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Abstract The plant protein ARGONAUTEl (AGO1)
functions in multiple RNA-silencing pathways, including
those of microRNAs, key regulators of growth and devel-
opment. Genetic analysis of ago/ mutants with informative
defects has provided valuable insights into AGO1’s bio-
logical functions. Tomato encodes two AGO1 homologs
(SIAGOl1s), but mutants have not been described to date.
To analyze SIAGOIls’ involvement in development, we
confirmed that both undergo decay in the presence of the
Polerovirus silencing suppressor PO and produce a trans-
genic responder line (OP:POHA) that, upon transactivation,
expresses PO C-terminally fused to a hemagglutinin (HA)
tag (POHA) and destabilizes SIAGOls 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 pheno-
types 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-medi-
ated silencing. Consistent with this, they exhibited pleio-
tropic morphological defects and their growth was arrested
post-germination. Transactivation of POHA in young leaf
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and floral organ primordia dramatically modified corre-
sponding organ morphology, including the radialization of
leaflets, petals and anthers, suggesting that SIAGOIs’
activities are required for normal lateral organ development
and polarity. Overall, our results suggest that the OP:POHA
responder line can serve as a valuable tool to suppress
SIAGOL silencing pathways in tomato. The suppression of
additional SIAGOs by POHA and its contribution to the
observed phenotypes awaits investigation.
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Abbreviations

AGO1 ARGONAUTEI

miRNA  MicroRNA

PO Polerovirus silencing suppressor
Tomato  Solanum lycopersicum

Introduction

ARGONAUTEI (AGOLl) is a key component of micro-
RNA (miRNA) RNA-induced silencing complexes (RISCs)
as well as transgene (Baumberger and Baulcombe 2005)
and antiviral (Zhang et al. 2006) RISCs. AGO1 preferen-
tially associates with small RNAs that have a 5'-terminal
uridine (Mi et al. 2008), using them as guides to identify
and degrade (Tang et al. 2003), or translationally inhibit
(Brodersen et al. 2008; Lanet et al. 2009) highly comple-
mentary target RNAs. Because most plant miRNAs have a
5’ uridine, AGOL is considered the most important AGO in
the miRNA pathway. Indeed, in agol mutants, miRNA
accumulation is reduced and their target mRNAs
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accumulate (Vaucheret et al. 2004). Arabidopsis thaliana
encodes 10 AGO proteins, and mutants have been isolated
or generated for all of them (Vaucheret 2008). Consistent
with the major function played by AGOI in the miRNA
pathway, A. thaliana 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 agolI-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). The petal epidermal cell
surface in agol-8 shows abaxial characteristics (Lynn et al.
1999). In contrast, the ago/-10 null mutant exhibits strap-
like or radial leaves which undergo clear adaxialization,
and radial inflorescence organs (Kidner and Martienssen
2004). Growth arrest occurs in agol-7 and agol-8 seed-
lings upon replacement of the primary shoot apical meri-
stem (SAM) with a single determinate pin-like organ,
and in agol-10 null mutant seedlings due to lack of
post-embryonic organs (Lynn et al. 1999; Kidner and
Martienssen 2005). In contrast to ago/ mutants, other ago
null mutants exhibit no obvious (ago2-6 and ago9) or very
limited (ago7/zippy and agolO/pinhead/zwille) develop-
mental defects (Vaucheret 2008). 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 tran-
sition from juvenile to adult vegetative phase, as indicated
mainly by precocious appearance of adult leaf traits
(Hunter et al. 2003).

Beet western yellows virus (BWYV) viral silencing
suppressor (VSR) PO has been found to inhibit the
assembly of small interfering (si) RNA/miRNA RISC
effector complexes, ultimately leading to the degradation
of AGOI, a key component of these complexes (Baum-
berger et al. 2007; Bortolamiol et al. 2007; Csorba et al.
2010). Consistent with this, transgenic PO expression cau-
ses 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,
AtAGOS, AtAGO6, AtAGO2 and AtAGO9 have also been
shown to decay in the presence of PO (Baumberger et al.
2007). Nevertheless, since A. thaliana 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, the expression of PO in
an organ offers a potent strategy to downregulate AGO1
in that organ, thereby exposing its involvement in
organogenesis.

Solanum lycopersicum (tomato) is one of the most
important crops in the fresh vegetable market and the food-
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processing industry, and offers a good model for crop
species whose fruit is a fleshy berry (Giovannoni 2001). To
date, tomato agol mutants have not been identified and the
involvement of AGOI1 in tomato development has not been
investigated. In this study, we address the question of
AGO1 functions in tomato development by inducing
AGO1 decay via specific PO expression in developing
leaves and flowers. We then dissect the resulting
developmental phenotypes to reveal the requirements for
AGO1-mediated silencing during tomato vegetative and
reproductive development.

Materials and methods
Plant material and growth conditions

Tomato (Solanum lycopersicum L.) cv. M82 (wild-type
seeds kindly provided by Dr. D. Zamir, The Hebrew Uni-
versity of Jerusalem, Faculty of Agriculture, Rehovot,
Israel) lines 35S:LhG4, FIL:LhG4, OP:GUS (Lifschitz
et al. 20006), 650:LhG4, BLS:LhG4, OP:mRFP (Shani et al.
2009) and API:LhG4, AP3:LhG4, CRC:LhG4 (Fernandez
et al. 2009) have been described elsewhere. The tomato
plants were grown under greenhouse conditions with
temperatures ranging between 15 and 25 °C in a mixture of
tuff-peat mix with nutrients, using 400-ml pots. Germina-
tion and seedling growth took place in a growth chamber
with a 16-h light period and 8-h dark period (photosyn-
thetic photon flux density: 50-70 pmol m™2 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 homo-
zygous driver line.

Total RNA extraction

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.

Target validation by cleavage-site mapping

Total RNA was extracted from tomato flowers as described
above. A modified procedure for RNA ligase-mediated rapid
amplification of cDNA ends (5 RACE) was performed with
the GeneRacer Kit (Invitrogen, Carlsbad, CA, USA) as
described previously (Talmor-Neiman et al. 2006). Briefly,
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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 prim-
ers, respectively (all primer sequences are given in Supple-
mentary Table S1). The PCR conditions used for both
amplification steps were as recommended by the manufac-
turer. The amplified products were gel-purified, cloned into
pGEMT-easy vector (Promega, Madison, WI, USA) and
sequenced.

Plasmid construction

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 BWYV_PO_Sall-F, which
contains a Sall site at the 5’ end, and BWYV_P0O_BamHI-
HA-R, which contains a BamHI site, a stop codon and 27 bp
encoding YPYDVPDYA HA tag. After sequence verifica-
tion, 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 mobi-
lized into the binary vector pART27 (Gleave 1992) to
generate pART27-OP:POHA. For the pART27-35S:3xFLAG-
SIAGOI1-1 construct, the coding region of SIAGOI1-1 was
PCR-amplified from tomato flower cDNA with the primers
FLAG_SIAGO1-1_Xhol-F, which contains a Xhol site at
its 5" end, a start codon and 24 bp encoding DYKDDDDK
FLAG tag and SIAGO1-1_Xhol-R, 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-
F, which contains a Xhol site at its 5’ end, a start codon
and 66 bp encoding DYKDHDGDYKDHDIDYKDDDDK
3XFLAG tag, and SIAGOI1-1_Xhol-R. The amplified
fragment was cloned into the Xhol site of the pART7 (Gleave
1992) shuttle vector to generate pART7-35S:3xFLAG-
SIAGOI1-1. 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:3xFLAG-SIAGO1-1. A similar strategy was used to
generate the pART27-35S:3xFLAG-SIAGO1-2 construct
except that FLAG_SIAGO1-2_Xhol-F and SIAGO1-2_Kpnl-
R primers were used for the first PCR amplification and
3XFLAG_Xhol-F and SIAGO1-2_Kpnl-R for the second
PCR amplification.

Agroinfiltration of Nicotiana benthamiana leaves

Agrobacterium tumefaciens strain GV3101 (kindly pro-
vided by Dr. A. Gal-On, Volcani Center, Department of

Plant Pathology, Bet-Dagan, Israel) cultures harboring the
binary plasmids pART27-OP:POHA, pART27-35S:LhG4,
pART27-35S:3xFLAG-SIAGO1-1, and pART27-35S:3x
FLAG-SIAGO1-2 were mixed as indicated to a final Aggyg
of 0.4 and infiltrated into young leaves of 3-week-old
greenhouse-grown Nicotiana benthamiana (provided by
Dr. Gal-On) plants as described previously (Arazi et al.
2005). For Western blot analysis, leaf patches were col-
lected 4 days post-infiltration.

Protein extraction and Western-blot analysis

Total protein extracts were prepared from 100 mg of
3-week-old tomato seedlings or from 100 mg N. benth-
amiana 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 f-mercaptoethanol). The mixtures were boiled for
10 min and immediately cooled on ice. The cooled
homogenates were centrifuged for 10 min at 10,000g and
the supernatants were transferred to a new tube, quantified
using the Qubit Protein Assay Kit (Invitrogen) and equal-
ized 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 % poly-
acrylamide gel for detection of POHA, 3XFLAG-SIAGO1
and SIAGOls, respectively. The fractionated proteins were
electroblotted onto BioTrace NT membranes (Pall, Pensa-
cola, 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). Anti-
body—protein interactions were visualized using enhanced
chemiluminescence detection (ECL) kit SuperSignal west
fempto (Thermo, Rockford, IL, USA) according to the
manufacturer’s instructions.

Transformation of tomato plants

The binary vector pART27-OP:POHA was 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, val-
idation was performed by PCR of genomic DNA with the
primer pair BWYV_P0O_Sall-F and BWYV_P0O_BamHI-
HA-R to detect the OP:POHA transgene. The 35S:LhG4
transgene was detected by pART7-35S-F and LhG4_156-R
primers.
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Semi- and 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.
First-strand cDNA was synthesized from 2 to 2.4 pg of
total RNA using the Superscript first-strand synthesis sys-
tem 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 semi-quantitative PCR, 4 pl of
1/4 diluted cDNA was used as template to amplify POHA
and TIP41 with the primer pair BWYV_PO_Sall-F and
BWYV_P0_BamHI-HA-R or gRT-TIP41-F and qRT-
TIP41-R, respectively. For real-time quantitative PCR, 4 pl
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). Primer sequences are
listed in Supplementary Table S1. The relative expression
levels of SIARFI10, SIAP2, SIREV, SISCL and SISPL6
transcripts were calculated using the 27" method nor-
malized to TIP4] as a reference gene; the relative
expression levels of GOBLET, SINACI, Solyc03g115850,
and Solyc06g069710 mRNA were calculated using a two
standard curve method normalized to 7IP41 as a reference
gene.

Scanning electron microscopy (SEM), histology,
confocal microscopy and fruit analyses

The pattern of Red Fluorescent Protein (RFP) expression
was detected by visualization of fresh tissue in an Olympus
IX81/FV500 laser-scanning confocal microscope (Olym-
pus Corporation, Tokyo, Japan). For the RFP signal, a
543-nm laser line was used and emission was collected
with a BAS60IF filter. For chlorophyll autofluorescence, a
BAG66OIF 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-um 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. For fruit analysis, immature green fruit at
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Fig. 1 The tomato AGOI homologs are targeted by sly-miR168. »
a An unrooted phylogenetic tree based on the A. thaliana AGO
proteins and the tomato AGOIl-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 SIAGOIs in different tissues of tomato cv. Heinz
based on published RNA-seq data from Sato et al. 2012, Supplemen-
tary Table S1. Data are mean + SE of normalized expression of two
independent biological samples. MG mature green, Br breaker.
¢ Nucleotide sequence alignment of A. thaliana (ath), rice (osa), maze
(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 SIAGOI-
1 and SIAGOI-2 mRNAs by RLM-RACE. Upper panel, ethidium
bromide-stained agarose gel showing the 5 RACE products. The
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 mRNAs. The arrows and numbers
indicate the positions of cleavage sites inferred from 5 RACE and
fraction of sequenced clones, respectively

20-25 days post-anthesis were collected from several
independent plants, sliced down the middle longitudinally
and scanned at 300 dpi. Fruit parameters were collected by
Tomato Analyzer 3.0 software (Rodriguez et al. 2010).

GUS histochemical analysis

GUS assay was performed according to Jefferson et al.
(1987). In brief, shortly after harvesting, tomato inflores-
cences were vacuum-infiltrated for 5 min with GUS assay
buffer (1.916 mM X-Gluc, 50 mM NaPO, buffer pH 7.0,
0.1 mM Kj3Fe(CN)g, 0.1 mM K Fe(CN)s, 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.

Results

Tomato encodes two AGO1 homologs that are sensitive
to BWYV PO

To investigate the roles of AGOIl-like proteins during
tomato development, we first determined 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 A. thaliana AGO1 (AtAGO1) protein
sequence revealed two phylogenetically related ORFs
which were 81 % identical to each other and highly similar
(>90 %) to N. benthamiana AGOIl-like proteins (Jones
et al. 2006). Accordingly, we named them SIAGOI1-1 and
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SIAGOI-1 (GenBank accession
number Jx945381) and SIAGOI-2 (GenBank accession
number Jx945382) are predicted to encode 1,054 aa
(117 kDa) and 1152 aa (127 kDa) proteins, respectively.

SIAGO1-2 (Fig. la).

Analysis of published RNA sequencing data (Sato et al.
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 SIAGOI-1.
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Moreover, their expression patterns were quite similar,
supporting their functional redundancy (Fig. 1b). The A.
thaliana AGOI1 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, we next asked whether SIAGOI-1 and SIAGOI-2
undergo miR168-guided cleavage. To identify the different
members of the miR168 family in tomato, we deep-
sequenced the small RNA population in 2-week post-ger-
mination M82 seedlings of the 355:LhG4 driver line (Stav
et al. 2010). This sequencing resulted in 4,847,099 redun-
dant small RNA sequences corresponding to 1,671,156
unique sequences (Supplementary Table S2). BLASTN
with known miR 168 sequences against this data set and the
publicly available tomato small RNA sequences (Tomato
Functional Genomics Database) revealed a single con-
served 21-nt miR168 sequence (sly-miR168a) (Fig. 1c),
which is encoded by two independent genomic loci that can
fold into a pre-miRNA-like hairpin structure (Fig. 1d). In
addition, the specific sly-miR168* strand encoded by each
hairpin was identified in our small RNA data set, validating
their functionality as sly-miR168 precursors (Fig. 1d). To
confirm that SIAGO1-1 and SIAGOI-2 are subjected to sly-
miR168 cleavage in vivo, we isolated mRNAs from flow-
ers and performed RLM-RACE 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 10th sly-miR168 nucleotide, thus indicating
targeting by this miRNA (Fig. le).

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 AGO]1-like proteins to PO,
plasmids expressing FLAG-tagged SIAGO1-1 and SIAG-
O1-2 under the 35S promoter were agroinfiltrated into
N. 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. 2a). Four days post-infiltration, the expression levels
of 3xFLAG-SIAGOL1-1/2 and POHA proteins were ana-
lyzed by immunoblotting. This analysis indicate that the
level of each 3xFLAG-SIAGO1 protein was significantly
lowered in leaf extracts that co-expressed POHA compared
to control extracts that did not express POHA, demon-
strating that SIAGO1-1 and SIAGO1-2 are sensitive to PO-
mediated destabilization (Fig. 2b). As SIAGOI-1/2 and
AtAGOI transcripts are cleaved by miR168 and encode
similar protein products that are destabilized in the pres-
ence of PO, it is likely that these genes are homologs.
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Fig. 2 SIAGOI-1 and SIAGO1-2 are destabilized in the presence of
POHA. a Schematic representation of the binary plasmids used in
b. b N. benthamiana leaves were infiltrated with A. rfumefaciens
mixtures harboring the indicated pART27-35S:3xFLAG-SIAGOI
plasmid and the driver plasmid pART27-35S:LhG4 with (POHA) or
without (LhG4) bacteria harboring the POHA responder plasmid
(pART27-OP-POHA), and protein samples were taken 4 days post-
infiltration. POHA (upper panel) and 3x-FLAG-SIAGO1 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
asterisk 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

Constitutive expression of POHA arrests seedling
growth and increases levels of certain miRNA-targeted
mRNAs

The sensitivity of both SIAGOls to PO suggested a
potential strategy to downregulate both proteins in planta
by stable expression of POHA, thereby revealing develop-
mental processes that depend on AGO1-mediated silencing
in tomato. Nevertheless, it has been shown that strong
expression of PO arrests transgenic seedling growth (Bor-
tolamiol et al. 2007). Thus, to stably express PO in tomato
while preventing its possible lethality during transgenic
explant regeneration, the two-component OP/LhG4 trans-
activation system (Moore et al. 1998) was used. Seven
independent transgenic tomato plants were regenerated and
examined for the presence of the OP:POHA responder
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Fig. 3 Phenotypic and
molecular characterization of
355>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.

i Immunoblot analysis of POHA
and SIAGOls in 3-week-old
355>POHA seedlings. POHA
and SIAGOI1s’ expression was
detected with anti-HA and anti-
AtAGOL polyclonal antibodies,
respectively, in equal amounts
of total protein extract. Asterisk
indicates an anti-HA cross-
reacting band which together
with Coomassie Blue staining
served as a loading control. The
positions of molecular-mass
standards (kDa) are indicated on
the left. 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. 7IP41]
expression values were used for
normalization. Data are

mean + SE of two biological

355:LhG4
355>>POHA

anti-AtAGO1

replicates, each measured in (i)
triplicate. Asterisks indicate 13| M355:LhGa
statistically significant 124 m355>>POHA =
difference as determined by c 114
Student’s 7 test (P < 0.05) 2 10-
v
$ 9
2
2 6
5 s
& 4
3_
2.
1_
SISPL6 SIARF10  Solyc03g115850 SIREV SISCL slap2

transgene using PCR and genomic DNA (Supplementary
Fig. S1). A homozygous responder line OP:POHA-16,
which drove strong POHA expression upon activation, was
then selected for further use (data not shown). 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 355:LhG4 driver line in which the
LhG4 transgene is under the control of the strong consti-
tutive 35S promoter (Supplementary Fig. S1). 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
355>POHA F1 progeny displayed pleiotropic develop-
mental phenotypes. These included lagging germination,
crooked hypocotyls and abnormal-looking succulent hairy
cotyledons (Fig. 3a—f). In addition, their development was
arrested at the true leaf primordium stage (Fig. 3g, h) and
4 weeks post-germination, they shriveled up and died,
reminiscent of the phenotype of the A. thaliana 35S:P0
seedlings that lack a functional AGO1 due to strong
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(a) FIL:LhG4 FIL>>POHA BLS>>POHA  650>>POHA

<
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Fig. 4 Phenotypes of control (FIL:LhG4) and indicated genotype
leaves. a Representative fully expanded 3rd leaf. Scale bar 2 cm.
b Comparison of representative P2—P6 stages of early leaf develop-
ment 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 pm. ¢ An emerging 3rd leaf’s

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
SIAGOls, decreases in the abnormal 355> P0OHA seedlings
(Fig. 3i). In A. thaliana, downregulation of AGO1 by PO
differentially modifies the levels of miRNA-target tran-
scripts (Bortolamiol et al. 2007). Consistent with this,
quantification of six known miRNA-target mRNAs in
355>>POHA versus control seedlings revealed significant
upregulation of certain targets (SIARF10, SISPL6, Sol-
yc03g115850), whereas the levels of others (SIAP2, SIREV,
SISCL) were not different from controls. 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 355>>POHA
seedlings.

Stage-specific expression of POHA differentially affects
compound leaf development

The severe growth arrest phenotype of the 355>>POHA
seedlings hampered further analysis of the effects of
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BLS>>P0HA FIL>>POHA

o

FIL>>POHA

abaxial side

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 pm. d Light micrographs
of transverse sections of fully expanded 3rd leaf terminal leaflet of the
indicated genotypes. V vascular bundle, B blade. Scale bars 100 um

SIAGO1 downregulation on tomato development beyond
germination (Fig. 3). Nevertheless, several leaf- and
flower-specific driver lines (promoter:LhG4), which pro-
vide different temporal and/or spatial specificities, have
been previously characterized (Alvarez et al. 2006; Fer-
nandez et al. 2009; Shalit et al. 2009; Shani 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 dif-
ferent developmental windows and at distinct locations of
the leaf primordium (Shani et al. 2009). The FIL (FILA-
MENTOUS FLOWER) 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>P0OHA
cotyledons. The FIL>POHA cotyledons were slightly
epinastic, and the 650>>POHA cotyledons were reddish,
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Fig. 5 Characterization of the
expression directed by flower-
specific driver lines.

a-m Confocal microscope
images of developing tomato
flowers of controls (OP:mRFP)
and the indicated genotypes.
a—d Stage 1-3 buds. Stages are
according to Xiao et al. (2009).
b Whole-mount GUS staining
of API>GUS inflorescence
meristem (marked by an arrow)

OP:mRFP

and stage 2 bud.

e-h Longitudinal sections of
stage 5 buds. i The upper part of
the style at anthesis. j,

n Longitudinal sections of ovary
at anthesis. k Longitudinal
section of stage 8 bud.
Transverse (1) and longitudinal
(m) 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 pm

AP1>>mRFP

AP3>>mRFP

CRC>>mRFP

particularly along the mid vein and on the abaxial side
(Supplementary Fig. S2). No obvious phenotypes were
observed among BLS>>P0OHA cotyledons. In comparison to
control plants, FIL>POHA plants produced abnormal
compound leaves with irregularly arranged leaflets along
the rachis that had strap- or filament-like shapes (Fig. 4a),
reminiscent of the tentacle-like bladeless leaves of A.
thaliana agol-3 (Bohmert et al. 1998). This contrasts with
BLS>>POHA and 650>>POHA 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>POHA leaf vasculature had a clear reddish color
(Fig. 4a).

abaxial

ELERE]

To determine the basis for the FIL>>POHA leaf pheno-
type, we first compared the early development of control
and FIL>>>POHA leaves. As shown in Fig. 4b, starting from
the P2 to P3 stage primordia, a pronounced alteration in
FIL>>POHA primordium morphology was observed, being
smaller than the control primordia. At the P4 stage, initi-
ating primary leaflets showed changeable growth orienta-
tions, 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. 4b).
Quantitative RT-PCR analysis of FIL>>POHA apices dem-
onstrated a significant increase in selected miRNA-target
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transcripts, an indication for SIAGOls downregulation
(Supplementary Fig. S3). On the other hand, in young
BLS>POHA and 650>>>POHA 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 rel-
atively uniform pavement cells, and the abaxial epidermis
was characterized by diverse size pavement cells inter-
spersed with stomatal cells (Fig. 4c). 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. 4c). In
contrast, the epidermal surface of the FIL>POHA cylin-
drical 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. 4c). A similar epidermal cell phenotype
has been previously observed in A. thaliana agol-3 null
mutant cotyledons showing reduced adaxial/abaxial dif-
ferentiation (Bohmert et al. 1998). Indeed, transverse sec-
tions through the FIL>>POHA leaflets revealed an almost
radial structure (Fig. 4d). 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 downreg-
ulation by POHA.

Flower-specific expression of POHA disturbs
organogenesis and induces radialization of petals
and anthers

Wild-type M82 tomato flowers are composed of four dis-
tinct 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 test the effect of suppression of AGO1-medi-
ated silencing on flower development, OP:POHA plants
were crossed with AP1:LhG4, AP3:LhG4 and CRC:LhG4
driver lines that express LhG4 through the well-character-
ized A. thaliana APETALAI (API), APETALA3 (AP3) and
CRABSCLAW (CRC) flower-specific promoters (Jack et al.
1992; Mandel et al. 1992; Alvarez and Smyth 1999;
Bowman and Smyth 1999). The detailed expression pat-
terns 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. 5, the expression domains of all
promoters were quite similar to their known expression in
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the A. thaliana flower (Jack et al. 1992; Mandel et al. 1992;
Bowman and Smyth 1999). The AP promoter was initially
expressed throughout young floral primordia (Fig. 5b, c),
in accordance with its function as a floral meristem identity
gene (Mandel et al. 1992). As the buds developed, mRFP
expression directed by AP/ was mainly confined to the
developing sepals and petals (Fig. 5g, k), 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 second and third whorls
was detected. In young floral primordia, the more restricted
AP3 promoter showed specific mRFP expression in the
distal part of developing sepals (Fig. 5d). In more devel-
oped buds, the mRFP signal was detected on the adaxial
side of sepals, throughout the developing petals (Fig. 5h),
in the stamen vasculature and on the abaxial side of anthers
(Fig. 51, m). The mRFP expression directed by the CRC
promoter was limited to the developing carpelloid organs
just after the emergence of the carpel primordia (Fig. Se).
At anthesis, the mRFP signal was detected along the style
(Fig. 5i) and was restricted to the exocarp (Fig. 5n), slowly
declining as the fruit reached the mature green stage
(Fernandez et al. 2009). These analyses indicated that the
API1:LhG4, AP3:LhG4 and CRC:LhGH4 driver lines can direct
specific expression in all four whorls of the tomato flower.
The AP1>>POHA, AP3>>P0OHA and CRC>>>POHA plants
showed a wild-type phenotype during vegetative growth
(data not shown). However, they displayed dramatic floral
phenotypes within the expression domains of each pro-
moter. Expressing POHA under control of the API pro-
moter resulted in the development of smaller flowers with
deformed organs in all four whorls, in agreement with AP
expression in young floral primordia (Fig. 6). The sepals
were more succulent and frequently failed to enclose the
developing flower (Fig. 6). In the second whorl, most of
the flowers produced smaller needle-like petals. The third
whorl contained deformed filament-like anthers, some of
which were fused (Fig. 6). The fourth whorl contained an
abnormal pistil composed of an enlarged ovule-less ovary
and numerous styles either tipped or not tipped with stig-
matic tissue (Fig. 6). The defects in the reproductive
whorls of API>>POHA flowers led to sterility. Notwith-
standing, very rarely, parthenocarpic fruit did develop
(Supplementary Fig. S4). Consistent with the AP3
expression pattern (Fig. 5), 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. 6). The AP3>>POHA petals
were filament-like, but unlike the AP/>>POHA petals, their
proximal region was flat and encircled the reproductive
whorls. The AP3>>POHA stamens were deformed and
occasionally fused as in the AP1>>POHA flowers (Fig. 6).
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Fig. 6 Phenotypes of wild-type

AP1>>P0OHA AP3>>P0OHA

API>POHA and AP3>>POHA
flowers. 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. Scale bars

1 mm

Moreover, these plants set fruit that contained viable seeds
(Supplementary Fig. S4). The filament-like phenotypes
of petals and anthers suggested that they suffer from an
alteration in organ polarity. Histological analyses of
API>>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. 7a—c). Anther radialization was more frequent in
AP3>POHA buds, which is in agreement with the
expression of AP3 promoter in anthers (Fig. 5). SEM
examination of AP1>>POHA and AP3>>P0OHA stage 6 buds
supported the above observations, showing filament-like
petals and stamens (Fig. 7d—f). In the wild-type tomato
flower at anthesis, the petal’s adaxial epidermis is com-
posed of cylinder-shaped cells while the abaxial epidermis
consists of pavement cells (Fig. 7g). In contrast, the sur-
faces of the API>>POHA and AP3>>POHA filamentous
petals were composed of elongated rectangular epidermal

cells with no recognizable abaxial or adaxial identity
(Fig. 7h, 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. 4c), suggesting
that POHA expression during petal growth, as in leaflets,
disturbed the establishment of proper adaxial-abaxial iden-
tity. Quantitative RT-PCR analysis of AP/>>POHA buds
demonstrated a significant increase in certain miRNA-target
transcripts, validating the perturbation of the miRNA path-
way by expressed POHA (Supplementary Fig. S3). Expres-
sion of POHA under the control of the carpel-specific CRC
promoter resulted in the development of conic instead of
round ovaries (Fig. 8a), with no obvious effect on the more
outer flower whorls (data not shown). Accordingly, a change
in the shape of developed CRC>>POHA immature young
fruits was observed. These fruits were significantly more
triangular at their distal part than the round control fruits
(Fig. 8a, b). As the fruits matured, the differences between
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Fig. 7 Histological and
microscopic analyses of
API>>POHA and AP3>POHA
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 pm. d—f Scanning electron
micrographs of 2-mm buds. The
sepals were removed to expose
the developing petals and
anthers. g-i Scanning electron
micrographs of the petal
epidermis of the wild type and
the indicated genotypes, scale
bars 50 um. § sepal, P petal,

A anther, O ovary

CRC>POHA fruits and controls become less obvious, most
likely due to the diminished expression of POHA following
anthesis (Fig. 8c).

Discussion

We previously demonstrated that strong expression of Tomato
bushy stunt virus VSR P19 in tomato can be achieved by
expressing it via the OP/LhG4 transactivation system that
separates transformation from transgene expression (Stav et al.
2010). Here, we successfully utilized the same approach to
transgenically express the VSR PO in tomato. PO has been
suggested to suppress silencing by inhibiting the formation of
siRNA/miRNA-RISCs (Csorba et al. 2010), thus leading to
AGO1 degradation (Baumberger et al. 2007; Bortolamiol et al.
2007). AGO1 is an essential component of miRNA-RISC
(Baumberger et al. 2007), the effector complex of miRNAs
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which play key roles in plant development (Chen 2009).
Accordingly, our data associate reduced SIAGO1 levels due to
POHA accumulation in 355>>>POHA tomato seedlings with
pleiotropic morphological phenotypes, including post-germi-
nation growth arrest. Such post-embryonic growth arrest is
reminiscent of a fraction of the A. thaliana loss-of-function
agol mutant seedlings that developed a single determinate
pin-like organ instead of leaves (Kidner and Martienssen
2005; Lynn et al. 1999). A common phenotype of FIL>
POHA leaves and API/AP3>>POHA flowers was the devel-
opment of filament-like, almost radialized leaflets and petals,
respectively, indicating compromised adaxial-abaxial polarity,
an organ defect that has been previously reported in several
A. thaliana agol loss-of-function and hypomorphic mutants
(Bohmert et al. 1998; Lynn et al. 1999; Kidner and Mart-
ienssen 2004). In addition, similar to A. thaliana agol
mutants, 355>POHA seedlings, FIL>>POHA leaves and
API>POHA flowers accumulated increased levels of certain



Planta (2013) 237:363-377

375

Fig. 8 Modification of tomato
fruit shape by carpel-specific
expression of POHA.

a Represented phenotypes of
control (35S:LhG4) and
CRC>>POHA ovaries at anthesis
(upper panel) and immature
green fruit 20 days post-anthesis
(dpa) (lower panel).

b Quantification of Fruit shape
triangle in 20-25 dpa fruit

(n = 16 for 35S:LhG4 and

n = 25 for CRC>>POHA).
Error bars represent + SD.
Asterisk represents statistically
significant difference as
determined by Student’s 7 test
(P < 0.05). ¢ Semi-quantitative
analysis of POHA transcript in
total RNA extracted from the
indicated CRC>>P0OHA
reproductive tissues. Specificity
of primers used is indicated on
the right. POHA expression was
normalized to 7IP4] mRNA
and levels are indicated below
the panel. The number of cycles
of amplification is indicated in
parentheses. Non-template
control (NTC); P a plasmid that
harbors the corresponding gene
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miRNA target transcripts, establishing a correlation between
their morphological defects and perturbation of the endoge-
nous miRNA pathway. Together these data suggest that via
expression of POHA through transactivation, we were able to
mimic ago!/ mutant phenotypes in tomato. Nevertheless, as
both SIAGO1-1 and SIAGO1-2 tomato homologs are sensitive
to POHA, it is highly likely that the observed phenotypes are
the result of downregulation of both proteins; the contribution
of each could not be determined by our current analysis. In
addition, since other AGOs have been shown to destabilize in
the presence of PO (Baumberger et al. 2007), and agol0
mutant seedlings are also growth-arrested, exhibiting either an
empty apex, pinhead structure or solitary leaf (Moussian et al.
1998; Lynn et al. 1999), we cannot rule out the possibility that
PO-mediated degradation of tomato AGOI10-like protein
occurred in 355>>POHA seedlings and contributed to the
growth-arrest phenotype.

The identification of miRNAs has revealed a previously
unappreciated post-transcriptional regulatory layer that
plays key roles in various aspects of vegetative and
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reproductive development as can be deduced from the
severe developmental defects seen in A. thaliana mutants
such as carpel factory/dicer-likel (caf/dcll) (Garcia 2008)
and argonautel (agol) (Bohmert et al. 1998; Vaucheret
et al. 2004), both of which are major players in miRNA-
mediated silencing. In light of this, and the severe
355>>POHA phenotype, it is reasonable to assume that the
use of as yet unidentified ago/ null mutants to study AGOl1
functions in later stages of tomato development will be
either not feasible, because mutant tomato plants will not
reach that stage, or potentially biased due to major devel-
opmental aberrations that have already taken place. On the
other hand, the transactivated PO approach enabled us to
suppress SIAGOL1 at a particular developmental stage or in
a particular organ without disturbing prior development
or unrelated organs, thus revealing the involvement of
SIAGO1-mediated silencing in that particular organ or
developmental stage. For example, we specifically sup-
pressed SIAGOL1 activity in the 2nd to 3rd (AP3>>POHA)
or 4th (CRC>POHA) flower whorls without disturbing
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other whorls. In addition, stage-specific SIAGO1 suppres-
sion during leaf maturation resulted in either a disordered
leaf or subtle leaf phenotypes depending on the timing and
expression domains of POHA. Our results suggest that
POHA expression throughout the leaf primordium as soon
as it emerges from the SAM (FIL>>POHA) dramatically
modifies leaf morphology, in turn suggesting that the pri-
mary morphogenesis phase, which determines the basic
leaf structure, requires SIAGO1-mediated silencing for its
normal function. Indeed, regulation of the transcription
factors LANCEOLATE and GOBLET by miR319 and
miR 164, respectively, during this phase, has been shown to
be essential for tomato compound-leaf development (Ori
et al. 2007; Berger et al. 2009). Later FIL-comparable POHA
expression in the initiating leaflets of the P4 primordia
(BLS>POHA) and at the distal end of the P5 leaf primordia
(650>POHA) resulted in wrinkled blades and reddish vas-
culature, respectively, indicating that these domains are less
sensitive than initiating primordia to AGO]1-suppression.
Taking into account that POHA might suppress additional
SIAGOs, the OP:POHA responder line can be used to sup-
press SIAGOI and unravel the involvement of AGO1-med-
iated silencing in any target tissue or developmental stage,
provided the corresponding tomato driver line is available.
Recently, comparative analyses of transgenic A. thaliana
plants expressing three VSRs and a hypomorphic dcll mutant
revealed novel endogenous targets of miRNA and trans-act-
ing-siRNA, as well as several upregulated miRNA targets. Of
the latter, the increase in AUXIN RESPONSE FACTOR 8
(ARF8) was found to be responsible for the abnormal leaf
phenotypes exhibited by the VSR transgenic plants (Jay et al.
2011). Utilizing OP:POHA reporter plants, a similar strategy
will be employed in future studies to uncover putative
upregulated endogenous targets of SIAGOIl-mediated
silencing, which may be associated with the described
abnormal tomato phenotypes.
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