al., 2014). The UGT superfamily contains 7 annotated sense-antisense pairs spread across
different phylogenetic clades. The relevance of these cis-NAT-IncRNAs pairs in the multigene
family context has not yet been elucidated. Two natural antisense transcripts (source: Araport11)
viz: NAT1-UGT73C6 (IncNAT1) and NAT2-UGT73C6 (IncNAT?2), collectively referred as INCNATs
-UGT73C6 in this work, are encoded by the complementary DNA strand of the UGT73C6 gene
(1677 bp) Figure 3 and 4. Based on TAIR 10, IncNAT1 transcript is 505 nt longer than INncCNAT2
(1084 nt) owing to differences in transcription start sites. Both longer and shorter variants exist in
spliced and unsliced forms and contains approximately 98 bp and 73 bp long intron respectively.
Annotated INcNAT1 shares an overlapping region of 1512 bp while INcNAT2 shares 986 bp
sequence overlap with UGT73C6. In addition, IncNATs-UGT73C6 shares high sequence
complementarity with other UGT73C sub family members in clade D. UGT73C5 is ~90%
complementary to INCNATs-UGT73C6 while sequence similarity from UGT73C1 to UGT73C4 is
around 80 %. UGT73C7, which is located on chromosome 3, has 68% complementary to INCNATs-
UGT73C6. Moreover, INcNAT1 overlaps and shares high levels of sequence complementarity with
the PSPG motif of all the UGT73C family members. The extent of complementarity between
INcNATs-UGT73C6 and various UGT73C subfamily members in listed in Table 1. High levels of
sequence complementarity between sense and antisense pairs have been previously speculated
to be responsible of the formation of gene regulatory circuit between NATs-IncRNAs and closely
related genes (Wang et al., 2006). In fact, dsRNA resultant from the co-expression of NATs-
IncRNA and cognate protein coding genes, can be recognized as a substrate by DICER complex
leading to the generation of 21-24 nt long nat-siRNAs. nat-siRNAs can be further loaded onto the
effector RNA-induced silencing complex (RISC) and could direct the AGO-mediated cleavage of
complementary targets genes similar to earlier reports (Borsani et al., 2005; Held et al., 2008).
Therefore, INcNATs-UGT73C6 could establish a local gene expression regulatory loop to
modulate the gene expression of not only UGT73C6 but also other closely related UGT73C family
members via nat-siRNAs. Due to sequence complementarity, nat-sSiRNAs mediated silencing
mechanism was hypothesized as one of the potent and most widespread means of action for
several thousands of NATs-IncRNA not only in A. thaliana but also in other species based upon
previous reports (Borsani et al., 2005; Held et al., 2008). However, as stated earlier also, several
reports suggest that NATs-IncCRNA can alter target gene expression via mechanisms other than
the anticipated siRNA pathway for e.g. epigenetic modifications and modulation of translational
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efficiency of protein coding gene (Wang and Chekanova, 2017b). Nonetheless, the number of
functionally corroborated NAT-IncRNAs or IncRNAs in general remains very low and, thus, de
novo characterization of any new IncRNA is relevant to further enhance our understanding of the
functions and mechanisms of IncCRNAs.

, UGT73C6 UGT73C5 ,

3 —— e— )

, LncNAT1 )

5 3
LncNAT2 500bp

Figure 4: Schematic representation of genomic locus showing UGT73C6 (violet), IncCNATL1 (green),
INcNAT2 (white) and closest homologue UGT73C5 (light blue). Introns and intergenic region is shown
as thick solid black line. For simplified illustration, 5 and 3’ untranslated regions in UGT73C6 and
UGT73C5 are not shown.

2.3 Perspectives on leaf morphogenesis in Arabidopsis

LncRNAs can play miscellaneous roles in a number of molecular networks controlling
responses to development, environmental cues, stresses, biotic and abiotic factors. In the context
of investigations carried out in the presented thesis work, role of IncNATs-UGT73C6 was
examined from several angles. A phenotypic analysis was carried out during the progression of
various developmental stages throughout the life cycle of A. thaliana. Alterations in the levels of
INcNATs- UGT73C6 resulted in modulation of rosette area (Figure 9 and 10). Thus, in order to
facilitate a better comprehension of the phenotypic effects of IncNATs-UGT73C6, a brief overview

of the processes and factors that govern leaf development is summarized in subsequent sections.

Leaves are the primary organs in seed plants that carry out photosynthesis, a process of
conversion of carbon dioxide (CO;) and water (H»O) into the organic sugars (glucose) and
molecular oxygen (O>) (Ingenhousz, 1779; Johnson, 2016). Photosynthesis not only forms a basis
of sustaining the oxygen content in earth's atmosphere but also act as a supplier for most of the
energy demand in the form of organic compounds for existence of life on Earth (Bryant and
Frigaard, 2006). In the absence of leaves, plants cannot harvest light energy, synthesize organic
compounds in addition to the inability to respond to biotic and abiotic stress factors such as
pathogens and light quality and quantity. Moreover, flowers are modified leaves (Goethe, 1790;
Pelaz et al., 2001) and therefore plants will be unable to perpetuate without leaves. Study of leaf

development has been of great interest for many investigators and attempts to genetically dissect
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morphogenesis of leaves has been made in past decades mostly using eudicot model A. thaliana.
Though a complete understanding of leaf development still at parse, nonetheless recent
breakthroughs using both molecular and genetics tools have uncovered previously unexplored
complex gene regulatory aspect of leaf development in extensive details in Arabidopsis and other
species (Tsukaya, 2002b, 2013b; Kalve et al., 2014; Du et al., 2018).

Though leaves are apparently simple and flat structures, their tightly controlled
morphogenesis is complex and involves a series of coordinated interplay of gene networks during
different stages of development. Conceptually early leaf development consists of four
synchronized and possibly overlapping growth phases in eudicots viz: a) initiation of leaf
primordium from shoot apical meristem (SAM), b) distal growth after initiation of leaf primordium
and establishment of dorso-ventral polarity i.e. formation of adaxial-abaxial and proximal-distal
axes, c) growth of leaf blade, also known as lamina, along the medio-lateral axis, and d)
multidirectional intercalary growth of lamina that expands leaf dimensions (Foster, 1936; Poethig
and Sussex, 1985; Steeves and Sussex, 1989; Smith and Hake, 1992; Donnelly et al., 1999;
Ichihashi et al., 2011; Nakata and Okada, 2013). Incipient primordium or founder cell, and thus all
the lateral organs, originates from the peripheral zone (PZ) of SAM that consists of PZ and an
inner cortical zone (CZ). Expression of SHOOT MERISTEMLESS (STM) encoded class |
KNOTTED-LIKE HOMEOBOX (KNOX1) transcription factors (STM: KANT1, KNAT2 and KNAT®6)
are key to the formation of SAM and maintenance of pluripotent fate of cells in CZ (Long et al.,
1996). The maintenance of stem cell identity and meristematic activity in CZ of SAM itself is also
facilitated by expression of WUSCHEL-RELATED HOMEOBOX (WOX) genes. WUSCHEL (WUS)
is founding member of WOX gene family that are indispensable to meristematic zones in plant
body and their upstream regulation in apical (tip), intercalary (middle), and lateral (sides)
meristems is dependent over the peptide ligands viz : CLAVATA (CLV1), CLV2 and CLV3. An
unknown signal activates WUS expression of CLV3, also known as ENDOSPERM
SURROUNDING REGION (CLE), which in turn leads to further binding with CLV1/2 thereby
resulting in inhibition of WUS. Other reports also suggest that CLE family peptides interacts with
leucine-rich receptor-like kinases (LPR-RLKS) to achieve regulation of WOX family members
(Katsir et al., 2011). These regulatory components play crucial role for switching of stem cell fate
into the actively dividing fate. A periodic auxin maximum is established in the flanking regions of
SAM, i.e. PZ, by auxin efflux carrier PINFORMED1 (PIN1). Due to PIN1 activity PZ cell fate is
destined to develop into leaves. Concurrent asymmetric growth and extensive cell proliferation in

PZ than results in leaf protrusion. Though KNOX1 is required for SAM cell fate (Long et al., 1996),
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its expression is repressed and sustained in later developmental stages, as the leaf grows, by
repressive multiprotein complex of ASYMETRIC LEAF1 (AS1) and AS2 (Xu et al.,, 2003), a
LATERAL ORGAN BOUNDARIES (LOB) domain protein. AS1-AS2 complex physically interacts
with the promoters of KNOX1 genes viz: BREVIPEDICELLUS (BP) and KNAT2 (Guo et al., 2008).
Once the leaf blade and petiole identity is established, the leaf margins development takes place.
Boundary region is formed due to the reduced rate of cell division and growth. KNOX1 proteins
play positive role in boundary formation. mirl64 regulated CUP-SHAPED COTYLEDON (CUC)
NAC domain transcription factors CUC1, CUC2 and CUCS3 affects border formation. miR164
promotes cleavage of CUC1 and CUC2 mRNA. As a result, a regulatory feedback loop comprising
mirl64 and CUC is formed during boundary morphogenesis (Vroemen et al., 2003; Laufs et al.,
2004; Mallory et al., 2004; Hibara et al., 2006). Subsequent to the boundary formation, molecular
players critical for simultaneous adaxial-abaxial (Ad-Ab) polarity have been characterized
genetically. Processes of Ad-Ab patterning and emergence of leaf primordium occurs
concurrently. Classical surgical experiments performed in 1951 by Sussex showed that a
peripheral microincision of leaf primordium leads to the emergence of alternative cylindrical and
abaxalized primordium (without a leaf blade) suggesting that a SAM signal, termed as ‘Sussex
signal’, is indispensable to Ad-Ab leaf polarity (Sussex, 1951). However studies involving
amputation of incipient leaf from SAM in A. thaliana or lateral incision in the region flanking leaf
primordium in other species contradicts origin of Sussex signal exclusively from SAM. Similar
polarity defects occur in the form of abaxialized radially symmetric leaf (Reinhardt et al., 2005)
because incision in flanking regions does not preclude communication of primordium with SAM
(SNOW and SNOW, 1959; Shi et al., 2017). However, despite enormous efforts, the molecular
identity of Sussex signal is yet to be specified (Du et al., 2018). Domain specific expression and
mutual repression of Ad-Ab genes by distinct classes of transcription factors and small RNAs is
considered crucial for subsequent maintenance and reinforcement of Ad-Ab polarity. These genes
includes class Il Homeodomain-Zinc finger (HD-ZiplIl) family PHABULOSA (PHB), PHAVOLUTA
(PHV) and REVOLUTA (REV) in Ab side. Ad identity is regulated by KANADI (KAN) family (KAN1
and KAN2) and ETTIN (ETT)/AUXIN RESPONSE TRANSCRIPTION FACTOR (ARF) 3 and
ARF4. Furthermore, tasiR-ARF, which are generated by the cleavage activity of miR390 over
TRANS ACTING CIS RNA3 (TAS3) mRNA, induce the degradation ARF3 and ARF4 transcripts.

A brief outline of the processes involved in leaf development are superficially outlined in Figure 5.

At the beginning of leaf protrusion, Ad-Ab identity establishment and intercalary lamina
growth is mostly accompanied by an enhanced cell proliferation that continues throughout leaf
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morphogenesis. Several gene are described to be involved in the control of cell proliferation. The
Arabidopsis GROWTH REGULATORY FACTORS (AtGRFs)/GRF-INTREACTING
FACTOR1/ANGUSTIFOLIA (AN3) and mir396 module broadly acts during the entire leaf growth.
GRFs-GIFs (GIF1, 2 and 3) delay transition from cell proliferation to cell differentiation by affecting
levels of CYCLINB1;1, CYCLIND3;1 and KNOLLE (Rodriguez et al., 2010; Debernardi et al.,
2014). AN3/GIF1 coactivator, which is expressed in mesophyll cells and moves to epidermis cell
layers as a protein (Kawade et al., 2013), synergistically interacts with chromatin remodelers to
facilitate spatiotemporal GRF-GIF activities, and mir396 regulate abundance of GRFs post-
transcriptionally. miR396 promoted cleavage activity of GRFs mRNA results in two opposing
gradient of miR396 and GRFs from tip to bottom of the leaf (Kim et al., 2003; Jones-Rhoades and
Bartel, 2004; Kim and Kende, 2004; Horiguchi et al., 2005; Debernardi et al., 2012; Debernardi et
al., 2014). Constitutive overexpression of mir396 or miR396 cleavage resistant GRFs decreases
and increases leaf area respectively (Kim et al., 2003; Kim and Lee, 2006; Rodriguez et al., 2010).
In contrast, class Il TEOSINTE BRANCHED1/CYCLOIDEA/PROLIFERATING CELL FACTOR
(TCP) are another set of transcription factors that play crucial role by repressing meristematic
activity and promoting transition from cell proliferation to cell expansion. TCP4 acts upstream of
GIF1 and GRFs and represses genes that are not targeted by miR396 including numerous CUC
genes (Koyama et al., 2017). On one hand expression of TCPs itself is post- transcriptionally
downregulated by miR319 (Palatnik et al., 2003) while on other hand TCP4 directly upregulates
mir396 (Rodriguez et al., 2010; Schommer et al., 2014). Thus, a balanced marginal and complete
leaf growth is achieved via both mir396-GRF and mir319-TCP gene networks.

Apart from above mentioned gene networks, several other important gene modules
participate in the tightly regulated intrinsic development programs for positive and negative
regulation of leaf primordia growth via their action over meristematic activities, cell proliferation
and differentiation. An initial voluminous enlargement in the cell dimensions relies largely upon
the cytoplasmic growth while cellular growth during later stages includes substantial increase due
to vacuolar growth. Environmental cues such as light and changes in metabolic states for sugars
trigger biosynthesis of auxin in shoot apex thereby associated above mentioned PIN1 mediated
developmental patterning during early growth. These signals merge in SAM for lateral organ
formation and converge on a central growth regulator, TARGET OF RAPAMYCIN (TOR) i.e. a
Serine/Threonine kinase of the phosphatidylinositol-3-kinase-related kinase (PIKK) kinase family.
TOR is involved in a vast range of cellular responses such as integration of central metabolic

pathways, glucose signaling, biogenesis of ribosomes, initiation of translation, cell proliferation,
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differentiation and autophagocytosis during the cytoplasmic growth (Zhang et al., 2013). Unlike in
mammals and yeast, TOR pathway is not well understood Plants. Studies from poorly
characterized TOR signaling in Arabidopsis suggest a key role of TOR in cell division, cell cycle
progression and, thus, in active cell growth and light activated auxin/PIN1 mediated pattern
generation for organ growth (Moreau et al., 2012; Xiong and Sheen, 2012; Li et al., 2017).

B Stage 1: Founder cell recruitment B Stage 2: Distal growth
incipient .
primordium distal

- @/ E Py — m
SAN @
proximal
C - D

Stage 3: Blade initiation

Stage 4: Intercalary
growth
Blade \\ /f
—_—
Petiole

Figure 5: Leaf morphogenesis. Schematic representation of growth stages (A to D) encompassing leaf
morphogenesis. Recruitment of founder cell from shoot apical meristem (SAM) (A) is followed by distal
growth (B). At the margins of leaf primordium, the blade and petiole are specified (C).
Marginal meristem activity stops, and subsequent events of cell proliferation and expansion sets the pace
for both distal and lateral leaf growth (D). I11: the oldest incipient leaf primordium, top (left) and front (right)
view (A). Figure reproduced after (Du et al., 2018).

Recently, based upon cellular localization studies and microtubular interactions, plant-
specific IQ67 DOMAIN (IQD) proteins (Abel et al., 2005) are also suggested to be involved in the
growth of plant organs possibly in Ca?" dependent manner during cytokinesis in Arabidopsis
(Burstenbinder et al., 2017). Another crucial aspect of leaf organogenesis, as indicated above, is
the cell to cell communication. Intercalary leaf growth envisages leaf blade formation, cell
proliferation and differentiation (Nakata and Okada, 2013). Switching of cell state from proliferation

to differentiation occurs via the formation of an imaginary and conceptual ‘cyclic arrest front’ that
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distinguishes differentiating cells at distal end of leaf from those of meristematic or proliferating
cells in proximal region of leaf thereby forming a dynamic basipetal gradient during leaf
morphogenesis (Nath et al., 2003). Originally, it was speculated that cell proliferation ‘arrest front’
forms and remains at a fixed position from the leaf base and moves rapidly towards the base as
leaf maturation takes place. However, this view has been challenged. In fact detailed analysis
showed the ‘cyclic arrest front’ or the border between meristematic and non-meristematic domains
forms and disappears somewhat rapidly without moving towards the base at a fixed position from
leaf base (Kazama et al., 2010; Andriankaja et al., 2012). Recent studies shows, unlike originally
proposed movable nature of “cyclic arrest front”, that there exist some uncharacterized non-
autonomous cell-cell communication modules which might link the extent of cell expansion to cell
proliferation in leaf primordium (Kawade et al., 2010). Though, regulatory factors responsible for
the regulation of ‘arrest front’ itself are still invasive, a complete molecular understanding of

regulation of leaf organogenesis still unclear.

Apart from mir396-GRF and mir319-TCP regulatory modules, overexpression studies for
AUXIN-REGULATED GENE INVOLVED IN ORGAN SIZE (ARGOS) has shown to affect the leaf
size by its action upon the DNA-binding protein ANT (AINTEGUMENTA) and CYCD3;1. Ectopic
expression of ARGOS LIKE (ARL) and ORGAN SIZE RELATED1 (ORS1), which possess a
common conserved domain, positively affects cell division and expansion in the leaf as
demonstrated by alterations in the number and size of cells in leaf lamina (Hu et al., 2003; Feng
et al.,, 2011). AN3 and BR biosynthetic gene ROTUNDIFOLIA (ROT3) were some of the key
factors discovered in late nineties to affect leaf shape in genetic exploration of leaf determinants
(Tsuge et al., 1996). Lateral and longitudinal cell expansion has been shown to be regulated by
AN3 and ROTS3, respectively. ROT4, that encodes a small peptide, which localizes in the plasma
membrane without signal for secretion, and have 23 paralogs (ROT-FOUR-LIKE (RTFL)/DEVIL
(DVL)), (Tsukaya, 2013a) is another candidate gene and it was found that its overexpression

produces smaller shunted leaves and short stems (Narita et al., 2004, Ikeuchi et al., 2011).

In addition to the role of above described gene regulatory networks in leaf morphogenesis,
phytohormones are also crucial for morphogenesis in plants and have versatile roles. Alterations
in levels and/or associated downstream signaling of terpenoid-derived gibberellins (GAs) or BRs
drastically affects leaf morphology. Transgenic plants carrying constitutive overexpression or
mutations in genes encoding for biosynthetic enzymes for GAs or BRs pathways enhances leaf
size while blockage of signaling or biosynthesis results in opposite phenotypic effects (Huang et

al., 1998; Choe et al.,, 2001; Achard et al., 2009; Zhiponova et al., 2013). The downstream
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signaling effects of GAs are initiated upon degradation of inhibitory DELLAS proteins that remains
in bound form with GAs receptor, GIBBERELLIN INSENSITIVE DWARFL1 (GID1), in the absence
of GAs (Harberd, 2003; Achard and Genschik, 2009; Daviere and Achard, 2013). Enhanced cell
proliferation by GAs during intercalary growth is potentially achieved by via the inhibition of KIP-
RELATED PROTEIN 2 (KRP2) and SIAMESE that are negative regulators of cell cycle (Achard
et al., 2009). Various major plants hormones viz: auxin, GAs, CKs, ethylene, abscisic acid,
jasmonic acid (JAs) and BRs show overlapping physiological functions due to shared gene
networks. However, the actions of one plant hormone may not be necessarily countered by the
loss or application of other plant hormone (McSteen and Zhao, 2008). Similarly, BRs effects are
indispensable and have been shown to affect a wide range of cellular processes such as division,
elongation and differentiation including the control of exit from mitosis (Zhiponova et al., 2013)
during entire period of growth of various plant organs. BRs bind to its heterodimeric co-receptor
complex, comprising BRASSINOSTEROID INSENSITIVEL1 (BRI) and BRI1-ASSOCIATED
RECEPTOR KINASE1 (BAK1) subunits, leading to dissociation of BRI1 KINASE INHIBITOR1
(BKI1) and simultaneous trans-phosphorylation in the kinase domains of BRI1 and BAK1. These
events paves the way for the downstream signaling cascades via other factors (Vert et al., 2005;
Zhu et al., 2013; Planas-Riverola et al., 2019). Other than the above mentioned role of auxin in
establishment of leaf polarity during emergence of primordium, its function in leaf growth is subject
to debate and indicated to have roles in cell division, enlargement, and differentiation (Perrot-
Rechenmann, 2010). Perception of auxin in the nucleus triggers transcriptional responses by
involving three core components, the ARFs, auxin co-receptors, F-BOX TRANSPORT INHIBITOR
RESPONSE 1/AUXIN SIGNALING F-BOX PROTEIN (TIR1/AFB) and short lived transcriptional
repressors, AUXIN/INDOLE-3-ACETIC ACID (AUX/IAA). Auxin binding results in expedite
interaction between TIR1/AFB and Aux/IAA proteins. Aux/IAA are degraded by proteasomal
machinery which results in the release of ARFs and onset of associated gene expression
responses (Lavy and Estelle, 2016; Luo et al., 2018). Recent reports highlighted another
transcriptional module for auxin signaling by showing that auxin induces expression of the miR847
that targets IAA28 mRNA. Overexpression of mir847 or IAA28 knockout results in larger rosette
leaves suggesting positive role of mir847 in meristematic competence and in the determination of
the duration of cell proliferation and lateral organ growth in A. thaliana (Wang and Guo, 2015).
However, other contradictory report highlighted a negative role of polar auxin efflux transporter,

serine/threonine kinase (PINOID), in cell proliferation and expansion (Saini et al., 2017).
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Besides hormonal and gene regulatory modules, mechanical forces are also key
determinants in control of the overall expansion of plant cells. Dynamics of cell wall mechanics
and turgor pressure, a centrifugal force against the cell wall, determines direction and rate of cell
expansion thereby final pattern formation in plant organs (Cosgrove, 2005; Dumais, 2007). Over
the time due to increase in the elasticity, the cell wall in PZ becomes comparatively loose than
those of CZ cells (Milani et al., 2011; Kierzkowski et al., 2012). EXPANSINS (EXPs) were
discovered in 1992 as the nonenzymatic cell-wall-loosening proteins that reduces adhesion
between adjacent and cross-linked wall polysaccharides, viz: cellulose, hemicelluloses and pectin,
in a pH dependent manner that results in an increased cell wall extensibility (McQueen-Mason et
al.,, 1992). In A. thaliana, EXPANSINS family consists of 36 members grouped into four distinct
classes of a, B, Expansin-Like Family A and Expansin-Like Family B types (Lee et al., 2001).
Studies shows that EXPs are emerging candidates that positively regulate organ development
and plant cell enlargement by affecting the cell wall properties (Marowa et al., 2016). Other than
cell proliferation and expansion, change in ploidy state of cell has also been shown to affect cell
size. Replication of genome without mitosis results in change of ploidy, a process that is termed
endoreplication or endoploidization. Endoreplication has also been found to positively affect organ
size by increasing size of cells. In contrast, change in cell number rather than the size of cell has
been advocated to predominantly affect final dimensions of leaf (Gazquez and Beemster, 2017).
Genetic studies employing genes from different functional classes showed that increased leaf size
due to the overexpression of ARABIDOPSIS THALIANA V-PPASE 3 (AVP1), GRF5, JAGGED
AND WAVY (JAW), BRI1, and ARABIDOPSIS THALIANA GIBBERELLIN 20-OXIDASE 1
(GA200X1) occurs mainly due to increase in cell number (Gonzalez et al., 2010). Additionally it
was reported that mutants showing change in number of cells tends to compensate the phenotype
by alterations in size of cells. For instance overexpression of AN3 increases leaf area by an
increase in cell numbers while the an3 mutant exhibits smaller leaves with reduced number of
enlarged cells that are twice in size compared to WT, pinpointing to the central role of cell
proliferation and expansion in final leaf size (Horiguchi et al., 2005; Hisanaga et al., 2015). This
phenomenon is called ‘compensation’ and play vital role in organ size determination (Tsukaya,
2002a).

Additionally, environmental factors are also crucial for final leaf shape and size. Plant
physiology is dependent over the photosynthesis, so is the adaptation of leaf shape to the light
direction and intensity. Leaves undergoing growth in weak light condition tend to elongate petioles

as an adaptive response to capture light. This phenomenon is terms as ‘shade avoidance’ and
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suggested to be modulated by interplay of helix-loop-helix transcription factors called
PHYTOCHROME INTERACTING FACTORS (PIFs) and the photoreceptor genes
PHYTOCHROME A to E (PHYA to PHYE) where PHYA and PHYB are considered as the most
important regulator of light response (Leivar and Quail, 2011; Casal, 2012). Certainly, the effect
of light intensity over the thickness of mesophyll was shown long time ago as a physiological
productivity (Bjorkman, 1981). Recent advances highlighted that PHOTOTROPIN 2 (PHOT2), a
photoreceptor, increases the length of mesophyll cells in palisade layers in the direction of leaf
thickening in response to the light to maximize photosynthetic efficiency (Kozuka et al., 2011;
Gotoh et al., 2018).

Though several genes can directly or indirectly impact mesophyll size, mir396-GRF/GIF
component is often cited as a more direct regulator of cell proliferation for mesophyll cells among
others (Ren et al., 2019). In fact, the finding that AN3 is specifically expressed in mesophyll cells
and further moves as a protein within layers of other cell types highlights importance of mesophyll
layer as a key signaling source for synchronized cell proliferation in a leaf primordium (Kawade et
al., 2013). Other potential genes that could be directly involved in regulation of mesophyll cell
morphology are AINTEGUMENTA (ANT) (Mizukami and Fischer, 2000), Arabidopsis SKP1-
LIKEL1 (ASK1) (Zhao et al., 1999), NGATHA (NGA) (Lee et al.,, 2015), G-PATCH DOMAIN
PROTEINL1 (gdpl) (Kojima et al., 2017), KLU (Anastasiou et al., 2007), OLIGOCELLULAL, 4,
6 (olil, 4, 6) (Fujikura et al., 2009), POINTED FIRST LEAD 2 (PFL2) (lto et al.,
2000), ROTUNDIFOLIA4 (ROT4) (Narita et al., 2004), STRUWWELPETER (SWP) (Autran et al.,
2002), and TCP4 (Schommer et al., 2014). In summary, the final organ size ultimately depends
on the ability of plants to integrate external and internal cues to balance and optimize organ growth
via temporally and spatially regulated gene networks. Nevertheless, a complete understanding of
leaf development is yet to be achieved. The identification of the action mechanisms of gene(s)
that influence leaf growth can surely contribute to the advancement of our overall knowledge of

plant biology and potential agricultural applications.
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3 Thesis objectives

In order to get insights into the potential function and mechanism of action for INCNATs-
UGT73C6 previous studies were performed in the laboratory. As mentioned earlier (section 2.2.3)
INcNATs-UGT73C6 share high level of sequence complementarity with other members of
UGT73C sub family (Table 1). It was hypothesized that INCNATs-UGT73C6 can form dsRNAs not
only with fully complementary mRNAs of UGT73C6 but also with the ones from UGT73C5 and
other UGT73C subfamily members if co-expressed. In agreement with this hypothesis, co-
overexpression of INcNATs-UGT73C6 with GFP-tagged sequences of UGT73C6 subfamily
members in the model plant N. benthamiana leading to reduction of GFP signal (Figure 6)(de-
Vries, 2014; Fritz, 2015), a result that was confirmed by western blot (de-Vries, 2014; Fritz, 2015).
Additionally, co-expression resulted in the production of small RNAs, an observation that prompted
us to hypothesize that INncNATs-UGT73C6 can downregulate not only UGT73C6 but also can form
locus-specific regulatory loop with other family members.

35S::GFP-UGT73C genes
35S T

35S::GFP-UGT73C genes
35S T

35S::unrelated gene 35S::IncNATs-UGT73C6 gene

Figure 6: Transient co-expression of INCNATs-UGT73C6 with UGT73C family members results in their
downregulation. Representative schematic showing transient co-expression of IncNATs-UGT73C6 and
UGT73C family members in Nicotiana benthamiana. Left and right side from N. benthamiana leaves were
co-infiltrated with 35S::GFP-UGT73C genes with 35S::unrelated genomic sequence and 35S::IncNATs-
UGT73C6 independently. 48-72 hours post infiltration (hpi) leaf discs from infiltrated sites (squires in
sketched leaf) from both left and right side were checked under confocal microscope for expression of GFP.
Leaf discs carrying co-expression of both INncNATs-UGT73C6 and UGT73C genes shows decreased GFP
signal intensity (bottom right) compared to control (bottom left). Results were confirmed by western blot.
Figure is modified after (de Vries, 2014).
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Additional sets of preliminary experiments were also performed to analyze if pORFs
included in the INcNAT2 sequence (Figure 7) undergo translation to assess whether INCNATSs-
UGT73C6 are bona fide IncRNAs. In order to test the potential peptide coding capacity of
INcNAT2, each pORF was fused to GFP and the constructs were transiently expressed in N.
benthamiana. Interestingly, all pPORFs with the exception of pPORF4 were translated, producing
GFP-tagged peptides. Moreover, product of pORF3, which has stretches of basic amino acids,
showed specific localization to nucleolar bodies suggesting that this peptide could play role in the
nucleus (Figure 7) (de-Vries, 2016).

1.2 3 4
wr LneNAT? - e I - pPORF1 & 2_GFP
pORFs (+) 10000 PORF 2 5 —————t—{GFp
ORF3 5 * GFP
Peptides (kDa) 212 327 11.89 2.14 P Gﬁi’ _—
pORF4 5 X GFP
100bp
C)

35S::IncNAT24.195-pORF1-GFP  35S::IncNAT24.555-pORF2-GFP

35S:IncNAT2+_404-pORF3-GFP

35S::GFP

35S:INCNAT2,_404pORF3-GFP  35S:INCNAT2, 74-pORF4-GFP

Figure 7: The first three pORFs present in IncNAT2 are translated when overexpressed in
N. benthamiana. A) Genomic organization of IncNAT2 pORFs. B) Respective pORFs sequence is fused
to GFP after removing stop codon (indicated by asterisk). C) pORFs are overexpressed under control of
35S promoter. Leaves of N. benthamiana were infiltrated with Agrobacterium tumefaciens carrying
respective plasmid for control GFP and pORFs. GFP signal in leaf discs from infiltrated area was
visualized by confocal microscopy post 48 hpi. Magnified image (far right) shows localization of the
product of pPORF3 in the nucleus. (Figure is adapted after Vries, 2016).
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LncNAT1 and IncNAT2 reporter B-glucuronidase (GUS) lines were previously generated
by cloning 2500 and 2000 bp upstream of the annotated transcription start site (Source : TAIR 10)
of INncNAT1 and IncNAT2 respectively (de-Vries, 2014). Analysis of reporter activity for
INCNAT1prom::GUS and INCNAT2pom::GUS highlighted that both IncNAT1 and IncNAT2 promoters
are active in A. thaliana. Furthermore, INcCNAT1 reporter GUS activity displayed overlapping
spatiotemporal expression with UGT73C5pom::GUS in roots (Fritz, 2015) while INCNAT2p10m::GUS
showed partially overlapping expression pattern with the reported UGT73C6pom::GUS activity in
seedlings (Husar et al., 2011). Consequently, reporter GUS activity analysis could only partially
support the preliminary results regarding the potential of INncCNATs-UGT73C6 to regulate
expression of UGT73C subfamily members as mentioned in the previous paragraph. Yet, the
detection of the expression and prom::GUS activity of INCNATs-UGT73C6 in different tissues and
developmental stages in A. thaliana paved the foundation to continue and adopt a multidirectional

comprehensive approach for further investigations.

On one hand, transient expression of INcCNATs-UGT73C6 with UGT73C family members
results in their downregulation potentially by small RNAs while at the same time transient
infiltration studies highlighted that pORFs can produce peptides to achieve specific functions
indicating that IncNATs-UGT73C6 might not act as bona fide IncRNAs. Based upon these
observations in the non-host plant N. benthamiana, we sought to investigate the function of
INcNATs-UGT73C6 in real host plant A. thaliana. Although a few NAT-IncRNAs are characterized
and shown to regulate fundamental developmental processes in A. thaliana (section 2.1.3),
studies exemplifying biological roles of NAT-IncRNAs particularly from multigene families in plants
are still in infancy. Therefore, to gain insight into the roles of NAT-IncRNAs from multigene families,
in their host plant, the study was aimed at the de novo functional and molecular characterization
of annotated INcNATs-UGT73C6. The following objectives have been attempted to address the
role of INcNATs-UGT73C6 in A. thaliana.

1. To characterize INcNATs-UGT73C6 at the molecular level and to evaluate the
phenotypic effects of alteration of their expression

2. To identify whether INcNATs-UGT73C6 form a local gene expression regulatory
loop with the sense gene UGT73C6 or other closely related UGT73C family
members.

3. To investigate the function, target molecules and potential mechanism of
INcNATs-UGT73C6 action.
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4 Methods
4.1 Amplification, cloning and transformation

Desired DNA fragments were amplified using standard PCR program with an initial
denaturation step at 95-98 °C for 30 seconds followed by 35 cycles consisting of denaturation at
95-98°C for 15-30 seconds; annealing based on the melting temperature of the primers for 10-20
seconds and extension at 72°C for 15-30 seconds per kb depending upon the type of polymerase
used. A final extension was performed at 72°C for 5-7 minutes. PCR reactions were performed by
using either Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scientific) or DreamTag DNA
Polymerase (Thermo Fisher Scientific) as per manufacturer protocol. Forward primers used for
directional cloning into pENTR™/D-TOPO vector (2580 bp, Thermo Fisher Scientific) contained
an additional CACC sequence at the 5’; end.

Purified DNA amplicons were further cloned into pENTR™/D-TOPO vector (2580 bp,
Thermo Fisher Scientific) following manufacturer’s instructions and transformed into homemade
competent DH5a or One Shot® TOP10 (Thermo Fisher Scientific) E. coli cells. Competent
bacteria were heat shock transformed (1 min incubation at 42 °C), recovered using SOC media
without antibiotics, incubated 1 h at 37 °C with agitation, plated on LB agar plates in presence of
50 pg/ml (Kanamycin) and growth overnight at 37 °C. Each insert cloned into the pENTR™/D-
TOPO vector was verified by DNA sequencing of plasmids extracted from positive clones. Insert
of selected plasmid were cloned by gateway cloning into binary destination vectors (Karimi et al.,
2005) using Gateway® LR Clonase™ Il enzyme mix (Invitrogen®). DH5a cells were transformed
by electroporation, recovered in media without antibiotics, incubated during one hour with agitation
at 37 °C, and selected by overnight growth at 37 °C in LB media plates containing 75 pg/mi
Spectinomycin. Isolated single colonies containing recombinant plasmids were further grown in
liquid LB medium that was supplemented with suitable antibiotics for the purpose of plasmid

isolation.

GV3101 strain of Agrobacterium tumefaciens was transformed by electroporation with the
selected pDEST plasmids. Transformed A. tumefaciens were recovered in media without
antibiotics, incubated at 28 °C during two hours with agitation, and selected on LB containing
plates by incubation at 28-30°C for 48 hours in presence of Rifampicin, Gentamycin and
Spectinomycin at final concentrations of 25 pug/ml, 10 pug/ml and 75 pg/ml, respectively. Identity of

plasmids was verified by colony PCR. Subsequently A. tumefaciens carrying different constructs
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were used for floral dipping transformation of A. thaliana Columbia-O (Col-0) ecotype for stable

transformation.

4.2 Generation of transgenic lines

4.2.1 Reporter GUS and translation fusion constructs

UGT73C6 and UGT73C5 reporter GUS lines were generated using the similar promoter
region as described earlier (Poppenberger et al., 2005; Husar et al., 2011). Briefly, in order to
generate stable pom::GUS lines for UGT73C6, 1687 bp genomic sequence upstream of ATG start
site was PCR amplified from genomic A. thaliana DNA by Phusion® polymerase (Thermo
Scientific). Subsequently the purified PCR product was directionally cloned into pENTR™/D-
TOPO vector (section 4.1). Further sequencing confirmed that cloned product was in frame with
GUS in the Gateway® destination vector pPBGWFS7 (Karimi et al.,, 2005). Similar cloning
procedure was adopted for the generation of UGT73C5 promoter GUS lines that contained 760

bp sequence upstream of ATG start site fused with reporter GUS.

The translational fusion lines for UGT73C6 and UGT73C5 were generated by cloning
complete open reading frames (ORFs), 5 untranslated regions (UTR) and above mentioned
upstream promoter sequences of UGT73C6 and UGT73C5 into the binary destination vector
pBGWFS7 that contains the sequences encoding the green fluorescent protein (GFP) and GUS.
Sequencing was performed after Gateway® cloning to confirm that the ORFs are in frame with
GFP-GUS.

Subsequently, selection of lines until T3 homozygous stage from T generation was carried
out using resistance to herbicide phosphinothricin (BASTA) as selection marker. T, to T3 screening
of transgenic lines was carried out following 3:1 Mendelian segregation, indicative of single
insertion. Homozygosity of T3 lines were confirmed by complete resistance (survival of 100% of
the seedlings) on ¥2 MS agar plates. Following experiments were carried out using T; seeds

derived from homozygous plants.

4.2.2 Overexpression and artificial microRNA (amiRNA) downregulation
constructs for INcNATs-UGT73C6

35S overexpression constructs for INcNAT1 and 2 were generated by cloning genomic
DNA sequence of IncNATs-UGT73C6 that corresponds to annotated transcripts of IncNAT1 and

INcNAT2. Genomic fragments for IncNATs-UGT73C6 were PCR amplified and cloned into
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PENTR™/D-TOPO, and subsequently sub-cloned in the pB7WG2 vector (Karimi et al., 2005) as
per Gateway® cloning procedure described in section 4.1. Subsequent to cloning in E. coli and A.
tumefaciens transformation, WT Col-0 plants were transformed by floral dipping and transgenic
lines were selected as described in 4.2.1.

Artificial microRNA (amiRNA) lines were generated to downregulate INncNATs-UGT73C6
in trans-specific manner by employing a web based P-SAMS amiRNA designer tool and following
the cloning procedure reported earlier (Carbonell et al., 2014). Briefly, for direct cloning of amiRNA
insert into AtMIR390-B/c vector, sense and antisense oligonucleotides (Table 7) were annealed
using oligo annealing buffer (0 mM Tris-HCI (pH 7.5), 500 mM NacCl, 60 mM MgCl,, 10 mM DTT).
Subsequently, digestion-ligation reaction with AtMIR390-B/c vector (kindly provided by Dr.
Carbonell) was carried by employing diluted annealed oligonucleotides, T4 DNA ligase, T4 DNA
ligase buffer and Bsal following heat shock transformation of Ccdb (toxin) susceptible E. coli strain
One Shot® TOP10 (Thermo Fisher Scientific®) as described in section 4.1. The transformants
were analyzed by PCR and sequencing. Three independent amiRNAs constructs were generated
to target both INcCNATs-UGT73C6 at different locations (Figure 11 A).

Subsequent to cloning procedure and transformation of A. tumefaciens, WT Col-0 plants
were transformed by floral dipping with the amiRNAs constructs. Subsequently, selection of lines
until T3 homozygous stage from T1 generation was carried out using Hygromycin B as selection
marker on plates as described in 4.2.1. Expression and presence of mature amiRNAs targeting
INcNATs-UGT73C6 RNA were confirmed by Northern blot (section 4.11) using 2P y-ATP labelled
oligo probes (Table 7).

4.2.3 Site directed mutagenesis of IncCNAT2 open reading frames

Primers were designed for the site directed mutagenesis of start codons of pORFs present
in INcNAT2 sequence (Table 7). ATG start site codons of pORFs were mutagenized into CCC by
using AccuPrime™ Pfx DNA Polymerase (Life Technologies®) following manufacturer’'s
instructions. pPENTR™/D-TOPO plasmid containing the INcNAT2-UGT73C6 construct mentioned
in section 4.2.2 was used as template for the PCR reaction. Non-mutated parental plasmid was
eliminated by Dpn | digestion and the reaction mixture was used for transformation of competent
cells. Subsequently positive clones were verified by colony PCR, used for gateway cloning into
pB7WG2 (Karimi et al., 2005), multiplied in E. coli and transformed into A. tumefaciens.

Agrobacteria containing the constructs were used to transform A. thaliana by floral dip.
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Independent Ts homozygous lines for Mut_IncNAT2 were selected following Mendelian

segregation and selection process using BASTA herbicide as mentioned in section 4.2.1.
4.3 CRISPR/Cas9 editing of INcNATs-UGT73C6

Clustered regularly interspaced short palindromic repeats (CRISPR/Cas9) technology was
adopted to specifically knockout INcCNATs-UGT73C6 using the double guide RNA (gRNA)
approach'. The vectors were obtained from Dr. Mily Ron (University California, Davis) and the site
specific  gRNAs (Table 7) were generated using CHOPCHOP  webserver
(http://chopchop.cbu.uib.no/). PCR reactions were performed using appropriate primers

combinations, Phusion DNA polymerase (Thermo Fisher Scientific®) and scaffold plasmid as
template. Digestion-ligation reactions were performed by employing T4 DNA ligase and Bstl, the
purified PCR product and pENTR vector (L1L2-AtU6gRNA). One Shot® TOP10 E. Coli cells were
heat shock transformed with reaction mixture and positive colonies were identified. Subsequent
cloning reaction was performed using Clonase Il (Thermo Fisher Scientific®) according to
manufacturer instructions into pMR333 (CRISPR/Cas9), a destination vector that expresses green
fluorescent protein (GFP) under the control of seed coat promoter (OLEL1:: GFP) and CRISPR
endonuclease caspase9 (Cas9) from a constitutively active ribosomal promoter (RPS5A::Cas9).
Plasmid was transferred in A. tumefaciens by electroporation followed by transformation of Col-0
as described earlier (section 4.1). T; selection of positively transformed seeds was carried by
visual inspection of seeds that expressed GFP in seed coats using Leica MZ FLIII fluorescence
stereomicroscope (Leica Fluo Combi™). Subsequent screening of lines at T, stage was carried
out by choosing non-GFP expressing seeds confirming the absence of pMR333 vector in selected
seeds. Absence of Cas9 in T, plants was further validated by PCR using Dream Taq polymerase
(Thermo Scientific) followed by sequence verification of allelic state in individual plants that carry
intended deletions for INCNATs-UGT73C6. All experiments were performed using seeds derived
from homozygous plants. Primers used for assembly product are listed in Table 7.

4.4 Plant material and growth conditions

Surface sterilized (10% v/v bleach and 0.05% Triton X-100) seeds of WT Col-0 and
transgenic lines were stratified for 2 days at 4 © C followed by germination and growth over ¥2 MS
plates under 16 hours light and 8 hours dark cycle. Unless mentioned specifically, for majority of

phenotypic experiments 10 days old seedlings were transferred to soil in 8cm round pots

1 This work was performed together as a team with Mr. Ammar Jaber
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containing steam-sterilized CL clay supplemented with phyllosilicate mineral and vermiculite
(EINHEITS ERDE®). Control and transgenic plants in growth cabinets (CIf Plantclimatics GmbH)
were randomized within the trays that were rotated periodically and were irrigated with fixed water
volume under tightly controlled conditions of light (95-110 umol/m?), temperature (18°C night and
21°C day) and humidity (65-70%). Every individual phenotypic experiment included between 15
and 30 plants per transgenic line. Each tray contained minimum 2 plants from chosen control and
transgenic lines. Plants grown under greenhouse conditions were controlled only for irrigation

unless specified.

4.5 Analysis of phenotypic parameters

4.5.1 Root length and biomass measurements

Appropriately spaced seedlings were grown over %2 MS 125 x 125 mm square vertical
plates for 14 days and were subjected to digital image acquisition by using a desktop scanner (HP
ScanJet Co.) at 300 dots per inch (dpi). The output images were stored as TIFF (tagged image
file format) files. Originally scanned TIFF images were then transformed into grayscale 8 bit
images and further analysis performed by freely available National Institute of Health (NIH) Image
J software (Collins, 2007; Schneider et al., 2012) that was equipped with updated neuron J
plugging (Meijering et al., 2004). The 8 bit images were uploaded onto the Image J program and
after fixing scale value (in pixels) the primary roots were traced using a segmented line tool

followed by measure command for calculation of root length.

For biomass measurement intact 14 days old individual seedlings, grown in condition as
mentioned for root measurement, were weighed using a high precision weighing balance

(Sartorius®). Individual weights were recorded for 40 seedlings per genotype.

4.5.2 Quantification of phenotypic traits

For the estimation of complete rosette and individual leaf area, high quality plant pictures
were recorded with a manually fixed focal length using a Sony® DSLR camera at different time
points. At 25 days care was taken to avoid superimposition of leaves while at 35 days the stems
and cauline leaves were clipped off before making pictures. The digital images were than loaded
onto the Easy Leaf area® program (Easlon and Bloom, 2014) and green leaf area was quantified

using a pre-specified red squire as scale according to the program manual (Supplementary Figure
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3). Other leaf parameters such as timing for emergence of inflorescence, opening of first flower,

stem height, flowering time, leaf number and leaf dimensions were calculated manually.

In order to quantify total seed yield, plants were grown in greenhouse or growth cabinets
using Arasystem® 360 Kit consisting Aratube and Arabase. The system allowed to prevent any
seed loss without hampering ventilation, access to light source and thus normal growth of
individual plants. Seeds were carefully collected after the completion of senescence stage and
weighed using high efficiency automatic weighing balance (Sartorius ®).

4.5.3 Analysis of leaf cell size and area

6" leaf in each individual plant was marked soon after emergence. In addition to rosette
area quantification at 25 days, the plants at 35 days were quantified for rosette area estimation
after dissecting the stems and cauline leaves. Statistical analysis was performed from the overall
rosette area values to mark the individual plants that were closer to median values in individual
groups. From these two plants, 6™ leaves were subjected for histological preparation according to
earlier reports (Nelissen et al., 2013; Wang and Guo, 2015). The transparent intact leaves were
divided into four segments of equal dimensions (length and width) from bottom to tip after
dissecting petiole. Mid-rib and adjacent region from both left and right fronts of each leaf discs
was cautiously removed followed by brief incubation and mounting of leaf discs in Hoyer medium
and lactic acid respectively (Nelissen et al., 2013). Using differential interference scanning (DIC)
mode in ApoTome 2 (ZEISS) microscope, 3-5 pictures from each respective leaf specimen were
recorded at 10 x magnification for adaxial epidermis and palisade mesophyll cells. A minimum of
8 to 12 total pictures from both leaves were selected from bottom and tip region and analysis of
cell size and area was performed using Image J program (Collins, 2007; Schneider et al., 2012)
and procedure as described before (Nelissen et al., 2013; Wang and Guo, 2015).

4.6 Histochemical GUS assay

Transgenic lines carrying GUS reporters were subjected to GUS staining. Seedlings or leaf
material were incubated at 37° C in GUS staining solution that contains the substrate 5-bromo-4-
chloro-3-indolyl glucuronide (X-Gluc). Consequent upon staining, the plant material was serially
dehydrated to remove chlorophyll using a series of 20 %, 35 %, 50 % and 70% ethanol solutions
to visualize blue color staining that indicates GUS activity in plant organs. The pictures were

recorded using NIKON SMZ1270® stereomicroscope magnifier.
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4.7 Gene expression analysis by gRT-PCR

Total RNA was extracted from plant material using PEQlab RNA extraction Kit following
manufacturer's instructions. Subsequent, expression analyses for selected genes were performed
following reverse transcription by Superscript lI® (Invitrogen) to synthesize complementary DNAs
and quantitative real time PCR (qPCR) using Quantstudio 5 (Applied Biosystems™) thermal
cycler. Strand specific cDNAs were prepared using gene specific primers for IncNATs-UGT73C6,
UGT73C6 and UGT73C5 including the reverse primer for the reference gene in each cDNAs
synthesis reaction. Other genes were analyzed using oligo d(T) primer for cDNA synthesis.
gPCR reaction of 10 yl volume consisted 5 pl SYBR premix (Applied Biosystems), 1 pl undiluted
cDNA, 0.1 pl forward and reverse primers at the concentration of 10 pmol/pl and 3.8 pl sterilized
water. gPCR reaction cycle included initial denaturation at 94° for 30 s followed by standard 40
cycles of 94° C for 10 s, 60° C for 30 s and final melting curve determination that rise from 60° C
to 94° C with gradual increments of 0.5 °C each 15 s. The qPCR reaction was performed using
0.1 ml MicroAmp™ Fast Optical 96-Well reaction plate (Thermo Scientific®) using fast mode in
gPCR system. All gPCR reactions included a reference gene, negative controls for cDNA and
water as non-template control for gPCR reaction. Average Ct values were obtained from a
minimum of 2-3 technical replicates for three individual biological replicates and were normalized
by appropriate reference gene (PP2A in most of the analyses except GAPC2A in BR response
assay). Final calculations were carried out by 222t (adjusted to primer efficiency) method where
fold changes in expression levels of genes are relative to reference gene PP2A or GAPCZ2A. Data
presented are representative of 2-3 experiments. Each individual experiment included 3 biological

replicates.
4.8 RNA stability assay

RNA stability assays were performed? according to previous report (Fedak et al., 2016).
Briefly, 11 days old Col-0 seedlings grown in %2 MS media containing plates were transferred to
incubation buffer (1 mM PIPES at pH 6.25, 1 mM trisodium citrate, 1 mM KCl and 15 mM sucrose)
for 30 minutes followed by addition of 150 mg/l cordycepin® (3’-deoxyadenosine, Sigma Aldrich)
and vacuume-infiltration twice for 5 min. Seedlings were collected and total RNA was isolated as
described before at 0, 15, 30, 45, 60, 75, 90, 105 and 120 mins post cordycepin treatment. cDNA

was synthesized using oligo d(T) and Superscript lI® (Invitrogen) and gPCR measurements were

2 These experiments were performed by Ms. Susane Engelmann
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performed using gene specific primers (Table 7). EXPANSIN-LIKE1 (Expansin L1), a short-lived
transcript, and EUKARYOTIC TRANSLATION INITIATION FACTOR 4Al (EIF4A1A), a long-lived
MRNA, were used as positive controls for cordycepin assay (Golisz et al., 2013). Normalization of
Ct-values was performed by selecting Ct-value at time point 0 as 100 percent. A degradation curve
was obtained from Ct values and slope of the curve was calculated using formulae (1) and (2) for
the determination of half-life (t12) of INCNATs-UGT73C6 transcripts and above mentioned control

genes.
Ct(n) = (IN(Ct/Ct(0))*(-10) (1)
tuz = (In2)/[slope| (2
4.9 Brassinosteroid treatment assay

Similar to BR assays reported in previous publications (Husar et al., 2011), 5 days old Col-
0 seedlings were grown vertically in squire plates containing %2 MS and 1.5 % agar. Afterwards
seedlings were transferred to liquid ¥2 MS media and allowed to acclimatize for 2 days under
continuous light conditions (=130 pymol-m2-s1). 1 uM 24-epibrassinolide (24-Epi BL, Sigma
Aldrich®) dissolved in dimethyl sulfoxide (DMSO), or the same volume of DMSO was applied in
treated and untreated sample sets, respectively (Supplementary Figure 10 A). Total RNA was
extracted from seedlings collected at different time points and reverse transcribed into cDNA using
oligo d(T) and Superscript Il (Invitrogen®). The gPCR analysis was performed for INCNATs-
UGT73C6, UGT73C6, UGT73C5 and assay control genes viz: DWF4, BAS1 and BR60x2. Primers
used this study are listed in Table 7.

4.10DON treatment assay

Similar to Epi-BL treatment assay, 5 days old seedlings were transferred to liquid media
for acclimatization for 2 days under long day conditions. Subsequently seedlings were incubated
for 4 hours with either 16.9 puM fungal toxin DON dissolved in ethanol or same volume of ethanol
according to earlier study (Poppenberger et al.,, 2003) (Supplementary Figure 11 A). After
treatment, the seedlings were subjected to total RNA extraction. cDNA synthesis was performed
using strand specific primers. Subsequently qPCR expression analysis was carried out for
INcNATs-UGT73C6, UGT73C6 and UGT73C5 using primer listed in Table 7. Additionally, a set of
seedlings (DON treated and untreated) grown in parallel were used for GUS staining according to

the procedure mentioned in section 4.6.
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4.11 Northern Blot

Total RNA from fresh leaf tissue was extracted using phenol-chloroform method following
a modified protocol (Suzuki et al., 2004). Small RNAs were separated by electrophoresis on 17%
polyacrylamide, 7 M urea and 0.5 X TBE gel while 1% agarose, 1 X TBE and 1 M urea gel was
used for the separation of high molecular weight RNAs. The RNAs were transferred onto the nylon
membranes (Roche ®) by using a semi-dry electrotransfer unit (BioRad®) and cross linked twice
with UV. For the detection of small RNAs, labelling of oligonucleotides probes was performed
using T4 Polynucleotide kinase reaction in the presence of *P y-ATP followed by purification of
oligo probes with miniQuick oligo columns (Roche®). Detection of high molecular weight RNAs
was carried out with radiolabeled RNA probes. For the preparation of %P a-UTP labeled
riboprobes, appropriate plasmids were linearized by suitable restriction enzyme digestion
following extraction and precipitation by phenol/chloroform/isoamyl alcohol and ethanol
respectively. Linearized plasmids were further used as template for the in vitro synthesis of
radiolabeled riboprobes using T7 RNA polymerase (Roche®) following manufacturer instructions.
Additionally, integrity and concentration of the riboprobes was further checked by performing
denaturing polyacrylamide gel electrophoresis. Blotted membranes were pre-hybridized using
Perfect Hyb™ Plus buffer (Sigma®) at 68° C followed by 16 hour hybridization with appropriate
probes at 38-42 °C (small RNAs) or at 68 °C (high molecular weight RNAs). The hybridization
solution was carefully removed and membraned were subjected for a series of low and high
stringency washing steps in SSC buffer supplemented with 0.1% SDS at suitable temperature.
Membranes were exposed to X-ray films and the signal was visualized using Typhoon FLA 7000

phosphoimager. Oligo probes used for the specific detection of amiRNAs are listed in Table 7.
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5 Results
5.1 LncNATs-UGT73C6 are transcribed from the complementary strand of

UGT73C6 and their expression is developmentally regulated

Strand-specific reverse transcription followed by PCR (RT-PCR) confirmed that annotated
INcNAT1 and IncNAT2 are expressed from the complementary strand of UGT73C6 in A. thaliana
(Figure 8 B). In order to examine whether detected INcCNATs-UGT73C6 transcripts originate from
distinct promoter elements downstream of UGT73C6, B-Glucuronidase (GUS) reporter construct
were generated in Col-0 background for IncNAT1 and 2 (de-Vries, 2014). The purported promoter
region in INCNAT1y0om::GUS and INcNAT2p0om::GUS constructs included 2058 and 2585 bp
sequence upstream of annotated transcription start site for the respective INCNAT. Reporter
activity for IncNAT1 and IncNAT2 promoter showed a characteristic spatiotemporal expression
pattern and separation of expression domain in roots and shoots respectively (Figure 8 A).
Expression of INcCNAT2,0m::GUS was observed at the bottom-middle region of leaf adjacent to
petiole in nascent young leaves, a region that possess actively dividing and proliferating cells (Du
et al., 2018). Time course examination of INCNAT2,0m::GUS activity shows a gradual decrease
over time in staining intensity with the increasing age of leaf whereas INCNAT1,0m::GUS shows
continuous basal expression in roots and remains absent in other tissues during different

developmental stages analyzed in this study (Figure 8 A and Supplementary Figure 1).

To examine if expression of UGT73C6 and UGT73C5 overlaps with INncCNATs-UGT73C6 in
A. thaliana, we analyzed reporter activity using prom::GUS lines. Previous work (Fritz, 2015) showed
unexpected ubiquitous GUS activity of a UGT73C6p0m::GUS reporter line (provided by Prof. B.
Poppenberger), which differed from the reported expression pattern of UGT73C6 (Husar et al.,
2011). Reporter GUS activity analysis of above mentioned UGT73C6,0m::GUS line altogether with
our reporter GUS lines of IncNATs-UGT73C6 showed that their spatio-temporal expression
pattern overlaps throughout the plant organs including the leaves (Fritz, 2015). On one hand, this
observation satisfied the condition of sense and antisense co-expression thereby potential nat-
siRNA-mediated regulation of UGT73C6 by IncNATs-UGT73C6 in agreement with the results from
transient expression analysis in N. benthamiana (Figure 6). However, it was inconsistent with the
previously published results about the UGT73C6p0om::GUS expression pattern (Husar et al., 2011).
To solve these discrepancies, we generated UGT73C6pom::GUS constructs harboring 1687 bp
sequence upstream of ATG start site in the construct (Husar et al., 2011). Additionally, we
generated UG773C5 pom::GUS carrying a 760 bp sequence upstream of translation start site of
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UGT73CS5 (Poppenberger et al., 2005). Analysis of the UGT73C60m::GUS lines indicated that, at
7 days after sowing (DAS), the promoter activity tends to confine to spot-like patches in the
cotyledons and to roots, which shows a homogenous staining pattern (Figure 8 A). In comparison,
UGT73C5p0m::GUS showed a stronger GUS activity than those of the reporter lines of UGT73C6,
INcNAT1 and 2 (Figure 8 A). Analysis of pom::GUS lines at 7 DAS, showed that both UGT73C5
and UGT73C6 promoters do not show overlapping expression with INCNAT2,0m::GUS in the first
true leaves (Figure 8 A). UGT73C6y0om::GUS remains poorly active after 5 DAS and shows only
sporadic expression at the leaf serrations or no expression in the vegetative tissues throughout
the development (Supplementary Figure 1). Interestingly, as the plant develops,
UGT73C5p0om::GUS activity increases in leaf areas previously occupied by INCNATZ2p0m::GUS
activity (Figure 8 A and Supplementary Figure 1). Thus during the growth of A. thaliana
INCNAT2pr0m::GUS and UGT73C5,0m::GUS exhibit an inversely correlated expression pattern in
leaves. This peculiar follow-up GUS expression pattern of UGT73C5 after INcCNAT2 is present in
each of new emerging leaf. Analysis of pom::GUS lines at 14 DAS also shows that IncNAT2 and
UGT73C5 expression is spatiotemporally separated during leaf morphogenesis. Thus, over the
time UGT73C5p0om::GUS and INCNAT2pom::GUS expression changes antagonistically upon leaf
maturation. In contrast to prom::GUS expression dynamics in leaves, both UGT73C5p0m::GUS and
INCNAT1,0m::GUS are simultaneously co-expressed in roots (Supplementary Figure 1).
Completely developed leaves at 25 DAS shows only a marginal prom::GUS activity for UGT73C5.
LNcNAT2,0m::GUS is faintly active while UGT73C6 promoters again exhibit the previously
mentioned patchy expression pattern. Furthermore, both UGT73C6p0om::GUS and
UG773C5p0m::GUS do not show overlapping expression pattern with INCNAT2,0m::GUS in young
leaves (Figure 8 & Supplementary Figure 1). These results provided an overview of the gene
expression pattern for INcNATs-UGT73C6, UGT73C6 and UGT73C5. Reporter activity analysis
points out that expression of UGT73C6, UGT73C5 and IncNATs-UGT73C6 is spatio-temporally

distinct and developmentally regulated.

In order to check whether expression pattern observed in the reporter constructs of
INcNATs-UGT73C6, UGT73C6 and UGT73C5 is in accordance with the endogenous transcripts
abundance, a time course assessment for the expression levels was carried out by quantitative
real-time (QPCR) (Figure 8 C). Supplementing the results obtained from reporter GUS assays,
expression analysis showed higher levels for UGT73C5 whereas UGT73C6 is poorly expressed
compared to INcNATs-UGT73C6 across the developmental stages analyzed in this study except
at senescence (45 DAS). Interestingly, quantification of transcripts levels from whole plant showed
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that expression dynamics of INcNATs-UGT73C6 (presumably IncNAT2) and UGT73C5 were
positively correlated during progression of various growth stages of A. thaliana (Figure 8 C).
Collectively, our analysis verified that the annotated INncNATs-UGT73C6 possess distinct

promoters and are expressed in a developmentally regulated manner in A. thaliana.
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Figure 8: Characteristics of INcNATs-UGT73C6. A) Seedlings at 7 days after sowing (DAS) displaying
prom::GUS expression pattern for INcNAT1, IncNAT2, UGT73C6 and UGT73C5. Scale bar 5 mm. B) Primer
scheme for the amplification of a fragment of INcCNAT1 and the complete IncNAT2 (top panel). Arrow
heads (black) and bars (grey) denote size of the amplicon. RT-PCR illustrating detection of IncNAT1 and
INcNAT2 (bottom panel). M: Marker, GC: Genomic control, RT: reverse transcription. C) Time course
expression analysis of INcCNATs-UGT73C6, UGT73C6 and UGT73C5 at different developmental stages.
D) mRNA degradation curves for IncNATs-UGT73C6 and control transcripts EUKARYOTIC
TRANSLATION INITIATION FACTOR 4A1 (ELF4A1l) and Expansin L1. Half-life (ti2) is indicated. n=3,
error bar represents standard deviation (+SD) in C& D. E) Colony-PCR amplification of IncNAT2 variants.
Size and percentage of clones carrying spliced and unspliced IncNAT2 variants is indicated.
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5.2 LncNATs-UGT73C6 transcripts are stable and alternatively spliced

To gain further insights into what can additionally affect differences in the expression levels
of INncNATs-UGT73C6, UGT73C6 and UGT73C5 other than the promoter activity itself, we
performed RNA stability assays in Col-0. The determination of half-life® for intron-less UGT73C5
and UGT73C6 mRNAs was not possible from the standard curve method (Ms. Susane
Engelmann, personal communication). Both protein-coding transcripts behaves in same way and
degrades rather quickly after the cordycepin treatment within less than ~20 minutes, an
observation that seems to be in accordance with the reduced stability of intron-less mRNAs (Wang
et al., 2007). Whereas INncCNATs-UGT73C6 were found to exhibit a half-life of more than 2 hours
(Figure 8 D). Increased stability of INcCNATs-UGT73C6 may additionally contributes to overall
abundance of IncNATs-UGT73C6. However, our data suggest that mRNA stability does not
contribute for observed differences in the transcript abundances of UGT73C6 and UGT73C5.
Therefore, difference in the levels of UGT73C6 and UGT73C5 mRNAs in A. thaliana potentially
occurs due to the differences in promoter activity.

Both IncNATs-UGT73C6 encoding genes possess an intron in the 3’ region (Figure 4). To
further characterize INcNATs-UGT73C6 transcripts, we analyzed if the intron in INCNAT2 is subject
to canonical splicing. RT-PCR product of full length IncNATZ2, which was obtained by using gene
specific primers in cDNA synthesis, was cloned and inserts present in individual colonies were
analyzed using gene specific primers and verified by sequencing. Reported intron was retained in
approximately 50% of the colonies while remaining 50% showed that INncNAT2 RNA is spliced*
(Figure 8 E). Furthermore, qPCR quantification of IncNATs-UGT73C6 from nuclear and
cytoplasmic RNA extractions indicated that IncNATs-UGT73C6 are localized in the cytoplasm?®
(Ms. Susane Engelmann, personal communication). Collectively, these results confirmed that
INcNATs-UGT73C6 are transcribed from specific promoters, stable, alternatively spliced and

transported to the cytosol, suggesting that they can act in trans.

5.3 Constitutively overexpressed INnCNATL1 increases rosette area

In order to study the role of IncNAT1 in A. thaliana development, we generated transgenic

lines overexpressing the full-length genomic INcNAT1 sequence under the control of the strong

3 RNA stability assays by using Cordycepin were performed by Ms. Susane Engelmann
4 These experiments were part of master thesis pursued by Mr. Micheal Fritz.
5 gPCR quantification of INcNATs from nuclear and cytoplasmic fraction was performed by Ms. Susane
Engelmann
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Cauliflower mosaic virus (CaMV) 35S promoter in Col-0 background. Overexpression of IncCNAT1
was confirmed by northern blot for the selection of independent overexpression lines (INCNAT1ox)
for the phenotypic analysis (Supplementary Figure 2 A).

In a first experiment, 20 plants for each transgenic line were grown in long day conditions
(16hour light/ 8 hour dark cycle) with controlled light (~100-120 ymol-m=2-s?t), temperature (21° C
day/18° C night) and humidity (75%) including optimal irrigation and randomized distribution of the
pots that harbors transgenic lines. Phenotypic observations at several developmental stages
revealed that INCNAT1 overexpression lines i.e. #3.9, #4.2 and #13.3, #15.4 develops rosettes
that are bigger than control plants carrying the empty vector (Figure 9 A). Further quantification of
total leaf area, from the digital images of complete rosette of individual plants, was performed by
using Easy Leaf Area Program ® (Easlon and Bloom, 2014) (Supplementary Figure 3). Compared
to plants transformed with the empty vector, INcCNAT 1o lines #3.9, #4.2, #13.3 and #15.4 showed
significantly increased rosette size at 25 DAS (Figure 9 B) or 35 DAS. Additionally, 20 plants each
for 2 to 3 lines transformed with the empty vector and Col-0 were grown together and quantified
for leaf area. Comparison of leaf area showed no differences between Col-0 and independent
transgenic lines transformed with the empty vector. A comprehensive summary of three
independent experiments showing phenotypic effects of INCNAT1 overexpression are outlined in
Table 2. Combined analysis from different experiments performed either in growth cabinets or in
greenhouse showed an average increase of 16.28 (+5.1), 14.5 (x6.2), 9.35 (£0.35) and 9.71 (+£3.2)
% in rosette area at 25 DAS for INCNAT1. lines #3.9, #4.2, #13.3 and #15.4. Considering the
average increase in rosette area in the overexpression lines of INCNAT1 from all experiments
(Table 2) a total increase of 12.45 % was observed with £3.4 % standard deviation (SD). However,
it is important to note that level of INcNAT1 overexpression is not strongly correlated with the extent
of increase in leaf area (Supplementary Figure 2 A, Figure 9 B and Table 2). The increase in
rosette area observed due to INnCNAT1 overexpression prompted us to further examine the

phenotypic effects of overexpression of INCNAT2, which is expressed in leaves.
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Figure 9: LncNAT1 overexpression increases leaf area in A. thaliana. A) (Left) Complete rosette
images of representative 25 days old wild type (Col-0) and transgenic homozygous T3 plants transformed
with the empty vector and overexpressing INcNAT1 (lines viz: #3.9, #4.2, #13.3 and #15.4) under the
control of 35S promoter. B) Box plots showing rosette area distribution in control and transgenic lines.
Data in box plots shows minimum and maximum rosette area (whiskers) including outliers, first and third
quartiles (boxes) and median values (vertical lines inside the boxes). Data shown are representative of 1
of minimum 3 independent experiments. Each group contains 20 individual plants that were grown on soil
in long day conditions in greenhouse (~100-120 umol-m-2-s-1 light intensity, temperature 21°C day/18°C
night, 75% humidity and irrigated with a fixed volume of water once in a week). Asterisks indicate
statistical significance compared to plants transformed with the empty vector. * <0.05, one-way ANOVA.
n.s. — not significant.

5.4 Constitutively overexpressed INCNAT2 increases rosette area

In a similar manner to the overexpression of INcNAT1, full-length genomic INcCNAT2 was
overexpressed under the control of CaMV 35S promoterin Col-0 background. LncNAT2
overexpression was confirmed (Supplementary Figure 2 B) by gPCR over cDNA performed with
gene specific primer for INcNATs-UGT73C6 (Table 7). Independent Ts homozygous IncNAT2
overexpression lines (INCNAT2.) #6.3, #9.3, #13.4 and #24.3 were selected for studying the

phenotypic effects of INcNAT2 overexpression.

Quantification of rosette area from 25 DAS plants grown in the greenhouse under

controlled conditions showed that all INncNAT2. lines developed significantly larger rosette area
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compared to control plants transformed with the empty vector (Figure 10) and similar results were
obtained for plants grown in growth cabinet at 35 DAS. Comparison of rosette area of INCNAT 2
plants with 25 days old IncNAT1.x plants that were grown in similar growth conditions in
greenhouse (Figure 9) revealed that overexpression of either of INCNATs-UGT73C6 results in
similar phenotypic effect i.e. increase in rosette size (Figures 9 and 10). Collective analysis of
three independent experiments (Table 3) at 25 DAS showed that INCNAT20#6.3, #9.3, #13.4 and
#24.3 exhibit an average 21.6 (£10.2) %, 29.74 (£7.0), 31.8 (£7) % and 18 (x9.2) % increase in
rosette area. An average value of 25.2 (£5.6) % increase in rosette area was observed for INCNAT2
overexpression lines from all experiments shown in Table 3. Comparison of the change in rosette
area for various overexpression lines for IncCNAT1 and IncNAT2 shows that phenotypic effects of
INcNATs-UGT73C6 are comparable (Table 2 and 3). However, the increase in rosette area was
not proportionally correlated with levels of INCNAT2 overexpression (Supplementary Figure 2 B)
as well. Together, in repeatedly performed experiments overexpression of each of the INnCNATs-

UGT73C6 consistently resulted in increased rosette area (Tables 2 and 3, Figures 9 and 10).

Apart from the representative experiments described above, a global overview of the
several leaf area experiments, including additional sets of independent INCNAT 2. lines generated
during the investigation, showing phenotypic effects due to overexpression of INCNATs-UGT73C6
are listed in Table 4. Analysis of leaf area at early developmental stages i.e. 16 DAS did not show
obvious phenotypic effects. Our examination revealed that phenotypic effects due to
overexpression of INcCNATs-UGT73C6 becomes more apparent only during later phases of
development i.e. after 25 DAS (Supplementary Figure 4). For this reason, leaf area quantifications
were mostly performed at 25 DAS or 35 DAS to study the role of IncNATs-UGT73C6. However,
we preferably restricted our quantitative analysis of rosette area to 25 DAS because at 35 DAS
plants develop flowers and a number of superimposed small leaves that are part of rosette
irrespective of the fact that phenotypic effect is stronger at the later time point (Supplementary
Figure 4). Taken together these experiments reinforced specific involvement of INcCNAT2 in
determination of final leaf size in A. thaliana. Consequently, further studies were particularly

emphasized over the elucidation of the role of IncNAT2 in development of A. thaliana leaves.
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Figure 10: LncNAT2 overexpression increases leaf area in Arabidopsis. A) (Left) Complete rosette
images of representative 25 days old transgenic plants transformed with the empty vector and
overexpressing INcNAT2 (independent Tz homozygous INCNAT2 overexpression lines viz: #6.3, #9.3,
#13.4 and #24.3). B) Box plots showing rosette area distribution in control and transgenic lines. Plant
were grown on soil in greenhouse under long day conditions during summer months. Data shown are
representative of 1 of minimum 3 independent experiments. Other details are same as for legend to Figure
10. Asterisks indicate statistical significance compared to plants transformed with the empty vector. n=20
plants per line, p * <0.05, one-way ANOVA.

5.5 Downregulation of INcCNATs-UGT73C6 in trans results in reduced rosette

area

In order to study whether the downregulation of INCNATs-UGT73C6 in trans affects leaf
area, we generated transgenic lines expressing artificial microRNAs (amiRNAs) in Col-0
background. Using mir390 backbone, amiRNAs constructs were designed to downregulate
INcNATs-UGT73C6 post-transcriptionally in trans-specific manner according to the procedure
reported earlier (Carbonell et al., 2014). Three amiRNA constructs, named as amiRNA1, 2 and 3,
were generated to produce perfect complementary guide sequences (Table 7) to target both
INcNAT1 and 2 transcripts at different locations (Figure 11 A) and expressed under the strong 35S

promoter. Northern blots using *p v-ATP labeled oligonucleotide probes showed that all three
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amiRNAs were expressed and transcripts of all the constructs were precisely processed into 21nt
long amiRNAs (Figure 11 A and Supplementary Figure 5) and that the highest detection levels
was observed for the mature amiRNAL in comparison to amiRNA2 and 3. qPCR expression
analysis showed that the degree of downregulation of INncNATs-UGT73C6 varies in the different
constructs and lines. A maximum of ~50% downregulation of INcNATs-UGT73C6 could be
achieved only for amiRNAL construct followed by amiRNA2 and 3 to a lesser degree (Figure 11
B).

Detailed phenotypic characterization of amiRNAs lines, in similar way to that of INnCNATs-
UGT73C6 overexpression, was carried out in both growth cabinets and greenhouse conditions.
Significantly smaller rosettes were observed in amiRNA 1.3.3, amiRNA 2.1.1 and amiRNA 3.3.2
transgenic lines compared to plants transformed with the empty vector (Figure 11 C). Transgenic
lines in which amiRNA fails to downregulate INcCNATs-UGT73C6 did not show changes in rosette
area (line amiRNA 3.8.4, Figure 11 B & D). amiRNA1.3.3, the line with the maximum
downregulation of INcCNATs-UGT73C6, showed strongest phenotype opposite to that of INCNATs-
UGT73C6 overexpression effects over rosette area. A summary of four independent experiments
performed using amiRNA constructs for independent amiRNA lines is presented in Table 5.
Analysis of three independent experiments performed in the greenhouse (1 to 3G, Table 5)
showed the highest reduction in rosette area in line amiRNA 1.3.3 (27.5 (£0.73) %), whereas lines
amiRNA 2.1.1 and amiRNA 3.3.2 showed an average decrease of 18 (x7.1) and 18.8 (+11.6) %,
respectively (Table 5). These results highlighted that downregulation of IncNATs-UGT73C6 in
trans leads to the phenotypic effect opposite to that of the INcCNATs-UGT73C6 overexpression.
Based upon these results, we concluded that alteration in the transcript abundance of INnCNATs-
UGT73C6 in trans modulates rosette area suggesting that INncNATs-UGT73C6 plays role in
determining leaf area in A. thaliana.
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Figure 11: Downregulation INcCNATs-UGT73C6 in trans decreases rosette area. A) Scheme showing
target site of amiRNAs over IncNATs-UGT73C6 molecule (upper panel). Northern blot detection of
amiRNAs in homozygous A. thaliana transgenic lines carrying 35S::amiRNA constructs (bottom panel).
32p v-ATP labeled oligonucleotide probes i.e. RR236, RR237, RR238 are used to detect amiRNAL, 2 and
3 respectively. First number in each transgenic line indicate respective amiRNA construct. U6 (detected
with oligo probe RR85) RNA is included as control. B) Downregulation of IncNATs-UGT73C6 by amiRNAs
constructs compared to Col-0 (left) and an additional experiment showing downregulation of INCNATs-
UGT73C6 in amiRNA 1.3.3 compared to Col-0 and empty vector (right). n=3, *p <0.05, error bar
represents standard deviation (xSD). C) Pictures of 25 DAS representative plants transformed with the
empty vector and amiRNA lines showing effects of INcCNATs-UGT73C6 downregulation. D) Box plots

showing quantification of rosette area in 25 DAS plants from representative experiment. n=20, * p<0.05,
one-way ANOVA.
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5.6 LncNATZ2 is a bona fide long noncoding RNA

In-silico prediction of pORFs shows lack of coding potential in INcCNAT2 which hinted that
annotated 1084 nt long IncNAT2 might function as a NAT-IncRNA. Previous studies in our
laboratory (de-Vries, 2016) anticipated a maximum of 5 potential small pORFs in the unspliced
variant of INncNAT2 viz: pORF1, 2, 3, 3 and 4. Transient expression assays in N. benthamiana
showed translation of GFP-tagged peptides 1, 2 and 3 when overexpressed under the 35S
promoter and peptide 3 showed specific nuclear localization (de-Vries, 2016) (Figure 7).
Therefore, in order to address whether INcCNAT2 acts as bona fide NAT-IncRNA a two tier strategy

was adopted.

First, transgenic plants carrying C-terminally tagged GFP fusions for pORF1, 2, 3 and 4
were individually overexpressed in the context of IncNAT2¢ under the 35S promoter for studying
the phenotypic effects of its overexpression. Quantification of rosette area for three independent
homozygous lines for each construct showed that except INCNAT21-404 PORF3 GFP #8.4 none of
the overexpression lines produces plants with bigger rosette area compared to Col-0 (Figure 12).
pORF3 was additionally overexpressed without the INCNAT2 upstream sequence but its
overexpression was not able to induce an increase in rosette area. In summary, 5 out of six
independent pORF3 overexpression lines both with and without the INncNAT2 upstream sequences
did not show increase in rosette area (Figure 12). Why some of the pORFs overexpression lines
i.e. INCNAT21.404 pPORF3 GFP #1.6, INCNAT2 pORF3 GFP #1.8, InCNAT2 pORF3 GFP #3.3 and
INcNAT21.720 pPORF3 GFP #2.5 exhibited reduced rosette area was out of the scope of this thesis
and therefore was not investigated further. Notwithstanding, this analysis supported our
conclusion that overexpression of peptides encoded in INcNAT2 sequence are not responsible for

the increase in rosette area and that INcNAT2 is a bona fide NAT-IncRNA.

® LncNAT2 context: pORFs transgenic constructs having adjacent 5’ upstream sequence of INcCNAT2 prior
to the start sites of pORFs were termed as in the context of INcNAT2 whereas pORFs only sequence within
INcNAT2 was termed as out of the context.
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Figure 12: Overexpression of peptides encoded by IncNAT2 does not result in increased
rosette area. Box plot showing shows rosette area for 25 DAS plants for Col-0 and independent
35S::pORF 1, 2 and 3 transgenic lines. In the construct for pPORF1, 2, 3 and 4, respective 5 upstream
INcCNAT2 sequence i.e. 1-198, 1-288, 1-404 and 1-742 is included. In each construct the stop codon was
deleted to allow the translation of fusion GFP. In transgenic lines, labelled as INcNAT2 pORF3* #1.8, #2.9
and #3.3, pORF 3 is overexpressed as an individual ORF without upstream INcCNAT2 sequence. Combined
data from 2 independent experiments, n=30, *p<0.05, one-way ANOVA.

Second, translation start sites of pPORF1, 2, 3 and 3’ were site directed mutagenized (SDM)
by changing ATG codon to CCC in WT IncNAT2 sequence (Figure 13 A). Resulting mutated form
of INcNAT2 (hereafter termed as Mut IncNAT2), was overexpressed in parallelto the
WT IncNAT2 under 35S promoter in Col-0 background. Additionally, unlike pORF1 and 2, pORF3
can potentially encode a peptide of 103 amino acid long, a condition that would disqualify INCNAT2
as IncRNA (Ben Amor et al., 2009) (Figure 7 C). Therefore, an additional mutant variant was
generated in which only the translation start site of pPORF3 was mutated (IncNAT2_mut_ORF3) to
CCC by SDM. Thus, in Mut_IncNAT2 the possibility of peptide synthesis from all pORFs was
eliminated while in INcNAT2_mut_ORF3 other pORFs can still be translated. In silico structural
analysis showed that mutation(s) minimally affects the overall INCNAT2 structure. Also, the levels
of overexpression were confirmed in all lines (Mr. M. Heidecker, personal communication).

Phenotypic analysis of Mut_IncNAT2 and IncNAT2_mut_ORF3 was carried as described earlier
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(section 5.3 and 5.4). Overexpression of WT IncNAT2 or Mut_IncNAT2 resulted in increased
rosette area compared to Col-0 or to the plants transformed with the empty vector (Figure 13 A).
Three independent overexpression lines each for WT IncNAT2 or Mut_IncNAT2 consistently,

confirming that the observed global increase in rosette is due to the RNA molecule and not due to
the potential peptides.
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Figure 13: LncNAT2 is a bona fide long noncoding RNA. A) Genomic organization of IncNAT2 showing
pORF 1, 2, 3, 3’ and 4. White and red lines represent putative start and stop codon in wild type INCNAT2.
Black arrows denote ATG to CCC mutation at the translation start site (ATG) for pORF1, 2, 3 and 3’ in
Mut_IncNAT2 (top). Box plots showing rosette area from one representative experiment at 25 DAS for Col-
0, empty vector, and overexpression lines of WT IncNAT2 and mut_IncNAT2 (bottom). n=18, *p<0.05, one-
way ANOVA. B) Scheme of mutagenesis for pORF3 (top). Data from 1 out of 2 independent experiments
with similar results showing quantification of rosette area for Col-0 and empty vector and overexpression
lines of INCNAT2_mut_ORF3 at 25 DAS. n=15, *p<0.05, one-way ANOVA.

Three independent overexpression lines of INCNAT2_mut_ORF3 viz: #5.2, #7.2, and #12.5
also showed the same phenotypic effects to that of the INCNAT2 overexpression lines confirming
that peptide encoded by pORF3 cannot be the causative factor for increase in rosette area (Figure

13 B). Itis to be noted that the comparison of mutant lines was always carried out with the freshly
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generated T3 transgenic lines overexpressing INcCNAT2 or transformed with the empty vector to
exclude the effects of seeds aging and differences in growth conditions. Also, in each experiment
Col-0 seeds were used that were harvested at the time of the collection of T3 seeds for different

transgenic lines.

5.7 LncNAT2 overexpression results in enlarged mesophyll cell size at the

leaf bottom

LncNAT2,0m::GUS showed stronger activity in developing leaves and its expression
decreases during leaf morphogenesis. Additionally, we found that number of leaves is not affected
due to the overexpression of INCNAT2 (Supplementary Figure 6). Therefore, development of larger
rosettes due to the overexpression of INCNAT2 could possibly occur as a consequence of
alterations in sub-anatomical parameters such as the number and/or size of cells. We confirmed
changes in rosette (Figure 13 A) and leaf (Figure 14 A) area in additional INCNAT2.x lines and
performed microscopic analysis.

The selection procedure of two 6" leaves for the microscopic analysis is described in the
following section. The plants were grown in the pots with soil under tightly controlled environment
in growth cabinet. Soon after the appearance of the 6" leaves all plants were marked. For the
selection of 2 individual 6" leaves from a pool of 15 plants, we first quantified rosette area 25 DAS
for INCNAT2.x #5.1, INCNAT20x #6.3 and INCNAT2,« #10.3 and Col-0 to confirm that phenotypic
effects are evident (Figure 14 A). Based upon similar median leaf area in different overexpression
lines, out of INCNAT2.x 6.3 and INCNAT2,x 10.3, INcNAT2,x 10.3 was chosen for microscopy. At 35
days these plants were further subjected for quantification of rosette area (data not shown).
Consequentially marked 6™ leaves from plants, which exhibited uniform and similar rosette area
nearer to the respective median value in each group, were dissected at 35 days, photographed
and quantified. Analysis of area of 6" leaf from 8 individual plants showed that phenotypic effects
due to INcNAT2 overexpression also occurs locally at individual leaf level. 6" leaf area in INCNAT 24«
10.3 line was significantly bigger than Col-0 (Figure 14 A). After verifying that area of individual
leaf is also affected due to overexpression of INCNAT2, we, proceeded to select and dissect 2
individual leaves from two different plants for Col-0 and IncNAT2. #10.3. Subsequently
microscopic analysis was performed according to a procedure reported earlier (Wang and Guo,
2015) (Supplementary Figure 7). Optical sectioning using differential interference contrast (DIC)
mode in light microscope (Apotome 2®) was performed for unstained and completely transparent

leaf segments from tip and bottom region of leaf to examine the effect of INCNAT2 overexpression.
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Analysis revealed that majority of adaxial epidermal cells at the bottom side of leaf showed typical
puzzle-like morphology (Sapala et al., 2019) with no apparent changes in the dimensions of cells
in Col-0 and INcNAT2.x #10.3 line. A few epidermal cells were extraordinarily bigger in size in
INCNAT2.x #10.3 compared to Col-0 both at the tip and bottom (Figure 14 B). Estimation of total
number of cells in a fixed area showed that epidermal and palisade mesophyll cells were
significantly less in INncNAT2.x 10.3 compared to Col-0 at the bottom (Supplementary Figure 8,
Table 6). The number of palisade mesophyll cells per image field is ~28% less in INCNAT2,x 10.3
than the Col-0 at bottom of leaf. While the size of palisade mesophyll cells was twice to that of
Col-0 in INcNAT2.x #10.3 line in same region of leaf indicating that the change in number of cells
is consequent to enlargement in area (Figure 14 B and Supplementary Figure 8). In contrast, with
the exception of few bigger cells, majority of epidermal cells in Col-0 and IncNAT2.x #10.3
exhibited similar cell area at the bottom of the leaf suggesting that IncNAT2 overexpression effects
in epidermis are less stronger than in mesophyll cells. However the total numbers of all cell types,
excluding guard cells, in bottom epidermis layer is significantly smaller in INCNAT2,«x 10.3
compared to Col-0.

Interestingly, examination of cellular changes at the tip of leaf due to the InCNAT2
overexpression showed no apparent differences in size and number of either of the selected cell
types between Col-0 and INncCNAT2.x #10.3 (Figure 14 B and Supplementary Figure 8). Due to a
large variation in the size of different cell sub-types in epidermis layer, an overall rough
approximation for total number of cells in complete leaf using mesophyll cells was easier. The
median area of mesophyll cells from both the tip and bottom was used for calculation of number
of mesophyll cells in the entire leaf. Compared to Col-0, INncNAT2. #10.3 showed a total of ~16 %
decrease in the number of mesophyll cells in the whole leaf (Table 6). However ~16% reduction
in number of cells could not be strictly correlated with ~2 fold increase in area of cells as described
above. Thus, our results suggest that INcNAT2 induced effects are more localized at bottom region

of leaf and are stronger in the mesophyll cells.

To examine if the overexpression effects of Mut InCNAT2 are similar to that of the
overexpression of WT IncNAT2, we performed the same microscopic analysis. The phenotypic
output due to the overexpression of Mut_INCNAT 2. #16.2 is comparable to that of INCNAT 2.« #10.3
(Figure 14 A). Overexpression of Mut_IncNAT2.x #16.2 also affected mesophyll cell area only at
the leaf bottom similar to that of INcCNAT2,« #10.3 (Figure 14 B, left). Compared to Col-0, both
Mut_IncNAT2.x #16.2 and INcNAT2,, #10.3 lines constantly exhibit bigger area for mesophyll cells
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at the bottom of leaf suggesting that phenotypic changes occur due to the RNA and not by the
peptides.
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Figure 14: Macroscopic and microscopic effects of the overexpression of IncNAT2 and mutated

INcNAT2 (Mut_IncNAT2). A) Quantification of 6" leaf area from 35 DAS Col-0, empty vector, and
overexpression lines (indicated by number after name of genotype) of INncNAT2 and mut_IncNAT2.
n=8, * p<0.05 (one-way ANOVA). B) Box plot showing area of mesophyll (left) and epidermal (right)
cells in tip and bottom regions of the leaf (upper panel). Representative pictures showing one
highlighted mesophyll (left) and epidermal (right) cell in tip and bottom region of the leaf (lower panel).
A total of 726 to 1321, and 599 to 979 mesophyll cells were used to determine cell area in tip and
bottom regions, respectively. For epidermal cells, a total of 449 to 505 and 262 to 362 epidermal cells
were used to quantify cell area in tip and bottom regions, respectively. Box plots shows 5-95 percentile
and outliers are indicated. * p<0.05, one-way ANOVA. Scale bar 100 pM.
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Epidermal cells were not affected though the presence of few exceptionally bigger cells
observed again in Mut_IncNAT2.x #16.2 compared to Col-0 (Figure 14 B, right). The number of
cells remained unaltered at the tip region of leaf in Mut_IncNAT2 16.2 for both the mesophyll and
epidermal cells while a similar effect was observed at bottom region of leaf (Supplementary Figure
8). Collectively, our analysis ratifies that the INcCNAT2 affects leaf size in A. thaliana, acting as a
bona fide NAT-IncRNA.

5.8 Phenotypic effects of UGT73C6 overexpression and downregulation

In order to analyze and independently reproduce reported results (Husar et al., 2011) for
UGT73C6, we overexpressed the gene in a manner similar to INcNATs-UGT73C6 overexpression.
Levels of overexpression of four independent lines are shown in Figure 15 B. The representative
images of plants (Figure 15 A) show that out of 3 overexpression lines, only UGT73C6x #9.5, with
115 fold higher levels of UGT73C6, show skewed leaf morphology with reduced growth compared
to Col-0. UGT73C6ox #4.2 and #14.2 plants with respective 30 and 41 fold higher levels of
UGT73C6 showed no obvious cabbage phenotype as reported earlier (Husar et al.,, 2011).
Moreover, alterations in leaf morphology (Figure 15 A, UGT73C6ox #5.1 and #14.2) could only be
observed when the plants were grown at high light intensity (150 ymol-m2-st instead of 100-120
umol-m2.s? applied for phenotypic analysis of INncNATs-UGT73C6). Unlike UGT73C6,
overexpression of UGT73C5 consistently displays a typical BR deficiency phenotype (Figure 15
A) independent of the light intensity. Thus, in our analysis, UGT73C6 overexpression does not
lead to a clear distinguishable phenotype characteristic of BR deficiency (Gonzalez et al., 2010).
These results provide a basis to argue that UGT73C6 potentially does not play a primary role in

maintaining BR homeostasis in A. thaliana.

On the other hand, to analyze the effects of UGT73C6 downregulation, a previously
described T-DNA insertion mutant line (SAIL_525 HO07) (Jones et al.,, 2003) for UGT73C6
(ugt73c6ko) was used. Exact location of the insertion in the mutant line ugt73c6x, was confirmed
by genotyping using specific primers that binds in the insert and in the UGT73C6 sequence.
Consequently, sequencing of the PCR fragment amplified over genomic ugt73c6x, DNA template
showed that the T-DNA is inserted at the 3’ end of UGT73C6 coding region, 1440 bp downstream
of UGT73C6 transcription start site (Figure 16 A). gPCR quantification over cDNA performed with
a gene specific primer (Table 7) that binds upstream of the T-DNA insertion (Figure 16 B) showed
that the expression of UGT73C6 is significantly abolished in the mutant line (Figure 16 B).
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Figure 15: Effect of UGT73C6 overexpression over INCNATs-UGT73C6 levels. A) 4 week old
representative plants overexpressing UGT73C6 or UGT73C5. B & C) Levels of expression for
UGT73C6 and INcNATs-UGT73C6 in WT and UGT73C6_, lines. Fold induction is indicated with respect
to Col-0. D) gPCR quantification of INcNATs-UGT73C6 in WT and UGT73C6_, #9.5. For cDNA
synthesis, INcCNATs-UGT73C6 specific primer was used in (left) while cDNA synthesis was performed
by employing primer that binds to IncNATs-UGT73C6 transcripts originating specifically from the
complementary strand of transgenic UGT73C6_, copy (right). UGT73C6_, constructs carry a linker
sequence at 5’ end from the vector. E) Relative expression levels of IncNATs-UGT73C6 and UGT73C5
in Col-0 and UGT73C5_,. 10 DAS seedlings used in all gPCR quantifications. +SD, * p<0.05. n=3,
Student’s t-test.

52



Results

A)

T-DNA insertion

UGT73C6

1 1 ]
LncNAT1
s —--- I
LncNAT2
C
B) )
ns
0.4+ S
Em [ ncNATs-UGT73C6 — T
EE LncNAT? . « 20+
§ 0.3 =W UGT73C6 £
: mm UGT73C5 g 15- .
£ 0.2 ©
2 g 10+
0 I I
Col-0 ugt73cé,, Col-0 ugt73c6,,

Figure 16: T-DNA insertion in ugt73c6ke does not affect rosette area and expression of IncNATs-UGT73C6.
A) Genomic organization of T-DNA insertion line ugt73c6k.. B) gPCR showing UGT73C6 transcript levels in Col-
0 and ugt73c6k.. Depicted levels shown are average of 5 biological replicates. ** p<0.001, error bars represent
+SD, (student t-test). C) Box plot from 1 out of 3 independent experiments with similar results showing rosette
area of 25 DAS Col-0 and ugt73c6y plants. n=30, p>0.05, One-way ANOVA.

Subsequent quantification of rosette area at 25 DAS displayed that ugt73c6x, and Col-0
shows similar size (Figure 16 C). Collectively, these experiments clearly exhibited that rosette size
is not affected due to absence of UGT73C6 and only slight morphological changes takes place by

high levels of UGT73C6 overexpression.
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5.9 Effects of alteration in INcCNATs-UGT73C6 expression over UGT73C6

and vice-versa

Previously it has been shown that the reported NAT-IncRNAs in A. thaliana vis-a-vis
regulate the expression of associated sense genes transcriptionally or post- transcriptionally via
different mechanisms (Magistri et al., 2012; Ariel et al., 2015; Marchese et al., 2017). Among
several possible means of gene regulation by INcNATs-UGT73C6, silencing of sense gene
expression by nat-si-RNAs, which are generated due to DICER activity over complementary
double-stranded sense and antisense RNA transcripts. Based upon previous reports (Borsani et
al., 2005; Held et al., 2008), it was highly anticipated that NAT-IncRNAs can serve as precursors
for nat-si-RNAs production because two complementary endogenous RNA molecules can form
dsRNA leading to the generation of siRNAs due to DICER activity that is followed by RISC
cleavage. Consequently, we postulated whether IncNATs-UGT73C6 forms a locus oriented
regulatory circuit to downregulate not only UGT73C6 but also other closely related UGT73C family
members due to high sequence similarity. Previous investigations showed that transient co-
expression of INcNATs-UGT73C6 with UGT73C family members in N. benthamiana can induce
their downregulation (de-Vries, 2014). In this host, INcNATs-UGT73C6 significantly downregulate
UGT73C6 and UGT73C5 in addition to other UGT73C sub-family members when co-expressed
(de-Vries, 2014). (Figure 6).

In order to check whether the above observation hold true for A. thaliana, we analyzed the
levels of UGT73C6 and its closest homolog UGT73C5 in previously mentioned IncNATSs-
UGT73C6 overexpression lines and downregulation lines. Independent overexpression lines for
each of INcNAT1 and 2 showed an unexpected elevation in the endogenous levels of UGT73C6
whereas UGT73C5 remains unaltered (Figure 17). In contrast, the downregulation of INCNATs-
UGT73C6 up to a maximum extent of ~53% to ~35% in amiRNA lines showed no detectable
differences (p >0.05) in levels of UGT73C6 and UGT73C5 compared to samples corresponding
to plants transformed with the empty vector (Figure 17). Moreover, preliminary data indicated that
alteration in IncNATs-UGT73C6 quantity did not affect transcript abundance of other UGT73C

sub-family members.

54



Results

4-mm UGT73C6 . 1.5-mm UGT73C5
S 3 * S
g § 1.0
(O] (O]
> >
= = 0.5+
©
21 8
0- 0.0~
S @ 9
K\ X\ S &
& N \;\w \é\(w \é\rw
& & & & &
& SN
3-mm UGT73C6 37m= UGT73C5
& S
‘w 9| 0 9_|
g2 g
o o
& S
] (D)
% 14 % 14
[ ©
0- 0
$ %N < N
@‘3\0 N Y o BN ‘b('bq/
N
S & ¥ ¥ SIS R
N2 I I < &£ &

Figure 17: Effects of alterations in INcCNATs-UGT73C6 expression levels over UGT73C6 or
UGT73C5 in trans. gRT-PCR expression analysis of UGT73C6 (left) and UGT73C5 (right) in
transgenic 14 DAS A. thaliana plants overexpressing (upper panel) or downregulating (bottom
panel) INcNATs-UGT73C6. Results from 1 representative experiment out of 3 with 3 biological
replicates. Error bars indicate standard deviation (xSD), * p<0.05, Student’s t-test.
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In addition, we argued if UGT73C6 overexpression affects expression of endogenous
INcNATs-UGT73C6. gPCR quantification over cDNA synthesized using gene specific primers
showed a concomitant increase in levels of IncNATs-UGT73C6 in the transgenic lines
overexpressing UGT73C6 (Figure 15 C). Extent of upsurge in INCNATs-UGT73C6 abundance was
comparable to the magnitude of UGT73C6 overexpression in different lines. A maximum of 115
fold increase in expression of UGT73C6 in UGT73C60x #9.5 line induced ~25 fold increase in
INcNATs-UGT73C6 compared to ~6 and ~8 fold elevation in low overexpression lines UGT73C6ox
#5.1 and #14.2 that express respective 30 and 41 fold higher UGT73C6 than Col-0 (Figure 15 C
& B). To differentiate whether the observed increase in INcNATs-UGT73C6 arises from
endogenous promoter activity or from the potential effects of 35S::UGT73C6 copy, cDNA
synthesis was accomplished in Col-0 and UGT73C6qx #9.5 line using primers (Table 7) that either
binds to the 3’ end of INcNATs-UGT73C6 or to the transcripts containing the 28 nt sequence
corresponding to the linker region from pB7WG2 binary vector in 35S::UGT73C6 (Supplementary
Figure 9 A). Data shown in Figure 15 D confirms that elevated levels of INcNATs-UGT73C6 in the
UGT73C60x #9.5 arise from the 35S transgenic allele of UGT73C6 and that endogenous INCNATs-
UGT73C6 promoter activity does not contribute to the induction in levels of INCNATs-UGT73C6
upon UGT73C6 overexpression. Further sequencing of PCR product for IncNATs-UGT73C6 over
cDNA synthesized with the oligonucleotide binding the sequence complementary to the linker
region showed that accumulated IncNATs-UGT73C6 does not undergo splicing unlike
endogenous INcNATs-UGT73C6 in Col-0’ suggesting that they are the RDR products generated
over UGT73C6 mRNA. In contrast, UGT73C5 overexpression does not affects the expression of
INcNATs-UGT73C6 (Figure 15 E) suggesting that observed affects are specific to UGT73C6
although both genes are sister pairs (Figure 3). Our results indicate that potential RNA dependent
RNA-polymerase (RDR) activity upon UGT73C6 overexpression might be a reason for the
elevation in levels of unspliced transcript corresponding to full length IncNAT1.Therefore, we
concluded that overexpression of UGT73C6 does not affects the endogenous levels of INCNATs-
UGT73CE6.

5.10 LncNATs-UGT73C6 do not function via BR pathway

UGT73C6 and UGT73C5 are shown to deactivate brassinosteroids by 23-O-glycosylation
(Husar, 2011;Poppenberger, 2005). To further examine the prospect of a BR driven anticipated
gene regulatory loop amongst UGT73C6, UGT73C5 and IncNATs-UGT73C6, we evaluated the

7 These experiments were independently verified by Mr. M. Heidecker as part of his Master thesis
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effect of most active BR, epi-brassinolide (epi-BL) in Col-0 according to reported procedure (Husar
et al., 2011). Detailed time course expression analysis by gPCR over a 24 hour period showed
that control genes respond quickly soon after epi-BL treatment. 1 uM of epi-BL treatment induced
consistent downregulation for chosen control BR biosynthetic genes viz: BRASSINOSTEROID-6-
OXIDASE 2 (BR60x2) and CYTOCHROME P450 90B1 (DWF4) post 0.5 hours (Supplementry
Figure 10 B). Control BR catabolic gene PHYB ACTIVATION TAGGED SUPPRESSOR 1 (BAS1)
was induced as early as 1 hour (Figure 18 A). Conversely, INCNATs-UGT73C6 remained largely
unresponsive throughout the assay points except for a marginal but significant induction in
transcript levels only at 2 and 3 hour after treatment (Figure 18 B). Except for a slight induction of
UGT73C6 at 3 hour post treatment, both UGT73C6 and UGT73C5 were found to be largely
unaffected by epi-BL treatment (Figure 18 C and D) in agreement with previously published reports
(Husar et al., 2011).

To further support above findings that INncNATs-UGT73C6 role is probably independent of
BR pathway, we analysed expression levels of ROT3 and EXP8 in the transgenic lines in which
INcNATs-UGT73C6 are overexpressed or downregulated. ROT3 is required in late steps in BR
biosynthesis whereas EXP8 is a BR signalling gene and both genes are reported to play role in
leaf development (Tsuge et al., 1996; Kim et al., 2005; Marowa et al., 2016). UGT73C5.x line has
been included as postive control and shows significant alteration in expression levels (compared
to Col-0) not only for ROT3 and EXP8 but also for two additional BR metabolic genes viz: BR60x2
and CONSTITUTIVE PHOTOMORPHOGENIC DWARF (CPD) (Figure 19 A) confirming that
UGT73C5 overexpression alters BR levels in planta as proposed previously (Poppenberger et al.,
2005). Two independent INcNAT2 overexpression lines, which show incresed rosette area (Table
3), exhibited no changes in ROT3 and EXP8 levels in comparision to Col-0. Also amiRNA 1.3.3
downregulation line did not exhibit a clear antagonistic expression pattern, with respect to
INcNAT2.« lines, for ROT3 or EXP8 (Figure 19 B). To further exclude that INcNATs-UGT73C6
function is independent of BR signalling, measurements for etiolated hypocotyl growth were
perfomed according to established procedure (Espinosa-Ruiz et al., 2015) using Col-0, INCNAT2,x
6.3 and amiRNA 1.3.3 lines. As expected, hypocotyl length was significantly shorter for
UGT73C50x and cpd insertional mutant (kindly provided by Prof. M. Quint) used as control in
contrast to Col-0 while INCNAT 2., #6.3 and amiRNA 1.3.3 showed no phenotypic effect (Figure 19
C).
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Figure 18: LncNATs-UGT73C6 expression is not induced by epi-BL. 7 DAS seedlings were treated
either with DMSO as control or 1uM epi-BL. qPCR expression analysis shows quantification of transcripts
for control BR catabolic gene, BAS1 (A), IncNATs-UGT73C6 (B), UGT73C6 (C) and UGT73C5 (D) at
different assays points. Data shown are combined from 3 independent experiments with 9 biological
replicates in B, C and D. Values shown in A at time points viz; 10, 30 and 60 min are average from 2
biological replicates from two independent experiments while at time point 0 H, 2 H, 3 H and 24 H details
are same as stated for B to D. Error bars are +SD, * p<0.05, Student’s t-test.
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Figure 19: Alterations in IncNATs-UGT73C6 expression levels neither affects BR biosynthetic and
signaling genes nor results in BR deficiency phenotype. BR metabolic genes expression levels
qguantified in Col-0 and UGT73C5.« (A) as a control to assess the effects of INCNATs-UGT73C6
overexpression or downregulation over BR biosynthetic gene, ROT3, or over the signaling gene, EXP8
(B). Experiment showing the length of etiolated hypocotyls for dark grown seedlings for indicated
genotypes. UGT73C5.,«x and T-DNA insertion mutant for CONSTITUTIVE PHOTOMORPHOGENIC
DWARF (CPD) are shown as control (C). (A to B) Error bars are +SD, * p<0.05. n=3, Student’s t-test. C)
n=40 seedlings, * p<0.05, (one-way ANOVA).

Taken together we conclude that mentioned phenotypic effects on rosette area (Sections
5.3, 5.4 and 5.5 ) are not a consequence of BR driven regulatory loop employing InCNATs-
UGT73Ce6.
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5.111Insights into the effect of genomic context over the expression of
INcNATs-UGT73C6, UGT73C6 and UGT73C5

Function of IncRNAs in cis or trans has been shown to be affected by the location of
genomic locus (Kung et al., 2013; Han et al., 2018). Our results that were obtained after ectopic
overexpression in A. thaliana highlighted role of IncNATs-UGT73C6 in trans. It has been shown
previously that specific genomic location can play crucial role in activation or repression of target
genes by IncRNAs (Shechner et al., 2015). For instance in case of a novel NUCLEAR ENRICHED
ABUNDANT TRANSCRIPT 1 (NEAT1) IncRNA, the act of transcription at a particular genomic
location itself was sufficient for its biological function related to paraspeckle (ribonucleoprotein
bodies) formation (Mao et al., 2011). Observations from previous studies also prompted us to
analyze the effect of proximity of UGT73C6 with UGT73C5 at the UGT73C locus to get an insight
into the effect of locus over the expression INCNATs-UGT73C6 both in and out of its genomic
context. Moreover, such analysis can further help to understand the potential cis and/or trans roles
of INcNATs-UGT73C6. Consequently, in order to evaluate the possible effect of genomic context
over the expression profiles of INCNATs-UGT73C6, UGT73C6 and neighboring UGT73C5 we
employed toxin response assays using a type B trichothecene mycotoxin viz: Deoxynivalenol
(DON). Expression of UGT73C6 and UGT73C5 have been previously reported to be induced by
the DON (Husar et al., 2011). To assess as how DON treatment affect induction and if position of
locus plays role in the transcription of above genes, we employed reporter GUS and translational
fusion lines. For INcNAT1 and INcNAT2, prom::GUS lines were used while UGT73C6prom::UGT73C6-
GUS, and UGT73C5pom::UGT73C5-GUS (kindly provided by Prof. B. Poppenberger) translational
fusion lines were selected for UGT73C6 and UGT73C5. 7 days old seedlings grown in liquid %2
MS media were exposed to either 16.9 um of DON dissolved in ethanol or to the same volume of
ethanol as control for 4 hours. Qualitative assay showed that GUS staining for INCNAT 2prom::GUS
remained apparently similar for DON treated and ethanol treated control samples (Figure 20 A).
Also, INcNAT1p0om::GUS activity showed no differences for GUS staining between treated and
untreated samples (Supplementary Figure 11 B). UGT73C6pom::f-GUS line showed enhanced
GUS staining upon DON treatment (Figure 20 B). However no noticeable apparent changes were
observed in treated versus untreated samples for UGT73C5pom::f-GUS line (Figure 20 C).
Different primers were used in cDNA synthesis for the further quantification by gqPCR to
discriminate whether the resulting transcripts originate from the endogenous gene in case of

INcNATs-UGT73C6 or from the endogenous plus the additional copy in the case of UGT73C6 and
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UGT73C5 (gene specific primer) or from the randomly inserted transgenic alleles (GUS-specific
primer) (Supplementary Figure 9 B). gPCR analysis involving quantification with gene specific
primer showed that the transcription of INncNATs-UGT73C6, UGT73C6 and UGT73C5 genes is
strongly induced by DON treatment in Col-O and respective GUS fusion lines (Figure 20 A, B &
C). In contrast, measurements of GUS specific transcripts showed no changes in expression
levels for INCNATZ2p0m::GUS after DON treatment (Figure 20 B). UGT73C6pom::f-GUS showed
strongest elevation both in UGT73C6 and GUS transcripts, that were close to two fold compared
to DON treated Col-0 seedlings, implying that the promoters of UGT73C6 responds in similar
manner to DON treatment in and out of the genomic context (Figure 20 B). On the other hand
UGT73C5 levels after DON treatment were nearly similar in Col-0 and UGT73C5prom::f-GUS.
However, the observed higher levels of GUS transcripts for DON treated prom::f-GUS lines did not
perfectly match with the quantified levels of UGT73C6 and UGT73C5 that were quantified using
gene specific primers. These data suggest that, similar to UGT73C6, expression of UGT73C5 is
also independent of the genomic context although the levels of induction seems to have an upper
limit for UGT73C5. Furthermore, the potential stabilizing effects of GUS sequence over the
unstable UGT73C5 or UGT73C6 mRNAs seems to contribute to the increased expression levels
of both genes (Figure 20 B & C). Considering the ethanol treated samples, it is important to take
into account that the basal expression levels of UGT73C5 in pom::f-GUS line are close to double
in basal conditions compared to ethanol treated Col-0 (Figure 20 C). Conversely, presence of an
extra copy of UGT73C6 in UGT73C6pom::f-GUS does not result in expected doubling of the
expression levels (Figure 20 B). On the other hand, unlike UGT73C5, DON treatment induces full
induction of UGT73C6 independent of the genomic context for both copies. Comparable
expression levels after DON treatment in Col-0 and UGT73C5,0m::f-GUS suggest that the
endogenous copy of UGT73C5 is fully induced while the out of the context copy is not. This
observation highlights that UGT73C5, which doesn’t have an associated NAT-IncCRNA, responds
differently to DON treatment when in and out UGT73C locus.

Out of the genomic context INCNAT2p0m::GUS allele showed no changes in GUS mRNA
levels suggesting that elevation in levels of INCNATs-UGT73C6 in Col-0 or in INCNAT2prom::GUS
after DON treatment may not be dependent over the promoter activity of INncNAT2 (Figure 20 A).
Collectively, our analysis suggest that out of the context allele of IncNAT2 can be transcribed
independent of the locus as described earlier (section 5.1, Figure 8 A and Supplementary Figure
1) but remains to be unaffected by DON treatment (Figure 20 A). Unlike INCNAT2pom::GUS, a small

scale induction in the levels of GUS transcripts was observed for INCNAT 1,0m::GUS after DON
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Figure 20: Expression of IncNAT2, UGT73C5 and
UGT73C6 is independent of genomic context. 7 DAS
seedlings were treated either with 16.9 pM deoxynivalenol
(DON) or ethanol (control). Representative pictures are
shown for mock and DON treatment for IncNATmem::GUS
(A) and translational fusions of UGT73C6 (B) and UGT73C5
(C). gPCR quantifications for transcripts arising from
endogenous, (plus exogenous for genes carrying fusions)
copies or from exogenous copies of the gene of GUS. In
gPCR measurements, endogenous transcripts were
differentiated from the transcripts arising out of transgenic
copies by employing GUS specific primer in cDNA synthesis.
Endogenous transcripts measurements include contribution
from both copies in indicated genotypes. Respectively
guantified gene is indicated in each bar chart. (bottom panel
A to C) Error bars are £+SD, * p<0.05, n=3, Student’s t-test.
Scale bar 1 mm.
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To further discriminate whether accumulated IncNATs-UGT73C6 transcripts are of
INcNAT1 or IncNAT2 or from both, we performed RT-PCR for full-length endogenous IncNATs-
UGT73CE6 transcripts in DON and ethanol treated samples. Results showed that a major portion
of accumulated endogenous INcCNATs-UGT73C6 transcripts after DON treatment corresponds to
the size of unspliced INcNAT1 molecule indicating that high levels of endogenous INnCNATSs-
UGT73C6 are mainly due to IncNAT1 (Ms. Susane Engelmann, personal communication). These
data suggest that observed high levels of INCNATs-UGT73C6 in DON treated samples could be
due to potential RDR activity as described earlier for the overexpression of UGT73C6 (Figure 15
C and D).

5.12 LncNATs-UGT73C6 downregulation in cis causes pleotropic defects at

early developmental stages
As mentioned earlier that INcNATs-UGT73C6 is fully complementary to UGT73C6 and,

also, part of the promoter sequence upstream of annotated INCNAT2 start site lies within the coding
sequence of this gene. Due to this fact a strong constraint is imposed for the elucidation of the
role of INcNATs-UGT73C6 particularly in cis unlike the analysis of INncNATs-UGT73C6 in trans by
amiRNAs as shown in Figure 11. We were inspired by the following observations from ugt73c6u.
mutant line viz: 1) T-DNA insertion in 3’ region of UGT73C6 significantly abolished UGT73C6
expression (Figure 16 B), 2) rosette area remains un-affected in ugt73c6x, compared to Col-0
(Figure 16 C), 3) IncNAT2 is expression is not reduced in ugt73c6y, (Figure 16 B) and 4) UGT73C5
expression also remained unaffected (Figure 16 B) suggesting that insertion of T-DNA does not
affect the closely related gene. Consecutively, to study of the role of INCNATs-UGT73C6 in cis we
employed CRISPR/Cas9 gene-editing approach in A. thaliana (Aparicio-Prat et al., 2015; Tsutsui
and Higashiyama, 2017). A double CRISPR guide RNA approach was adopted to knockout
INcNATs-UGT73C6 at different regions by different combinations of primers (Figure 21 A and
Table 7). T1 positive transformants were selected based upon the fluorescence of seeds due to
GFP expression driven by a seed-coat-specific promoter and successively the identity of T, and
T3 homozygous knockout lines was confirmed by genotyping and sequencing (Supplementary
Figure 12). For complete and partial deletion of IncNATs-UGT73C6, Cr_Incnats_13.3 and
Cr_Incnats #18.2 lines respectively were selected in the Col-0 background for further analysis. In
Cr_Incnats #13.3 1750 bp of target sequence, starting at 45 bp downstream of annotated INncNAT1
transcription start site until 183 bp downstream of annotated 3’ end of INCNATs-UGT73C6, was
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deleted leading to removal of INcCNAT1 and 2 and UGT73C6 sequences. While Cr_Incnats #18.2
line harbors a 603 bp long deletion at the 3’ end of INcCNATs-UGT73C6 (Figure 21 A).
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Figure 21: Effects of INcCNATs-UGT73C6 knockout in cis. A) Schematic showing CRISPR/Cas9 partial
and full deletion of INcNATs-UGT73C6 in Col-0 background. B and C) Expression levels of IncNATs-
UGT73C6 and UGT73C5 in knockout lines compared to Col-0. Error bars are £+SD, *p<0.05, n=3,
Student’s t-test. D) One out of three independent experiments showing quantified rosette area for 25 DAS
plants grown in growth cabinet. n-20, p>0.05, one-way ANOVA. E) 10 days old A. thaliana seedlings
showing effects of INCNATs-UGT73C6 knockout in Cr_IncNATs #18.2 line compared to Col-0 (top panel).
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The frequencies of asymmetric and trilateral symmetry of cotyledons in Cr_IncNATs #18.2 and Col-0 is
shown (bottom panel).
gPCR data shows complete knockout of INcCNATs-UGT73C6 in Cr_Incnats #13.3 while

70% knockdown was achieved in Cr_Incnats #18.2 line that potentially expresses the first 509 nt
of the long INcNATs-UGT73C6 with a truncated 3’ end (Figure 21 B). Additionally, small effect over
the UGT73C5 expression was observed (Figure 21 C). Surprisingly, in contrast to effects of
downregulation of INcCNATs-UGT73C6 in trans (Figure 11 D), measurements of leaf area at 25D
under controlled conditions showed plants with no changes in rosette leaf area when INCNATSs-
UGT73C6 are fully or partially knocked out in cis compared to Col-0 (Figure 21 D). Careful
phenotypic observation of different developmental stages showed that knockdown of INnCNATs-
UGT73CE6 in cis causes pleiotropic effects leading to early developmental defects in a small part
of the population (Figure 21 E). 10 to 14 days old seedlings of CRISPR/Cas9 knockout lines for
INcNATs-UGT73C6 showed that the shape of cotyledons turns asymmetric in subpopulation for
Cr_Incnats_18.2 lines compared to Col-0 (Figure 21 E). In addition to above effects, Cr_Incnats
#18.2 line showed seedlings with trilateral symmetry i.e. 3 cotyledons (Figure 21 E). The frequency
of asymmetric cotyledons and trilateral symmetry shown in Figure 21 E. These data suggest that

INcNATs-UGT73C6 could play a role during early developmental stages.

5.13 LncNAT2 knockout in cis partially affects GRFs expression

As mentioned before, changes in INcNATs-UGT73C6 expression does not affect
expression levels of UGT73C6 or closely related UGT73C family members in trans (Figurel?).
Also, downregulation of UGT73C6 in ugt73c6x, mutant showed that rosette area is not affected
(Figure 16 C) while at the same time promoter elements downstream of T-DNA insertion in
ugt73c6y are sufficient enough to drive the transcription of INCNATs-UGT73C6 to similar or slightly
higher levels than that of Col-0 (Figure 16 B). These data provided a strong line of evidence that
INcNATs-UGT73C6 mediated phenotypic effects are independent of UGT73C6 and that INnCNATs-
UGT73C6 do not establish a locus specific feedback regulatory loop for UGT73C6, UGT73C5 and
other UGT73C family members unlike as observed in previous transient transformation assays

using N. benthamiana (de-Vries, 2014).

Our analysis showed that INcCNAT2,0m::GUS activity is stronger in nascent young leaves

and that tends to confine at the bottom region of leaf blade as the leaf matures (Figure 23).

Interestingly, INCNAT2,0m::GUS expression pattern is similar to that of the GRFs (Debernardi et

al., 2012). GRF1 to 9 are expressed in A. thaliana and in association with the products of GIF1, 2

and 3, form regulatory complex at protein level to modulate various aspects of organ growth by
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actively participating in cell division and differentiation processes (Omidbakhshfard et al., 2015)
which helps in determination of the final organ size. Interestingly, mir396a and b are expressed in
the leaf tip and due to their complementarity with GRFs, they direct cleavage of GRFs mRNA
resulting in an antagonistic expression patterns at the bottom and tip of the leaf (Debernardi et al.,
2012). Furthermore, in silico analysis showed that a 20 nt long stretch of RNA sequence in
INcNATs-UGT73C6 molecule near the 5 end of INCNAT2 is partially complementary to miR390
and forms a small bulge at the 11" nucleotide position that is required for endonucleolytic cleavage
of target substrate mMRNAs that is guided by miR396 (Figure 23). Early developmental defects,
similar to knockout of INncNATs-UGT73C6 in cis (Figure 21 E), have been previously reported for
the components of GRF-mir396 regulatory module (Kanei et al., 2012). Based upon these
observations we postulated that INncNATs-UGT73C6 can affect the magnitude of expression of

GRFs by acting as target mimic of miR396.

37 — Col-0 == Cr_IncNATs #13.3
oo Col-0 &@@ Cr_IncNATs #18.2
c * % *
S
B 24 i
) I
S i
X N
) N
o -
£ 11hele el
© 5
00—+ —m R i i i i i i
A AR R SRR AN e
S X X K S S KKK

Figure 22: Effects of alterations in INcNATs-UGT73C6 expression levels over GRFs expression.
Abundance of GRFs in Col-0 and CRISPR/Cas9 knockout lines of IncNATs-UGT73C6. Data are average
of 3 biological replicates. Error bars are +SD, * p<0.05, Student t-test.

Therefore, to prospect further into the potential underlining mechanism of IncNATs-
UGT73C6, we sought to evaluate the effect of alteration in INCNATs-UGT73C6 levels over GRFs
abundance in planta. gPCR expression analysis was carried out in selected overexpression lines

of INcNAT2 and CRISPR/Cas9 knockout lines of IncNATs-UGT73C6 using cotyledons or whole
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seedlings. A preliminary screening of effects of InCNAT2 overexpression showed a slight increase
in GRF4 and GRF9 levels while GRF 1 remained unaffected and GRF 2, 3, and 5 were patrtially
reduced upon overexpression of INcNAT2 compared to Col-0. GRF 4 and 9 are the most relevant
targets of mir396 regulatory module (Rodriguez et al., 2010). Unexpectedly, on the other hand,
Figure 22 shows the effect over GRFs expression upon knockout of INcNATs-UGT73C6 in cis.
GRF2, 3 and 8 showed the tendency of upregulation while GRF4 is slightly downregulated in
INcNATs-UGT73C6 knockout lines compared to Col-0. Other GRFs were not affected due to
knockout of INcNATs-UGT73C6. Notwithstanding, further in vivo and in vitro studies are required
to validate if the INCNATs-UGT73C6 acts as a target mimic of miR396. Also, dissection of young
leaves into bottom and tip might facilitate to better resolve the expression analysis because GRFs
are expressed in the bottom of leaves (Debernardi et al., 2012).
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6 Discussion and future prospects
6.1 Expression of IncNATs-UGT73C6 in A. thaliana

LNcNATs-UGT73C6 were originally annotated in publicly available databases TAIR
(Arabidopsis information resource) and ARAPORT (Cheng et al., 2017) from RNA seq expression
profiling studies as the two potential non-protein coding transcripts that originate from the opposite
DNA strand of UGT73C6. As a firsthand attempt to investigate the functional relevance of both
INcNAT1 and IncNAT2, we sought to detect the INcNATs-UGT73C6 transcripts in A. thaliana. TAIR
reported apparently similar 3’ end for both the transcripts. Therefore, using primers that binds to
the annotated 3’ ends in cDNA synthesis reaction, INcNAT2 could be detected by RT-PCR using
primers that amplifies full length annotated INcNAT2 (Figure 8 B). However, we could not detect
reported INCNATL1 using similar strategy (data not shown) indicating that INncCNAT1 transcription
start site could be further downstream of the reported 5 end. Subsequently walking RT-PCR
method was adopted involving adjoining primers combinations at the different locations
downstream of annotated 5’ end. Using a forward primer annealing 108 nt downstream of the
annotated 5’ end in combination with the reverse primer, that bind upstream of INncCNAT2 start site,
we were able to amplify fragment of IncNAT1 (Figure 8 B). Such discrepancies with regard to
databases could happen because of the ‘reference annotation based transcript assembly’
procedures in whole transcriptomic approaches for e.g. RNA-seq which often relies over the
annotation of short sub-sequence of a cDNA sequence, termed as expressed sequence tags
(EST), with already existing reference genome. The number of reeds, their alignment, and other
factors may limits the resolution strength of RNA-seq as far as precise annotation of the exact
ends of the transcripts is concerned (Ozsolak and Milos, 2011). Nevertheless, unlike INcCNAT2,
detected INcNAT1 was found to be shorter than the annotated version. These studies were further
supplemented by ‘circular 5’ rapid amplification of cDNA ends’ (RACE) and conventional 3' RACE
for INcNAT1 and IncNAT2. RACE analysis showed that INncNATs-UGT73C6 carry characteristic
RNA Pol Il polyadenylation mark, (poly-(A) tail), and slightly differ with reported ends of INCNATs-
UGT73C6 (Triller, 2019) indicating that in addition to alternative transcription initiation, potential
leaky termination similar to reports in yeast (Candelli et al., 2018) may also be a source for
variations in 3’ ends of IncNATs-UGT73C6 transcripts. Such genomic DNA elements and
mechanistic features of transcriptional apparatus are in fact viewed as one of the evolutionary
means for generation of multiple transcripts isoforms as reported in case of animal studies (Reyes
and Huber, 2018). On the other hand alternative transcription initiation may simply be due to the
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transcription initiation by the polymerase from non-optimal start sites and consequential transcripts
may not carry functional or adaptive significance (Xu et al., 2019). This observation again
reinforces debate over ‘choice or noise’ conventions of INcRNAs (Louro et al., 2009). In contrast,
biologically relevant COOLAIR IncRNA exist as a pool of alternatively spliced isoforms of varied
length and additionally the transcripts terminates either early or extends further into
the FLC promoter region suggesting that loose regulation of transcription termination for IncRNAs
might be a general phenomenon (Marquardt et al., 2014). Additionally, we observed that ~50%
alternative splicing of IncNATs-UGT73C6 also contributes to overall diversity for the INncCNATSs-
UGT73C6 transcripts. It might be noted that, despite presence of conserved splice sites,
INcNATs-UGT73C6 are poorly spliced resulting in roughly equal proportions of spliced and
unspliced transcripts (Figure 8 E). Genome wide studies from animal sources pointed out that
splicing of IncRNAs is generally inefficient and is proportional to the strength of 5' splice site (5’ss)
altogether with the number of Thymidines (T), and thereby of Uracils (U), in the polypyrimidine
tract within the intron that facilitate spliceosomal assembly (Krchnakova et al., 2019). We analyzed
splicing at seedlings stage and, taking into account the observation that INcNATs-UGT73C6
expression vary during growth (Figure 8 C), it could also be possible that splicing of INCNATs-
UGT73C6 itself may be subject to developmental regulation. This could provide or limit sequence
specific interactions with regulatory factors, with respect to changing physiological contexts or
potential stress conditions similar to reported stress-specific INcCRNAs in A. thaliana (Calixto et al.,
2019).

Nonetheless, characteristic organ specific spatiotemporal expression of INCNATs-
UGT73C6, UGT73C6 and UGT73C5 further strengthened our assumptions that INnCNATs-
UGT73C6 could play biologically significant role in A. thaliana. Due to the lack of information
concerning the promoter region necessary for INcNATs-UGT73C6 transcription initiation and to
avoid the exclusion of potential upstream regulatory elements, our reporter GUS constructs
included up-to 2.5 kb sequence upstream of reported transcription initiation sites of INCNATSs-
UGT73C6. Since weaker IncNAT1 and stronger INncNAT2 expression is restricted to roots and
shoot tissues respectively (Figure 8 A and Supplementary Figure 1), further mapping of distinct or
shared IncNAT1 and IncNAT2 promoter sequences may shed light not only over the minimal
promoters but also to enable further investigations about regulatory elements and related
transcription factors that specifies different expression patterns of IncNATs-UGT73C6. However,
given the sensitivity and limitations of reporter GUS assays (Taylor, 1997), it could also be possible

that both INcNATs-UGT73C6 are expressed throughout plant organs to different degrees in
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various tissues and it might be the relative ratio that is relevant for organ or cell type specific
functions as shown for KIhl14-AS antisense IncRNA in mouse (Credendino et al., 2017). Although
we substantiated our reporter GUS assay results with other approaches e.g. RT-PCR & qPCR,
the observation that root specific InCNAT1 is also expressed in shoots (data not shown) supports
the above-mentioned assumption. Nevertheless, tissue specific pom::GUS activity, cytoplasmic
localization, longer RNA half-life (ti2) and developmentally regulated expression pattern of
INcNATs-UGT73C6 in A. thaliana laid down the foundations for their functional characterization
(Figure 8 and Supplementary Figure 1).

6.2 Role IncNATs-UGT73C6 in A. thaliana leaf development

Growth-stage based analysis (Boyes et al., 2001) of developmental phases showed that
phenotypic parameters such as root length, fresh weight and seed yield are not affected due to
alteration of INcCNATs-UGT73C6 levels (Supplementary Figure 13). Also, preliminary experiments
indicated that the emergence of inflorescence, opening of first flower, and length of stems does
not differ in overexpression or knockdown lines of INcNATs-UGT73C6 compared to control plants.
Nonetheless, constitutive overexpression of INCNATs-UGT73C6 (either INCNAT1 or IncNAT2)
showed changes in leaf area both globally and locally at rosette and individual leaf level
respectively (Figure 9, 10, 11 D and 13 A). As mentioned in the result section 5.1, INncCNAT2
sequence is included in IncNAT1 transcripts and IncNAT2 promoter is specifically active in leaf
tissues, our priority was to elucidate role of INcCNAT2 in detail. Few remarks are critical to the
observed effects of INCNAT?2 at leaf size viz: i) the magnitude of reproducible phenotypic effects is
relatively less strong in contrast to the reported effects of the overexpression of the protein coding
genes UGT73C6 or UGT73C5 (Poppenberger et al., 2005; Husar et al., 2011), ii) the
morphological changes in leaf area are rather accumulative and becomes more apparent during
later developmental stages (Supplementary Figure 4), and iii) the contribution of each rosette leaf
in the overall globally quantified rosette area is different. Although the identification of molecular
processes that limits the strength of the effects for INCNATs-UGT73C6 over final leaf size is
beyond the scope of this thesis, review of literature highlights that degree of phenotypic strength
for INcNATs-UGT73C6 is comparable to the magnitude described for other plant NAT-IncRNAs. It
is reported that COOLAIR, asDOG1, MAS, asHSFB2a etc. does not exhibit strong phenotypic
effects. Expression of COOLAIR does not does not result in absolute inhibition of FLC expression
(Swiezewski et al., 2009) implicating the simultaneous interplay of other regulatory factors in the

regulation of flowering time control in response to the cold. asDOGL1 is reported to play role in the
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germination as well as in drought stresses (Fedak et al., 2016; Yatusevich et al., 2017). It is shown
that asDOG1 expression is downregulated and DOGL1 is upregulated in T-DNA insertional mutant
of DOGL1 allele (dogl-5). 25% of dogl-5 seeds are still able to propagate indicating complex
regulation of germination process (Fedak et al., 2016). Also, ~50% downregulation of cold induced
MAS by amiRNAs in trans shows that amplitude of early flowering phenotype is close to 20%
(Zhao et al., 2018). Moreover complete downregulation of HSFB2a by ectopic overexpression of
its antisense causes sterility only in ~45% of the ovules (Wunderlich et al., 2014). These examples
highlight that developmental effects of studied IncRNAs are probably outcomes of very complex
and intricate molecular processes which involve multiple regulatory factors. Therefore, it could be
possible that INcCNATs-UGT73C6 might play fine tuning roles in the overall regulation of A. thaliana
leaf size in conjunction with other possible molecular processes listed in leaf the development

section 2.3.

Using a highly specific amiRNA approach (Carbonell et al., 2014) we could only partially
downregulate INCNATs-UGT73C6. Yet, 50 to 60% downregulation of INcNATs-UGT73C6 in trans
was sufficient to induce developmental effects on rosette area (Figure 11 D). In agreement, low
efficiency of amiRNA approach for the downregulation of INcRNAs can be observed in case of
published results over MAS. Using the mirl59 backbone for the amiRNA construct, Zhao et.al.
showed downregulation in the levels of MAS, which is nuclear localized and interacts with WDR5a
protein, by a factor close to half (Zhao et al., 2018). It could be possible that the amiRNA mediated
silencing in cytoplasm could further worsen if cytosolic INCNATs-UGT73C6 mediate their action
forming ribonucleoprotein complexes, thereby limiting accessibility to the target site in INCNATs-
UGT73C6 molecules. At the same time most of IncRNAs possess small ORFs and could be
subjected to a RNA surveillance mechanism called nonsense mediated decay (NMD) due to
presence of premature termination codons (Kurihara et al., 2009). However, IncRNAs will be
subject to translation and NMD only when they do not form dsRNA structures and if the interacting
proteins dissociate from INcRNA molecules (Wery et al., 2016). Furthermore, the observed higher
stability of INncNATs-UGT73C6 (Figure 8 D), thus, is an additional indication that INnCNATSs-
UGT73C6 might interact with proteins supporting the above-mentioned notion regarding reduced
efficiency of amiRNA approach. Moreover, further inefficient downregulation of IncNATs-
UGT73C6 in amiRNA2 and amiRNA3 lines (Figure 11 B), compared to amiRNA1 construct could
also be due to reduced processing of amiRNA precursors (Figure 11 A). In addition, dynamic
tertiary structure of INcNATs-UGT73C6 could adversely affect cleavage activity of amiRNA guided

AGO complex. Thus, a number of factors can influence competence of amiRNA approach. In
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downregulation lines mature amiRNA are 21nt long and only the guide strand is loaded onto the
AGO complex. Therefore the possibility of amiRNA mediated triggering of potential secondary
SsiRNAs (Carbonell, 2019; de Felippes, 2019) that may induce undesired silencing of the sense
UGT73C6 gene or of other closely related UGT73C family members can also be ruled out. Further
validation by small RNA sequencing could have been performed for these extreme possibilities.
However, in our case the expression levels of UGT73C6 and other family members remained
unaffected due to INcCNATs-UGT73C6 downregulation (Figure 17). Nevertheless, to our knowledge
it was the only optimal and cleanest means available to address the functionality INCNATS-
UGT73C6 because traditional RNAi approach (Bernards, 2006; Travella and Keller, 2009) using
hairpins has its own limitations particularly for overlapping NAT-IncRNAs. Use of hairpins would
cause downregulation of both sense and antisense gene simultaneously and therefore it will not
be possible to distinguish potential downregulation effects of NAT-IncRNA from cognate protein
coding gene. Although method is widely successful for studying protein coding genes, the success
of RNAIi based knockdown of IncRNAs, other than head to tail NAT-IncRNAs, is also known to be
affected by multiple factors such as localization, low endogenous expression levels, folding and
self-base pairing of INCRNA, accessibility of target site, etc. Moreover, RNAI can cause off-target
effects and therefore the risk of affecting expression of neighboring genes is also associated
(Charles Richard and Eichhorn, 2018).

In parallel, we also investigated the role of IncNATs-UGT73C6 by means of
overexpression. It has been shown for protein coding genes that the overexpression can result in
promiscuous interactions, resources limitations, stoichiometric imbalance and pathway
modulation thereby affecting interpretations of results (Moriya, 2015). Notwithstanding,
overexpression strategy is a widely employed tool to analyze the functionality of IncRNAs (Mattick,
2009; Prelich, 2012; Kashi et al., 2016; Charles Richard and Eichhorn, 2018; Liu and Lim, 2018).
Results obtained after alteration in levels of INCNATs-UGT73C6 did not show a perfect correlation
for the expression levels of INCNATs-UGT73C6 with the phenotypic output, which was consistent
in repeatedly performed experiments (Table 2 to 4), in overexpression and downregulation lines.
While overexpression of INcCNATs-UGT73C6 in different transgenic lines may have saturating
effects at lower threshold beyond which IncNATs-UGT73C6 cannot affect developmental
outcome, the different extents of downregulation in independent amiRNA lines did not result in
corresponding decrease in leaf area (Figure 11 B and Table 5). Variation in quantified rosette
area, despite a striker control of growth conditions, within the population of respective genotype
could be attributed to different degree of overexpression or downregulation in the individual plants
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in respective transgenic line. It is also important to consider that UGTs are result of recent gene
duplications events during evolution and that described role of INcNATs-UGT73C6, in the
multigene family context, might be rather complementary in combination with other regulatory
pathways determining leaf shape and size. Therefore, phenotypic effects due to downregulation
might be associated with imbalance in abundance instead of being dependent over the critical
threshold expression levels of INCNATs-UGT73C6. Also, from evolutionary perspectives, it could
be that INcCNATs-UGT73C6 only fine-tunes the mechanism(s) controlling leaf size in a manner
similar to developmental roles of other IncRNAs in animals (Dahl et al., 2018) and plants (Datta
and Paul, 2019). Nevertheless, based upon complementary results obtained from the
overexpression and downregulation studies, in terms of changes in rosette area, we report, to our
knowledge the first NAT-IncRNA that play developmental role in trans to modulate leaf size in A.

thaliana.

At the cellular level INcNAT2 overexpression showed localized effect only at the leaf bottom
which also coincides with INCNAT 2p0m::GUS activity pattern (Figure 23). The results indicate that
INcNAT2 play role during early developmental phases of leaf morphogenesis that are mostly
accompanied by coordinated processes of cell division, elongation and expansion.
LncNAT2p0m::GUS activity gradually decreases as leaf matures and confines at the basal part of
leaf primordia (Figure 23). This pattern is similar to the mesophyll specific an3-4/promAN3::GUS
activity shown for the first leaf in 6 days old seedlings (Kawade et al., 2013) suggesting that
INcNAT2 could have role in processes similar to those described for AN3 (Tsukaya, 2013b). Based
upon the rough approximation of total cell numbers in entire leaf, it appears that IncNAT2 probably
participate in coordinated regulation of cell proliferation and/or cell expansion. Nonetheless,
detailed kinematic analysis for leaf growth and cellular parameters are further required for deeper

characterization of INncNAT2 function.

6.3 Potential mechanism(s) of IncNATs-UGT73C6 action

6.3.1 Absence of local gene expression regulatory loop between
INcNATs-UGT73C6 and UGT73C6

LncNATs-UGT73C6 are encoded from the complementary DNA strand of UGT73C6, a
member of the UGT73C subfamily in the D group of plant UGTs. Our initial idea was based upon
the hypothesis that INncNATs-UGT73C6 can form an anticipated locus-specific feedback loop to

regulate expression of UGT73C6 and other family members via siRNA mediated gene silencing
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(Borsani et al., 2005; Held et al., 2008). Due to absence of histone modification marks in UGT73C6
promoter (Araport), we also did not consider above prospects of a INCNATs-UGT73C6 driven
regulatory mechanism to control expression of multiple and homologues genes similar to
AS1DHRS4 antisense IncRNA in mammals (Li et al., 2012). In fact our previous extensive
attempts using transient expression assay in N. benthamiana concurred with above assumption
regarding the mechanism of INcNATs-UGT73C6 via siRNA pathway (de-Vries, 2014). However,
alteration in INcCNATs-UGT73C6 did not show expected changes in levels of UGT73C6 or other
family members in stably transformed transgenic lines of A. thaliana (Figure 17). One of the main
reasons could be that transient analysis in N. benthamiana does not accurately represent real in
vivo scenario of Arabidopsis and that several developmental stage specific regulatory factors
might be missing or be different in N. benthamiana. Surprisingly UGT73C6 expression levels are
slightly elevated upon overexpression of INcNATs-UGT73C6 indicating a potential stabilizing
effects of INCNATs-UGT73C6 over relatively less stable UGT73C6 mRNA. Potential formation of
dsRNAs between IncNATs-UGT73C6 and UGT73C6 can lead to unexpected elevation in
abundance of UGT73C6. However, if why dsRNAs are formed and they are not cleaved by DICER
machinery is topic of further investigations. Processing of dsRNA by DICER can be subject of
regulation by other factors which can influence cleavage activity and efficiency including that of
the structure of dsRNA itself (Vermeulen et al., 2005). Since downregulation of INncNATs-UGT73C6
did not affect UGT73C6 expression, we did not further investigate the physiological relevance of
the slight increase in UGT73C6 levels due to overexpression of INCNATs-UGT73C6.

Considering that UGT73C5 and UGT73C6 play role in BR homeostasis (Poppenberger et
al., 2005; Husar et al., 2011), we also tested the possibility of whether IncNATs-UGT73C6 can
form a BR driven feedback loop with UGT73C6. Since IncNATs-UGT73C6 are only slightly induced
during particular time points upon BR treatment unlike a uniform alterations in BR specific control
genes BAS1 (Figure 18 A), BR6ox2 and DWF4 (Supplementary Figure 10 B), we are suspicious
that induction of IncNATs-UGT73C6 for a very short duration has any particular physiological
relevance. Terminal effects of altered BR levels in planta are best studied by quantifying changes
in the length of etiolated hypocotyl (Chung and Choe, 2013; Espinosa-Ruiz et al., 2015). No
obvious alterations in the hypocotyl length or in the transcript levels of BR biosynthetic (ROT3)
and signaling (EXP8) genes upon overexpression or downregulation of IncNATs-UGT73C6 further
strengthen our above interpretation (Figure 19 A to C). With respect to developing leaves,
prom::GUS activity of UGT73C6 or UGT73C5 does not show overlapping expression pattern with
the reporter activity for IncNAT2 and the promoters of IncNATs-UGT73C6 are able to respond
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independent of their genomic locus (Figure 8 A and Supplementary Figure 1). Unless IncNATs-
UGT73C6 are mobile RNA molecules similar to other examples of IncRNAs in Arabidopsis (Zhang
et al., 2019), collectively these data rules out the possibility that identified role of IncNATs-
UGT73C6 in leaf development is mediated via the gene expression regulation of UGT73C6 or
UGT73C5. Although IncNAT 1 reporter activity in roots overlaps with strongly expressed UGT73C5
and poorly expressed UGT73C6, therefore, it would be interesting to further investigate the root
specific potential gene regulatory mechanisms between IncNAT1, UGT73C6 and UGT73C5. In
contrast, the overexpression of IncNAT 1 produces phenotype like IncNAT2 in leaves (Figure 9 and
10), our focus was over the functional characterization of IncNAT2. Additionally, why UGT73C6
remains poorly expressed during most of development compared to IncNAT2 and UGT73C5
(Figure 8 C) remains to be understood. Interestingly, the levels of upregulation for UGT73C6,
UGT73C5 and IncNATs-UGT73C6, after DON treatment, are comparable which suggest that
these genes may have role in responses related to pathogen stress (Figure 20 B, C & D). Contrary
to DON assay results, pattern of oscillations in expression levels of UGT73C5 and IncNATs-
UGT73C6 (preassembly IncNAT2) suggest that a possibility of connected developmental role
cannot be excluded (Figure 8 C). Equally, the overexpression of UGT73C5 has no affect over
IncNATs-UGT73C6 (Figure 15 F) and alterations in expression levels of IncNATs-UGT73C6 does
not change expression levels of UGT73C5 (Figure 17). We perceive that role of IncNATs-
UGT73C6 in leaf development is not mediated via regulation of UGT73C5. However, given that
UGT73C5 is a recent duplicate in A. thaliana genome (Ross et al., 2001), plays a role in BR
homeostasis (Poppenberger et al., 2005), it might still be in the process of evolution and
functionalization (Wang et al., 2016). Therefore, the observed coordinated oscillations in the
expression level of IncNATs-UGT73C6 with UGT73C5 during growth phases (Figure 8 C) may
indirectly be needed to counter-balance BR deficiency supposedly imposed by promiscuously
active UGT73C5. This is a mere speculation and postulation needs to be thoroughly tested from
several standpoints. Besides, out of the genomic context, promoters of IncNAT2 are unresponsive
while of IncNAT1 is slightly induced by DON treatment. Data indicate that transcriptional activity
over IncNAT2 promoters may not be a primary source of DON induced upregulation in the
expression levels of IncNATs-UGT73C6. On the other hand, UGT73C6 overexpression as well,
like DON treatment, induces accumulation of unspliced IncNAT1 potentially due to RDR activity.
Considering that UGT73C6 plays role in stress (Figure 20 B), IncNAT1 might be physiologically
relevant to clean up UGT73C6 mRNA after the stress as suggested in cases of NAT-IncRNAs
(Matsui et al., 2017) or to probably reduce the affects over leaf growth when UGT73C6 is in excess
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(Figure 15 A to E). How transiently accumulated unspliced variant of IncNAT1 circumvent or
coordinates with the developmental role IncNAT2 when UGT73C6 is induced, remained to be
investigated. In contrast, apart from the small-scale differences (28 base pairs over antisense
strand of UGT73C5 corresponding to assumed IncNATZ2 promoter sequence) in the 3’ ends of
UGT73C5 and UGT73C6 (Supplementary Figure 14), the association of IncNATs-UGT73C6 with
UGT73C6 over opposite DNA strand might have consequential effects. In comparison to
UGT73C5, the act of IncNATs-UGT73C6 transcription itself might be a causality for maintaining
poor expression of UGT73C6 during developmental phases (Figure 8 C) implying a regulatory

module in cis (Pelechano and Steinmetz, 2013).
6.3.2 Effects of INCNATs-UGT73C6 knockout in cis

Unlike downregulation effects of INncNAT2 in trans, CRISPR/Cas9 mediated complete or
partial knockout of INCNATs-UGT73C6 in Cr_Incnats #13.3 and Cr_Incnats #18.2 lines did not
result in expected phenotypic changes over rosette area (Figure 21 D). On the other hand,
amiRNA lines shows reduced rosette area in plants older than 25 days (Table 5). The cis knockout
of INcNATs-UGT73C6 rather results in early developmental defects in seedlings marked by the
presence of asymmetric cotyledons and trilateral symmetry of cotyledons in a small part of the
population, phenotypes that are similar to the reported knockout lines of the regulatory component
of mir396-GRFs module (Kanei et al., 2012) (Figure 21 E). The frequency of early developmental
defects was higher in Cr_Incnats #18.2 lines as shown (Figure 21 E) from ~150 seedlings grown
over ¥2 MS agar plates. Moreover, similar defects were also observed for Cr_Incnats #13.3 when
the number of seeds was raised up to ~1000 (Mr. M. Heidecker, personal communication).
Sequence analysis of Cr_Incnats #13.3 and Cr_Incnats #18.2 lines further confirmed that growth
defects in cotyledons are not due to mutations in the AN3 locus (Mr. M. Heidecker, personal
communication). The possibility off-target mutations of other UGTs is also highly unlikely because
the gRNA used in CRISPR/Cas9 editing of IncNATs-UGT73C6 are quite specific. Interestingly, as
mentioned before, cis knockout does not produce the effects observed in trans and vice versa.
Since, it is known that final organ leaf size is outcome of complex processes that take place over
a period of time during early leaf growth (Gonzalez et al., 2012), the continuous absence of
INcNATs-UGT73C6 in knockout lines might trigger ameliorative compensatory pathways soon
after emergence of leaf primordia (Tsukaya, 2003; Horiguchi et al., 2006). Nonetheless, few
remarks are crucial in this regard. Mechanisms of INncRNAs are far diverse than originally thought

and the possibility of a multifaceted regulatory mechanism for IncNATs-UGT73C6 that
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simultaneously includes both cis and trans aspects cannot be excluded. Importantly, not all, but
in some cases it has been shown that INcCRNA locus functions in cis while its INncCRNA transcript
can play different role in trans (Paralkar et al., 2016). We generated complete and partial knockout
lines for INCNATs-UGT73C6. In one of our CRISPR/Cas9 knockout line i.e. Cr_Incnats #18.2, 603
bp long deletion was introduced at 3’ end (+1229 to +1795 and an insertion-deletion of 56 bp
replacing 93 bp) allowing the preservation of 5’ upstream DNA sequence close to the INCNATSs-
UGT73C6 promoters. In Cr_Incnats #13.3 line, complete deletion (+45 to +1795) of INnCNATs-
UGT73C6 is introduced including that of 5’ region in UGT73C6. Unlike Cr_Incnats #13.3, in
Cr_Incnats #18.2 truncated INncNATs-UGT73C6 are transcribed similar to Col-0 or amiRNA lines.
Despite the fact, deletion of the genomic sequence is introduced in the region that is required for
transcriptional initiation of cognate protein coding gene leading to the imbalance in the ratio of
INcNATs-UGT73C6 and UGT73C6. Although unavoidable, this might be particularly important if
INcNATs-UGT73C6 play a role in cis, that is dependent over the integrity of locus, for the potential
regulation of UGT73C6 and/or UGT73C5 sister pair. Indeed cis regulatory elements are suggested
to be crucial in the evolution of regulatory networks for duplicated genes (Arsovski et al., 2015).
This might be a reason that can be attributed to variation in results obtained after the
downregulation of INcNATs-UGT73C6 by CRISPR/Cas9 and amiRNA approach. In contrast,
downregulation in trans by amiRNAs takes place post-transcriptionally only after the act of
transcription, splicing and follow up localization of INCNATs-UGT73C6 in cytoplasm. Importantly,
the transcriptional activity of INcNATs-UGT73C6 and UGT73C6 is not affected in amiRNA lines.
Also, whether integrity of the locus, transcription, splicing and downstream regulatory processes
are together linked for the role of INcNATs-UGT73C6 remains to be investigated. Undoubtedly, in
the purview of complex regulatory mechanisms of INCRNAs, it is important to jointly consider
various aspects of cis and trans while investigating the transcript-based and/or transcription-based
effects of IncRNAs. Given the wide-ranging diversity in molecular mechanisms of IncRNAs, all-
inclusive consideration of the different data sets is extremely crucial in the overall interpretation of
results obtained from different approaches. Experimental manipulations of gene expression in cis
and trans may not necessarily work in similar fashion (Signor and Nuzhdin, 2018). Therefore,
further studies are needed to address the differences in the results obtained after the

downregulation of INCNATs-UGT73C6 in cis and trans.
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6.3.3 Potential target mimicry of miR396 and evolutionary significance
of INCNAT2

Functional studies of INCNAT2 clearly indicate that it is a bona fide INcNAT-IncRNA and its
effect over leaf area is independent of UGT73C6 transcript levels. As mentioned in section 2.3,
several gene regulatory pathways play role in the leaf development. Among others, mir396-GRF
regulatory module (Kim et al., 2003; Kim and Lee, 2006; Lee et al., 2009; Rodriguez et al., 2010)
is critical for final leaf size determination. mir396 targets GRFs that positively affect leaf size.
Cytosolic INncNAT2 shows sequence complementarity with miR396. Interestingly, alignment of
RNA sequences shows formation of bulge loop between INncNAT2:miR396 hybrid at the nucleotide
position essential for the cleavage activity of miR396-AGO complex (Figure 23). Also, the
promoter activity localization of GRFs such as GRF2 (Debernardi et al., 2012) is similar to that of
INcNAT2 (Figure 23). In addition, the effect of INCNAT2 overexpression at the cellular level is quite
specific and stronger in mesophyll cells only at the bottom of leaf in accordance with reporter
activity. Not performed yet, however it would be interesting to analyze if there are also changes at
microscopic level due to downregulation of INncNATs-UGT73C6 in trans. Additionally, cis knockout
of INcNATs-UGT73C6 results in early developmental effects similar to the an3 mutant (Kanei et
al., 2012). Based upon these observations, we hypothesize that INCNAT2 acts as a target mimic,
that could modulate GRFs levels by sequestering miR396 to positively regulate leaf development
in A. thaliana (Figure 23).

In support of the above hypothesis, we quantified GRFs levels in INcNAT2 downregulation
lines. Contrarily to what expected, GRFs levels were not drastically affected and only a marginal
change in GRFs abundance could be observed. Only GRF2 was found to be slightly affected
(Figure 22). This could be due to due to use of whole seedlings used for total RNA extractions.
Though its challenging to physically dissociate and quantify leaf region where INncNAT2 functions,
a local mapping of changes in transcripts levels of GRFs could be carried out in future by finely
dissecting leaves into bottom and tip regions. Additionally, RNA seq analysis can be carried out
from these samples to assess the global transcriptional changes in various transgenic lines
harboring overexpression or knockout of INCNAT2. In vitro cleavage assays using Nicotiana
tabacum BY-2 cell lysates, the BYL system, (Gursinsky et al., 2009; Gago-Zachert et al., 2019)
by employing INcNAT2, miR396 and target GRF transcripts could also help to elucidate postulated
effects of INcNAT2 over miR396 and GRFs. Nevertheless, an imperfect target mimicry of miR396
by INCNAT2 could be biologically relevant. UGT73C6 and UGT73C5 are recently evolved sister
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pairs and share high level of sequence similarity. Proteins encoded by both genes are reported to
be promiscuous for their enzymatic properties and their overexpression affects BR homeostasis
(Poppenberger et al.,, 2003; Poppenberger et al., 2005; Husar et al., 2011) (Figure 15).
Furthermore, promiscuous catalytic properties of UGT73C6 and UGT73C5 is also supported by
the fact that both genes are induced by DON (Husar et al., 2011), however only UGT73C5 was
shown to inactivate DON (Schweiger et al., 2010). As stated earlier in section 6.3.1,
functionalization of these homologues may still not be achieved (Ross et al., 2001). Conversely,
the regulation of BR homeostasis is rather an elaborated and tightly controlled process involving
well conserved regulatory cascades across plant species both for biosynthesis and signaling
genes (Zhu et al., 2013). An insufficient target mimicry of miR396 by the non-conserved INCNAT2
may be relevant not only for counterbalancing the BR deficiency caused by promiscuous
UGT73C6 and/or UGT73C5 but also to positively facilitate evolution. LncNAT2 is specific to A.
thaliana like many other species-specific IncRNAs (Paralkar et al., 2014). Surprisingly, antisense
strand of UGT73C5 does not encode for a NAT-IncRNA. Comparison of IncNAT2 promoter
sequence, starting from 958 bp until 1440 bp downstream of UGT73C6 transcription start site with
respective sequence at 3’ region of UGT73C5 shows 28 bp sequence dissimilarity and the
differences are scattered (Supplementary Figure 14). It could be possible that association of
INcNATs-UGT73C6 only with one of the sister pair might have consequential effects in cis resulting
in poor basal expression of UGT73C6, while allowing normal expression of UGT73C5 during the
developmental. Under these circumstances and during the course of evolution, INcCNAT2 might
have evolved in species-specific manner to compensate the undesired effects of UGT73C5 over
BR levels via imperfect target mimicry of miR396 to increase the levels of GRFs in order to prevent
inhibitory effects over leaf growth (Figure 23). In this manner, INCNATs-UGT73C6 might be
important for the overall regulation of dosage response of UGT73C6 and UGT73C5. Also, such
NATs-IncRNAs mediated regulatory cascades in the context of multigene families might be a
general phenomenon across organisms for the functional specialization and co-evolution of the

sister pairs simultaneously.
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Figure 23: Potential mode of action of INCNATs-UGT73C6. LncNAT2 is expressed in A. thaliana leaves
at bottom part during early leaf development (top). In the cytoplasm, INcNAT2 could potentially bind to
miR396 (middle) leading to elevation in levels of GRFs to positively regulate leaf growth (bottom).
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Supplementary Figures
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Supplementary Figure 1: LncNATs-UGT73C6, UGT73C5 and UGT73C6 are expressed in
developmentally controlled manner in A. thaliana. A) Time course pom::GUS expression analysis for
INcNAT1, IncNAT2, UGT73C6 and UGT73C5 at 5, 14 and 25 DAS. Plant material was collected at fixed
time points at all indicated developmental stages and incubated in GUS solution over a period of 12 hours.
Shown are representative seedlings and leaves from one of 3 independent transgenic lines, that were
generated in Col-0 background. Data are representative of one of at least 3 independent experiments
with similar results. Scale bar 5 mm.
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Supplementary Figure 2: Levels of overexpression in 35S::IncNAT1 and 35S::IncNAT2 lines. A) Levels
of INcNAT1 detected by northern blot using a strand specific radioactively labelled riboprobe (upper panel).
Numbers represent independent Tz homozygous lines. Asterisks indicate lines that were chosen for
studying the effects of INncCNAT1 overexpression. RNA denaturing gel picture shows loading control (Bottom
panel). 5ug of total RNA was loaded onto the gel and blots were visualized using Typhoon FLA 7000
phosphoimager. B) gPCR bar graphs showing relative transcripts levels of INCNATs-UGT73C6 in INCNAT2
and mut_IncNAT2 overexpression lines. Error bars represent standard error.

Easy Leaf Area Program® Quantified total leaf area

_} (cm?)

Supplementary Figure 3: Representative scheme showing procedural steps in quantification of
complete rosette images by Easy leaf area®. Original (left) and processed image (right). Rosettes were
photographed to obtain images in .jpg (joint photographic group) format using ordinary single-lens reflex
(SLR) camera at manually fixed pixel settingg. Digital rosette images were loaded onto the program to
acquire quantified value for green pixels. 1 cm  red squire object is used as scale according to the program
manual (Easlon et. al, 2014). Shown are picture and processed rosette image from a 5 week old plant.
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Supplementary Figure 4: Effects due to IncNAT1 overexpression are stronger after 25 DAS.
LncNAT1 overexpression effects over leaf area at 15, 25 and 35 DAS. Plants were grown in controlled
conditions in growth cabinet as mentioned in text. Individual IncNAT1 overexpression lines are compared
with plants transformed with the empty vector. Each group contains 20 individual plants. Asterisks indicate
statistical significance compared to control plants for respective time point. * <0.05, (one-way ANOVA).
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amiRNA1 amiRNA2 amiRNA3

Gel section used for
U6 RNA detection
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Supplementary Figure 5: 17% denaturing polyacrylamide gel electrophoresis (PAGE) for low
molecular weight RNAs separation. Total RNA from pool of homozygous Tz plants was extracted by
phenolic extraction and 30 pg of RNA was loaded per lane. Gel portions that were used for U6 (blue dotted
lines) and mature amiRNAs detection (red dotted lines) in northern blot are indicated. Empty vector and
amiRNA lines (colour code) are marked at the top of each lane. M: Marker.
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Supplementary Figure 6: LncNAT2 overexpression does not affect leaf number in A. thaliana.
Histogram showing median number of rosette leaves per plant at 25 DAS for INcCNAT2 overexpression lines
and plants transformed with the empty vector. Error bars represent standard deviation. Each group contains
20 individual plants. There are no statistically significant differences among INcCNAT2 overexpression lines
and control plants transformed with the empty vector. p>0.05, one-way ANOVA.
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Supplementary Figure 7: Procedural steps for DIC microscopy from leaves. (A) Intact leaf is made
transparent using Hoyer's medium and/or D-lactic acid followed by sectioning and imaging in highlighted
region both at proximal and distal leaf zones. (B) Adaxial epidermis (top left) and palisade mesophyll cells
(bottom left) as seen under microscope were hand drawn over transparent sheets and further quantified for
cell size using image J as reported by Nelissen et al., 2013. Scale bar 100 um.
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Supplementary Figure 8: LncNAT2 overexpression effects over the number of mesophyll and
epidermal cells. A to D) Box plots showing number of mesophyll (upper panel) and epidermal cells
(bottom panel) in tip (left) and bottom (right) regions of 6" leaves for Col- 0, IncNAT2  #10.3 and
Mut_IncNAT2  #16.6. Guard cells were excluded in the caIEuIatlon of numbers of adaxial epldermal cells.
7 to 12 images from 2 leaves were included in analysis. 6 leaves were collected from 35 DAS plants. *
p<0.05 (one-way ANOVA).
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Supplementary Figure 9: Experimental scheme for synthesis of cDNA and gPCR analysis to differentiate
the amplification of IncNATs-UGT73C6, UGT73C6 and UGT73C5 from endogenous and transgene
copies of the gene in wild type and transgenic UGT73C6ox (A) and reporter (B) lines, respectively.
Schematic shown for genomic locus for GUS lines is not in scale.
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Supplementary Figure 10: 24-Epi-BL treatment results in downregulation of BR biosynthetic genes.
A) Scheme of BR treatment assay. B) gPCR quantification of BRASSINOSTEROID-6-OXIDASE 2 BR60x2
(left) and CYTOCHROME P450 90B1 (DWF4) (right) in 24-Epi-BL and control (DMSO) treated Col-0
seedlings. Shown are combined results from 2 (10, 30 and 60 min for BR60x2) or 3 independent
experiments with 6 or 9 biological replicates, respectively. +SD, * p<0.05, Student’s t-test.
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Supplementary Figure 11: DON treatment. A) Experimental strategy for the DON response analysis. 7
DAS old seedlings of Col-0 (WT) and prom::GUS and prom::f-GUS lines of INCNATs-UGT73C6, UGT73C6
and UGT73C5 were treated with DON or ethanol (control) as shown in the scheme. Apart from gPCR
analysis, a portion of seedlings from the assay were separately subjected to GUS staining and
visualization. B) Representative pictures for mock and DON treatment are shown for INCNAT Lprom::GUS.
Brightened image in inset shows contrasted roots (upper panel). gPCR measurements of GUS transcripts
in INCNAT Lpom::GUS line after DON treatment (bottom panel). Error bars are £SD, * p<0.05. Results from

one experiment with 3 biological replicates, Student’s t-test. Scale bar 1 mm.
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Supplementary Figure 12: Genotyping of CRISPR/Cas9 knockouts of INcNATs-UGT73C6. A) PCR
identification of plants homozygous for partial deletion (603 bp) were identified by PCR at T1 (left) and
confirmed at T2 (right) stage. B) PCR showing amplification of IncNATs-UGT73C6 for plants that were
marked as homozygous for full deletion (1750 bp) in T1 (left) and T2 (right). (-) indicate negative control.

Chromatograms showing the sequence representing the deletion in Cr_IncNATs #18.2 and Cr_IncNATs
#13.3 line. Insets indicate the position and length of deletions.
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Supplementary Figure 13: Analysis of phenotypic parameters in lines showing overexpression or
downregulation of INcNATs-UGT73C6. Experiments showing effects over primary root length (A) and
total fresh weight (B) from 14 DAS seedlings grown over %2 MS agar plates. Representative experiments
showing seed vyield in lines overexpressing INcNAT1 (C) or IncNAT2 (D) and lines in which IncNATs-
UGT73C6 expression is downregulated (E). One representative experiment out of 2 (INCNAT 1. lines)
and 3 (INcNAT2.x and amiRNA lines) is shown. Statistical significance, is calculated after comparison to
controls transformed with the corresponding empty vectors, details are shown at top of each box plot.
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Supplementary Figure 14: Alignment of UGT73C5 sequence with UGT73C6 sequence
corresponding to region complementary to purported INcNAT2 promoter. CLUSTAL W sequence
alignment showing differences in UGT73C5 and UGT73C6 strand at 3’ end. Unlike UGT73C5, the
complementary strand of UGT73C6 acts as a purported promoter for INcNAT2. Nucleotides highlighted
in red are different in UGT73C5 and UGT73C6. Yellow colour highlight the sequence compared between
UGT73C5 and UGT73C6. Green arrow indicate transcription start site of IncNAT2 over the
complementary strand of UGT73C6. Fluorescent downward arrowhead marks the position of nucleotide
(1440 bp downstream of UGT73C6 transcription start site) at which T-DNA is inserted in ugt73c6x, mutant

GRCTAGGCCTAGAGGARTCCCARAGACCTTTCATTICGCTCATARAGAGETTGEGAGARGT
GRCTAGGCCTAGAGGARTCCCARAAGRCCTTTCATCTGGCTCATAACAGGTTGGGAGARAT

hehohbdbrbohobsdbdbaboborodbrbdodbod dodbadbadorsdbdbnbababer &

f——

ACRARRGAGTTACGTTCACTGETICTCGGARAGCCGCTTTGARGATACAATCCARGRATAGAG
ACRX R CGAGTTAGTTGACTCGGTTCTCGGRARGCGCCTTTGARGATAGARTCCARGATAGRG

hohohbsrbrbohoherbdbarbrborsdbrbbrbodbderrrbrdborsdbdbrbeoradeddd

GACTICTCATCARAGGATGGTCCCCTCARATGCTTATCCTTTCACRTCCATCAGTTIGGRG
GACTTCTCATCARAGGATGGTCCCCTCARATGCTTATCCTITCACATCCTTCTGTTGER]

hohohbrbdhrhorbhbrbrbrhohbdbddbadbobbdbrbrbrhodrerddr *h hodhedbw

GGTTCCTARCACACTGTGCTTGGREACTCGACTCTTGAGCGGATARCTGCTGGTCTACCEE
GCTTCTTARCGCACTGCGCATGGAACTCGACTCTTGAGCGCATARCTGCTGGTCTACCAR

hohod hhdd hohdd dd o hodhbdbddobodbdbdbadrbadbdbrbrbarersn

TACTTACATGGCCGCTATTCGCAGACCARTTCTGCARTGRAGEARTTGCTCCTTGAGCTAC
TGCTTACATGGCCACTATTTGCAGACCARTTCTGCANCGRAGEARCTGCTCGTACRARTAC

W O hehedbhhehe AR A hedeshed bR bR bR hehe AhhRhe SRR AN - -

TARRRCCCGCTGTARGATCCGGGETTCARCAGCCTATGARATCCCCAGARGRGGAGREAL
TARRRCTCGCTGTARGTGCCGAGCTTAR R GAGCTCATGARATGCGCAGARGRAGRAGRAGE

hohohe Shbarhodheh wah hemhe AR ew hohhrhrhohbhbdbad hodher &

TAGGAGTGTTGGTIGCATARAGRACCAGCTGALGAACCCACTGCARGRATTARTGGCTICAGA
TAGGAGTIGTTGGT GCAT AR GARGCACTGARCARCCCACTGGARGRACTRARATGGETGAGR

hehohborbrhrhohbrbrrrbrhoredbrbrrodborherbanbaboared dhrheohohernd

GTGATGATGCAAARGAGAGAAGARGAAGAGCCARAGAGCTTGGAGATTCAGCTCE 3
GTGATGATGCAAMRCAGAGAAGAAGRACGAGCCARRGRACCTTGGAGRATCAGCTCR Iy

hoehohborbdbbddhohbdbbdbarbdborbdbdbbrbodbhbrbadbbboabsd ddhbabaore

line that was used in this study.
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Table 1 Sequence complementarity of INncNATs-UGT73C6 with UGT73C family members

UGT73C family member LncNAT1 (%) LNcNAT2 (%) LncNAT1 vs PSPG Motif (%)
UGT73C1 80 77 82
UGT73C2 81 79 79
UGT73C3 83 82 80
UGT73C4 82 80 80
UGT73C5 91 90 92
UGT73C6 100 100 100
UGT73C7 69 67 73

Table 2 Rosette area measurements for INCNAT1 overexpression lines

Genotype Empty LNcNAT 1.4 #3.9 LNcNAT 1., #4.2 LNcNAT1., #13.3 LNcNAT1., #15.4

vector

% increase with respect to empty vector

EXP. 1A 25DAS 100 9.70* 7.54 9.65 5.63
(n-20)
EXP. 2A 25DAS 100 20.39* 14.60* ND 12.53
(n=7)
EXP. 1G 25DAS 100 18.74* 21.35* 9.05 10.97*
(n=15)
Average (+SD) 16.28 (£5.1) 14.50 (+6.2) 9.35 (+0.35) 9.71 (3.2)
* p<0.05, one-way ANOVA, EXP. Experiment, G: greenhouse, A: growth cabinet. Number of plants per lines included in each experiment
is indicated with label of each independent experiment. ND: No differences

Table 3 Rosette area measurements for INCNAT2 overexpression lines

Genotype Empty vector LNCNAT2,« LNCNAT2,« LNCNAT2, LNcNAT 2«

#6.3 #9.3 #13.4 #24.3

% increase with respect to empty vector

EXP.1G 25DAS 100 34.07* 32.26* 27.82* 24.49*
(n-20)
EXP.2G 25DAS 100 19.19* 35.96* 52.54* 23.42*
(n-20)
EXP. 3G 25DAS 100 11.45* 20.92* 15.02* 6.12
(n=15)
Average (+SD) 21.57 (¢10.2) 29.74 (£7.0) 31.79 (¢17.0) 18.01 (9.2)

* p<0.05, one-way ANOVA, EXP. Experiment, G: greenhouse, Number of plants per lines included in each experiment is indicated with
label of each independent experiment.
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Table 4 Rosette area measurements for INCNAT2 and mut_IncNAT2 overexpression lines

Genotype Empty LncNA LncNA LncNA LncNA | Mut_Inc | Mut_Inc | Mut_Inc | Mut_Inc | Mut_Inc

vector T20x T20x T20x T20x NAT2x NAT2x NAT2x NAT 20« NAT2x
#3.6 #5.1 #6.3 #10.3 #9.2 #11.2 #14.4 #16.2 #19.1
% increase with respect to empty vector

EXP. 1Vo 100 NA 23.65* 30.73* 30.55* 15.73* 13.87* 12.87* 35.05* 14.89*

25DAS

(n-15)

EXP. 2Vo 100 10.78 NA NA 28.06* 9.80* 20.96* NA 14.15* 15.75*

25DAS

(n-20)
* p<0.05, one-way ANOVA, EXP. Experiment, Vo: growth cabinet. Number of plants per lines included in each experiment is indicated
with label of each independent experiment. NA: not included in the experiment

Table 5 Rosette area experiments for amiRNA downregulation lines

Genotype Empty amiRNA 1.3.3 | amiRNA 2.1.1 amiRNA 3.3.2 amiRNA 3.3.4 amiRNA 3.8.4

vector

(%)

% decrease with respect to empty vector

EXP.1G 25DAS 100 26.59* 10.88* 32.42* 20.53* 8.64
(n-20)
EXP.2G 25DAS 100 28.2* 26.62* 6.49 NA 9.04
(n-17)
EXP. 3G 25DAS 100 27.69* 16.58* 17.58* NA NA
(n-17)
Average (+SD) 27.49 (+0.73) 18.03 (7.1) 18.83 (+11.6)
EXP. 1A 25DAS 100 9.12 14.20* 24.99* NA 3.99
(n-17)

* p<0.05, one-way ANOVA, EXP. Experiment, G: greenhouse, A: growth cabinet. Number of plants per lines included in each
experiment is indicated with label of each independent experiment. NA: not included in the experiment. Experiments included in
analysis are marked in bold

Table 6 Average number of size of mesophyll cells in Col-0, INcCNAT20x #10.3 and mut_IncNAT20x #16.6

Fixed leaf area Average Number of
(cm?) mesophyll cell size (cm2) mesophylls/
2 cm?

Col-0 2.0 2.67 x10%% 74923¢€
LNcNAT20x #10.3 2.0 3.46 x 1043 58168¢
Mut_IncNAT 20x #16.6 2.0 3.20 x 104% 62307¢
$Average mesophyll cell area = (median cell area at bottom + median cell area at tip)/2
€ Number of mesophyll cells in complete leaf was calculated after diving leaf area by average area of mesophyll cells
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Table 7 Primers Used in the study

Primer Gene Primer Sequence )
ID Orientat
ion

B-glucuronidase

DM478 (GUS) 5" CGTCCTGTAGAAACCCCAAC 3’ Forward
B-glucuronidase

DM479 (GUS) 5" CGGTTTTTCACCGAAGTTCA 3 Reverse

RR433 PP2A (AT1G13320) 5" GCTGTAGGACCGGAGCCAACTAG 3° Forward

RR434 PP2A (AT1G13320) 5" CAGGACCAAACTCTTCAGCAAGACGC 3~ Reverse
1ncNATI1 (At2g3679

RR44 2.1) 5" caccGCTAGTTGCATTATGTCTTGTAG 3° Forward
IncNATI (At293679

RR45 2.1) 5" GTCTTCTGTTCACTTTCTTTCTTG 3° Reverse
IncNAT2 (At293679

RR46 2.2) 5" caccGGGATTCCTCTAGGCCTAGTC 37 Forward
1ncNATZ2 (At2g3679

RR47 2.2) 5° GGCAAGTAAAAATCTGTTTACG 3 Reverse
Prom: :1ncNATI1

RR48 (At2g36792.1) 5" caccTGCTTCCCCTCTCAGCTTTGTC 3° Forward
Prom: :1ncNATI1

RR49 (At2g36792.1) 5° caccCATaccgtttgcaacgactcaatga 3° Forward
Prom: : 1ncNATZ2

RR50 (At2g36792.2) 57 ACAATTCAAGAATTGAGCATATGTC 3° Reverse
Prom: :1ncNATZ2

RR51 (At2g36792.2) 5" AAAGACCTTTCATCTGGGTCATA 3° Reverse

RR606 LncNAT1 +49--+69 5’ AGCCTCCTTCTTCCACAGCC 3’ Forward
LncNAT1 +108--

RR607 +129 5’ CTCTCTTTTGCATCATCACTC 3’ Forward
LncNAT1 +183--

RR608 +205 5’ GGGGAGAAGAAGAGAAGATAGG 3’ Reverse
LncNAT1 +326--

RR609 +346 5’ GGAACTCGACTCTTGAGGGG 3 Reverse

RR445 PORF1 1ncNATZ2 5’ caccATGGTCCATGCTTTACCAGACC 3’ Forward
PORF1 STOP codon

RR446 removal 1ncNATZ2 5’ AGAGCTCGAACCTGCGTATGC 3‘ Reverse

RR447 PORF2 1ncNATZ2 5’ caccATGTCTTATCCGCTTCTACCATATC 3’ Forward
PORF2 STOP codon

RR448 removal 1ncNATZ2 5’ CAAGACCTCAAGTTCCGGTGG 3‘ Reverse

RR449 PORF3 1ncNATZ2 5’ caccATGAAGTACTCCTTATCAGACTTTAAATTG 3’ Forward
PORF3 STOP codon

RR450 removal 1ncNATZ2 5’ AGAAGCTGGTCTGCAAGAAGGAC 3" Reverse

RR451 PORF4 1ncNATZ2 5’ caccATGGGCAAACCAGACTCAATGG 3’ Forward

RR452 PORF4 1ncNATZ2 5’ CAATGCAGCAAGGTTCAAGAATGTC 3" Reverse
PORF1

RR531 (2nd) 1ncNAT2 5’ GACTATAACACCATAAGCCCTCTTATCCGCTTCTACC 3° Forward
PORF1

RR532 (2nd) IncNAT2 5’ GGTAGAAGCGGATAAGAGGGCTTATGGTGTTATAGTC 3~ Reverse
PORF2

RR529 (3rd) 1ncNATZ2 5’ CAAGGAAACAGGTCCACCCGTCCATGCTTTACCAG 37 Forward
PORF2

RR530 (3rd) IncNATZ2 5’ CTGGTAAAGCATGGACGGGTGGACCTGTTTCCTTG 3~ Reverse
PORF3

RR527 (1st)1IncNAT2 5’ CAGGAAAATAAGGAACACCCAAGTACTCCTTATCAGAC 37 Forward
PORF3

RR528 (1st)1ncNAT2 5’ GTCTGATAAGGAGTACTTGGGTGTTCCTTATTTTCCTG 3° Reverse
PORF3’ (4th) IncNA

RR533 T2 5’ CAAAAGCAACCCATGCCCCCGAAGAGGATCTTTGG 3° Forward
PORF3’ (4th) IncNA

RR534 T2 5’ CCAAAGATCCTCTTCGGGGGCATGGGTTGCTTTTG 37 Reverse

5 L}

amiRNA1l IncNATs- TGTATCTGTGCTCTACGTTTGCCTAATGATGATCACATTCGTTATCTATTTTTTTAG

RR218 UGT73C6 GCAAACGGAGAGCACAGA 3" Forward
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5 L}
amiRNAl 1ncNATs- AATGTCTGTGCTCTCCGTTTGCCTAAAAAAATAGATAACGAATGTGATCATCATTAG
RR219 UGT73C6 GCAAACGTAGAGCACAGA 3' Reverse
5 Al
amiRNA2 1ncNATs- TGTATTCGAAAAAAACAACGAACCAATGATGATCACATTCGTTATCTATTTTTTTGG
RR220 UGT73C6 TTCGTTGGTTTTTTCGAA 3' Forward
5 Al
amiRNA2 1ncNATs- AATGTTCGAAAAAACCAACGAACCAAAAAAATAGATAACGAATGTGATCATCATTGG
RR221 UGT73C6 TTCGTTGTTTTTTTCGAA 3' Reverse
5 Al
amiRNA3 1ncNATs- TGTATAACGTTCTGCGCAAGAACCCATGATGATCACATTCGTTATCTATTTTTTGGG
RR222 UGT73C6 TTCTTGCTCAGAACGTTA 3' Forward
5 Al
amiRNA3 1ncNATs- AATGTAACGTTCTGAGCAAGAACCCAAAAAATAGATAACGAATGTGATCATCATGGG
RR223 UGT73C6 TTCTTGCGCAGAACGTTA 3' Reverse
Anti-
amiRNA1l 1ncNATs- IncNATs-
RR236 UGT73C6 5" TAGGCAAACGTAGAGCACAGA 3° UGT73C6
Anti-
amiRNA2 1ncNATs- IncNATs-
RR237 UGT73C6 5" TGGTTCGTTGTTTTTTTCGAA 3~ UGT73C6
Anti-
amiRNA3 1ncNATs- IncNATs-
RR238 UGT73C6 5" GGGTTCTTGCGCAGAACGTTA 3° UGT73C6
RR173 UGT73C5 5" CACCATGGTTTCCGAAACAAC 3~ Forward
RR174 UGT73C6 5" TCAATTATTGGGTTCTGC 3~ Reverse
UGT73Céprom: : UGT
RR283 73C6-GUS 5’ caccCTGGCAGAACCCAATAATTGAGTATACG 3° Forward
UGT73Céprom: : UGT
RR284 73C6-GUS 5’ ATTATTGGACTGTGCTAGTTGC 3~ Reverse
RR758 DWF4 (At3g50660) 5" CATAAAGCTCTTCAGTCACGA 3~ Forward
RR548 DWF4 (At3950660) 5" CGTCTGTTCTTTGTTTCCTAA 3~ Reverse
BR60X2 (At5g38970
RR551 ) 5" AGCTTGTTGTGGGAACTCTATCGG 3~ Forward
BR60X2 (At5g38970
RR552 ) 5" CGATGTTGTTTCTTGCTTGGACTC 3° Reverse
RR557 BAS1 (At2g26710) 5" CAAATGCTTCTTTGTGCTGAA 3~ Forward
RR558 BAS1 (At2g26710) 5" aattccctcttgtcggaaaaa 3° Reverse
RR740 ROT3 (At4g36380) 5’ CAAATCCTTAAAGGCGAAAGAGAGG 3~ Forward
RR741 ROT3 (At4g36380) 5" CTTAGAAGTACGTCCACCACG 3~ Reverse
RR744 EXP8 (At2g40610) 5° CAACCATCACCGTCACAGCTA 3° Forward
RR745 EXP8 (At2g40610) 5’ CTGAAGAGGAGGATTGCACCA 3’ Reverse
RR746 GRF1 (At2g22840) 5" GGAAAGAAATGGCGGTGCTCG 3° Forward
RR747 GRF1 (At2g22840) 5" CAGCGGCGGCAGCATTAGTA Reverse
RR748 GRF2 (At4g37740) 5" GATCAGAAATACTGTGAAAGACACATC 3~ Forward
RR749 GRF2 (At4g37740) 5" GTTGTGGTGTAGTAACCGCTTTG 3° Reverse
RR750 GRF3 (At2g36400) 5" TTCGCTGGCCACAAGTATTGC 3~ Forward
RR751 GRF3 (At2g36400) 5" TGTTGCTGTTGTAGTGGTGGCT 3~ Reverse
RR752 GRF4 (At3g52910) 5" GCGGGCCACAAGTATTGTGAC 3~ Forward
RR753 GRF4 (At3g52910) 5" GGAGAAGAAGTGGTTGTTGTTTGG 3~ Reverse
RR754 GRF5 (At3g13960) 5" CTCTTCATCATGCTTCCGCTTT 3° Forward
RR755 GRF5 (At3gl13960) 5" TTGCTAACGGTTGTTGGTGATG 3° Reverse
RR756 GRF6 (At2g06200) 5° TCCTCAAGAAAGCCTCCTCCTA 3° Forward
RR757 GRF6 (At2g06200) 5° ATCTTCCATTGCTGAGCCAGAG 3° Reverse
RR758 GRF7 (At5g53660) 5" TGCGCGAAAGAAGTCGTCTCTA 3° Forward
RR759 GRF7 (At5g53660) 5° CACCATTGTTGTTAGGGCGAGA 3° Reverse
RR760 GRF8 (At4g24150) 5" GCATGTGGAATCATCTCACCAATC 3~ Forward
RR761 GRF8 (At4g24150) 5" GTGATCATATGGAGAGGAGGC 3~ Reverse
RR762 GRF9 (At2g45480) 5° AGAAGCTGCAAAATTCTCAAGCAAC 3~ Forward
RR763 GRF9 (At2g45480) 57 GCACCTTCCTGGTTCATTGTC 3° Reverse
RR882 AN3 (At5928640) 5" CTGATCATATCCAACAGTACTTGG 3~ Forward
RR883 AN3 (At5g28640) 5" GCCTTGCTTGATTCTCGGCG 3~ Reverse
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RR289 UGT73C1 5" TACTTCCCCATTCCTAATTTCCCTGAC 3~ Forward

RR290 UGT73C1 5" CTGGCTCGAGCTCTTCAAACGTGTTA 3° Reverse

RR291 UGT73C2 5" CTACACCGAAACCACAATATCTTACATG 3~ Forward

RR292 UGT73C2 5" GGACGTGTCATCAGCATCCACCTG 3° Reverse

RR293 UGT73C3 5 CGAGCGATCGAGTCTGGCTTGG 3° Forward

RR294 UGT73C3 5" AAGGTACCATCAACTCCGTTGAGTCT 3~ Reverse

RR295 UGT73C4 5 CGCAGAAACCTCGAGATCTTGAAGAAC 3° Forward

RR296 UGT73C4 5" AAGAACGCTTTCCAATCTCCACTTGCAG 3~ Reverse

RR353 UGT73C5 5 GGGGATAACTGCTGGTCTACCG 3° Forward

RR354 UGT73C5 5" CCTCTTCTCCCCATTTCATAGGCTG 3~ Reverse
UGT73C6

RR287 (At2g36790) 5 GAAGCTGGTCTGCAAGAAGGACAAGAA 3’ Forward
UGT73C6

RR288 (At2g36790) 5" GATTAGACAGCTTGGTCGCGGGC 3~ Reverse

RR297 UGT73C7 5 CTCTAGGCTCTTGTCCCAGCGCCAA 3~ Forward

RR298 UGT73C7 5" CGCACCCTTCTGGCAAACCCGTTTG 3~ Reverse
LncNATs-UGT73C6

RR357 (At2936792) 5" GGCAAACGTAGAGCACAGATCCCG 3° Forward
LncNATs-UGT73C6

RR358 (At2g36792) 5" GTAGGAGTAGACAAAGCAGAGAGGGG 3~ Reverse

DM195 PP2A (AT1G13320) 5’ AGCCAACTAGGACGGATCTGGT 3’ Forward

DM196 PP2A (AT1G13320) 5’ GCTATCCGAACTTCTGCCTCATTA 3’ Reverse
At3g45970

RR574 (EXPANSIN L1) 57 CAAGTCGGTTCATCGCCAAATTGGG 3~ Forward
At3g45970

RR575 (EXPANSIN L1) 5° GTATCCACCGGTTACTACGAACCTG 37 Reverse
AT3G13920

RR576 (EIF4A1) 5" GGCGTAAGGTTGATTGGCTCAC 3° Forward
AT3G13920

RR577 (EIF4A1) 5”7 GATGAGAACACGGGAGGAACCAG 3~ Reverse
Upstream of the
PB7WG2 attRl1

RR242 site 5" TCGACCTGCAGGCGGCCGC 3~ Forward
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