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Abstract

MicroRNAs are an abundant class of 21-22 nt, non-coding RNAs that play a critical
role in a wide range of developmental pathways in plants through ARGONAUTEL
(AGO1) post-transcriptional regulation of target mRNAs. Genetic analysis of agol
mutants with informative defects has provided valuable insights into AGOL1's
biological functions and its corresponding miRNAs. Tomato encodes two AGO1
homologs (SIAGO1s), but mutants have not been described to date. The first goal of
this thesis was to analyze SIAGO1s' involvement in tomato flower development. The
Polerovirus PO silencing suppressor is an F box protein that suppress viral silencing
by binding to RNA induced silencing complex (RISC) thus preventing the
incorporation of the miRNA/siRNA duplexes into AGO1, leading to its degradation.
This study confirmed that both SIAGO1s' undergo decay in the presence of PO, and
accordingly transgenic responder line (OP:POHA) were produced which, upon
transactivation, expresses PO C-terminally fused to a hemagglutinin (HA) tag (POHA)
and destabilizes SIAGO1s at the site of expression. By crossing OP:POHA with a
battery of driver lines, constitutive as well as organ- and stage-specific, SIAGO1
downregulation was induced in the F1 progeny. Activated plants exhibited various
developmental phenotypes that partially overlapped with those of Arabidopsis agol
mutants. Plants that constitutively expressed POHA had reduced SIAGO1 levels and
increased accumulation of miRNA targets, indicating compromised SIAGO1-
mediated silencing. Consistent with this, they exhibited pleiotropic morphological
defects and their growth was arrested post-germination. Transactivation of POHA in
young leaf (FIL>>POHA) and floral organ primordia (AP1>>P0OHA/ AP3>>P0HA)
dramatically modified corresponding organ morphology, including the radialization
of leaflets, petals and anthers, suggesting that SIAGO1s' activities are required for
normal lateral organ development and polarity. Additionally, AP1>>POHA and
AP3>>P0OHA produced flowers with extra floral-organs and abnormal floral-organs
separation, suggesting that SIAGO1s' activities are also essential for normal flower
boundary morphogenesis. Being composed of several whorls of distinct floral organs,
the flower is one of the most complex organs in the plant. As such, the formation and

maintenance of boundaries that separate the meristem from the floral organ



primordium and adjacent organs are critical for its normal development. Among the
tested miRNA-target genes, Solyc03g115850 (SINAMZ2) was most influenced by
POHA expression. The yet uncharacterized SINAM2 gene is a member of the NAM,
ATAF1/2, and CUC2 (NAC) domain transcription factor family, which was predicted
as a miR164 target gene. In Arabidopsis, the NAM-miR164-regulated genes, CUP
SHAPED COTYLYDON1 (CUC1) and CUC2, play key roles in floral-boundary
specification. In contrast, much less is known about floral-boundary establishment in
the model crop tomato. The miR164-regulated NAM gene GOBLET is expressed in
the floral meristem—organ boundaries and its loss-of-function mutant produces
flowers with fused sepals and fewer locules, indicating its requirement for tomato
floral-boundary formation. Here sly-miR164 was found to target the transcripts of an
additional three (SINAM2, SINAM3 and SINAC1) uncharacterized NAM genes in
developing flowers. Since SINAM2 was upregulated in the POHA expressing plants, a
possible role of SINAM2 in floral-boundary specification was further investigated
during this work. After floral-boundary initiation, SINAM2 is expressed as stripes that
mark the boundaries between sepals and between different floral whorls.
Furthermore, ectopic accumulation of SINAM2-encoding transcripts caused various
growth-suppression and extra-organ phenotypes typically observed in plants
overexpressing known boundary genes. Flower-specific silencing of sly-miR164-
targeted NAM genes (AP1>>MIR164) caused defects in the separation of sepals and
floral whorls indicating abnormal boundary specification. However, supplementing
these NAM-deficient flowers with miR164-resistant SINAM2 suppressed their fusion
phenotypes and completely restored floral boundaries. Taken together, these results
strongly suggest that SINAM2 participates in the establishment of tomato flower

whorl and sepal boundaries.



A. Introduction
A.1. Small RNA in plants

Small RNAs (sRNAs, 20- to 24-nucleotides) are key regulators of gene expression in
plants (Chen, 2009). In recent years next generation sequencing technigues enabled
the mass identification and quantification of SRNAs, revealing complex populations
of these molecules. Plant SRNAs can be divided into small interfering RNAs
(siRNAs) and microARNAs (miRNAs) based on differences in biogenesis. SIRNAS
are generated from long double-stranded RNAs (dsRNAs), which usually give rise to
multiple siRNAs species from both strands and can act in cis or trans (Axtell, 2013).
This group contains the heterochromatic siRNAs (hc-siRNAs) that guide DNA
methylation and histone methylation machineries to homologous loci for
transcriptional gene silencing (Lu et al., 2005; Kasschau et al., 2007; Zhang et al.,
2007; Mosher et al., 2008), secondary siRNAs including phased or tasi-RNAs that
regulate developmental (Chitwood et al., 2007; Allen et al., 2007; Yifhar et al., 2012)
and disease resistance genes (Zhai et al., 2011; Li et al., 2012; Shivaprasad et al.,
2012), and natural sense-antisense transcript SiRNAs pairs (NAT-siRNAs) that were
found to play a role in reproductive function (Ron et al., 2010) and biotic and abiotic
stresses (Borsani et al., 2005; Katiyar-Agarwal et al., 2007). In contrast, miRNAs,
which play critical roles in modulating metabolism, development and physiology, are
derived from single-stranded RNA transcripts, pri-miRNAs, that can fold into a
hairpin RNA secondary structure (Xie et al., 2005). The biogenesis of plant SRNAs
requires several evolutionary conserved components, of which few are encoded by
multigene families with conserved clades that were found to be specialized for the
production or use of a certain class of SRNAs (Margis et al., 2006; Vaucheret, 2008).
The first component is the DICER-LIKE (DCL) endonuclease that slices the double
stranded regions of the RNA precursors and releases a 20-24 nt long double-stranded
duplex, with 2-nt 3’ overhang (Margis et al., 2006). Arabidopsis thaliana encodes
four DCLs each specialized in the generation of certain small RNAs with overlapping
functions (Park et al., 2002; Xie et al., 2004; Gasciolli et al., 2005; Henderson et al.,
2006). DCL1 catalyzes the formation of predominantly 20-22-nt miRNAs, certain
SiIRNAs that derived from inverted repeats and NAT-siRNAs (Park et al., 2002; Allen
et al., 2005; Borsani et al., 2005; Henderson et al., 2006; Li et al., 2012; Shivaprasad



et al., 2012). DCL2 catalyzes the formation of 22-nt siRNAs and 22-24-nt NAT-
siRNAs (Xie et al., 2004; Borsani et al., 2005; Deleris et al., 2006). DCL3 is required
for the production of 24-nt hc-siRNAs and long miRNAs (Qi et al., 2005; Wu et al.,
2010; Xie et al., 2004). DCL4 sequentially processes 21-nt secondary SiRNAS
derived from RDR6-depedent dsRNA including phased and ta-siRNAs and is also
required for the production of young miRNAs such as miR822 and miR839,
presumably because of their perfect stem—loop structure resembling a dsRNA
(Gasciolli et al., 2005; Howell et al., 2007; Rajagopalan et al., 2006; Xie et al., 2004).
The second important component is the ARGONAUTE (AGO), a part of the RNA-
Induced Silencing Complex (RISC) (Baumberger and Baulcombe, 2005). This
complex incorporates the mature single strand SRNA and uses it as a guide to target
complementary RNAs resulting in its slicing, translational inhibition or epigenetic
silencing (Baumberger and Baulcombe, 2005; Vaucheret, 2008; Li et al., 2013).
Arabidopsis encode ten AGO proteins that fall into three distinct clades: AGO1,
AGOS5 and AGO10 clade, the AGO2, AGO3 and AGO?7 clade, and the AGO4, AGO6
and AGO8 and AGO9 clade (Vaucheret, 2008). Sequencing of SRNAs bound by each
AGO protein, defined their roles in various small RNA pathways. AGO1,
preferentially binds SRNAs with a 5’ uridine characteristic of most 20-22-nt miRNAS
(Baumberger and Baulcombe, 2005; Mi et al., 2008), whereas AGO5, binds SRNAs
of different sizes that have a 5’ cytosine (Takeda et al., 2008). Lately, it was found
out that AGO10 primarily associates with miR165/166 in the SAM thus preventing
their incorporation into AGO1 complexes (Zhu et al., 2011). AGO2 (and probably the
very similar AGO3) has a preference for 21-nt SRNAs with a 5 adenine.
Additionally, AGO2 is supposed to have an antiviral role as it associates with several
virus-derived siRNAs (Takeda et al., 2008). AGO7 associates largely with a single
miRNA, miR390, required for TAS3 (trans-acting siRNA locus 3) dependent ta-
siRNA production (Montgomery et al., 2008). Finally, it is thought that 24-nt SiRNAs
with a 5 adenine guide AGO4, AGO6 and AGO9 to noncoding RNAs that mediate
DNA methylation and chromatin modifications (Qi et al., 2006; Zheng et al., 2007;
Havecker et al., 2010). AGO8 shows low-level expression in all stages and tissues
and thus is considered to be a pseudo gene (Takeda et al., 2008; Mallory and
Vaucheret, 2010).



A.2. The biogenesis and regulatory roles of plant miRNAs

The miRNA encoding genes (MIRs) are transcribed by RNA polymerase 1l (Pol II)
(Xie et al.,, 2005; Kim et al.,, 2011) into a pri-miRNA, which is capped and
polyadenylated. The pri-miRNA is processed into the pre-miRNA, which is further
processed into the miRNA/mMiRNAx* duplex. The duplex is methylated by HEN1 and
finally, most of the mature miRNAs are incorporated into AGO1 (Baumberger and
Baulcombe, 2005), and act in trans to modulate the spatial and temporal expression of
partially complementary mRNAs (Fig. 1). Most plant miRNAs exhibit up to four or
less mismatches with their targets and these mismatches are usually located in the 3’
region of the miRNA (Mallory et al., 2004b; Schwab et al., 2005). Further
experiments with mutated targets show that mismatches between positions 3 and 11 of
the miRNAs result in poor cleavage, whereas mismatches at the 3’ end had a slighter
effect (Mallory et al., 2004b). By those roles, several bioinformatics algorithms were
developed and many prediction miRNA-target tools are now available (Dai and Zhao,
2011; Wu et al., 2012; Sun et al., 2013). Strikingly, in Arabidopsis both DCL1 and
AGOL1 undergo homeostatic regulations through the action of miR162 and miR168,
respectively (Xie et al., 2003; Vaucheret et al., 2004). Moreover, the maintenance of
AGO1 homeostasis is not only by miR168 but also by secondary siRNA arising from
miR168-guided AGO1 mRNA cleavage products (Mallory and Vaucheret, 2009). Up
to date, three types of miRNA regulatory modes have been described at the PTGS
level (Garcia, 2008). The first regulatory mode is spatial restriction, where the
miRNA has a complementary accumulation pattern with its target genes and spatially
confine their transcriptionally expression domain. For example, in Arabidopsis
miR166 restricts the expression of PHABULOSA (PHB) to the adaxial domain of the
developing leaf to enable proper polarity formation (McConnell et al., 2001; Kidner
and Martienssen, 2004). The second regulatory mode is dampening expression,
where the miRNA and its target genes are sharing overlapping expression domain and
the miRNA act to buffer the target gene accumulation level. For example, in
Arabidopsis both miR164 and its CUP SHAPED COTYLEDON1 (CUC1) and CUC2
target genes, are expressed in the bud at the interwhorl regions where miR164 refine
their accumulation levels to insure proper boundaries formation (Baker et al., 2005;
Sieber et al., 2007). The third regulatory mode is temporal regulation, where the

miRNA act as a developmental clock and the developmental transition occurs when



the target reaches a critical threshold. like transition to reproductive phase in
Arabidopsis is controlled by the accumulation of miR172 and its APETALA2-like
(AP2-like) target genes (Aukerman and Sakai, 2003; Chen, 2004).

L
¥ T

U7 Mediator
General
TFs —
TATA Pol Il —_— \L

MIR transcription

Recruitment of DCL1 complex to pri-miRNA
(or splicing machinery?)

Splicing Machinery?

Se HYL1
7mG (CBP8O ;
CBP20 ) 012p

: e Pol Il b

Two- or multi-step
DCL1 stem-to-loop processing

pre-miRNA

w

m
X
=<
-
-

miRNA/miRNA* duplex

) g

AGO binding and stand selection

2’-0-methylation {
]
?

-

Functional RISC AGO1 o

@L I AGO1 5
! 3 ¢
miRNA degradation & 7 ’\/

-

Rogers and Chen , 2013

Fig. 1. Summary of the major steps in miRNA biogenesis and turnover. Proteins are
colour coded according to known functions in MIR transcription (pink), splicing
(orange), DCL processing (light blue), phospho-regulation (purple), RISC assembly
(green), and miRNA stabilization and turnover (red). Adopted from Rogers K , and
Chen X Plant Cell 2013;25:2383-2399(Rogers and Chen, 2013)

A.3. ARGONAUTEL and its role in plant development

AGO proteins contain a variable N-terminal domain and conserved C-terminal PAZ,
MID, and PIWI domains. The PAZ domain recognizes the 3’ ends of SRNAs and bind



to it with low affinity in a sequence-independent manner while the MID domain binds
to the 5’ phosphate of the SRNAs (Tolia and Joshua-Tor, 2007). The PIWI domain has
an RNaseH-like structure and slices target RNAs (Tolia and Joshua-Tor, 2007).
AGOL is a key component of miRNA RISCs as well as transgene (Baumberger and
Baulcombe, 2005) and antiviral (Zhang et al., 2006) RISCs. Because most plant
miRNAs have a 5' uridine, AGOL1 is considered the most important AGO in the
miRNA pathway. Indeed, in agol mutants, miRNA accumulation is reduced and their
target mMRNAs accumulate (Vaucheret et al., 2004). Consistent with the major
function played by AGOL1 in the miRNA pathway, Arabidopsis agol null mutants
exhibit severe developmental phenotypes, including various defects in organ polarity
and occasional growth arrest (Bohmert et al., 1998; Lynn et al., 1999; Kidner and
Martienssen, 2004, 2005). The agol-3 and agol-8 null mutants exhibit narrow
thickened rosette leaves, which completely lose their polar identity, and radialized
cauline leaves and petals (Bohmert et al., 1998; Lynn et al., 1999). Growth arrest
occurs in agol-7 and agol-8 seedlings upon replacement of the primary shoot apical
meristem (SAM) with a single determinate pin-like organ, and in ago1-10 null mutant
seedlings due to lack of post-embryonic organs (Lynn et al., 1999; Kidner and
Martienssen, 2005). In contrast to agol mutants, other ago null mutants exhibit no
obvious (ago2-6 and ago9) or very limited (ago7/zippy and agolO/pinhead/zwille)
developmental defects (Vaucheret, 2008) in Arabidopsis. Ler but not Col ecotype
agol0 null mutants exhibit, with incomplete penetrance, a severely defective SAM
(Lynn et al., 1999; Takeda et al., 2008), whereas ago7 null mutants display premature
transition from juvenile to adult vegetative phase, as indicated mainly by precocious
appearance of adult leaf traits (Hunter et al., 2003).

A.4. Viral suppressors of RNA silencing

RNA silencing constitutes the primary plant immune system against viruses. Upon
virus infection the plant host induce the production of virus-derived small RNAs
(vsiRNAS) that are incorporated into the RISC and guide it to cleave the viral RNAs
(Csorba et al., 2009). In return, plant viruses evolved diverse viral suppressors of
RNA silencing (VSRs) which can suppress either the production or the antiviral
activity of vsiRNAs (Csorba et al., 2009). Interestedly, it has been found that the

antiviral and the miRNA pathways are reminiscent and even share certain functional



components (Baulcombe, 2004). For example both pathways use small RNAs that
incorporate into AGOL1 as their effector. As a result, VSRs not only inhibits the
antiviral mechanism but, also perturb the miRNA pathway (Voinnet, 2005). For
example, the P19 protein a Tomato busy stunt virus (TBSV) VSR, functions to
sequester 20-21 long siRNA-duplexes thus preventing their incorporation into RISCs
(Lakatos et al., 2006). Moreover, P19 was found to inhibit the translational capacity
of AGO1 mRNA by modulating the endogenous miR168 level to alleviate the anti-
viral function of AGOL1 protein (Varallyay et al., 2010). In addition it was shown that
the developmental aberrations exhibited by P19 in Arabidopsis P19 transgenic plants
were caused due to impaired levels of miR167, that led to misregulation of the
miR167 target AUXIN RESPONSE FACTOR 8 (ARF8) (Jay et al., 2011). The 2b
protein of Cucumber mosaic virus (CMV), binds to both AGO1 and sRNAs duplexes,
causing to inhibition of the host RARP-dependent synthesis of viral secondary siRNAs
by inhibiting the RISC activity via physical interaction with the PAZ domain of
AGOL1 (Zhang et al., 2006; Burgyan and Havelda, 2011). The PO protein of the Beet
western yellows virus (BWYV) encodes an F-box protein that promote the
degradation of AGO1 preventing de novo formation of SIRNA/mMiRNA RISC effector
complexes (Pazhouhandeh et al., 2006; Baumberger et al., 2007; Bortolamiol et al.,
2007; Csorba et al., 2010). Consistent with this, transgenic PO expression causes
pleiotropic developmental phenotypes, including growth arrest as well as enhanced
accumulation of several miRNA-target transcripts, mimicking the effects observed in
agol mutants (Bortolamiol et al., 2007). Furthermore, in Arabidopsis AGO5, AGOS6,
AGO2 and AGO9 have also been shown to decay in the presence of PO (Baumberger
et al., 2007). Nevertheless, since Arabidopsis mutants of these AGOs do not show
developmental phenotypes (Vaucheret, 2008), the effect of such decay on plant
development is likely to be very limited. Thus, in the absence of an agol mutant, the
expression of PO in an organ offers a potent strategy to downregulate AGOL1 in that

organ, thereby exposing its involvement in organogenesis.
A.5. miRNAs in tomato plants

Solanum lycopersicum (tomato) is one of the most important crops in the fresh
vegetable market and the food-processing industry. In 2007, tomato joined the
miRNAs race (Pilcher et al., 2007) and by now the Tomato Functional Genomics



database contains more than 5.3 million unique tomato small RNAs from leaf, buds,
flowers and several stages of developing tomato fruits libraries, generated by
traditional cloning of cDNA libraries and high-throughput sequencing of sSRNAs
(Itaya et al., 2008; Moxon et al., 2008; Mohorianu et al., 2011; Karlova et al., 2013).
More than 100 known miRNAs were identified in those libraries and 46 known

miRNAs were deposit to miRBase (release 20; http://www.mirbase.org/). The target

of many of these miRNAs were predicted to be transcription factors involved in plant
growth and developmental patterning (ltaya et al., 2008; Moxon et al., 2008;
Mohorianu et al., 2011). Moreover, the recent annotation of the complete tomato
genome sequence (Tomato Genome Consortium, 2012) enabled an identification of
target genes on a genome-wide scale and parallel analysis of RNA ends (PARE)
enabled verification to some of those predicted target genes (Karlova et al., 2013).
Lanceolate (La), a member of the TCP transcription factor family, was the first
tomato miRNA target gene to be characterized (Ori et al., 2007). Point mutations
within the sly-miR319-binding site of several La alleles caused to dominant mutation
which produced very small leaves with entire margins as a result of accelerated
differentiation of leaf margins, while downregulation of all sly-miR319 target genes
by ectopic expression of MIR319 by FIL promoter produced larger leaflets and
continuous growth of leaf margins. The resulted phenotypes together with the
expression patterns of both sly-miR319 and La, suggested that the spatial and
temporal regulation of La by sly-miR319 is essential for proper differentiation of leaf
margins while the leaf elaboration occur (Ori et al., 2007). Sly-miR159 is probably
also crucial for normal flower development as transgenic expression of miR159-
resistant SGN-U567133-target gene led to pleiotropic developmental defects in leaves,
flowers, and fruits (Buxdorf et al., 2010). Sly-miR164 is another conserved miRNA
that regulates the expression of GOBLET (GOB), a member of the NAM, ATAF1/2,
CUC2 (NAC) domain transcription factor family, which involved in boundary
formation. A loss-of-function mutant of this gene produced goblet-shaped fused
cotyledons, and similar to its CUC2 homolog, the spatial and temporal expression of
GOB is post-transcriptionally regulated by sly-miR164. This regulation limits GOB
expression to the boundaries between the shoot apical meristem and leaf primordia
and between leaflet primaordia (Berger et al., 2009; Blein et al., 2008). Accordingly,
a loss-of-function gob-3 mutant produced simpler leaves with smooth leaflet margins

lacking secondary leaflets, and gain-of-function Gob-4d produced extra lobed
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cotyledons and deeply lobed leaves, together indicating that GOB is required for the
formation of the boundaries between leaflets in compound tomato leaves (Berger et
al., 2009). In the flower, GOB is expressed at the boundaries between floral meristem
and floral-organ primordia (Blein et al., 2008). In addition, gob-3 and Gob-4d mutants
produced flowers with fused sepals and fewer locules or with extra carpals,
respectively, together suggesting that GOB functions in the formation of floral-organ

boundaries as well (Berger et al., 2009).
A.6. The role of miRNAs in flower development

Being composed of several whorls of distinct floral organs, the flower is one of the
most complex organs in the plant, and is vital for the reproduction of angiosperms.
Perturbation of the miRNA pathway leads to flower developmental defects indicating
its importance for flower development (Wollmann and Weigel, 2010). MiR172 was
found to regulate floral organ identity and flowering time by post-transcriptional
regulation of members of the APETALA2 (AP2) transcription factor family (Zhu and
Helliwell, 2011). MiR172-mediated repression of AP2 in the flower is crucial for the
formation of the two inner whorl organs (Aukerman and Sakai, 2003; Chen, 2004;
Zhao et al., 2007). Overexpression of miR172 showed floral homeotic phenotypes
similar to those of ap2 loss-of-function (carpels instead of sepals and lack of petals)
(Aukerman and Sakai, 2003). MiR159 is required for normal anther development by
repressing GAMYB-like transcription factors (Allen et al., 2007) and act as a
molecular switch that restrict the expression of MYB33 and MYB65 to anthers
(Alonso-Peral et al., 2010). Overexpression of miR159 disrupts anther development
and leads to male sterility in Arabidopsis (Achard et al., 2004). MiR167 represses the
ARF6 and ARF8 transcription factors which are required for fertility of both ovules
and anthers (Wu et al., 2006). Overexpression of miR167 causes defects in anther
dehiscence and failure to release pollen (Wu et al., 2006). MiR160 negatively
regulates ARF10, ARF16 and ARF17 and is required for normal flower formation and
fertility (Mallory et al., 2005; Liu et al., 2010). The floral organs in carpel (foc) loss-
of-function mutant of miR160 produced irregularly shaped flowers, with floral organs
inside the siliques, and had aberrant seeds (Liu et al., 2010). MiR166/165 functions to
negatively regulate the HD-ZIP I11 genes in various floral organs and are crucial for
normal organ polarity, and vascular development (Kim et al., 2005; Williams et al.,



2005). The miR166a gain-of-function mutants of miR166 meristem enlargedl (menl)
and jabba-1D (jab-1D) have fascinated inflorescence stems and defective vascular
differentiation and radial patterning (Kim et al., 2005; Williams et al., 2005). MiR319
regulates petal growth and development by regulating the TEOSINTE BRANCHED/
CYCLOIDE A/PCF (TCP) transcription factors TCP2, TCP3, TCP4, TCP10,
and TCP24 (Palatnik et al., 2007; Nag et al., 2009). The Arabidopsis miR319a* loss-
of-function mutants produced flowers with narrower and shorter petals, and defective
anthers due to elevated levels of TCP4 (Nag et al., 2009). MiR164 play a key role in
floral boundaries formation by regulating the expression of the CUC1 and CUC2
boundary genes (see below) (Mallory et al., 2004a; Baker et al., 2005; Sieber et al.,
2007). The early extra petalsl (eepl) miR164c loss-of-function mutants produced
flowers with extra petals in early-arising flowers(Baker et al., 2005).

A.7. Flower boundaries are essential for normal formation of whorls and floral-

organs

The production of plant lateral organs depends on the formation of a narrow domain
of non-dividing cells or boundary that separates the organ primordium from the
meristem. In addition, normal lateral organ architecture requires proper organ-organ
boundary formation that separates distinct tissues (Breuil-Broyer et al., 2004; Aida
and Tasaka, 2006a; Rast and Simon, 2008). The boundary cells display unique
morphological characteristic: their epidermal cells have a saddle-shaped surface and
they are strongly elongated along the boundary compare to the to the meristem and
primordia, whose epidermal cells show a fairly round shape with a flat or convex
surface (Aida and Tasaka, 2006a). It was found that formation of boundaries is
regulated by specific boundary genes that are expressed in the cells that will form the
boundary. Accordingly, misexpression of these genes can lead to growth arrest or
abnormal development (Aida et al., 1997; Takeda et al., 2004; Brewer et al., 2004;
Aida and Tasaka, 2006a). In Arabidopsis, several gene families are involved in the
specification of meristem—organ and organ—organ boundaries. Misexpression of those
genes lead to either floral organ fusions as can be seen in cucl cuc2 double mutants
who produced flowers with fused sepals and stamens (Aida et al., 1997) or to loss of
floral organs as in loss-of-function mutant of PETAL LOSS (ptl) and HANABA
TARANU (han) which resulted in flowers with fewer petals (Griffith et al., 1999;



Zhao et al., 2004). In the past decade more and more regulatory boundary genes have
been discovered, revealing the genetic pathway controlling both floral organ initiation
and boundaries formation allowing normal flower organogenesis (Li et al., 2010;
Huang et al., 2012; Lampugnani et al., 2013). Among them, the RABBIT EARS (RBE)
which promotes both intra- and inter- perianth whorls separation (Takeda et al., 2004;
Krizek et al., 2006). Lately, it has been discovered that RBE negatively regulates
MiR164c and function to fine-tune MIR164 expression, and by that regulates the
expression of CUC1 and CUC2 boundary genes (Huang et al., 2012). The
Arabidopsis CUC1 and CUC2 are functionally redundant miR164-regulated NAM
genes that promote boundary formation and maintenance throughout vegetative and
reproductive development (Aida et al., 1997; Takada et al., 2001). Accordingly, they
are expressed between the meristem and the new lateral organ, at the base of the
outgrowing teeth defining the leaf sinuses, between the inflorescence meristem and
the new flower meristem, and between floral-organ primordia (Ishida et al., 2000;
Takada et al., 2001; Nikovics et al., 2006). Consistent with their requirement for
boundary formation, cucl cuc2 double mutants develop fused cotyledons, and
produce flowers with fused sepals and stamens and with fewer petals (Aida et al.,
1997). Similar phenotypes have also been observed in plants overexpressing miR164
(Mallory et al., 2004a; Laufs et al., 2004). Gain-of-function of either CUC1 or CUC2
leads to extra floral organ formation and variable growth-suppression phenotypes,
which have been suggested to be caused by repression of cell division (Takada et al.,
2001; Mallory et al., 2004a; Laufs et al., 2004; Baker et al., 2005; Nikovics et al.,
2006; Sieber et al., 2007).

A.8. Objectives

The miRNA pathway plays important roles in flower development but little is known
on their function in tomato, one of the most important agricultural crops. Since fruit
initiate from fertilized flowers, better understanding of flower development of this
crop is essential to improve its yield. The main goal of this work is to improve our

understanding on the roles of the miRNA pathway in tomato flower development.
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Specific objectives are:

1.1. To reveal processes and genes which are regulated by miRNAs during flower
development.

1.2. To characterize the sly-miR164 target genes in the flowers.

1.3. To analyze the function of SINAM2 in flower development.

1.4. To characterize the biological role of SINAM2 regulation by sly-miR164 in the
flower.
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B. Materials and Methods

B.1. Plant material and growth conditions

Tomato (Solanum lycopersicum) cv. M82 lines 35S:LhG4, FIL:LhG4, OP:GUS
(Lifschitz et al., 2006), 650:LhG4, BLS:LhG4, OP:mRFP (Shani et al., 2009),
AP1:LhG4, AP3:LhG4 (Fernandez et al., 2009) and OP:MIR164 (Alvarez et al.,
2006) have been described elsewhere. The tomato plants were grown under
greenhouse conditions with temperatures ranging between 15 and 25 °C in a tuff—peat
mix with nutrients, using 4-liter pots. Germination and seedling growth took place in
a growth chamber with a 16 h light period and 8 h dark period (photosynthetic photon
flux density: 50-70 umol m?s™) at a constant temperature of 24°C. For crosses,
closed flowers were emasculated by removal of the petals and stamens and hand-

pollinated with the pollen of an appropriate homozygous driver line.

B.2. Total RNA extraction and small-RNA blot analyses

Total RNA was isolated from different tomato tissues with Bio-TRI RNA reagent
(Bio-Lab, Jerusalem, Israel) according to the manufacturer’s protocol. After addition
of isopropanol, the RNA extract was incubated overnight at -20 °C to enhance the
precipitation of low-molecular-weight RNAs. Following an ethanol wash, RNA was
resuspended in RNase-free water and kept at -80 °C until use. Small-RNA gel-blot
analysis of 5 pg total RNA was performed as described previously (Talmor-Neiman
et al., 2006). For the detection of sly-miR164 and U6 small nucleolar RNA, a
radiolabeled oligo probe that is complementary to the corresponding small RNA was
used. For the detection of the SINAM2 SiRNAs, a 353-bp fragment from the 3’
untranslated region (UTR) of SINAM2 was amplified by RT-PCR from tomato flower
cDNA with the primers SINAM2IR_Clal-Pstl_fwd and SINAM2IR_HindllI-
EcoRlI_rev (all primer sequences are given in Table 1) and then cloned into pGEM-T
Easy (Promega, Madison, WI, USA) so that it was in the antisense orientation relative
to the T7 promoter. Then a radiolabeled RNA probe was transcribed using the
RiboScribe T7 probe synthesis kit (Epicentre Biotechnologies, Madison, W1, USA) in
the presence of [a-32P]UTP.

12



B.3. Target prediction and validation by cleavage-site mapping

Sly-miR168 and sly-miR164 targets were predicted by psRNATarget
(http://plantgrn.noble.org/psRNATarget/) (Dai and Zhao, 2011) against the current

version of the publicly available genome [SGN ITAG release 2.3 predicted cDNA
(SL2.40)]. For target validation, total RNA was extracted from tomato flowers as
described above, and enriched for poly(A) mRNA using the Oligotex mMRNA Mini
Kit (Qiagen, Valencia, CA, USA). A modified procedure for RNA ligase-mediated
rapid amplification of cDNA ends (5 RLM-RACE) was performed with the
GeneRacer Kit (Invitrogen, Carlsbad, CA, USA) as described previously (Talmor-
Neiman et al., 2006). For validation of sly-miR168 targets, cDNA was amplified with
the GeneRacer-5' primer and with SIAGO1-1_RACE/ SIAGO1-2_RACE primers,
followed by nested PCR using GeneRacer-5-nested primer and SIAGO1-
1 RACE_nested/SIAGO1-2_RACE_nested primers, respectively. For validation of
sly-miR164 targets, cDNA was amplified with the GeneRacer-5' primer and with
SINAM2_RACE, SINAM3_RACE, SINAC1_RACE and GOBLET_RACE primers,
followed by nested PCR using GeneRacer-5-nested primer and
SINAM2_RACE_nested, SINAM3 RACE_nested, SINAC1l RACE nested and
GOBLET_RACE_nested primers, respectively. The PCR conditions used for both
amplification steps were as recommended by the manufacturer. The amplified
products were gel-purified, cloned into pGEMT-easy vector (Promega) and
sequenced. For transgenic SINAM2, total RNA was extracted from young tomato
leaves as described above, and 6 pg DNA-free total RNA was used to produce the
RLM-RACE cDNA. The cDNA was subjected to amplification procedure with the
GeneRacer-5' primer and the transgene-specific primer OCS_rev followed by nested
PCR with primer pair GeneRacer-5-nested and SINAM2_ RACE_nested.
Amplification of the intact transgenic transcript was performed by RT-PCR with the
primer SINAM2_Exon_557_fwd found upstream of the sly-miR164 cleavage site and
OCS rev.

B.4. Plasmids constructions

For the reporter construct POHA [PO C-terminally fused to a hemagglutinin (HA) tag],
the coding region of BWYV PO was PCR-amplified with primers
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BWYV_PO Sall fwd, which contains a Sall site at the 5 end, and
BWYV_P0 _BamHI-HA rev, which contains a BamHI site, a stop codon and 27 bp
encoding YPYDVPDYA HA tag. After sequence verification, the amplified fragment
was cloned into the Sall/BamHI sites of the OP-TATA-BJ36 shuttle vector between
an OP array (Moore et al., 1998) and Agrobacterium tumefaciens octopine synthase
terminator (OCS) to generate OP-POHA. The Notl fragment of the OP-POHA vector
was then mobilized into the binary vector pART27 (Gleave, 1992) to generate
pART27-OP:POHA. For the pART27-35S:3XxFLAG-SIAGO1-1 construct, the coding
region of SIAGO1-1 was PCR-amplified from tomato flower cDNA with the primers
FLAG_SIAGO1-1_Xhol_fwd, which contains a Xhol site at its 5' end, a start codon
and 24 bp encoding DYKDDDDK FLAG tag and SIAGO1-1_Xhol_rev, which
contains a Xhol site at its 3' end. The amplified fragments were cloned into the Xhol
site of the OP-TATA-BJ36 vector which served as a template for a second PCR with
primers 3XFLAG_Xhol_fwd, which contains a Xhol site at its 5' end, a start codon
and 66 bp encoding DYKDHDGDYKDHDIDYKDDDDK 3XFLAG tag, and
SIAGO1-1_Xhol_rev. The amplified fragment was cloned into the Xhol site of the
pART7(Gleave, 1992) shuttle vector to generate pART7-35S:3XFLAG-SIAGO1-1.
After sequence verification, the Notl fragment of the pART7-35S:3XFLAG-SIAGO1-
1 vector was mobilized into the binary vector pART27 to generate pART27-
35S:3XxFLAG-SIAGOL1-1. A similar strategy was used to generate the pART27-
35S:3XFLAG-SIAGO1-2 construct except that FLAG_SIAGO1-2_ Xhol fwd and
SIAGO1-2_Kpnl_rev primers were used for the first PCR amplification and
3XFLAG_Xhol_fwd and SIAGO1-2_Kpnl_rev for the second PCR amplification. For
the SINAM2 reporter construct, the coding region of SINAM2 was cloned by RT-PCR
from the flower cDNA with the primers Xhol-U218896 fwd and BamHI-
U218896_rev, which contained Xhol and BamHI sites at their 5’ ends, respectively.
The amplified fragment was restricted with Xhol/BamHI and cloned into the
respective sites of the OP-TATA-BJ36 shuttle vector between an OP array and OCS
terminator to generate OP:SINAM2. To generate OP:mSINAM?2, six silent mutations
in the SINAM2 sly-miR164 target site were inserted using two-step PCR mutagenesis.
Firstly, the 164-mutant-target_fwd and 164-mutant-target_rev primers were used in
conjunction with BamHI-U218896 rev and Xhol-U218896 fwd, respectively, to
insert six substitutions (lowercase letters in Table 1) into the SINAM2-coding region.

Then, the amplified products were assembled by using them as a template for PCR
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with the primer pair Xhol-U218896 fwd and BamHI-U218896 rev. The amplified
fragment was restricted with BamHI/Xhol and cloned into the identical sites of
OP:SINAM2, replacing the respective wild-type SINAMZ2 fragment to generate
OP:mSINAM2. Following sequence validation, the Notl fragments of OP:SINAM2
and OP:mSINAM2 were mobilized into the pART27 binary vector to generate
pART27-OP:SINAM2 and pART27-OP:mSINAM2, respectively. For the SINAM?2
RNA interference (RNAI) reporter construct, a 353-bp fragment from the 3> UTR of
SINAM2 was cloned by RT-PCR from the flower cDNA with the primers
SINAMZ2IR_Clal-Pstl_fwd and SINAMZ2IR_HindllI-EcoRI_rev, each containing two
indicated restriction sites at their 5° end. The amplified fragment was restricted with
either Pstl/EcoRI or Clal/Hindlll and cloned in sense and antisense orientation,
respectively, around the first intron of the Arabidopsis thaliana AKT1 gene to
generate max2intpFLAP-SINAM2IR. Following sequence validation, the Xhol
fragment of the max2intpFLAP- SINAM2IR was mobilized into the Xhol site of the
OP-TATA-BJ36 shuttle vector to generate OP:SINAM2IR. Following orientation
validation, the Notl fragment of the OP:SINAM2IR vector was mobilized into the
binary vector pART27 to generate pART27-OP:SINAM2IR. For the pART27-
35S:GFP-SINAM2 3°UTR, a 353-bp fragment from the 3 UTR of SINAM2 that was
used for the RNAI construct was cloned by RT-PCR from the flower cDNA with the
primers SINAM2IR_Clal-Pstl_fwd and SINAM2IR_Hindlll-EcoRI_rev and cloned
into the Clal/Hindlll sites of the pART7-GFP shuttle vector to generate C-terminal
(pPART7-35S:GFP-SINAM2 3°UTR) translational fusion with GFP under the control
of the cauliflower mosaic virus (CaMV) 35S promoter and OCS terminator. The Notl
fragment of pART7-35S:GFP-SINAM2 3’UTR was mobilized into the binary vector
pPART27 to generate pART27-35S:GFP-SINAM2 3°UTR.

B.5. Agroinfiltration of Nicotiana benthamiana leaves

Agrobacterium strain GVV3101 cultures harboring the binary plasmids (for validating
SIAGO1s decaying by POHA: pART27-OP:POHA, pART27-35S:LhG4, pART27-
35S:3XxFLAG-SIAGOL1-1, and pART27-35S:3xFLAG-SIAGO1-2 and for validating
the downregulation of SINAM2 by SINAM2IR: pART27-OP:mSINAM2, pART27-
35S:LhG4, pART27-35S:GFP-SINAM2 3’UTR and pART27-OP:SINAM2IR) were

mixed as indicated to a final Agyp Of 0.4 and infiltrated into young leaves of 3-week-
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old greenhouse-grown Nicotiana plants as described previously (Arazi et al., 2005).

For Western blot analysis, leaf patches were collected 4 days post-infiltration.

B.6. Protein extraction and western blot analysis

Total protein extracts were prepared from 100 mg of 3-week-old tomato seedlings or
from 100 mg Nicotiana leaf patches that were ground in 300 pl ESB buffer (75 mM
Tris-HCI pH 6.8, 9 M urea, 4.5% v/v SDS, 7.5% v/v B-mercaptoethanol). The
mixtures were boiled for 10 min and immediately cooled on ice. The cooled
homogenates were centrifuged for 10 min at 10,000 x g and the supernatants were
transferred to a new tube, quantified using the Qubit Protein Assay Kit (Invitrogen)
and equalized with ESB buffer. After equalization, the extracts were mixed with the
appropriate volume of 4X SDS-PAGE loading buffer. Equal volumes of total protein
extracts were then fractioned by SDS-PAGE on a 12, 8 or 6% polyacrylamide gel for
detection of POHA/GFP, 3XFLAG-SIAGOl1l and SIAGO1s, respectively. The
fractionated proteins were electroblotted onto BioTrace NT membranes (Pall,
Pensacola, FL, USA) and probed with commercial rabbit anti-HA (Santa-Cruz
Biotechnology, Santa Cruz, CA, USA) (1:2,000) polyclonal antibodies or mouse anti-
FLAG (Sigma-Aldrich, Rehovot, Israel) (1:2,000) monoclonal antibodies, or
commercial rabbit anti-AtAGO1 polyclonal antibodies (Agrisera, Vannes, Sweden)
(1:2,000), or commercial mouse anti-GFP (Santa-Cruz Biotechnology) (1:2,000)
monoclonal antibodies. Antibody—protein interactions were visualized using
enhanced chemiluminescence detection (ECL) kit SuperSignal west fempto (Thermo,

Rockford, IL, USA) according to the manufacturer’s instructions.

B.7. Transformation of tomato plants

The binary vectors pART27-OP:POHA, pART27-OP:SINAM2, pART27-
OP:mSINAM2 and pART27-OP:SINAMZ2IR were transformed into tomato cv. M82
as described previously (Stav et al., 2010). Transgenic progeny were selected by
germinating sterile seeds on selective medium (1X MS medium, 3% w/v sucrose, 100
mg/l kanamycin), where only transgenic seedlings developed a branched root system.
Further validation was performed by PCR of genomic DNA with the primer pair
BWYV_P0O Sall fwd and BWYV_P0O BamHI-HA rev to detect the OP:POHA
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transgene and with the primer pairs OCS_rev and SINAM2_miR164 _target_fwd or
SINAM2_mMiR164 target fwd to detect the OP:SINAM2 and OP:mSINAM2
transgenes, respectively and with the primer pair pFlap_intron_fwd and
SLNAM2IR_Clal-Pstl_fwd to detect the OP:SINAM2IR transgene. The 35S:LhG4
transgene was detected by pART7-35S_fwd and LhG4_156 _rev primers.

B.8. Real-time quantitative RT-PCR analyses

Total RNA was extracted from the tested tissues as described above. Total RNA
samples were treated with RNase-free DNase (Fermentas Life Sciences, Vilnius,
Lithuania) to eliminate genomic DNA contamination. The concentration and integrity
of the RNA samples were determined by ND1000 spectrophotometer (Nanodrop
Technologies, Montchanin, DE, USA) and by gel analysis, respectively. First-strand
cDNA was synthesized from 2-2.4 ug of total RNA using the Superscript first-strand
synthesis system for RT-PCR kit and an oligo(dT) primer (Invitrogen) following the
manufacturer’s instructions. An RT-negative control was used to ensure the absence
of genomic DNA template in the samples. For real-time quantitative PCR, 4 ul of
diluted cDNA was used in a 10 pl PCR containing 200 nM of each primer and 5 pl
Platinum SYBR Green gPCR SuperMix-UDG (Invitrogen). To ensure the specificity
of the amplified fragment, the amplicons were verified by sequencing. Furthermore,
at the end of each PCR run, the melting temperature of the product was determined to
verify the specificity of the amplified fragment. PCR products were analyzed using
Rotor Gene Series 6000 software version 1.7 (Qiagen). Two to three independent
biological replicates were used for each sample (as indicated), and quantifications
were performed in triplicate. The relative expression levels of SIARF10, SIAP2,
SIREV, SISCL and SISPL6 transcripts were calculated using the 2““* method
normalized to TIP41 as a reference gene; the relative expression levels of GOBLET,
SINAC1, SINAM2 and SINAM3 mRNA were calculated using a two-standard curve

method normalized to TIP41 as a reference gene.

B.9. Scanning electron microscopy (SEM), histology, confocal microscopy

The pattern of Red Fluorescent Protein (RFP) expression was detected by

visualization of fresh tissue in an Olympus IX81/FV500 laser-scanning confocal
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microscope (Olympus Corporation, Tokyo, Japan). For the RFP signal, a 543-nm
laser line was used and emission was collected with a BA560IF filter. For chlorophyll
autofluorescence, a BA660IF filter was used. For SEM analysis, various tissues were
collected and placed in FAA (3.7% formaldehyde, 5% acetic acid, 50% EtOH, by
volume) solution until use. Then the FAA was removed and tissues were washed in an
increasing gradient of ethanol (50, 70, 80, 90, 95, and 100%). Fixed tissues were
critical-point-dried, mounted on a copper plate and gold-coated. Samples were viewed
in a Jeol JSM-5610 LV microscope (JEOL Ltd, Tokyo, Japan). For histological
analyses, tissues were fixed in FAA until use, then dehydrated in increasing
concentrations of ethanol, cleared with histoclear and embedded in paraffin. Sections
cut by microtome to 10-pum thickness were placed on microscope slides, and stained
with 1% (w/v) Safranin followed by 0.2% (w/v) Fast Green. Slides were examined

under bright-field using a Leica light microscope equipped with a camera.
B.10. GUS histochemical analysis

GUS assay was performed according to(Jefferson et al., 1987). Briefly, shortly after
harvesting, tomato inflorescences were vacuume-infiltrated for 5 min with GUS assay
buffer (1.916 mM X-Gluc, 50 mM NaPQ, buffer pH 7.0, 0.1 mM Kj3Fe(CN)g, 0.1
mM KsFe(CN)g, 1 mM EDTA, 20% methanol) and then incubated overnight at 37 °C.
Tissues were washed in an increasing gradient of ethanol (50, 70, 80, 90, 95, and
100%) for removal of GUS solution and bleaching. Samples were kept in 100%

ethanol.

B.11. In-situ hybridization

For the in-situ probe, the PCR-amplified SINAM2 3’ UTR fragment, which was used
as siRNA probe, was used as a template for in-vitro transcription of an antisense
CRNA probe with digoxigenin-11-UTP (Roche, Manneim, Germany) using
AmpliScribe T7 High Yield Transcription Kit (Epicentre Biotechnologies) according
to the manufacturer’s protocol. Tomato buds were fixed in FAA, gradually transferred
to ethanol and then to K-clear plus (Kaltek, Padova, Italy), and embedded in Paraplast
Plus (LaicaBiosystems, Peterborough, UK). Eight-micrometer-thick tissue sections
were produced and mounted on Probe On"™Plus slides (Thermo). Slides were treated

successively with K-clear plus, an ethanol series, Diethylpyrocarbonate treated double
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distilled water, 2 X SSC, Proteinase K (1 pg/mL) in 100 mM Tris-HCI, pH 8.0, and
50 mM EDTA at 37°C, Glycine (2 mg/ml) in PBS, two times with PBS, 4%
paraformaldehyde in PBS, two times with PBS, triethanolamine (0.1 M, with stirring),
two times with PBS, and increasing ethanol series up to 100% ethanol. For
hybridization, slides were incubated with sense or antisense cRNA probes in
hybridization buffer (0.3 M NaCl, 10 mM Tris-HCI, pH 8, 10 mM sodium phosphate
buffer pH 6.8, 5 mM EDTA, 50% v/v deionized formamide, 10% w/v dextran
sulfate, 1 x Denhardt’s solution, 200 ug tRNA) overnight at 52°C. Following
hybridization, slides were washed successively three times with 0.2 x SSC at 55°C,
two times with NTE (0.5 M NaCl, 10 mM Tris-HCI, pH 7.5, and 1 mM EDTA) at
37°C, RNase A (20 pug/ml) in NTE, two times in NTE, and stayed overnight at 4°C in
0.2 x SSC. On the third day, slides were blocked with 1% fresh Boehringer block
(Roche) in 100 mM Tris-HCI, pH 7.5, and 150 mM NaCl, and then with 1% BSA
solution (1% BSA, 100 mM Tris-HCI, pH 7.5, 150 mM NacCl, and 0.3% Triton X-
100). Blocked slides were incubated with anti-digoxigenin antibodies (Roche) for 2 h
at room temperature and then washed four times with 1% BSA solution and three
times with detection buffer (100 mM Tris-HCI, pH 9.5, and 100 mM NacCl). Then
slides were incubated with NBT/BCIP color development substrate (Promega) for 24
hours and then washed with double distilled water followed by increasing ethanol
series and then mounted and analyzed.

B.12. Table 1: Primers used in this study

Primer ID

Primer sequence (5' — 3")?"*

GeneRacer-5'
GeneRacer-5'-nested
SIAGO1-1 RACE
SIAGO1-2_ RACE
SINAM2_RACE
SINAM3_RACE

SINAC1 RACE
GOBLET_RACE
SIAGO1-1_RACE_nested
SIAGO1-2_RACE_nested
SINAM2_RACE_nested
SINAM3_RACE_nested
SINAC1_RACE_nested

CGACTGGAGCACGAGGACACTGA
GGACACTGACATGGACTGAAGGAGTA
GAAGTGGAAACCTCATTGACTTGCTCGATACA
CCCTGGACGCAGCGGAAACTTTAGTG
GCAAATTCCTTAGCGTTGCGGGATCTTGTAT
TCAGCAACTCCAGAGACAATCAAGACCCTGTA
TCACACGTAGAGGATGTTGCAGTGGCATT
TTTCTGAGTCTCCGGCACGGTCCAATTA
GGCTGAGATGAGGAGCCAGCCTCTGAGTA
CATGGATGTGTCAGCTGGTCTTCCACAAGTA
TGGTTCCAGGTGAACGAAGTCGGAAGA
TGAAGGATCTTGAACCCCAAATGAAGCTGGA
GTATGCGGTAGATCCGATGGCGGTTG
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GOBLET_RACE_nested
BWYV_PO_Sall_fwd

BWYV_P0_BamHI-
HA_rev

3XFLAG_Xhol_fwd

FLAG_SIAGO1-
1_Xhol_fwd

SIAGO1-1_Xhol_rev
FLAG_SIAGO1-
2_Xhol_fwd
pPART7-35S_fwd
LhG4_156 rev
SIAGO1-2_Kpnl_rev
OCS_rev
SINAM2_Exon_557 fwd
Xhol-U218896_fwd

BamHI-U218896_rev
164-mutant-target_fwd

164-mutant-target_rev
SINAM2_miR164 _target
fwd
SINAM2_mMiR164 _targe
t_fwd

UBI3_rev

UBI3_fwd

SINAM2IR_Clal-Pstl_fwd
SINAM2IR_HindllI-
EcoRlI_rev

miR164 probe

U6 probe

pGEM-T7
pFlap_intron_fwd
gRT-SIARF10_fwd
gRT-SIARF10 _rev
gRT-SIAP2_fwd
gRT-SIAP2_rev
gRT-SINAM2_fwd

CCGCCGGAGAATAACGGAAGCTGGA
CGCGTCGACATGGCCATGGAATTTCTCG

CGGGATCCTCAGGCATAGTCAGGAACATCGTATGGG
TATACAAACATTTCGGTGTAGACCGA

CCGCTCGAGATGGACTACAAAGACCATGACGGTGATT
ATAAAGATCATGACATCGACTACAAGGATGACGATG
ACAAG

CCGCTCGAGATGGACTACAAGGATGACGATGACAAG
GTGCGGAAGAGGAGAACTGATG

CCGCTCGAGCTAACAATAGAACATCACCCTTTTG
GTACCTCGAGATGGACTACAAGGATGACGATGACAA
GGCGAGGAAGAGGAGAAGTGAGTTA
AAACCTCCTCGGATTCCATT
CAACACGGTTCGGGATGTAGT
GGGGTACCCCCTAGCAATAGAACATGACCCTC
GAAACCGGCGGTAAGGATCT
TCCTAAAACAGTAAAGAATGATTGG
CCGCTCGAGGTTGTTTTTGATGATGATGGA

CGGGATCCTCAGTAAGTCCAGAAGCAATCAAGA

TAGCCACGTGCALITGtTTtagtAATTATGTTACTACTCAAA
AGAAT

AATTactaAAaCAaTGCACGTGGCTAGGCGATGAAT
CTGCTTCTCCAATTATGTTACTACTC

TTGTTTTAGTAATTATGTTACTACTCAAAAGA
TCCCAAGGGTTGTCACATACATC
AGAAGAAGACCTACACCAAGCC

CCATCGATTGCACTGCAGTGCAGATCTTGATTGCTTCTG
GACTTACTG

CCCAAGCTTGGGGGAATTCCGTAAGCCAACCAACCTGA
TCTC
TGCACGTGCCCTGCTTCTCCA
AGGGGCCATGCTAATCTTCTC
TAATACGACTCACTATAGGG
AATTTCTTGTTTCCGATCCTCATA
CAGGTCCAGCAGTCCTTTCT
CGCTGGAAACTTGGTGGTAA
GTTCTTCACAATGGCAATCCAAT
TTCTGAGGACCAATTCTGAGGTC
CCACCATTGACAGATTCATCG
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gRT-SINAM2_rev
gRT-GOBLET_fwd
gRT-GOBLET _rev
gRT-SINAC1_fwd
gRT-SINAC1_rev
gRT-SINAM3_fwd
gRT-SINAM3_rev
gRT-SIREV_fwd
gRT-SIREV_rev
gRT-SISCL_fwd
gRT-SISCL _rev
gRT-SISPL6_fwd
gRT-SISPL6 rev
gRT-TIP41_fwd
gRT-TIP41 rev

GGTGAACGAAGTCGGAAGAG
TCGATTCCTCTCCGTATAGCAC
GTCGAAGACAGAAGTTGGATCG
CGACCAAACAAACCCTAACAAC
TGGTTAGGGGTGAAAATGGAG
ACTGCTACTGCTTCGAAATCCA

TGAATGGAGCTATTTGGTTACAAGA

AAACCTTGGCAGAGTTCCTTTCT
TCAGCAATCTTTGTTGGCTCTAA
CAACAACAAGCGATTATTGACCA
GCAGCCCTATAGAAAGGCTTACC
AAACAAGATCCGTCCAAAGTTCA
TTGGTGAAACGTCTGTTGAATTG
ATGGAGTTTTTGAGTCTTCTGC
GCTGCGTTTCTGGCTTAGG

%Added restriction enzyme sites are underlined.
"lowercase letters indicate substituted nucleotides
“Italics letters indicate stop or start codon.

9Bold letters indicate TAG-coding sequence.
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C. Results

C.1. Tomato encodes two AGO1 homologs that are sensitive to BWYV PO

The first objective of this work was to reveal processes and genes which are regulated
by miRNAs during flower development. This can be done by profiling miRNA-
pathway mutants (Nodine and Bartel, 2010) and VSRs transgenic plants (Jay et al.,
2011), which their phenotype is associated with upregulated levels of miRNA-target
transcripts, as was demonstrated for Arabidopsis. However, up to date no tomato
miRNA-pathway mutants have been described. AGO1 is a key component of miRNA
as well as transgene and viral RNA-induced silencing complexes (RISCs)
(Baumberger and Baulcombe, 2005). Consistent with that, agol loss-of-function
mutants have reduced miRNA levels and as a result miRNA target genes were
upregulated and they exhibit severe developmental phenotypes (Bohmert et al., 1998;
Lynn et al., 1999; Kidner and Martienssen, 2004, 2005). With this in mind, AGO1
was chosen as a target for interfering with the tomato miRNA pathway. To generate
an agol-loss-of-function mutant in tomato and interfere with its-miRNA pathway, the
first step was to determine which AGO1-like proteins are encoded by the tomato
genome. A BLASTP query of the current version of the publicly available genome
[SGN ITAG release 2.3 predicted proteins (SL2.40)] with the Arabidopsis AGO1
protein sequence revealed two phylogenetically related ORFs which were 81%
identical to each other and highly similar (>90%) to benthamianaAGO1-like proteins
(Jones et al., 2006). Accordingly, they were named SIAGO1-1 (Solyc069g072300) and
SIAGO1-2 (Solyc03g098280) (Fig. 2A). SIAGO1-1 and SIAGO1-2 are predicted to
encode 1054 aa (117 kDa) and 980 aa (109 kDa) proteins, respectively. Analysis of
published RNA sequencing data (Tomato Genome Consortium, 2012) indicated that
the transcripts of both are present in vegetative as well as in reproductive organs, with
SIAGO1-2 around 1.4- to 4.0-fold more abundant than SIAGO1-1. Moreover, their
expression patterns were quite similar, supporting their functional redundancy (Fig.
2B). The Arabidopsis AGOL1 is guided to cleavage by ath-miR168 (Rhoades et al.,
2002) and this negative regulation is required for AGO1 homeostasis (Vaucheret et
al., 2006). Hence, the next question was whether SIAGO1-1 and SIAGO1-2 undergo
miR168-guided cleavage. To identify the different members of the miR168 family in

tomato, BLASTN with known miR168 sequences versus our tomato deep-sequenced
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small RNA data set (Stav et al., 2010) and the publicly available tomato small RNA
sequences (Tomato Functional Genomics Database) revealed a single conserved 21-nt
miR168 sequence (sly-miR168a) (Fig. 2C), which is encoded by two independent
genomic loci that can fold into a pre-miRNA-like hairpin structure (Fig. 2D). In
addition, the specific sly-miR168* strand encoded by each hairpin was identified in
our small RNA data set, validating their functionality as sly-miR168a precursors (Fig.
2D). To confirm that SIAGO1-1 and SIAGO1-2 are subjected to sly-miR168a
cleavage in vivo, mRNAs from flowers were isolated and followed by RLM-RACE
analysis to detect their 3’ cleavage products. A single 5' RACE product of the
expected size was amplified for each and the sequence of several inserts revealed that
their 5> ends all terminate at a position that pairs with the 10™ sly-miR168a
nucleotide, thus indicating targeting by this miRNA (Fig. 2E).
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Fig. 2. The tomato AGOl1 homologs are targeted by sly-miR168a. (A) An unrooted
phylogenetic tree based on the Arabidopsis AGO proteins and the tomato AGO1-like proteins
(arrowheads) was constructed by the neighbor-joining method with 100 bootstrap sampling
(MEGA program, version 4.0) (Tamura et al., 2007) (B) Accumulation of SIAGO1s in
different tissues of tomato cv. Heinz based on published RNA-seq data from (Tomato
Genome Consortium, 2012). Data are means = SE of normalized expression of two
independent biological samples. MG — mature green; Br — breaker. (C) Nucleotide sequence
alignment of Arabidopsis (ath), rice (osa), maize (zma) and tomato (sly) miR168 members.
Identical nucleotides are shaded in black. (D) Hairpin secondary structures of sly-miR168
precursors. The position of each precursor in the tomato genome is indicated. Mature miR168
and matching miRNA* sequences are marked by red and blue circles, respectively, and the
abundance of the miRNA* in our small RNA data set is indicated below. (E) Experimental
validation of Sly-miR168 cleavage site in SIAGO1-1 and SIAGO1-2 mRNAs by RLM-RACE.
Upper panel, ethidium bromide-stained agarose gel showing the 5' RACE products. The
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GeneRacer 5° primer (Adaptor) and SIAGO1 3’ primer (GSP) used for each RACE reaction
are indicated above. Lower panel, alignment of sly-miR68 with their target mMRNAs. The
arrows and numbers indicate the positions of cleavage sites inferred from 5° RACE and
fraction of sequenced clones, respectively.

It has been suggested that the suppressor of silencing PO prevents the
assembly of small RNA-containing RISCs, resulting in the degradation of AGO1
(Baumberger et al., 2007; Bortolamiol et al., 2007; Csorba et al., 2010). To test the
sensitivity of the tomato AGO1-like proteins to PO, plasmids expressing FLAG-
tagged SIAGO1-1 and SIAGO1-2 under the 35S promoter were agroinfiltrated into
benthamiana leaves alone or together with a responder plasmid that, upon
transactivation by LhG4 (Moore et al., 1998), expresses POHA. In addition, a driver
plasmid constitutively expressing LhG4 was included in all samples (Fig. 3A). Four
days post-infiltration, the expression levels of 3xFLAG-SIAGO1-1/2 and POHA
proteins were analyzed by immunoblotting. This analysis indicate that the level of
each 3XxFLAG-SIAGOL1 protein was significantly lowered in leaf extracts that co-
expressed POHA compared to control extracts that did not express POHA,
demonstrating that SIAGO1-1 and SIAGO1-2 are sensitive to PO-mediated
destabilization (Fig. 3B). As SIAGO1-1/2 and AtAGOL transcripts are cleaved by
miR168 and encode similar protein products that are destabilized in the presence of
PO, it is likely that these genes are homologs.
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Fig. 3. SIAGO1-1 and SIAGO1-2 are destabilized in the presence of POHA. (A) Schematic
representation of the binary plasmids used in b. (B) benthamiana leaves were infiltrated with
Agrobacterium mixtures harboring the indicated pART27-35S:3xFLAG-SIAGO1 plasmid
and the driver plasmid pART27-35S:LhG4 with (POHA) or without (LhG4) bacteria
harboring the POHA responder plasmid (pART27-pOp-POHA), and protein samples were
taken 4 days post-infiltration. POHA (upper panel) and 3x-FLAG-SIAGOQO1 proteins (lower
panel) were detected by Western blotting in 5.7 pg total protein extract probed with anti-HA
and anti-FLAG commercial antibodies, respectively. 3XFLAG-SIAGO1-1 and 3xFLAG-
SIAGO1-2 expression was normalized to an anti-FLAG cross-reacting band (marked by * and
levels are indicated at the bottom) that together with Coomassie Blue staining served as a
loading control. The positions of molecular-mass standards (kDa) are indicated on the left.

C.2. Constitutive expression of POHA arrests seedling growth and increases levels of

certain miRNA-targeted mRNAs

The sensitivity of both SIAGO1s to PO suggested a potential strategy to downregulate
both proteins in planta by stable expression of POHA, thereby revealing
developmental processes that depend on AGO1-mediated silencing in tomato.

Nevertheless, it has been shown that strong expression of PO arrests transgenic
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seedling growth (Bortolamiol et al., 2007). Thus, to stably express PO in tomato while
preventing its possible lethality during transgenic explant regeneration, the two-
component OP/LhG4 transactivation system (Moore et al., 1998) was used. Seven
independent transgenic tomato plants were regenerated and examined for the presence
of the OP:POHA responder transgene using PCR and genomic DNA (Fig. 4). A
homozygous responder line OP:POHA-16, which drove strong POHA expression upon

activation, was then selected for further use (data not shown).

pART27-OP:POHA

OP:POHA-1
OP:POHA-2
OP:POHA-3
OP:POHA-4
OP:POHA-5
OP:POHA-6
OP:POHA-16

35S:LhG4

800- POHA

Fig. 4. Transgenic plant validation. Genomic DNA PCR analysis of representative tomato
OP:POHA reporter lines and 35S:LhG4 driver line. Specificity of primers used is indicated on
the right.

To test the effect of constitutive expression of POHA on tomato, the OP:POHA-16
(henceforth be called OP:POHA) plants were crossed (>>) with a 35S:LhG4 driver
line in which the LhG4 transgene is under the control of the strong constitutive 35S
promoter (Fig. 3A, 4). Phenotypic analysis of the OP:POHA responder line indicated
that its growth and development are identical to that of the parental M82 tomato (data
not shown). In contrast, all the 35S>>POHA F1 progeny displayed pleiotropic
developmental phenotypes. These included lagging germination, crooked hypocotyls
and abnormal-looking succulent hairy cotyledons (Fig. 5A-F). In addition, their
development was arrested at the true leaf primordium stage (Fig. 5G-H) and 4 weeks
post-germination, they shriveled up and died, reminiscent of the phenotype of the
Arabidopsis 35S:P0 seedlings that lack a functional AGO1 due to strong expression
of PO (Bortolamiol et al., 2007). In agreement, Western blot analysis showed that the
POHA protein accumulates and a specific anti-AtAGO1 cross-reacting ~137 kDa
protein band, most likely representing both SIAGO1s, decreases in the abnormal
355>>POHA seedlings (Fig. 5I). In Arabidopsis, downregulation of AGO1 by PO
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differentially modifies the levels of miRNA-target transcripts (Bortolamiol et al.,
2007). Consistent with this, six miRNAs which have known functions in Arabidopsis
flower development were chosen, and their putative miRNA-target genes level were
determined. Quantification of those miRNA-target mRNAS in 355>>P0OHA versus
control seedlings revealed significant upregulation of certain putative targets
(SIARF10, SISPL6, Solyc039115850), whereas the levels of others (SIAP2, SIREV,
SISCL) were not different from controls (Fig. 5J). The pleiotropic developmental
phenotypes, lethality, destabilization of SIAGO1 proteins and elevated accumulation
of miRNA-target mRNAs, strongly suggested that POHA perturbs the SIAGO1-
mediated silencing pathways in 35S>>P0OHA seedlings.

C.3. Stage-specific expression of POHA differentially affects compound leaf

development

The severe growth arrest phenotype of the 35S>>P0OHA seedlings hampered further
analysis of the effects of SIAGO1 downregulation on tomato development beyond
germination (Fig. 5). To validate that the POHA system is sensitive enough and can
interfere with the miRNA pathway when expressed under less potent and tissue
specific promoters, several tissue-specific driver lines (promoter:LhG4) which have
been previously characterized and provide different temporal and/or spatial
specificities were chosen for further investigation (Alvarez et al., 2006; Shalit et al.,
2009; Shani et al., 2009; Fernandez et al., 2009). Therefore, the requirement of
AGO1-mediated silencing for the different phases of compound leaf development was
studied by crossing the OP:POHA responder line to FIL:LhG4, BLS:LhG4 and
650:LhG4 driver lines, which have been shown to drive comparable expression in
different developmental windows and at distinct locations of the leaf primordium
(Shani et al., 2009). The FIL (FILAMENTOUSFLOWER) promoter drives expression
throughout young leaf primordia soon after they initiate from the SAM, but not in the
SAM (Lifschitz et al., 2006; Shani et al., 2009). Both BLS and 650 promoters initiate
expression later than FIL (starting from the P4 stage) and drive comparable
expression in initiating leaflets, and distal and abaxial domains of the P5 primordia,
respectively (Shani et al., 2009). Upon germination, the effect of POHA expression
was notable on FIL>>POHA and 650>>POHA cotyledons. The FIL>>POHA

cotyledons were slightly epinastic, and the 650>>P0OHA cotyledons were reddish,
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particularly along the mid vein and on the abaxial side (Fig. 6). No obvious

phenotypes were observed among BLS>>POHA cotyledons.
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Fig. 5. Phenotypic and molecular characterization of 35S>>POHA seedlings. (A-F)
Phenotypes of representative control (35S:LhG4) and 35S>>POHA 3-week-old seedlings.
Arrowheads indicate the first true leaves. Scale bars = 1 cm. (G,H) Control (35S:LhG4) and
35S>>POHA shoot apices. Scale bars = 500 pm. (J) Quantitative RT-PCR analysis of
miRNA-target transcripts in 12-day-old seedlings of the indicated genotypes. Primers were
designed around the corresponding miRNA's complementary site. TIP41 expression values
were used for normalization. Data are means + SE of two biological replicates, each
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measured in triplicate. Asterisks indicate statistically significant difference as determined by
Student’s t test (P < 0.05).

FIL:LhG4  FIL>>POHA BLS>>POHA 650>>P0HA

Abaxial side -d“

Fig. 6. Effects of leaf-specific POHA expression on cotyledon development. Control
(FIL:LhG4) and POHA-expressing genotypes are indicated. Scale bar =5 mm.

In comparison to the control plants, FIL>>POHA plants produced abnormal
compound leaves with irregularly arranged leaflets along the rachis that had strap- or
filament-like shapes (Fig. 7A), reminiscent of the tentacle-like bladeless leaves of
Arabidopsis agol-3 (Bohmert et al., 1998). This contrasts with BLS>>POHA and
650>>P0OHA leaves which showed only slight deviation from the wild-type
phenotype. The BLS>>POHA leaflet blades had a wrinkled instead of smooth surface
with patches of dark and pale green, and the 650>>P0OHA leaf vasculature had a clear
reddish color (Fig. 7A).

To determine the basis for the FIL>>POHA leaf phenotype, a comparison was
made between the control and FIL>>POHA leaves of early developmental stages. As
shown in Fig. 7B, starting from the P2—P3 stage primordia, a pronounced alteration in
FIL>>POHA primordium morphology was observed, being smaller than the control
primordia. At the P4 stage, initiating primary leaflets showed changeable growth
orientations, uncovering the reason for the irregular leaflet arrangement observed in
mature FIL>>POHA leaves. At the P6 stage, the primary leaflets were abnormally
flattened and developed cylinder-like appendages on their abaxial side that later grew
into tentacle-like filaments (Fig. 7B). Quantitative RT-PCR analysis of FIL>>POHA
apices demonstrated a significant increase in selected miRNA-target transcripts, an
indication for SIAGO1s downregulation (Fig. 7E). On the other hand, in young
BLS>>POHA and 650>>P0OHA leaves, which initiate POHA expression later than
FIL>>POHA, no deviating phenotypes were observed in the P1-P5 stage leaf
primordia (data not shown). The adaxial-abaxial polarity in the FIL>>POHA and
BLS>>POHA leaflets was also investigated. The adaxial epidermis of the wild-type

smooth terminal leaflet blade (here represented by FIL:LhG4) was characterized by
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relatively uniform pavement cells, and the abaxial epidermis was characterized by

diverse size pavement cells interspersed with stomatal cells (Fig. 7C).
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Fig. 7. Phenotypic and molecular characterization of control (FIL:LhG4) and indicated
genotype leaves. (A) Representative fully expanded 3™ leaf. Scale bar = 2 cm. (B)
Comeparison of representative P2—P6 stages of early leaf development between control and
FIL>>POHA plants. Note the ectopic outgrowth on the abaxial side of the leaflets
(arrowhead). The terminal and primary leaflets are indicated by white and black asterisks,
respectively. Scale bars = 200 pum. (C) An emerging 3" leaf's terminal leaflet blade epidermal
patterns. Upper panel, global view of the adaxial blade surface around the midvein. Scale bars
=1 mm. Lower panel, magnified views of the abaxial and adaxial blade surfaces around the
midvein. Scale bars = 25 um. (D) Light micrographs of transverse sections of fully expanded
3" |eaf terminal leaflet of the indicated genotypes. V — vascular bundle; B — blade. Scale bars
= 100 um. (E) QRT-PCR analysis of selected miRNA-target transcripts from the indicated
genotypes in apices collected from a 1-month-old seedling. Primers were designed around the
corresponding MiRNA complementary site. TIP41 expression values were used for
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normalization. Data are means + SE of two biological replicates, each measured in triplicate.
Asterisks indicate statistically significant difference compared to control as determined by
Student’s t test (P < 0.05)

The BLS>>POHA terminal leaflets had a wrinkly instead of smooth blade that was
covered with adaxial and abaxial epidermal pavement cells that differed slightly from
the wild type (Fig. 7C). In contrast, the epidermal surface of the FIL>>POHA
cylindrical leaflets was not composed of either adaxial or abaxial pavement cells but
instead of long rectangular epidermal cells that could not be characterized as adaxial
or abaxial (Fig. 7C). A similar epidermal cell phenotype has been previously observed
in Arabidopsis agol-3 null mutant cotyledons showing reduced adaxial/abaxial
differentiation (Bohmert et al., 1998). Indeed, transverse sections through the
FIL>>POHA leaflets revealed an almost radial structure (Fig. 7D). These leaflets
were composed of abnormal vasculature surrounded by uniform parenchyma,
mesophyll and epidermal cells, indicating loss of adaxial/abaxial identity, most
probably due to SIAGO1 downregulation by POHA.

C.4. Flower-specific expression of POHA disturbs organogenesis and induces

radialization of petals and anthers

Wild-type M82 tomato flowers are composed of four distinct whorls. The perianth
contains five or six sepals alternating with five or six yellow petals. The two inner
reproductive whorls contain five or six yellow stamens forming a cone, which
encloses two fused carpels that develop a multilocular ovary and a protruding style
and stigma. To expose the developmental processes that require miRNASs regulation
during tomato flower development, OP:POHA plants were crossed with AP1:LhG4
and AP3:LhG4 driver lines that express LhG4 through the well-characterized
Arabidopsis APETALAL (AP1) and APETALA3(AP3) flower-specific promoters (Jack
et al., 1992; Mandel et al., 1992). First, the detailed expression patterns directed by
these promoters in developing tomato flowers were studied by crosses with
OP:mRFP (Shani et al., 2009) and OP:GUS (Lifschitz et al., 2006) reporter lines. As
shown in Fig. 8, the expression domains of all promoters were quite similar to their
known expression in the Arabidopsis flower (Jack et al., 1992; Mandel et al., 1992).
The AP1 promoter was initially expressed throughout young floral primordia (Fig.
8B, C), in accordance with its function as a floral meristem identity gene (Mandel et
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al., 1992). As the buds developed, mRFP expression directed by AP1 was mainly
confined to the developing sepals and petals (Fig. 8F,l), in accordance with its
function in specifying the identity of these organs (Mandel et al., 1992). In addition,
weak mRFP signal in the receptacle and distal part of the three inner whorls was
detected. In young floral primordia, the more restricted AP3 promoter showed
specific mMRFP expression in the distal part of developing sepals (Fig. 8D). In more
developed buds, the mRFP signal was detected on the adaxial side of sepals,
throughout the developing petals (Fig. 8G), in the stamen vasculature and on the
abaxial side of anthers (Fig. 8J,K). These analyses indicated that the AP1:LhG4 and
AP3:LhG4 driver lines can direct specific expression in the three outer whorls and to

some extent in the fourth whorl of the tomato flower.

OP:mRFP

AP1>>mRFP

adaxial

AP3>>mRFP
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Fig. 8. Characterization of the expression directed by flower-specific driver lines. (A, C-K)
Confocal microscope images of developing tomato flowers of controls (OP:mRFP) and the
indicated genotypes. (A-D) Stage 1-3 buds (tomato flower stages are according to (Brukhin
et al., 2003) (B) Whole-mount GUS staining of AP1>>GUS inflorescence meristem (marked
by an arrow) and stage 2 bud. (E-G) Longitudinal sections of stages 6-7 buds. (H)
Longitudinal section of ovary at anthesis. (1) Longitudinal section of stage 8 bud. Transverse
(J) and longitudinal (K) sections of anther at anthesis. The red and blue colors represent
mRFP and chloroplast fluorescence signals, respectively. Arrowheads indicate the position of
the petal primordia and asterisks represents the position of the anther primordia. S — sepal; C
— carpel; O — ovary; A — anther; P — petal; ST — stigma; VB — vascular bundle; AL — anther
locule; OV - ovule; PG — pollen grains; PC — pericarp. All scale bars = 200 um.

Next, the AP1>>POHA andAP3>>POHA plants phenotypes were
characterized. These plants showed a wild-type phenotype during vegetative growth
(data not shown). However they displayed dramatic floral phenotypes within the
expression domains of each promoter. Expressing POHA under control of the AP1
promoter resulted in the development of smaller flowers with deformed organs in all
four whorls, in agreement with AP1 expression in young floral primordia (Fig. 8).
The sepals were more succulent and frequently failed to enclose the developing
flower (Fig. 9). In the second whorl, most of the flowers produced smaller needle-like

petals.
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wild-type AP1>>POHA AP3>>P0OHA

2

Fig. 9. Phenotypes of AP1>>POHA and AP3>>POHA flowers and fruits. Abnormalities
caused by flower-specific POHA expression. The upper panel presents the whole flower, the
middle panel presents whorls two and three, and the lower panel presents the pistil. P — petal;
A — anther; O — ovary; ST — style. Stigma-less styles are indicated by arrowheads.

The third whorl contained deformed filament-like anthers, some of which were fused
(Fig. 9). The fourth whorl contained an abnormal pistil composed of an enlarged
ovule-less ovary and numerous styles either tipped or not tipped with stigmatic tissue
(Fig. 9). The defects in the reproductive whorls of AP1>>POHA flowers led to
sterility. Notwithstanding, very rarely, parthenocarpic fruit did develop (Fig. 10).
Consistent with the AP3 expression pattern (Fig. 8), expressing POHA using this
promoter resulted in abnormal phenotypes only in the second and third whorls, while
the sepals showed an almost normal phenotype and the pistils developed normally,
like the wild-type controls (Fig. 9). The AP3>>P0OHA petals were filament-like, but
unlike the AP1>>POHA petals, their proximal region was flat and encircled the
reproductive whorls. The AP3>>P0OHA stamens were deformed and occasionally
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fused as in the AP1>>POHA flowers (Fig. 9). Moreover, these plants set fruit that

contained viable

OP:POHA AP1>>P0OHA AP3>>P0OHA

Fig. 10. Cross sections of red fruit of the control (OP:POHA) and indicated genotypes. Scale
bar =1 mm

seeds (Fig. 10). The filament-like phenotypes of petals and anthers suggested that
they suffer from an alteration in organ polarity. Additionally, the formation of extra-
organs and abnormal floral-organs separation suggested that the boundary
morphogenesis was also deformed due to the expression of POHA. Histological
analyses of AP1>>POHA and AP3>>POHA stage 6 buds revealed radial petals
compared to the control and an excessive number of abnormal anthers, some of which
were fused, radial or both (Fig. 11A-C). Anther radialization was more frequent in
AP3>>P0OHA buds, which is in agreement with the expression of AP3 promoter in
anthers (Fig. 8). SEM examination of AP1>>P0OHA and AP3>>POHA stage 6 buds
supported the above observations, showing filament-like petals and stamens (Fig.
11D-F). In the wild-type tomato flower at anthesis, the petal's adaxial epidermis is
composed of cylinder-shaped cells while the abaxial epidermis consists of pavement
cells (Fig. 11G). In contrast, the surfaces of the AP1>>POHA and
AP3>>P0HAfilamentouspetals were composed of elongated rectangular epidermal
cells with no recognizable abaxial or adaxial identity (Fig. 11H, I). A similar loss of
cellular identity and phenotype was observed in the epidermal cells on the outer
surface of the FIL>>POHA needle-like leaflets (Fig. 7C), suggesting that POHA
expression during petal growth, as in leaflets, disturbed the establishment of proper
adaxial-abaxial identity. Quantitative RT-PCR analysis of AP1>>POHA buds
demonstrated a significant increase in certain miRNA-target transcripts, validating the
perturbation of the miRNA pathway by expressed POHA (Fig. 11J). Solyc03g115850,
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a miRNA-target-transcript that was most influenced by POHA expression, is a NAC
gene, which we have predicted as a miR164 target gene. RNA gel blot analysis of
miR164 showed that it is present in buds and reach maximum levels in open flowers
and ripening fruit (Fig. 12). In plants, miR164 is a conserved and important regulator
of the CUC genes which are involved in vegetative as well as reproductive organ-
boundary formation (Aida et al., 1997; Laufs et al., 2004).This raised the possibility
that the perturbation of miR164 by POHA in AP1>>P0OHA and AP3>>P0HA flowers

may contributed to the deformed boundary formation.
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Fig. 11. Microscopic and molecular analyses of AP1>>P0OHA and AP3>>P0OHA flowers. (A-
C) Transverse sections of 2 mm buds of controls (AP1:LhG4) and the indicated genotypes.
Insets show representative petals at a higher magnification. Scale bars = 100 um. (D-F)
Scanning electron micrographs of 2 mm buds. The sepals were removed to expose the
developing petals and anthers. (G-1) Scanning electron micrographs of the petal epidermis of
the wild type and the indicated genotypes. (J) QRT-PCR analysis of selected miRNA-target
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transcripts from the indicated genotypes in 2-3 mm buds. Primers were designed around the
corresponding miRNA complementary site. TIP41 expression values were used for
normalization. Data are means = SE of two biological replicates, each measured in triplicate.
Different letters indicate statistically significant difference as determined by Student’s t test
(P <0.01). Scale bars = 50 um. S — sepal; P — petal; A — anther; O — ovary

L B F IG MG Br R

sly-miR164

1 12 27 06 08 22 23

Fig. 12. miR164 expression in tomato. Northern blot analysis of sly-miR164 in the
indicated tomato tissues. Sly-miR164 expression was normalized to U6 snRNA and
levels are indicated below the panel. L — leaves; B — buds; F — flower at anthesis; 1G -
immature green; MG - mature green; Br — breaker; R — red.

C.5. Sly-miR164 guides the cleavage of four NAC-domain genes in tomato

Perturbation of the miRNA-pathway by POHA in AP1>>P0OHA and AP3>>P0OHA
resulted flowers with defective floral-boundaries (Fig. 9, 11). AP1>>POHA produced
flowers with extra floral organs, the petals were fully separated and did not enclosed
the basal part of the ovary while the anthers were fused (Fig. 9). AP3>>P0OHA
produced flowers with extra and fused anthers (Fig. 9). Moreover, molecular analysis
revealed that Solyc03g115850, a NAC gene which was predicted as sly-miR164-
target gene was upregulated in the POHA expressing plants (Fig. 5J, 7E, 11J). Since
sly-miR164 and its target genes are likely to play important function in tomato flower
development as in other plants (Souer et al., 1996; Aida et al., 1997; Weir et al.,
2004), they were selected for further analysis. Hence, the next objective of this work
was to identify all putative sly-miR164 target genes and to analyze their role in flower
development. Because nearly all evolutionarily conserved plant miRNAs are encoded
by gene families (Axtell and Bowman, 2008), different members of the tomato
miR164 family were first determined. The same strategy as described for miR168 was
used, and three putative miR164-like sequences (data not shown) were found, but
only the genomic loci encoding the ath-miR164a-identical ones could fold into a pre-

miRNA-like hairpin structure (Fig. 13A). In addition, the corresponding sly-miR164*
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strand encoded by each hairpin was identified in our small RNA data set, validating
their functionality as sly-miR164 precursors (Fig. 13A). An additional query of the
tomato genome with sly-miR164 did not identify any novel miR164-like sequences
suggesting that the identified sly-miR164 is the only miR164 family member encoded
by the tomato genome. To identify gens that are subjected to sly-miR164-guided
cleavage in flowers, candidate mRNA targets were predicted (for further details see
material and methods) and their cleavage was validated by RLM-RACE. This analysis
identified and confirmed that four mMRNA targets — Solyc03g115850,
Solyc06¢g069710, Solyc07g066330 and Solyc07g062840 were guided to cleavage by
sly-miR164 in tomato flowers (Fig. 13B). During this work, the miR164-target gene,
Solyc079g062840 was identified as GOBLET (GOB). GOB was found to be required
for the formation of boundaries between leaflets in compound tomato leaves and in
flowers is required for the formation of boundaries between sepals and carpels
(Berger et al., 2009). Sequence analysis of their putative open reading frames
indicated that they encode NAC-domain proteins. In addition, this analysis revealed
that they all contain the signature motifs LPPLXD and [E/x][H/X]VXCFS[N/x] in their
C-terminal region, which predict the involvement of NAC-domain proteins in
developmental programs (Fig. 14) (Ooka et al., 2003). Phylogenetic reconstruction of
the corresponding tomato and Arabidopsis NAC-domain proteins indicated that
Solyc07g066330 (SINAC1) encodes a homolog of Arabidopsis miR164-regulated
NAC1, which has been found to mediate auxin signaling and promote lateral root
development (Xie et al.,, 2000; Guo et al., 2005); the related Solyc03g115850
(SINAM2) and Solyc06g069710 (SINAMS3) proteins (60%/70% identity/similarity),
which belong to the same group as the CUC proteins, were distantly related to
ORESARAL (ORE1) which has been found to positively regulate aging-induced cell
death in Arabidopsis leaves (Fig. 13C)(Kim et al., 2009) and to ANAC100 clade that
was recently found to negatively regulate cell expansion in rose petals (Pei et al.,
2013).
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Fig. 13. Characterization of sly-miR164 and its target genes in tomato. (A) Hairpin secondary
structures of sly-miR164 precursors. The position of each precursor in the tomato genome is
indicated. Mature sly-miR164 and matching sly-miR164* sequences are marked by red and
blue circles, respectively, and the abundance of sly-miR164* in the seedling small RNA data
set is indicated below. (B) Experimental validation of sly-miR164 cleavage site in
Solyc03g115850, Solyc06¢g069710, Solyc07g066330 and Solyc079g062840 mRNAs by RLM-
RACE. Upper panel, ethidium bromide-stained agarose gel showing the 5' RACE products.
The GeneRacer 5° primer (Adaptor) and GSP used for each RACE reaction are indicated
above. Lower panel alignment of sly-miR164 with its target mMRNAs. Arrows and numbers
indicate the inferred cleavage sites and the fractions of cloned PCR products terminating at
this position, respectively.(C) An unrooted phylogenetic tree of NAM family proteins from A.
thaliana and tomato, which contain at least one of the motif signatures LPPLxD and
[E/X][H/X]VXCFS[N/x]. The phylogenetic tree was constructed by the neighbor-joining
method with 100 bootstrap sampling (MEGA program, version 4.0) (Tamura et al., 2007).
Black and gray arrowheads mark the proteins encoded by sly-miR164 and ath-miR164 -
targeted genes, respectively.
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Fig. 14. Sequence alignment of sly-miR164-targeted NAC transcription factors. The multiple
alignment was generated with the computer program CLUSTALW (Thompson et al., 1994).
The conserved NAC domain is marked by asterisks. The sequences that match the LPPLxD
and [E/X][H/X]VXCFS[N/x] motif signatures are boxed.

C.6. Flower-specific silencing of sly-miR164 target genes disturbs whorl and sepal

separation

To investigate the involvement of the sly-miR164-targeted NAM genes in flower
development, sly-miR164 was overexpressed in the flower primordia by
transactivation of the previously characterized M82 tomato OP:MIR164 responder
line(Alvarez et al., 2006) with the available flower-specific AP1:LhG4 driver line,
which drives expression throughout young floral primordia (Fig. 8). First, sly-miR164
overexpression was validated by northern analysis of young AP1>>MIR164 buds
revealing a threefold increase in its levels compared to control buds (Fig. 15A). This
increase was consistent with the significant reduction in the accumulation of GOB
(70%) and that of SINAC1, SINAM2 and SINAM3 (~95%) in these buds, further
corroborating their targeting by sly-miR164 (Fig. 15B). Phenotypic analysis of
silenced AP1>>MIR164 flowers revealed elongated sepals that were fused to each
other at various points (Fig. 15C). Moreover, failure of these sepals to peel away from
the flower suggested the occurrence of partial fusion between the first and second
whorls (Fig. 15C). Indeed, transverse sectioning of young AP1>>MIR164 buds at the
base of the style showed that the three outer whorls and their organs were not
separated at that stage, whereas in control buds they were completely separated (Fig.
15D). Accordingly, longitudinal sectioning of fully developed AP1>>MIR164
flowers showed that the three outer whorls and in addition the fourth whorl separated
later than in controls (Fig. 15D). Together, these phenotypes indicated that sly-
miR164 target genes are required for the normal formation of flower sepal and
interwhorl boundaries. The gob-3 loss-of-function tomato mutant has been shown to
produce flowers with increased sepal fusions and fewer locules, and to set fruit with
fused outer floral organs, suggesting that GOB is central to the formation of tomato-
flower boundaries (Blein et al., 2008; Berger et al., 2009). Thus, it is highly likely
that the reduced levels of GOB in AP1>>MIR164 flower primordia are responsible
for at least some of the defective boundary phenotypes. Nevertheless, since GOB
silencing in AP1>>MIR164 flowers was driven by a heterologous promoter and was

not complete as in the gob-3 loss-of-function mutant flowers, the AP1>>MIR164
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defective flower-boundary phenotypes might be the result of downregulation of GOB

and either one or a combination of the other sly-miR164 target genes.
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Fig. 15. Flower specific miR164 overexpression leads to sepal and whorl fusions. (A)
Northern blot analysis of sly-miR164 in stage 8 buds from the indicated genotypes (tomato
flower stages are according to (Brukhin et al., 2003)). MiR164 expression was normalized to
U6 snRNA and levels are indicated below the panel. (B) Quantitative RT-PCR analysis of
GOBLET, SINAC1, SINAM2 and SINAM3 in stage 8 buds of the indicated genotypes. Primers
were designed around the corresponding sly-miR164- complementary site. TIP41 expression
values were used for normalization. Data are means + SD of three biological replicates, each
measured in triplicate. (C) Flower phenotypes of the indicated genotypes. The upper panel
presents a whole flower; the middle panel presents a side view of the whole flower and the
lower panel presents isolated anthers and pistil after removal of the sepals and petals. Scale
bars = 1 mm. (D) Transverse and longitudinal sections of control (OP:MIR164) and
AP1>>MIR164 stage 10 buds (upper panel) and flowers before anthesis (lower panel). Black
arrowheads indicate the sepal-sepal boundary. S — sepal; P — petal; A — anther; O — ovary; St
— style. Scale bars = 100 um.
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C.7. SINAM2 is expressed in floral boundaries

Overexpression of sly-miR164 at early stages of flower development uncovered the
function of sly-miR164 target genes and their requirement for proper floral-boundary
morphogenesis (Fig. 15). Since SINAC1 probably represents a homolog of
Arabidopsis NAC1 (Fig. 13C), which has not been implicated in flower-boundary
formation (Guo et al., 2005), its contribution to the boundary-defective phenotype
was less likely. In addition, SINAM2 was much more abundant than SINAC1 and
SINAM3 in developing flowers (Fig. 16). Thus, to examine the possible involvement
of SINAM2 in flower-boundary establishment, its spatial expression in young buds

was determined by in-situ hybridization.
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Fig. 16. Quantitative RT-PCR analysis of sly-miR164-targeted genes in developing flowers.
Primers were designed around the corresponding miR164 complementary sites. TIP41
expression values were used for normalization. Data are means + SD of three biological
replicates, each measured in triplicate. Different letters indicate statistically significant
differences as determined by Student’s t test (P < 0.05).

Longitudinal and successive transverse sections of stage 8 buds showed spatial
separation of the whorls and their corresponding floral organs (Fig. 17A-E). A
transverse section of a relatively proximal part of a young bud showed completely
fused whorls (Fig. 17B). At that same location, stripes of SINAM2 mRNA were
expressed at the boundary between the first and second whorls prior to their
separation (Fig. 17F). In a more distal plane, the first and the fourth whorl are clearly
separated from the second and third, respectively, but the perianth organ primordia
are still laterally fused (Fig. 17C). At that position, stripes of SINAM2 mRNA were
detected at the boundaries between the second and the third and the third and the
fourth whorls. In addition, SINAM2 mRNA marked the lateral margins of the sepals
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and surrounded the stamen filaments (Fig. 17G). At a more distal plane, all whorls
were separated (Fig. 17D) and SINAM2 mRNA was detected between the fused sepals
(Fig. 17H). In the most distal section of the ovary, the sepals, which protect the bud,
were the only organs that remained fused to each other (Fig. 17E) and that fusion was
marked by SINAM2 mRNA (Fig. 171). In accordance with its strong sly-miR164-
mediated silencing in AP1>>MIR164 buds (Fig. 15B), SINAM2 expression was not
detected in them, further confirming the authenticity of the wild-type in-situ signal
(Fig. 17J-M). Taken together, the SINAM2 transcript was expressed at the boundaries
between adjacent sepals and whorls suggesting that it might be involved in their
separation. However, no significant SINAM2 mRNA signal could be detected before
the fusion of carpels (bud stages 1-6; data not shown), indicating that it is poorly
expressed at the time of whorl-boundary formation. GOB is expressed in the
boundaries between floral meristem and floral-organ primordia (Blein et al., 2008).
This implicates GOB rather than SINAM2 in whorl boundary formation and raises the

possibility that SINAM2 is involved in floral-boundary maintenance.

wild-type

AP1>>MIR164

Fig. 17. Expression pattern of SINAM2 in tomato bud. (A) Longitudinal section of wild-type
flower buds at stage 8. The lines mark the positions of the cross sections shown in B—E.
Arrowheads mark the points of separation between corresponding whorls. (B—M) Successive
transverse sections from the base upward. (B-E) Safranin-Fast Green differential staining. (F-
M) In-situ hybridization with SINAM2 antisense probe in the indicated genotypes.
Arrowheads and arrows mark SINAM2 signal between whorls and around floral organs,
respectively. S — sepal; P — petal; A — anther; O — ovary. Scale bars = 100 um.
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C.8. Accumulation of SINAM2-encoding transcript is associated with growth-

repression phenotypes

Cell proliferation is greatly reduced in the organ—meristem and organ—organ
boundaries (Breuil-Broyer et al., 2004). This process is mediated by the activity of
regulatory boundary genes (Aida and Tasaka, 2006a) and plays a role in organ
morphogenesis (Nikovics et al., 2006). While loss-of-function mutations in these
genes result in overgrowth of the boundary region, manifested as organ fusions, over
accumulation of these genes due to gain-of-function or ectopic expression usually
represses growth, manifested as smaller and occasionally multiple organs and extra
and elaborate lobing of cotyledons, leaves and floral organs (Hiratsu et al., 2002;
Brewer et al., 2004; Baker et al., 2005; Berger et al., 2009; Busch et al., 2011; Huang
et al., 2012). Since SINAM2 is expressed at flower boundaries, raised the question
whether it has similar boundary gene activity and can suppress growth when
accumulated. To investigate this, two homozygous tomato responder lines were
generated that are able to express wild-type (SINAM2) and sly-miR164-resistant
(mSINAM2) versions of the gene upon transactivation (for further details see Material
and methods, and Fig. 18). Both were crossed with the strong constitutive 35S:LhG4
and flower-specific AP1:LhG4 driver lines to generate corresponding transactivated
F1 progeny plants. Inactivated OP:SINAM2 and OP:mSINAM?2 responder plants were
morphologically identical to the driver lines and wild-type M82 tomato (data not
shown). However, 35S>>mSINAM2 plants and to a much lesser extent
355>>SINAM2 plants showed various growth-repression-associated phenotypes.
Compared to control tomato cotyledons which are oval and entire, the
355>>mSINAM2 cotyledons were abnormally shaped, smaller and lobed, and
occasionally three instead of two cotyledons were produced (Fig. 19A-C). A similar
but less pronounced phenotype was observed in 35S>>SINAM2 cotyledons, which
were larger than 355>>mSINAM2 (Fig. 19B). Reminiscent multiple and serrated
cotyledon phenotypes have also been reported as a result of expression of the
GOBsly-miR164-resistant mutant gene Gob-4d under its native or leaf-specific FIL
promoter, respectively (Berger et al., 2009). In addition, mature 35S>>mSINAM2
plants were dwarf whereas the 355>>SINAM2 plants were no different from controls
(Fig. 19D). Moreover, examination of 355>>mSINAM2 flowers revealed a reduction

in flower size and wrinkled and slightly lobed petals (Fig. 19E). Also, compared to
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control and 35S>>SINAM2, dramatic growth repression was observed in the two
inner whorls of 35S>>mSINAM2 flowers, including shorter stamens and style (Fig.
19F, H). Moreover, the pistil was very wide as a result of extra carpel formation (Fig.
19G). QRT-PCR analysis of control and transgenic flowers revealed relatively mild
accumulation of SINAM2 in 355>>SINAM2 compared to controls, and consistent
with mSINAM?2 resistance to sly-miR164 cleavage, a much higher accumulation of
SINAMZ2-encoding transcript was detected in 35S>>mSINAM2 flowers (Fig. 191).
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Fig. 18. Generation of OP:SINAM2 and OP:mSLNAM2 responder lines. (A) Schematic
representation of the responder binary constructs. The sly-miR164 complementary sequence
in SINAM2 mRNA, the sly-miR64 sequence, the silent mutations (in red) introduced in
mSINAM2 and the minimum free energy hybridization values as determined by RNAhybrid
(Rehmsmeier et al., 2004) are shown in the expanded region. (B) Genomic DNA PCR
analysis of representative tomato OP:SINAM2 and OP:mSINAM2 reporter lines. The
OP:SINAM2#4 and OP:mSINAM2#7 lines were used for further analysis.(C) Cleavage
analysis of SINAM2 and mSINAM2 transgenic transcripts. The miRNA-mediated cleavage site
was determined by RLM-RACE of total 355>>SINAM2 and 35S>>mSINAM2 leaf RNA
using a transgene-specific RACE primer for the 3’ OCS. The presence of an intact transgenic
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transcript was verified by RT-PCR. Below, arrow marks the position of the inferred cleavage
site in the transgenic SINAM2 transcript, and the number above it indicates the fraction of
cloned PCR products terminating at this position.
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Fig. 19. Phenotypic and molecular characterization of 355>>SINAM2 and 35S>>mSINAM2
plants. (A-C) Phenotypes of isolated cotyledons 11 days after sowing from control
(35S:LhG4) and transactivated (35S>>SINAM2 and 35S>>mSINAMZ2) tomato seedlings.
Multiple cotyledons were separated. (D) Four-month-old plants of the indicated genotypes.
(E) Representative flower at anthesis of the indicated genotypes. (F) Stamen and pistil
phenotypes of the indicated genotypes. (G) Transverse sections of the ovary of the indicated
genotypes. (H) Style lengths of the indicated genotypes. Data are means + SD (n=10).
Different letters indicate statistically significant difference as determined by Student’s t test
(P < 0.01). (I) QRT-PCR analysis of SINAM2-encoding transcripts in the flowers of
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indicated genotypes. Primers were designed around the corresponding sly-miR164
complementary site. TIP41 expression values were used for normalization. Data are means +
SD of two biological replicates, each measured in triplicate. Different letters indicate
statistically significant difference as determined by Student’s t test (P < 0.01). Scale bars A—C
=1cm;D=10cm; E,F=5mm; G =500 um.

Similarly, high accumulation of SINAM2-encoding transcript in
AP1>>mSINAM2 buds (Fig. 20A) was associated with significantly smaller sepals
and styles and slightly lobed petals compared with the organs of control OP:SINAM2
flowers (Fig. 20), whereas less accumulation in AP1>>SINAM2 buds resulted in
milder organ phenotypes (Fig. 20). Together, these results demonstrated a positive
correlation between the accumulation levels of SINAM2-encoding transcript and
abnormalities typically observed in plants overexpressing boundary genes, suggesting

similar activity for SINAM2.

C.9. SINAM2 accumulation rescues the fusion phenotypes of AP1>>MIR164 flowers

Since SINAM2 is expressed at floral whorl and organ boundaries (Fig. 17) and can
suppress growth when accumulated (Fig. 19,20), the next step was to determine
whether SINAM2 growth-suppression activity can define floral boundaries. To that
end, AP1>>MIR164 mutant flowers, which had fused sepals and abnormal whorl
separation, were complemented with SINAMZ2, and the resulting phenotype was
analyzed. This was done by expressing mSINAM2 in the background of
AP1>>MIR164 plants (AP1>>MIR164 >>mSINAM2). As a control, SINAM2 was
expressed on the same genetic background (AP1>>MIR164 >>SINAM2). As
expected, analysis of AP1>>MIR164 >>SINAM2 flowers showed elongated fused
sepals and abnormal interwhorl fusion (Fig. 21A-C). This abnormal phenotype was
no different from that of AP1>>MIR164 flowers (Fig. 15C-D). In contrast, the
AP1>>MIR164 >>mSINAM2 flowers had a wild-type-like phenotype. Although their
sepals were slightly shorter than controls they were not fused (Fig. 21A-B) and
contained no abnormal interwhorls fusions (Fig. 21A, C). QRT-PCR of young buds
revealed accumulation of the sly-miR164-ressistant mSINAM2 in AP1>>MIR164
>>mSINAM2 whereas the sly-miR164-sensitive SINAM2,
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Fig. 20. Phenotypic characterization of AP1>>SINAM2 and AP1>>mSINAM2 flowers. (A)
Quantitative RT-PCR analysis of SINAM2 in stage 9 buds. Primers were designed around the
corresponding miR164 complementary site. TIP41 expression values were used for
normalization. Data are means + SD of two biological replicates, each measured in triplicate.
Different letters indicate statistically significant difference as determined by Student’s t test
(P <0.01). (B) Representative flower at anthesis of the indicated genotypes. The upper panel
presents the whole flower and the lower panel presents isolated anthers and pistil after
removal of the sepals and petals. Scale bars = 1 mm. (C) Sepal areas of the indicated
genotypes. Data are means = SD (n > 70). Different letters indicate statistically significant
difference as determined by Student’s t test (P> 0.01). (D) Style lengths of the indicated
genotypes. Data are means =+ SD (n > 10). Letters indicate statistically significant differences
as determined by Student’s t test (P> 0.01).
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SINAC1, SINAM3 and GOB were silenced (Fig. 21D and data not shown). These
results demonstrated that when accumulated and expressed at early stages of flower

development, SINAM2is able to restore the formation of floral boundaries.
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Fig. 21. Restoration of normal flower phenotype upon expression of mSINAM2 in miR164-
overexpressing flowers. (A) Flower phenotypes of the indicated genotypes. The upper panel
presents the whole flower; the middle panel presents a whole flower on its side and the lower
panel presents isolated anthers and pistil. Arrowheads mark the points of sepal fusion. Scale
bars = 1 mm. (B) Sepal and fusion lengths of the indicated genotypes. (C) Longitudinal
section of flowers before anthesis from the indicated genotypes. Scale bars = 100 um. S —
sepal; P — petal; A — anther; O — ovary; St — Style. (D) Quantitative RT-PCR analysis of
GOBLET, SINAC1, SINAM2, SINAM3in 1-2 mm buds of the indicated genotypes. Primers
were designed around the corresponding miRNA's complementary site. TIP41 expression
values were used for normalization. Data are means £ SD of three biological replicates, each
measured in triplicate.
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C.10. SiRNAs specific for SINAM2 fail to reduce its transcript levels

To further understand SINAM2 function and elucidate its specific contribution to
AP1>>miR164 fusion phenotypes two approaches were taken to downregulate
SINAM2. Firstly, transgenic tomato plants were generated that were specifically
silenced for this gene by trans-activated RNAI. To that end, a responder RNAI
construct (OP:SINAM2IR) that contained a 353 bp fragment from the 3> UTR region
of SINAM2 was constructed (Fig. 22A). The effectiveness of the trans-activated
RNAI construct was tested by transient expression in benthamiana epidermal cells.
This was done by coexpressing OP:SINAM2IR with chimeric GFP that contained the
SINAM2 targeted 3> UTR at its C-terminal, in the presence of a driver plasmid that
constitutively expressed LhG4. Four days post-infiltration, a significantly lowered
GFP expression was observed in benthamiana cells that were infiltrated with
OP:SINAM2IR compared to control extracts that did not (Fig. 22B) and
immunoblotting against GFP confirmed that result (Fig. 22C), demonstrating the
usefulness of the OP:SINAM2IR construct. Next, the OP:SINAM2IR was transformed
into M82 tomato and nineteen independent plants were regenerated and transactivated
by a cross with the constitutive 35S:LhG4 driver line. Molecular analysis of the F1
progeny for SINAMZ2-associated small interfering RNAs (siRNASs) revealed
significant levels of siRNAs in the cotyledons of certain transactivated progeny plants
(Fig. 22D). However, the transactivated plants produced plants that were
morphologically identical to the driver lines and wild-type M82 tomato (data not
shown). Molecular analysis of SINAM2 in the flower verified the resulted wild-type
phenotype and revealed that the transcript level was not changed despite the
production of the siRNAs, rendering these plants non-informative (Fig. 22E).

Studies have shown that alteration in the miRNA sequence does not always
affect the miRNA processing from its precursor (Vaucheret et al., 2004), thus
enabling the generation of artificial-miRNA (amiRNA) against a gene of choice by
modifying the endogenous miRNA precursors (Alvarez et al., 2006; Niu et al., 2006).
Since SINAM2 and SINAM3 might have a redundant functionality, an amiRNA was
design to downregulate both (Fig. 23).Thepre-MIR164b was chosen as a backbone,
based on previous studies in tomato (Alvarez et al., 2006). The amiRSINAM designed
to directly target SINAM2 and SINAM3 (Fig. 24A) and has a 5’ uridine like most

plants miRNAs. Mismatches were introduced into the miRNA complementary
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sequence to mimic the predicted stem of the MIR164b precursor, assuming that bulges
in the MIR164b backbone contain essential recognition and processing information
(Fig. 24A). The integrated aMIRSINAM backbone was then synthesis and the
aMIRSINAM was then cloned behind the OP promoter (Fig. 24B).
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Fig. 22. Construction and molecular analysis of 355>>SINAM2IR plants. (A) Schematic
representation of the responder binary construct. (B) Expression of GFP-SINAM2IR.
Indicated constructs were agroinfiltrated into benthamiana leaves and the GFP fluorescence
was analyzed by confocal laserscanning microscopy. Images of representative leaf epidermal
cells were taken four days post agroinfiltration. (C) Western blotting of equal volume of total
protein extract probed with anti-GFP commercial antibodies. ponceau staining served as a
loading control. The positions of molecular-mass standards (kDa) are indicated on the left.
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(D) RNA gel-blot analysis of SINAM2 siRNAs in the indicated 35S>>SINAM2IR plants
(upper panel). The U6 snRNA was used as a loading control (lower). (E) QRT-PCR analysis
of SINAM2 in the flowers of the indicated 35S>>SINAM2IR plants. Primers were designed
around the corresponding sly-miR164 complementary site. TIP41 expression values were
used for normalization. Data are means + SD of three technical replicates.
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Fig. 23. SINAM2 and SINAM3 cDNA alignment. The target sites of amiRSINAM are boxed.

Next, the OP:aMIRSINAM was transformed into M82 tomato and eight independent
plants were regenerated and transactivated by a cross with the constitutive 35S:LhG4
driver line. Molecular analysis of the F1 progeny for amiRSINAM revealed low levels
of mature amiRNAs in the cotyledons of only one transactivated plant (Fig. 24C), the
amiRSINAM* strand was also tested to insure proper loading of the mature strand to
the RISCs. Moreover, phenotypic and molecular analyses of its transactivated F1
progeny are under way. In light of the above results the contribution of SINAM2 to the
fusion phenotype of AP1>>miR164 flowers and its specific requirement for flower

development remains unknown.
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C.11. The biological significance of SINAM2 regulation by sly-miR164

Three types of regulatory modes are known to date for miRNASs: spatial restriction,
buffering function and temporal regulation(Garcia, 2008). In Arabidopsis, the
negative regulation by miR164 fine-tunes the levels, as well as patterns of expression
of the CUC1 and CUC2 transcripts. Precise regulation of CUC1 and CUC2 transcript
accumulation is crucial for proper control of organ number and boundary formation
throughout vegetative and reproductive development (Mallory et al., 2004a; Laufs et
al., 2004; Baker et al., 2005; Sieber et al., 2007). In tomato, sly-miR164 spatially and
quantitatively sharpens and tunes the GOB expression domain for proper leaflet
separation (Berger et al., 2009). Since SINAM2 is directed to cleavage by sly-miR164
(Fig. 13) and is likely to participate in floral-boundary maintenance, the last objective
of this work was to understand the biological significance of SINAM2 regulation by
sly-miR164 and the mode of regulation of the latter. One commonly used approach
that was previously used to decipher the miRNA mode of regulation and its regulatory
significance, is to express the miRNA-target gene in its native version or in a miRNA-
resistant version under his endogenous promoter and to analyze the resulted
expression pattern and the resulting biological effects (Sieber et al., 2007). In the
absence of sly-miR164a and sly-miR164b loss-of-function or SINAM2 gain-of-
function tomato mutants, further investigation was done by using this approach taking
advantage of the existing SINAM2 and mSINAM2 responder lines (OP:SINAM2 and
OP:mSINAM2). Therefore, to express them at SINAM2 native locations, a driver line
that will drive LhG4 expression under SINAM2 native promoter was generated. At the
time | started this project, the tomato genomic sequence was not available. So, to
sequence the SINAM2 promoter, a rapid amplification of genomic ends (RAGE) was
performed. Using that technique, a fragment of ~1900 bp of SINAMZ2 putative
promoter was sequenced, amplified and cloned upstream of the LhG4 activator region
to generate the SINAM2:LhG4 driver construct. Next, the SINAM2:LhG4 construct
was transformed into M82 tomato and eleven independent plants were regenerated.
To identify a SINAM2:LhG4 driver plant that drive similar global expression pattern
to that of SINAMZ2, the LhG4 transcript levels in each driver plant was analyzed in
leaves and flowers (Fig. 25A). In the leaves, SINAM2 is poorly expressed whereas in
the flowers it is much more abundant (Fig. 25A). This analysis could not detect any

expression of LhG4 in the leaves and only a weak expression in the flowers of few
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transgenic plants (Fig. 25A) suggesting that the expression level driven by the 1.9 Kb
putative SINAM2 promoter was much lower than that of the endogenous native
promoter. To examine the SINAMZ2 promoter detailed expression patterns,
SINAM2:LhG4-4 plants were transactivated by a cross with the OP:mRFP (Shani et
al., 2009) reporter line. Indeed, a weak mRFP signal was detected in SINAM2:LhG4-
4 plants, but had different expression domain than that of SINAM2 in the flowers (Fig.
25B). Consistent with that, trans-activation of SINAM2 and mSINAM2 by
SINAM2:LhG4 did not result any phenotypic deviation from wild-type (data not
shown). The above results indicate that the transgenic SINAM2:LhG4 drove
expression that did not match the endogenous SINAM2 promoter not by patterning or
by intensity and thus could not be used for answering the above questions. In addition,
these results suggest that the promoter of SINAM2 may be longer or shorter than 1.9
Kb. Analysis of the SINAM2 upstream sequence, following the release of the tomato
genome, exposed a repetitive sequence located upstream to the 1.9 kb putative
amplified SINAM2 promoter, revealing the reason for the failure to amplify a longer
promoter fragment by the RAGE technique.
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Fig. 25. SINAM2 genomic scheme and the expression driven by SINAM2:LhG4
trangenic plants. (A) Semi-quantitative analysis of LhG4 transcript in total RNA
extracted from the indicated SINAM2:LhG4 transgenic line leaves and flowers.
Specificity of primers used is indicated on the left. (B) Confocal microscope images
of developing tomato flowers of controls (OP:mRFP) and the indicated genotypes.
(C) Schematic diagram of SINAM2 genomic region. Light green boxes represent the
ORF; green boxes represent the UTR’s; dashed box represent the putative promoter
region; the purple box represent the repetitive element. All construct region and

cleavage target site are indicated.
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D. Discussion

The flower, which contains the reproductive organs, is essential for the development
of the fruit. Extensive genetic and molecular research in the last three decades has
revealed many of the players, pathways and interactions that are part of the molecular
mechanisms underlying flower development (Smyth, 2005; Krizek and Fletcher,
2005; Irish, 2008). Recently, miRNAs were also found to regulate flower
morphogenesis and flowering, and accordingly, interfering with the flower miRNA
pathway leads to abnormal flower development (Wollmann and Weigel, 2010).
Despite the agronomic importance of tomato at the start of this work only one miRNA
and its target transcripts have been implicated in tomato flower development (Berger
et al., 2009; Buxdorf et al., 2010). The major goal of my Ph.D. was to improve our

understanding on the roles of the miRNA pathway in tomato flower development.
D.1. A system to perturb the tomato miRNA pathways

The first objective of this work was to reveal additional processes and genes which
are regulated by miRNAs during tomato flower development. In the model plants
Arabidopsis and moss Physcomitrella patens, miRNA pathway null and
hypomorphic mutants provided important clues regarding the involvement of the
miRNA pathway in certain developmental processes (Bohmert et al., 1998; Lynn et
al., 1999; Kidner and Martienssen, 2004, 2005; Yang et al., 2006; Khraiwesh et al.,
2010; Nodine and Bartel, 2010). Thus, one way to reveal miRNA-regulated processes
and genes was to perturb this pathway in tomato flower and analyze resultant
phenotypes. Nevertheless, tomato miRNA-pathway loss-of-function mutants were not
described to date. In rice, Wu et al. (2009) succeeded to knock down all four
OsAGO1s by RNAI. Those plants showed pleiotropic developmental phenotypes
correlated with increased accumulation of miRNA target genes. Still, when | started
this work, generation of reverse genetics mutants was not straightforward since
significant sequence information on the tomato homologs of miRNA pathway
components was not available. However, comparative profiling of transgenic
Arabidopsis plants expressing three different VSRs revealed upregulated transcripts
as novel endogenous targets of miRNAs and trans-acting-siRNAs (Jay et al., 2011),
supporting the use of VSRs as a means to perturb the miRNA pathway and identify

corresponding negatively regulated mRNAs. AGOL1 is an essential component of
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miRNA-RISC (Baumberger et al., 2007), the effector complex of miRNAs which
play key roles in plant development (Chen, 2009). It was found that the Beet western
yellows virus PO VSR suppress silencing by inhibiting the formation of
SIRNA/mIRNA-RISCs (Csorba et al., 2010; Derrien et al., 2012), thus leading to
AGOL1 degradation (Baumberger et al., 2007; Bortolamiol et al., 2007). This work
found that tomato encodes for two AGO1 homologs (SIAGO1s) and both are sensitive
to PO activity (Fig. 3). Therefore, the heterologous expression of PO silencing
suppressor in tomato flowers was chosen as an alternative approach to downregulate
SIAGO1s and to perturb its miRNA pathway. Strong transgenic expression of PO
arrests transgenic seedling growth (Bortolamiol et al., 2007) in Arabidopsis. In order
to prevent PO possible lethality during transgenic tomato explant regeneration, the
two-component OP/LhG4 transactivation system was used to downregulate SIAGO1s
(Moore et al., 1998). Accordingly, 35S>>P0OHA seedlings, which contained reduced
SIAGOL1s levels as a result of POHA accumulation, showed pleiotropic morphological
phenotypes, including post-germination growth arrest (Fig. 5) as well as enhanced
accumulation of several miRNA-target transcripts (Fig. 5). Such post-embryonic
growth arrest is reminiscent of a fraction of the Arabidopsis loss-of-function agol
mutant seedlings that developed a single determinate pin-like organ instead of leaves
(Lynn et al., 1999; Kidner and Martienssen, 2005). These results indicated that
transgenic expression of POHA can perturb the tomato miRNA pathway.
Nevertheless, as both SIAGO1-1 and SIAGO1-2 tomato homologs are sensitive to
POHA, the contribution of each to the abnormal phenotype could not be determined
by the PO approach. To determine the specific contribution of SIAGO1-1 and
SIAGO1-2, loss-of-function mutants or specific downregulation is required. In
addition, Arabidopsis encode for 10 AGO proteins but only mutants of ago7 and
agol0 showed relatively mild developmental phenotypes (Vaucheret, 2008). Since
several AGOs other than AGO1 have been shown to destabilize in the presence of PO
(Baumberger et al., 2007), it is possible that expression of PO might downregulate
their tomato homologs and contribute to the observed PO-mediated phenotypes, as

well as yet uncharacterized functions of PO.

D.2. SIAGO1s are required for normal flower development and polarity
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The use of transactivated PO expression also enabled the specific suppression of
SIAGO1s at a particular developmental stage or in a particular organ without
disturbing prior development or unrelated organs. Two flower specific tomato driver
lines (AP1:LhG4 and AP3:LhG4) were available to me during this work (received
from Prof. Yuval Eshed, Plant Science Dep. The Weizmann Institute of Science).
Characterization of the temporal and spatial expression domains of these driver lines,
found that they can direct as early as flower initiation specific expression with certain
overlap in the three outer whorls and to some extent in the fourth whorl of the tomato
flower. Therefore, these lines were used to drive the flower specific expression of
POHA and perturb its miRNA pathway. The expression of POHA in the petal
primordia produced filament-like almost radial petals (Fig. 11). This phenotype
indicated compromised adaxial-abaxial polarity, an organ defect that has been
previously reported in several Arabidopsis agol loss-of-function and hypomorphic
mutants (Bohmert et al., 1998; Lynn et al., 1999; Kidner and Martienssen, 2004;
Yang et al., 2006). Later, this phenotype was associated with the downregulation of
miR166/165 that was found to play a role in lateral organ polarity, by regulating
subsets of the HD-ZIP |11 transcription factors (Kidner and Martienssen, 2004; Jones-
Rhoades and Bartel, 2004). The expression of POHA very early in flower
development caused the formation of extra anthers and styles, anther fusion and early
petal separation (Fig. 9, 11), all of which are the outcome of floral boundary
disruption. In Arabidopsis, boundaries were found to be regulated by miR164. This
miRNA targets the NAM transcription factor genes CUC1 and CUC2 which play key
roles in floral boundaries formation (Aida et al., 1997; Takada et al., 2001). In
Arabidopsis, the upregulated CUC1/2 in eepl mutants (miR164c loss-of-function
mutants) caused to formation of extra petals in early flowers. Together these
phenotypes demonstrated that expression of POHA through transactivation could
interfere with miRNA activities in tomato and suggest that flower boundary
specification and polarity are regulated by miRNAs.

In Arabidopsis profiling of miRNA pathway mutants identified the single most
upregulated miRNA target transcript as the major contributor to the abnormal
phenotype (Nodine and Bartel, 2010; Jay et al., 2011). Thus, at that stage a genome-
wide transcript profiling of wild-type and AP1/3>>POHA floral organs was required
to uncover the most upregulated miRNA target mMRNASs, which are likely responsible

for the observed flower phenotypes. However, since radially and extra organ
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phenotypes were already characterized in Arabidopsis and associated with the
upregulation of HD-ZIP 1l and CUC miRNA-target genes, respectively, the
upregulation of their tomato homologues genes was first tested. Expression analysis
of the HD-ZIP 111 homologues genes revealed that their transcript levels were not
upregulated, suggesting that the radial phenotype was caused by other genes (data not
shown). Lately, Yifhar et al. (2012) demonstrated in tomato ago7 mutants that the
elevated levels of ARF3 and ARF4, tasi-ARF target genes, caused to the formation of
narrow floral-organs. Since ARF3 and ARF4 transcript levels were not tested, | cannot
rule out that they contributed to the radial phenotypes of AP1/3>>P0OHA petals. In
tomato | have found that a single miR164 species guide the cleavage of four mMRNAs
(Fig. 13) one of which was GOB (Berger et al., 2009). Expression analysis of these
transcripts found that SINAM2 was significantly upregulated (Fig. 7, 11) which hinted

on its contribution to the phenotype.
D.3. SINAM2, a boundary gene?

Hence, my next objective was to analyze the function of SINAM2 in flower
development. In-situ hybridization of SINAM2 in buds revealed that early in flower
development, the SINAM2 is expressed as bands that mark the boundaries between
sepals and between different floral whorls (Fig. 17) suggesting that it might be
involved in their separation.

Cell proliferation is greatly reduced in the boundaries which separate two
areas of high growth rates (Breuil-Broyer et al., 2004); this process is controlled by
regulatory boundary genes which caused to growth repression (Aida and Tasaka,
2006b). Therefore, gain-of-function mutants of those genes will usually cause growth
suppression and extra organ phenotypes (Hiratsu et al., 2002; Brewer et al., 2004;
Laufs et al., 2004; Baker et al., 2005; Berger et al., 2009; Busch et al., 2011). To test
whether SINAMZ2 has similar boundary gene activity when accumulated, two
responder lines were generated that are able to express wild-type (SINAM2) and sly-
miR164-resistant (MSINAM2) versions of the gene upon transactivation. Transcript
accumulation of SINAM2 in 35S>>mSINAM2and AP1>>mSINAM?2 flowers, resulted
in various growth-repression-associated phenotypes typically observed in plants
overexpressing boundary genes such as, reduction in organ size, abnormal lobed

margins and extra floral organ formation suggesting similar activity for SINAM2 (Fig.
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19, 20). In addition, molecular analysis showed a positive correlation between the
accumulation levels of SINAM2-encoding transcript and the severity of the
phenotype. Taken together, these results further support the assumption that SINAM2
function as a boundary gene.

In Arabidopsis leaves, complementation of the cuc2 mutant by a NAC-domain
gene did not occur unless they had redundant functions. Attempting to complement
cuc2 mutants with NAC1, ANACO019 and to some extent CUC3, which have different
functionalities than that of CUC2, failed to restore leaf morphogenesis, whereas the
redundant gene CUC1, could (Hasson et al., 2011). Therefore, my next experiment
was to test whether SINAM2 can complement the floral-boundary fusion phenotypes
of AP1>>MIR164 mutant. To my  surprise, the  flowers of
AP1>>MIR164>>mSINAM2 plants which accumulated mSINAM2 transcript had a
wild-type-like phenotype (Fig. 21). These results demonstrated that when
precociously expressed, SINAM2 is able to restore the formation of floral boundaries
suggesting that it is involved in their establishment. Still, the relatively over-
accumulation of SINAM2-encoding transcripts needed for boundary restoration and
the milder phenotypes of 35S>>mSINAM2 compared to ectopic expression of the
GOB* gain-of-function version (355>>Gob-4d) plants (Berger et al., 2009), suggest
that SINAM2 activities are less suitable for boundary formation than GOB.

D.4. The role of SINAM2 in floral boundary morphogenesis

Arabidopsis leaf serration occurs in two different phases: an early phase, requiring
CUC2, during which the boundaries which surround the emerging tooth are initiated,
and a later phase, requiring both CUC2 and CUC3, which maintains the boundaries to
sustain teeth formation (Hasson et al., 2011). In accordance with that,CUC2 is
expressed in the leaf primordium margins already before teeth outgrowth whereas
CUCS3 can hardly be detected at that stage, and afterwards both are detected in the
sinuses of the developing serrations (Nikovics et al., 2006; Hasson et al., 2011). In a
reminiscent way, since the non-overlapping expression patterns of GOB (Blein et al.,
2008) and SINAM2 in floral boundaries (Fig. 17), where GOB precedes SINAM2
expression and was found in the boundaries between floral meristem and floral-organ
primordia while SINAM2 was not detected at that stages but only at later stages in
boundaries between whorls and between sepals, may suggest that they function at
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different stages of boundary morphogenesis. The occurrence of SINAM2 in floral-
boundary after they initiated by GOB might imply its function in boundary
maintenance rather than their formation. However, to support the hypothesis that
SINAM2 function in floral-boundary maintenance, analysis of SINAM2 loss-of-
function mutant is required.

In the absence of SINAM2 loss-of-function mutant, two approaches based on
and artificial miRNA were taken to downregulate SINAM2. The RNAI approach
turned out to be a failure as in all 35S>>SINAM2IR transgenic lines SLNAM2
transcript levels were not changed. A possible explanation may be that the silencing
of SINAM2 occurred by translational inhibition rather than transcript cleavage and
generation of specific antibodies against SINAM2 are required to test that assumption.
Another possibility is that a feedback mechanism is presents, which compensate for
relatively weak SINAM2 downregulation. Thus, a new inverted repeat construct need
to be constructed against other regions of SINAM2 which may yield better silencing
than the chosen 3° UTR. The attempt to downregulate the related SINAM2 and
SINAM3 by specific amiRNA is still ongoing and further analysis of
355>>aMIRSINAM plants need to be performed.

D.5. The biological significance of SINAM2 regulation by sly-miR164 in the flower

The final objective of my work was to determine the biological role of SINAM2
regulation by sly-miR164 in the flower. Several miRNAs modes of regulation are
known in plants: spatial restriction, buffering function and temporal regulation
(Garcia, 2008). In Arabidopsis, miR164 act to restrict the expression of the CUC1 and
CUC2 transcripts during flower development as well as a buffer (Sieber et al., 2007).
Using gain- and loss-of-function mutants of GOB, Berger et al. (2009) showed that as
in Arabidopsis, sly-miR164 act to fine-tune the levels, as well as restrict the
expression domains of GOB in tomato leaves. In the absence of such SINAM2
mutants, an alternative way to investigate this was to express SINAM2 in its native
version or in a miRNA-resistant version under its endogenous promoter and to
analyze the resulted expression pattern and phenotypes (Sieber et al., 2007). To do so,
a driver line of the putative SINAM2 native promoter was generated and crossed with
OP:SINAM2 and OP:mSINAM2 reporter lines. However, the selected 1.9 kb promoter

region turned out to be not informative in planta as its expression domain was not
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identical to that of the native SINAM2 (Fig. 25). Since the promoter sequence
possesses most of the transcriptional regulatory elements, a possible explanation to
this result is that the selected region lacks some of the important elements which are
essential for genuine transcription. Generation of new driver lines with modified
promoter will help to determine the importance of SINAM2 regulation by sly-miR164

in the flowers.

In summary, in this work | have generated a unique system to suppress
SIAGOL1 silencing pathways in tomato and in turn reveal processes regulated by
miRNAs and other types of SIAGO1-dependent siRNAs. My results demonstrate the
strength of the POHA in combination with the transactivation system, that enable to
investigate the involvement of the miRNA pathway in a desired organ or
developmental stage without the influence of preceded abnormal development. Using
this system, | showed that SIAGO1s is required for normal flower development,
boundary specification and polarity and identified SINAM2, a new tomato sly-miR164
regulated NAM gene member that functions in the maintenance of tomato flower
whorl and sepal boundaries. In a parallel work, which 1 was a major contributor,
SIARF10, a miR160 target gene that was found to be upregulated due to expression of
POHA in leaves, was implicated in compound leaf blade outgrowth.

D.6. Future studies

An important aspect of SINAM2 functionality is the mechanism by which SINAM2
maintain the flower boundaries. This can be done by analyzing the morphological
characteristics of SINAM2 expressing cells. Recently, Pei et al. (2013) showed that in
Rose the RhNAC100 gene, a homolog of Arabidopsis ANAC100, functions to
negatively regulate petals cell expansion and slow the rate of petal growth.
Overexpression of RNANAC100 in Arabidopsis reduced petal size, while silencing of
RhNAC100 by VIGS increased petal size by promoting cell expansion. Moreover,
they were able to identify several downstream genes that are regulated by RhNAC100
and may participate in cell expansion (Pei et al., 2013). Further characterization of the
355>>mSLNAM2 smaller organs will reveal if the suppression activity of SINAM2 is
made by negative regulation of cell expansion or proliferation. In addition transgenic
expression of SINAM2-GFP under its native promoter will label the SINAM2
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expressing cells and enable to characterize their morphology. In addition Chip-Seq
(chromatin-immunoprecipitation followed by massively-parallel sequencing) assay
using anti-GFP antibody will assist in establishing the SINAM2-dependent regulatory
network involved in boundary establishment. Finally, profiling of AP1>>mSINAM2
and AP1>>SINAM2 will assist in identifying the downstream genes that are affected
by SINAM2.
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