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Abstract MicroRNA 159 (miR159) is a highly conserved
miRNA with roles in flowering under short days, anther
development and seed germination via repression of
GAMYB-like genes. In tomato, the function of miR159
(Sl-miR159) is currently unknown and target transcripts have
not been experimentally validated. Here, we identified and
characterized a new miR159 target gene (SGN-U567133) in
Solanum lycopersicum (tomato) that is not related to MYB.
SGN-U567133 is predominantly expressed in flowers and
encodes a nuclear-localized protein that contains a unique
NOZZLE-like domain at its N terminus. In tomato, SGNU567133 represents a small gene family and orthologs
have been identified in other plant species, all containing a
conserved miR159 target site in their coding sequence.
Accordingly, 50 -RACE cleavage assay supported miRNAmediated cleavage of SGN-U567133 transcripts in vivo.
Moreover, the SGN-U567133 transcript accumulated in
P19-HA-expressing tomato leaves in which miRNA-mediated cleavage is inhibited. In addition, transgenic tomato
plants expressing a miR159-resistant form of SGNU567133 accumulated higher levels of the SGN-U567133
transcript and exhibited defects in leaf and flower
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development. Together, our results suggest that SGNU567133 represents a novel class of miR159 targets in
plants and raise the possibility that its post-transcriptional
regulation by Sl-miR159 is essential for normal tomato
development.
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Introduction
MicroRNAs (miRNAs) form an abundant class of noncoding small RNAs that function as post-transcriptional
regulators of development (Garcia 2008) and various other
processes in plants (Sunkar et al. 2007). Mature miRNAs
are physically associated with ARGONAUTE1 as part of
the RNA-induced silencing complex (Baumberger and
Baulcombe 2005), which uses them as guides to recognize
target complementary mRNAs and negatively regulate
their expression by degradation (Llave et al. 2002; Palatnik
et al. 2003; Tang et al. 2003) or repression of productive
translation (Chen 2004; Gandikota et al. 2007).
Hundreds of miRNAs have been identified in plants
(Griffiths-Jones 2004). Of these, around 21 miRNA families are conserved among diverse angiosperms (Axtell and
Bowman 2008). A large proportion of these miRNAs
regulate target genes that encode transcription factors with
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roles in hormonal regulation and in various aspects of plant
development and physiology (Jones-Rhoades et al. 2006;
Garcia 2008). miR159 is a 21-nt-long miRNA (Reinhart
et al. 2002) that represents one of the most conserved
miRNAs in land plants, as implied by its presence in all
land plant lineages except bryophytes (Axtell et al. 2007).
Members of the miR159 family are very similar in
sequence to members of the miR319 family, but they have
been shown to have non-overlapping targets in planta
(Palatnik et al. 2007). Overexpression of miR159 disrupts
anther development and leads to male sterility in Arabidopsis (Achard et al. 2004) and, similarly, results in shrunken
anthers in rice (Tsuji et al. 2006), indicating a conserved role
in anther development.
miR159 targets have been functionally analyzed in
Arabidopsis and rice. In Arabidopsis, nine genes, eight of
which encode MYB-like proteins, have been predicted to
serve as miR159 targets. Seven of the targets encode proteins similar to GAMYB (Gubler et al. 1995), a barley
MYB gene that activates gibberellin-responsive genes in the
aleurone layer (Gubler et al. 1999). An additional target
was found to encode the MYB-like gene DUO/MYB125, a
positive regulator of male germline development (Rotman
et al. 2005). Cleavage analyses validated that the GAMYBlike genes, MYB33, MYB65, MYB101 and MYB125, are
directed to cleavage by miR159 in vivo (Achard et al. 2004;
Palatnik et al. 2007; Reyes and Chua 2007). Studies have
demonstrated that the expression levels of the redundant
gene pair, MYB33 and MYB65, which function in anther
development (Millar and Gubler 2005), increase in the
double mutant mir159ab (Allen et al. 2007) and decrease
upon overexpression of miR159a (Achard et al. 2004),
strongly indicating that these genes are under miR159
regulation in planta. Moreover, expression of a miR159resistant MYB33 could mimic the phenotype of mir159ab
plants, which is suppressed in the myb33/myb65 genetic
background, providing unequivocal evidence that MYB33
and MYB65 are the major targets of miR159 (Allen et al.
2007). In addition, the GAMYB-like genes, MYB33 and
MYB101, which function as positive regulators of ABA
responses during germination, have been shown to be
downregulated by miR159 during seed germination (Reyes
and Chua 2007), reinforcing miR159 as an important
GAMYB regulator in Arabidopsis.
In rice, three genes encoding GAMYB-like transcription
factors were found to contain a miR159-complementary
sequence (Jones-Rhoades and Bartel 2004; Tsuji et al.
2006). Overexpression of miR159 in transgenic rice resulted in reduced levels of OsGAMYB and OsGAMYBL1
mRNAs, most likely due to miR159-mediated cleavage
(Tsuji et al. 2006). Moreover, in wild-type rice plants, the
transcript levels of OsGAMYB and OsGAMYBL1 genes negatively correlated with that of miR159, strongly suggesting
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that they are regulated post-transcriptionally by miR159
during anther development (Tsuji et al. 2006).
An miR159-complementary sequence was also found in
the sequences of GAMYB-like mRNAs from several other
plant species, supporting its function as an important
GAMYB regulator (Achard et al. 2004). In tomato, several GAMYB-like genes have been predicted to serve as
Sl-miR159 targets, but none have been validated experimentally. In the present study, we report on the identification and characterization of SGN-U567133, a previously
unknown Sl-miR159 target gene from tomato. SGN-U567133
is a member of a small gene family that is conserved in
certain plant species. It encodes a protein with unknown
function, which is localized to the nucleus but is not
related to the MYB or GAMYB family of transcription
factors. Hence, it represents a new family of Sl-miR159
targets. Transgenic tomato plants homozygous for the
Sl-miR159-resistant SGN-U567133 transgene accumulated SGN-U567133 transcript and developed abnormal
leaves and flowers, suggesting that Sl-miR159-mediated
repression of SGN-U567133 is important for proper
tomato development.

Materials and methods
Plant material and growth conditions
The transgenic M82 tomato plants, 35S:LhG4 and 35S 
P19HA-2, have been described elsewhere (Stav et al.
2010). Tomato cv. MP1 plants (kindly provided by R. Barg,
Department of Plant Science, ARO, The Volcani Center, Bet
Dagan, Israel; Barg et al. 1997) were grown in 400-ml pots
under greenhouse conditions with temperatures ranging
between 15 and 22°C in a tuff–peat mix with nutrients. For
in vitro culture, seeds were surface sterilized by treatment
with 2% hypochlorite solution for 5 min. After rinsing three
times with sterile distilled water, seeds were sown on
Murashige and Skoog (MS) culture medium containing
3% (w/v) sucrose and 1% (w/v) phytoagar (Sigma, Rehovot,
Israel), pH 5.8. Seedlings were germinated and grown in a
growth chamber with a 16-h light/8-h dark period (photosynthetic photon flux density: 50–70 lmol m-2 s-1) at a
constant temperature of 22°C.
Total RNA extraction and small-RNA gel-blot analysis
Total RNA was extracted 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, precipitated
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RNA was resuspended in 50% formamide or RNase-free
water for small-RNA gel-blot analysis or cDNA synthesis,
respectively, and kept at -80°C until use. For detection of
Sl-miR159, small-RNA gel-blot analysis was performed as
described previously (Talmor-Neiman et al. 2006) using a
radiolabeled oligo probe that is complementary to this
miRNA. For detection of SGN-U567133 siRNAs, smallRNA gel-blot analysis was performed using the protocol
described in Stav et al. (2010). A probe for detecting
SGN-U567133-derived siRNAs was constructed by linearizing pGEMT-SGN-U567133-RNAi (nt 1030–1390 of
the full-length cDNA) with SalI, followed by in vitro
transcription using T7 RNA polymerase in the presence of
[a-32P]UTP.
Target validation by cleavage site mapping
Total RNA was extracted from tomato leaves as described
above. Poly(A) mRNA was subsequently enriched using
the Oligotex mRNA Mini Kit (Qiagen, Valencia, CA, USA).
A modified procedure for RNA ligase-mediated rapid
amplification of cDNA ends (50 -RACE) was performed
(Talmor-Neiman et al. 2006). Briefly, the cDNA was
subjected to an amplification procedure with the GeneRacer
50 primer and TC144503-RACE primer 50 -AGATG
AATGCTGATATGGAGAAGCGGCTGTAG-30 followed
by nested PCR using GeneRacer 50 nested primer and
TC144503-RACE_nested primer 50 -TTGTTGTGATCTT
TGCAGCACACTGGGTAG-30 . The PCR conditions used
for both amplification steps were as recommended by the
manufacturer. The amplified products were gel purified,
cloned and sequenced.
Cloning SGN-U567133 full-length cDNA and sequence
analysis
Total RNA was extracted from tomato cv. MP1 leaves as
described above. Poly(A) mRNA was subsequently enriched using the Oligotex mRNA Mini Kit (Qiagen). The
TC144503 partial sequence was used to design genespecific primers FL30 RACE (50 -CGTCTGTTTCGGGTC
CAGGGAGTGATAA-30 ), FL30 RACE_NESTED (50 -CCC
AGTGTGCTGCAAAGATCACAACAATATC-30 ), FL50 R
ACE (50 -TTGTTGTGATCTTTGCAGCACACTGGGTA
G-30 ) and FL50 RACE_NESTED (50 -ACATTTATCACT
CCCTGGACCCGAAACAGA-30 ). These primers were used
to clone the full-length 30 region of the cDNA and
extend the 50 region by 84 bp using the RLM-RACE kit
(Invitrogen, Carlsbad, CA, USA), as described above.
The assembled cDNA and the BAC C12HAa0021L02.1
sequences were used to design primers for amplification of
the complete coding sequence from the leaf cDNA using
primer pair SGN-U567133_F (50 -ATGAAGCCAAAGC
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CGAAGA-30 ) and SGN-U567133_R (50 -CTACAGCTT
CAGATTGAGATCAA-30 ). The amplified RT-PCR fragment was cloned and sequenced.
Plasmid construction
For the subcellular localization studies, the coding region
of SGN-U567133 was PCR amplified with the primer
pair XhoI-SGN-U567133-FOR 50 -CCGCTCGAGATGAA
GCCAAAGCCGAAGA-30 and BamHI-SGN-U567133-REV
50 -CGGGATCCCAGCTTCAGATTGAGATCAA-30 , containing the XhoI site and BamHI site, respectively, at their 50
end (underlined). After sequence verification, the amplified
fragment was cloned into the XhoI/BamHI sites of the
pART7-GFP shuttle vector to generate C-terminal (pART7GFP-SGN-U567133) translational fusion with GFP under
the control of the cauliflower mosaic virus (CaMV) 35S
promoter and octopine synthase (OCS) terminator. The NotI
fragment of pART7-GFP-SGN-U567133 containing the
35S:GFP-SGN-U567133:OCS region was mobilized into
the binary vector pART27 to generate pART27-GFP-SGNU567133.
For RNAi-mediated silencing of SGN-U567133, a 361bp fragment representing nt 1030–1390 of the full-length
cDNA was used. This RNAi fragment was predicted to be
gene specific in that it contains only one stretch of *25
identical nucleotides with a potential to generate siRNAs
complementary to the other tomato homologs of SGNU567133. The RNAi fragment was cloned by PCR using
the primer pair SGN-U567133-RNAi-ClaI-KpnI-FOR
50 -CCATCGATGGTACCGAGTCCAAACCAAGGGAT
GTTA-30 and SGN-U567133-RNAi-BamHI-XhoI-REV
50 - CGGGATCCCTCGAGCGGAAGAAGCACAACCAT
GTGTA-30 , each containing two indicated restriction sites at
their 50 end (underlined and bold, respectively). Following
sequence verification and restriction, the amplified fragment
was cloned into pHANNIBAL RNAi vector (Helliwell and
Waterhouse 2003) under control of the CaMV 35S promoter
and OCS terminator. The NotI fragment of pHANNIBALSGN-U567133-RNAi containing the 35S:SGN-U567133RNAi:OCS region was then mobilized into the binary vector
pART27 to generate pART27-SGN-U567133-RNAi.
For transgenic expression of the Sl-miR159-resistant
SGN-U567133 gene, first, the genomic sequence of SGNU567133 including the flanking 50 and 30 regulatory regions
was amplified by PCR using the primer pair Genomic_F
50 -GCCTAAGTATAAAATTCCAATATACGCACT-30 and
Genomic_R 50 -CCCACTGCTGTTTATTGGTTACA-30 and
the amplified fragment was cloned into the pGEMT-easy
vector (Promega, Madison, WI, USA) and sequenced.
This plasmid served as a template for mutagenesis. For
generation of a Sl-miR159-resistant SGN-U567133 mutant
(mSGN-U567133), six silent mutations were inserted into the
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SGN-U567133 coding region at the Sl-miR159 target site,
using an assembly PCR procedure: first, the primers
assemblyF-(50 -TGGAGCCCCCaagtAAtCAgAATTATTAT
TCGTGTAATTATTTACCT-30 ) and assembly R-(50 -Tc
TGaTTacttGGGGGCTCCATCTGATAATT-30 ) were used
in conjunction with Genomic_R and Genomic_F, respectively, to insert the substitutions (lowercase letters) into the
SGN-U567133 coding region. Then, the products of both
PCRs were assembled by using them as a template for a
PCR with Genomic_F and Genomic_R as primers. The
resulting amplified mutant fragment was cloned into
pGEMT-easy vector in reverse orientation and sequenced.
pGEMT-pSGN-U567133:mSGN-U567133 was restricted
with MluI/SnaBI and cloned into the MluI/SmaI sites of the
pART7 shuttle vector, thus replacing the last 1,137 bp of
its CaMV 35S promoter, leaving only the 30 OCS terminator.
The NotI fragment of pART7-pSGN-U567133:mSGNU567133 containing the pSGN-U567133:mSGN-U567133:
OCS region was then mobilized into the binary vector
pART27 to generate pART27-pSGN-U567133:mSGNU567133:OCS.
Quantitative RT-PCR analysis of SGN-U567133
Total RNA was extracted from tested tomato tissues as
described above. Total RNA samples were treated with
RNase-free DNase I to eliminate genomic DNA contamination. The concentration and integrity of the RNA
samples were determined by using an ND1000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA)
and by gel analysis, respectively. First-strand cDNA was
synthesized from 1 lg 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 ll of diluted cDNA was
used in a 10-ll PCR containing 200 nM of each primer and
5 ll Platinum SYBR Green qPCR supermix-UDG (Invitrogen). PCR was performed in a Rotor-Gene 6000 cycler
(Qiagen) with the following temperature program: 15 min
at 95°C, then 40 cycles of 15 s at 96°C, 15 s at 62°C
and 20 s at 72°C. At the end, 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). The primers used for real-time quantitative
PCR were designed using the Primer3Plus computer
program (http://www.bioinformatics.nl/cgi-bin/primer3plus/
primer3plus.cgi) as follows: SGN-U567133-qRT-F (50 -CT
CTACCCAGTGTGCTGCAA-30 )
and
SGN-U5671
33-qRT-R (50 -CTTCACATCTTCAGGCCACA-30 ); Tip41-
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F (50 -ATGGAGTTTTTGAGTCTTCTGC-30 ) and Tip41-R
(50 -GCTGCGTTTCTGGCTTAGG-30 ); GAPDH-F (50 -A
TGCTCCCATGTTTGTTGTGGGTG-30 ) and GAPDH-R
(50 -TTAGCCAAAGGTGCAAGGCAGTTC-30 ). The relative expression level of SGN-U567133 mRNA was calculated using the 2-DDCt method normalized to GAPDH or
Tip41 as a reference gene. Three technical replicates for
each biological sample were analyzed.
Agroinfiltration of Nicotiana benthamiana leaves
The pART27-GFP-SGN-U567133 binary plasmid was first
electroporated into Agrobacterium tumefaciens (strain
EHA105) and the resulting bacteria were cultured overnight in Luria–Bertani (LB) medium containing the
appropriate antibiotics. Then the bacterial culture was
diluted 1:100 in fresh LB medium containing 10 mM Mes,
pH 5.6, and 20 lM acetosyringone and grown overnight.
Cultures were pelleted and resuspended in agroinfiltration
buffer (10 mM MgCl2, 10 mM Mes, pH 5.6, and 150 lM
acetosyringone) to a final A600 of 0.5, incubated for 3 h at
22°C and infiltrated into the young leaves of 3-week-old
greenhouse-grown N. benthamiana plants. Images of epidermal cells were taken 2 days post-infiltration using an
IX81/FV500 laser-scanning microscope. GFP signal was
observed with laser excitation at 488 nm and a detection
band at 505–525 nm. For 40 ,6-diamidino-2-phenylindole
(DAPI) staining, peeled epidermis was incubated for
10 min in PBS buffer pH 7 ? 0.1% (w/v) Triton
X-100 ? 1 lM DAPI before microscopy. DAPI signal was
observed with laser excitation at 405 nm and a detection
band at 430–460 nm.
Generation of tomato cv. MP1 transgenic plants
The binary vectors pART27-SGN-U567133-RNAi and
pART27-mSGN-U567133 were transformed into tomato
cv. MP1 by co-cultivation of cotyledons derived from
14-day-old seedlings with A. tumefaciens strain EHA105
transformed with these vectors as described previously
(Barg et al. 1997).
Southern-blot analysis
Genomic DNA was extracted from young leaf tissue using
the CTAB extraction protocol (Doyle and Doyle 1990).
Genomic DNA restriction and gel-blot analysis were performed according to (Sambrook et al. 1989). A 1-kb fragment from the SGN-U567133 gene was amplified by PCR
using the primer pair Genomic_2244_F (50 -CTTTA
GGTTTTACTTTTAAGTAGTA-30 ) and SGN-U567133_R
and the amplified fragment was used as a probe.
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Scanning electron microscopy (SEM) and histology
For SEM analysis, stigma samples were taken from flowers
at anthesis. Tissues were 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 (up to 100%). Fixed
tissues were critical point dried, mounted on a copper plate
and gold coated. Samples were viewed in a Jeol 5410 LV
microscope (Tokyo, Japan). For histological sections, ovary
tissue from flowers at anthesis were fixed with FAA and
stained with Safranin-Fast green.

Results
The tomato SGN-U567133 gene serves as a target
for Sl-miR159
To identify potential Sl-miR159 target transcripts in tomato,
we used the miRU Web utility (http://bioinfo3.noble.org/
miRNA/miRU.htm) to query the tomato public EST database (TIGR Tomato Gene Index 10) for mRNAs that were
complementary to Sl-miR159 according to the empirical
parameters formulated by Schwab et al. (2005) with a
maximum of three mismatches. In addition, gaps were not
allowed and the G:U non-canonical pair was treated as a
mismatch. This analysis identified only one suitable
Sl-miR159 target site between nt positions 608 and 628 of the
1,084-bp EST TC144503 (Fig. 1a). Sl-miR319 is closely
related in sequence to Sl-miR159 (Zhang et al. 2008). Nevertheless, alignment of the identified TC144503 target
sequence to Sl-miR319 demonstrated the presence of four
mismatches instead of the three in Sl-miR159, two of which
were in positions 6–7 relative to the 50 end of the Sl-miR319
(Fig. 1a). According to the accepted rules of miRNA target
prediction (Schwab et al. 2005; Fahlgren and Carrington
2010), such non-complementarity in the miRNA ‘‘seed
sequence’’ is less likely between a miRNA and an authentic
target mRNA. This implies that TC144503 is unlikely to
serve as a target for Sl-miR319. To test whether TC144503 is
subjected to miRNA-mediated cleavage in vivo, we isolated
mRNAs from tomato leaves and performed RNA ligasemediated 50 -RACE to detect the 30 cleavage products (Arazi
et al. 2005). A single 50 -RACE product of the size predicted
to be generated from cleaved TC144503 template could
be amplified (Fig. 1b). This product was cloned and
the sequence of ten independent inserts was determined.
Sequencing revealed that 100% of the cloned products’ 50
ends terminated at a position that paired with the tenth
Sl-miR159 nucleotide (Fig. 1b), thus confirming that
TC144503 mRNA is cleaved in tomato in a position that
indicates targeting by Sl-miR159.

Fig. 1 Sl-miR159 guides the cleavage of TC144503 mRNA encoded
by the SGN-U567133 gene in tomato. a Alignment between SlmiR159, Sl-miR319 and the complementary sequence of TC144503.
Identical nucleotides in all or at least two sequences are shaded in
black and dark gray, respectively. Mismatched nucleotides are in
lowercase. Nucleotide positions relative to the TC144503 sequence
are indicated. For convenience, Sl-miR159 and Sl-miR319 sequences
are reverse complemented. b Experimental validation of Sl-miR159
cleavage site in TC144503. Ethidium bromide-stained agarose gel
showing the 50 -RACE product. The cleavage site was determined by
modified 50 RNA ligase-mediated RACE. The GeneRacer 50 primer
(adaptor) and TC144503 primer (GSP) used for each RACE reaction
are indicated above. Lane M 100 bp DNA ladder. Sl-miR159
sequence, partial sequence of TC144503 and Watson–Crick pairing
are shown. The arrow indicates the position of the inferred cleavage
site, and the number above indicates the fraction of cloned PCR
products terminating at this position. c Quantitative RT-PCR analysis
of SGN-U567133 transcript in 35S:LhG4 and 35SP19HA-2 transgenic plants. The SGN-U567133 transcript was quantified in total leaf
RNA (extracted from ten different plants) using primers designed
around the Sl-miR159 complementary site and normalized to GAPDH
in the sample. Data are expressed as relative values, based on the
wild-type values taken as a reference sample and set to 1. Error bars
represent the standard error (SE) of three PCR replicates of a single
RT reaction

Previously, we successfully expressed pronounced levels of the Tomato bushy stunt virus P19HA suppressor of
silencing in transgenic tomato cv. M82 using the pOP/
LhG4 transactivation system (Stav et al. 2010). We found
that in those tomato plants, the cellular levels of several
miRNA*, including Sl-miR159*, were dramatically
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elevated in leaves, most likely due to the binding of corresponding duplexes by P19HA (Stav et al. 2010). Such
binding is expected to interfere with the activity of bound
miRNAs. Thus, we hypothesized that if TC144503 is
subjected to Sl-miR159-mediated cleavage in vivo, its
levels should increase in the P19HA-expressing plants
(35S  P19HA-2), which are compromised for Sl-miR159
activity. Quantitative RT-PCR analysis confirmed our
hypothesis and demonstrated a significant 2.9-fold increase
in TC144503 transcript levels (Fig. 1c) in 35S  P19HA-2
compared to control plants.
SGN-U567133 encodes a previously uncharacterized
protein with unknown function
Using RACE and comparison to available tomato genomic
sequences, the full-length TC144503 cDNA was cloned
(GenBank accession number HM153805). The length of
the coding sequence is 1,353 bp, and it is flanked by a
30 UTR (414 bp) and a currently unknown 50 UTR. This
sequence is longer but identical to the SGN-U567133
unigene (Tomato Sol Genomic Network database) and is
hereafter referred to as such. Following the release of the
Tomato draft genome, SGN-U567133 was annotated as the
SL1.00sc07000_64.1.1 gene (ITAG release 1.00 03-04-10)
that extends to 2,549 bp and is divided into five exons
(Fig. 2a). A TBlastN search against the SGN database with
the genomic sequence flanking the SL1.00sc07000_64.1.1
gene revealed that it was located 2.35 kb downstream of a
homolog of the SGN-U569662 unigene and 0.5 kb upstream
of the SGN-U580892 unigene (Fig. 2a), thus delimiting its
predicted 50 and 30 cis regulatory sequences.
Analysis of the full-length SGN-U567133 coding region
predicted that it encodes a previously uncharacterized
451-residue polypeptide with an estimated molecular
mass of 48.5 kDa. In addition, the predicted protein contains an unusual glycine-rich segment at its N terminus
(Gly24-Gly43) followed by a sequence with similarity
(E value = 0.18) to a NOZZLE superfamily domain
(cl07384) (Fig. 2b). Similarity to any other known protein
domain was not identified. This analysis indicated that
SGN-U567133 is a protein with a unique architecture that,
unlike other proteins encoded by known miR159 targets,
does not belong to the family of plant MYB transcription
factors.
BlastP query against the current version of the tomato
(current ITAG predicted proteins 1.00 03-04-10) and NCBI
non-redundant protein databases revealed significant similarities to two tomato proteins (Supplementary Fig. 1) and
to proteins encoded by the Populus, Ricinus and Vitis
genomes (Fig. 2b). Lower, albeit significant similarities,
were also found to hypothetical proteins predicted to be
encoded by the Oryza sativa (EEC70161) and Sorghum
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bicolor (XP_002454951) genomes, respectively (data not
shown). Like SGN-U567133, all of the genes encoding
similar proteins had a proper Sl-miR159 target sequence
within their predicted coding region (Supplementary
Figs. 1 and 2c). Such evolutionary conservation of miRNA
target pairing is an important criterion for reliable target
prediction and was correlated with positive experimental
validation and target authenticity (Jones-Rhoades and
Bartel 2004). This analysis indicated that SGN-U567133
was a member of a small protein family in tomato that was
conserved in certain dicotyledonous and monocotyledonous species. Interestingly, no significant similarities to any
known Arabidopsis protein could be identified, suggesting
that SGN-U567133 function is not required, or is fulfilled
by another protein in that species.
The SGN-U567133 protein is localized to the nucleus
The presence of potential nuclear localization signals in
the Populus and Vitis orthologs, as well as a NOZZLE-like
domain (Fig. 2b), originally identified in the nuclearlocalized Arabidopsis NOZZLE transcription factor
(Schiefthaler et al. 1999; Yang et al. 1999), prompted us to
test if SGN-U567133 is localized to the nucleus. The
subcellular localization of SGN-U567133 was determined
in N. benthamiana leaf epidermal cells transiently infiltrated with A. tumefaciens harboring a construct designed
to express the SGN-U567133 ORF C-terminally fused to
GFP. In contrast to free GFP protein, which was uniformly
distributed throughout the nucleus and cytoplasm, as
expected (Fig. 3a), in the GFP-SGN-U567133-expressing
cells most of the GFP fluorescence signal overlapped with
the nuclear DAPI staining and only a faint fluorescence
signal was detected outside of the nucleus (Fig. 3b). This
result suggested that the *76-kDa GFP-SGN-U567133
fusion protein is primarily localized to the cell nucleus.
SGN-U567133 is primarily expressed in flowers
To learn about SGN-U567133 sites of activity in tomato,
the tissue-specific level of SGN-U567133 transcript was
determined in various plant organs and stages of fruit
development by quantitative RT-PCR, with specific primers designed around the Sl-miR159 site to ensure detection
of only the full-length transcript. The SGN-U567133
mRNA was expressed at relatively low levels in seedlings
and mature leaves, while it accumulated ca. fivefold in
flowers. Its levels decreased by half in immature green fruit
relative to flowers, and were reduced to the seedling level
in maturing and ripening fruit pericarp (Fig. 4a). This
expression profile suggested that SGN-U567133 operates
primarily in the flowers and to a lesser extent in immature
young fruit. To reveal where in the flower SGN-U567133 is
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Fig. 2 Sequence characterization of the SGN-U567133 protein.
a SGN-U567133-encoding gene structure and flanking sequences
showing five exons (gray boxes) and an untranslated region as determined
by 30 RACE (UTR; white box). Upstream regulatory sequence (2.35 kb),
the SGN-U567133 gene (2.96 kb) and downstream regulatory sequence
(0.5 kb) are delimited by arrows. Flanking genes (white arrows) are
shown in their putative orientation. b Amino acid sequence alignment of
Solanum lycopersicum SGN-U567133 protein and significantly similar
proteins from Populus trichocarpa (XP_002300416), Ricinus communis
(XP_002531359) and Vitis vinifera (CAO39369). The multiple alignment was generated with the computer program CLUSTALW (Thompson
et al. 1994). Identical residues in all or at least two sequences are shaded
in black and dark gray, respectively. Blocks of conserved residues are
shaded in light gray. The Gly-rich region in SGN-U567133 is overlined.
Residues that are part of the NOZZLE-like domain are marked by hat.
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Residues that were predicted (Horton et al. 2007) to be part of a nuclearlocalization signal in any of the proteins are marked by plus. The
residues encoded by the Sl-miR159 target sequence in SGN-U567133
are marked by asterisks. c Alignment between Sl-miR159 sequence and
complementary sequences of SGN-U567133 and of mRNAs encoding
significantly similar proteins. Identical nucleotides in all or at least
four sequences are shaded in black and dark gray, respectively.
Nucleotide positions relative to the coding region of aligned mRNAs
are indicated. Minimum free energy hybridization values as determined
by RNAhybrid (Rehmsmeier et al. 2004) are indicated. Database
accession numbers: Populus trichocarpa (XM_002300380), Vitis vinifera
(GSVIVT00027781001), Ricinus communis (XM_002531313), Oryza
sativa (AP002092), Sorghum bicolor (XM_002454906). For convenience, the Sl-miR159 sequence is reverse complemented
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Fig. 3 Subcellular localization
of SGN-U567133 in
N. benthamiana epidermal cells.
Indicated constructs were
agroinfiltrated into
N. benthamiana leaves and the
subcellular localization of GFP
alone (a) or GFP-SGNU567133 fusion protein
(b) were analyzed by confocal
laser-scanning microscopy.
Images of representative leaf
epidermal cells were taken 48 h
post-agroinfiltration. Upper
panel (left to right): GFP
fluorescence, bright field,
merge. Bottom panel (left to
right): GFP fluorescence, DAPI
fluorescence, merge. The scale
bars indicate 50 lm (a, b, upper
panel), 20 lm (a, bottom panel)
and 10 lm (b, bottom panel)

expressed, its mRNA levels were determined in isolated
floral organs. Quantitative RT-PCR analysis revealed that
SGN-U567133 is primarily expressed in the pistil and is
less abundant in stamens and petals (Fig. 4b). Next, the
expression pattern of Sl-miR159, which directs the cleavage of SGN-U567133, was analyzed in the same tomato
tissues and floral organs. Northern analysis demonstrated
that Sl-miR159 was expressed at comparable levels in all
tissues tested including the flowers, where SGN-U567133
mRNA levels were highest (Fig. 4a). In the flower, SlmiR159 was abundant in petals and pistils and almost
absent in the stamens (Fig. 4b).
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Accumulation of SGN-U567133 in transgenic tomato
is correlated with defects in leaves and flowers
A loss-of-function approach was first taken to assess SGNU567133 function in tomato. To reduce SGN-U567133
transcript levels, a specific RNAi construct was engineered
(pART27-SGN-U567133-RNAi, Supplementary Fig. 2a).
pART27-SGN-U567133-RNAi was then introduced into
the tomato cv. MP1. Thirteen transformants (T0 generation) were regenerated on selective media and grown to set
seed. Small-RNA gel-blot analysis of T1-transgenic plants
identified five lines that accumulated noticeable levels of

Planta (2010) 232:1009–1022

Fig. 4 Expression patterns of SGN-U567133 and Sl-miR159 in
tomato. Quantitative RT-PCR analysis of SGN-U567133 transcript in
indicated tomato tissues (a) and floral organs (b) using primers
designed around the Sl-miR159 complementary site and normalized to
TIP41 in the sample. Data are expressed as relative values, based on
the values of seedlings taken as the reference sample and set to 1.
Error bars represent the standard error (SE) of three PCR replicates of
a single RT reaction. IG and MG, immature and mature green,
respectively. Bottom panel RNA gel-blot analysis of Sl-miR159 in the
tissues (a) and floral organs (b) as described above. Total RNA was
extracted from the indicated tissue and identical RNA samples
(10 lg) were separated on a denaturing polyacrylamide gel, blotted
and probed with an oligonucleotide probe complementary to SlmiR159. The tRNA and 5S rRNA bands were visualized by ethidium
bromide (EtBr) staining of the polyacrylamide gel and served as a
loading control

siRNAs in the flowers complementary to the SGNU567133 mRNA sequence (Supplementary Fig. 2b). In
accordance with this result, quantitative RT-PCR analysis
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of SGN-U567133 expression in the same RNA samples
using SGN-U567133 gene-specific primers revealed that its
expression was substantially reduced in the RNAi lines
relative to the wild-type plants, with a maximum reduction
of around 81% observed in RNAi line 8 (Supplementary
Fig. 2c). Nevertheless, a thorough phenotypic analysis of
the strong RNAi line 8 and the other RNAi lines did not
reveal any obvious phenotypic alterations under the standard conditions used and their development was identical
to that of the wild-type MP1 tomato.
To understand the function of SGN-U567133, we thus
took an overexpression approach. To maintain transcriptional regulation and avoid downregulation of the overexpressed mRNA by Sl-miR159, we constructed an SlmiR159-resistant version of the SGN-U567133 gene. The
mutant construct had six silent mutations, inserted in
sequence positions which should hybridize with the 50 and
central positions (10th–11th) of Sl-miR159, known to be
critical for miRNA-mediated target cleavage (Schwab et al.
2005; Fahlgren and Carrington 2010). This increased the
number of mismatches between Sl-miR159 and SGNU567133 from three to nine without altering the amino acid
sequence of the encoded protein (mSGN-U567133,
Fig. 5a). A total of 12 primary transformants (T0 generation) were regenerated on selective media and grown
to maturity. Of these, seven plants showed strong leaf
deformations and defective flower phenotypes. These
plants were sterile, did not produce seeds and were not
analyzed further (data not shown). Southern-blot analysis
of the remaining five plants identified plants 2, 4 and 11 as
representing independent transformation events (Fig. 5b).
Segregation analysis of their transgenic T1 progeny following germination on kanamycin-containing medium confirmed that the single transgenic insert of plant 2 and 11, as
well as both transgenic inserts of plant 4, segregated as a
single transgene (Table 1). Moreover, phenotypic analysis
of T1 transgenic plants revealed a clear leaf and flower
morphological phenotype in around 1/4 of the progeny of
plant 2 and plant 4 (Table 1). This segregation repeated in
the T2 and T3 generations (data not shown), indicating that
only plants homozygous for the transgene showed the
aberrant phenotype, which was more drastic in line 4 than
in line 2 plants. Leaves of the affected plants were smaller,
twisted due to asymmetrical blade development and had
fewer leaflets (Fig. 5c). In addition, the flowers had
abnormal morphology rendering them sterile. In contrast, a
very mild leaf and flower phenotype was observed in the
T1 progeny of line 11 (Fig. 5c). To correlate the expression
level of SGN-U567133 with the observed developmental
phenotypes, quantitative RT-PCR analysis was performed
on young leaves of wild-type and abnormal transgenic
plants. Leaves were selected because they express low
levels of SGN-U567133 (Fig. 4a), enabling the detection of
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Fig. 5 Expression of an Sl-miR159-resistant SGN-U567133 gene
under its native promoter in transgenic tomato. a Schematic representation of the binary construct used for transformation. Six silent
mutations were introduced into the SGN-U567133 gene containing
the 50 (2.0 kb) and 30 (0.5 kb) regulatory sequences and the mutated
sequence was subcloned upstream of the octopine synthase terminator
(30 OCS) in the pART27 binary vector (pART27-pSGNU567133:mSGN-U567133:OCS). The location of the XbaI sites and
the region used as a probe in b (dotted line) are indicated. Right
border (RB), left border (LB). The Sl-miR159 complementary
sequence in the SGN-U567133 mRNA, the corresponding region of
amino acid sequence (MEPPSNQ), the Sl-miR159 sequence and the
silent mutations (lowercase) introduced into the Sl-miR159-resistant
form of SGN-U567133 (mSGN-U567133) and the minimum free
energy hybridization values as determined by RNAhybrid (Rehmsmeier et al. 2004) are shown in the expanded region. b Southern-blot

hybridization of pSGN-U567133:mSGN-U567133:OCS transgenic
tomato plants. Tomato genomic DNA was digested with XbaI,
resolved on an agarose gel, transferred to a membrane for hybridization and probed with parts of exons 1 and 2 of the SGN-U567133
gene (see a, dotted line). Bands corresponding to the transgene
insertion sites are marked by asterisks. c Expression of mSGNU567133 affects leaf and flower development. Phenotypes of fully
expanded leaves (upper panel, bar 5 cm) and flowers at anthesis
(bottom panel, bar 5 mm) of 75-day-old control tomato plant (WT)
and transgenic lines 2, 4 and 11. d Quantitative RT-PCR analysis of
SGN-U567133 expression in young leaves (third from top) of WT and
transgenic plants with phenotype of indicated transgenic lines. cDNA
was synthesized from total RNA extracted from leaves of five
different plants from WT and each transgenic line. GAPDH
expression values were used for normalization. Error bars indicate
SE over three technical replicates

even relatively mild overexpression. This analysis revealed
that plants of lines 2 and 4 accumulate significantly more
SGN-U567133 transcript than the wild-type plants, to a
maximum of 3.5-fold in line 4. In contrast, expression of
SGN-U567133 in the almost normal line 11 plants was not
significantly different from the wild type (Fig. 5d), demonstrating a positive correlation between SGN-U567133
expression level and the severity of the observed phenotypes.
To further understand the nature of the abnormal
development caused by overexpression of mSGN-U567133,
we characterized the phenotype of line 4 in more detail, as

this line showed the most dramatic abnormalities. The
seeds of line 4 germinated normally and seedlings were
indistinguishable from the wild type. However, following
development of the second true leaf, a difference in leaf
morphology and complexity became obvious. The leaves
of young line 4 plants had smooth-margined leaflets compared to the lobed margins of the wild type. Later emerging
leaflets had a twisted blade with abnormal lobes (Fig. 6a).
In addition to abnormal morphology, transgenic leaves had
on average fewer leaflets than the wild type (Fig. 6b).
Expression of mSGN-U567133 also promoted changes in
flower morphology. The number of flower perianth organs
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Table 1 Segregation analysis of pSGN-U567133:mSGN-U567133:
OCS transgenic plants
Name

Total plants
germinated

Plants sensitive
to kanamycina

Plants with
a phenotypea

WT

100

100

0

Line 2

71

16 (0.7301)

14 (0.304)

Line 4
Line 11

95
45

17 (0.2328)
15 (0.3845)

22 (0.7665)
10 (0.7564)

ovaries had multiple carpels, an overgrown columella tissue and smaller, deformed non-circular ovules (Fig. 7d). In
addition, line 4 stamens were larger (Fig. 5c) and had
defective anthers that in most cases failed to release pollen
(Fig. 7e). As a result of these floral defects, all line 4
flowers with a phenotype were infertile. Attempts to fertilize transgenic plants with wild-type pollen were not
successful.

a

In parentheses, the probability from Pearsons’s Chi-square test
(P [ 0.05)

Fig. 6 Transgenic line 4 overexpressing SGN-U567133 exhibits
defects in compound leaf development. a Comparison of tomato leaf
morphology between wild-type MP1 (upper panel) and transgenic
line 4 (bottom panel). Pictures of leaves (first to sixth) were taken
from a representative 50-day-old plant. Bar 3 cm. b Graphs showing
average leaflet numbers of fully expanded leaves from wild-type (four
independent plants) and line 4 plants (six independent plants). Bars
represent standard error (SE, n = 14). All differences between wild
type and transgenic line 4 were statistically significant, as determined
by Tukey–Kramer multiple comparison test (P \ 0.05)

was significantly higher (Fig. 7a). Dissection of transgenic
flowers revealed abnormal pistils, containing larger ovaries
with shorter and wider styles (Fig. 7b). In addition, SEM
imaging revealed anomalous stigmas in these flowers, with
invaginations and a distorted structure (Fig. 7c). Paraffin
sections through the uncharacteristic ovary tissue of the
transgenic flowers revealed dramatic changes in its morphology in comparison with the wild type. Transgenic

Discussion
Identifying the full repertoire of mRNA targets that are
post-transcriptionally regulated by a specific miRNA is
essential to fully understand its function in a given plant.
Accordingly, the function of Sl-miR159 in tomato is currently poorly understood mainly because the corresponding
target mRNAs have not been identified and their biological
roles elucidated. To date, only MYB-related transcription
factors, most of which belong to the GAMYB family, have
been experimentally validated as targets of miR159 in
Arabidopsis (Achard et al. 2004; Schwab et al. 2005;
Palatnik et al. 2007; Reyes and Chua 2007) and rice (Tsuji
et al. 2006), establishing miR159 as a major GAMYB posttranscriptional regulator in plants. In Arabidopsis flowers,
miR159a and miR159b redundantly regulate anther development (Achard et al. 2004) via spatial restriction of the
expression of the GAMYB-like MYB33 and MYB65 target
genes, which function in anther development (Millar and
Gubler 2005), to anthers where these miRNAs are not
expressed (Millar and Gubler 2005; Allen et al. 2007).
Similarly, a negative correlation was found in rice developing anthers between OsmiR159 and the transcript levels
of its targets (Tsuji et al. 2006), OsGAMYBL1 and
OsGAMYB, which was demonstrated to be required for
floral organ and pollen development (Kaneko et al. 2004).
Similar to Arabidopsis and rice, we found that Sl-miR159 is
expressed in the flowers but almost absent in stamens
(Fig. 4b). In addition, two tomato GAMYB-like genes have
been recently predicted to serve as Sl-miR159 targets
(Zhang et al. 2008). This may imply a conserved function
for Sl-miR159 in tomato anther development via the spatial
restriction of certain GAMYB-like genes to the male
reproductive organs. In addition, Sl-miR159 may have a
conserved function during tomato seed germination by
targeting the GAMYB-like gene LeGAMYBL1 (Gong and
Bewley 2008). In Arabidopsis, an additional gene that is
not related to MYB, the OPT1 gene, has also been shown to
undergo miR159-mediated cleavage; however, this could
only be demonstrated in miR159a-overexpressing plants
and, thus, OPT1’s function as an authentic miR159a target
is still unclear (Schwab et al. 2005). Our data indicate that
Sl-miR159 also functions as a post-transcriptional regulator
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Fig. 7 Transgenic line 4 overexpressing SGN-U567133 exhibits
defects in floral organ development. Floral organs belong to flowers at
anthesis. a Graphs showing average sepal and petal numbers of wildtype (four independent plants) and line 4 (six independent plants)
flowers. Bars represent standard error (SE, n = 13). All differences
between wild type and transgenic line 4 were statistically significant, as
determined by Tukey–Kramer multiple comparison test (P \ 0.05).
b Representative wild-type (WT) and transgenic flowers after removal
of sepals, petals and stamens. Short pistils and larger ovaries were

observed in the transgenic flowers. Bars 2 mm. c SEM analysis of WT
and transgenic stigma. Distorted stigmas were observed in line 4
flowers. Bars 200 lm. d Longitudinal (upper panel) and cross (bottom
panel) sections of WT and transgenic ovaries at anthesis. L locule,
C columella, O ovule. Inset shows transgenic ovules at a higher
magnification, bars 500 lm. e SEM analysis of the adaxial side of WT
and transgenic anther structure. Note that line 4 anthers are closed. Bars
2000 lm

of SGN-U567133, which encodes a novel tomato protein
that is not similar to the GAMYB family of transcription
factors. In contrast to OPT1, SGN-U567133 transcripts are
specifically cleaved in wild-type tomato leaves at the

canonical position in accordance with Sl-miR159-mediated
regulation. Thus, this target defines an as yet unknown
novel function for this miRNA in tomato. It also adds
miR159 to the short list of conserved plant miRNAs, which
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includes miR395 (Jones-Rhoades and Bartel 2004; Kawashima et al. 2009) and miR398 (Beauclair et al. 2010)
regulating targets belonging to different gene families.
Our global expression analysis detected Sl-miR159 and
SGN-U567133 in most tissues tested, raising the possibility
that Sl-miR159 mediates the cleavage of this target in many
cells of tomato. However, there was no simple correlation
between the levels of SlmiR159 and SGN-U567133 in the
tissues analyzed and thus translational inhibition of SGNU567133 by Sl-miR159 cannot be excluded. In the case of
leaves, Sl-miR159-mediated cleavage of SGN-U567133
(Fig. 1b) may explain the relatively low levels of fulllength transcript (Fig. 4a) and why an Sl-miR159-resistant
version of the transcript accumulated. This abnormal
accumulation was positively correlated with the development of a simpler leaf with twisted leaflets (Fig. 6), raising
the possibility that Sl-miR159-mediated cleavage of SGNU567133 was biologically relevant and important for
tomato compound leaf development. Two other conserved
miRNAs, miR319 (Ori et al. 2007) and miR164 (Berger
et al. 2009), have been recently implicated in the regulation
of tomato leaf elaboration through the downregulation of
LANCEOLATE (LA) and GOBLET (GOB) transcription
factor genes, respectively.
What is the function of the SGN-U567133 protein in
tomato? Our data demonstrate that SGN-U567133 can
modify developmental programs in leaves and flowers
upon elevated expression, raising the possibility that the
corresponding protein fulfills an unknown regulatory
function. Supporting this idea is its primary localization to
the nucleus, a key site for transcription regulation, and the
fact that SGN-U567133 and its family members contain a
NOZZLE-like domain, which to date has only been found
in the nuclear-localized Arabidopsis SPOROCYTELESS/
NOZZLE transcription factor (Schiefthaler et al. 1999;
Yang et al. 1999) known to play a role in pattern
formation and sporogenesis (Schiefthaler et al. 1999;
Balasubramanian and Schneitz 2000, 2002; Ito et al.
2004). SGN-U567133 also contains an unusual glycinerich region in its N terminus. It is noteworthy that
glycine-rich stretches have also been found in the N terminus of the rice RNA-binding protein FCA (Lee et al.
2005), a homolog of the Arabidopsis FCA, a nuclear
protein that regulates flowering time (Macknight et al.
1997). Unfortunately, an informative phenotype was not
observed in the SGN-U567133 RNAi lines, even when
they contained only 20% of the level of native SGNU567133. There are several possible explanations for this
result: one is that the level of silencing achieved (*80%)
is not sufficient to abolish the function of SGN-U567133;
another is that the function of SGN-U567133 is redundant
in tomato and fulfilled by one of the two identified family
members (Supplementary Fig. 1). Moreover, we cannot
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rule out the presence of subtle phenotypes in these plants
which we may have overlooked. Further experiments
involving downregulation of all three family members are
needed to determine the function of the SGN-U567133
family in tomato.
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