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Abstract: A large number of plant microRNAs (miRNAs) are now documented in the miRBase, among which only 30
are for Solanum lycopersicum (tomato). Clearly, there is a far-reaching need to identify and profile the expression of
miRNAs in this important crop under various physiological and pathological conditions. In this study, we used an in situ
synthesized custom microarray of plant miRNAs to examine the expression and temporal presence of miRNAs in the
leaves of tomato plants infected with Cucumber mosaic virus (CMV). Following computational sequence homology
search and hairpin structure prediction, we identified three novel tomato miRNA precursor genes. Our results also
show that, in accordance with the phenotype of the developing leaves, the tomato miRNAs are differentially expressed
at different stages of plant development and that CMV infection can induce or suppress the expression of miRNAs as
well as up-regulate some star miRNAs (miRNA*s) which are normally present at much lower levels. The results in-
dicate that developmental anomalies elicited by virus infection may be caused by more complex biological processes.
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1 Introduction resistance, and environmental damage-resistance has
been the subject of extensive investigation.
Advancement in these areas would aid in the
development of high-yield crops and improve the
quality of tomato fruits globally. Recently,
microRNAs (miRNAs) have emerged as a new family

of regulator molecules involved in plant development,

Solanum  lycopersicum  (tomato) is an
economically important vegetable crop worldwide.

The biology of tomato growth, fruit bearing, disease-
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signal transduction, transcription factor accumulation,
protein degradation, environmental stress response,
and pathogen invasion (Jones-Rhoades et al., 2006;
Wang and Li, 2007). A large number of plant
miRNAs from 37 plant species are now registered in a
widely-used public registry miRBase (Release 15.0,
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Sept. 2009), of which 30 have been reported for
tomato (Moxon et al., 2008; Zhang J. et al., 2008).
Besides that, a few others have been reported in
(Pilcher et al., 2007; Ttaya et al., 2008; Yin et al.,
2008).

Cucumber mosaic virus (CMV) is a plant virus
in the Cucumovirus genus of the Bromoviridae family
(Palukaitis et al., 1992). Its genome structure consists
of three single-stranded sense RNAs (RNAs 1, 2, and
3), and two subgenomic RNAs (RNAs 4 and 4A),
which contain five genes encoding proteins desig-
nated 1a, 2a, 2b, 3a, and 3b. Recently, protein 2b was
found to be active in an anti-silencing mechanism of
CMYV in a host system (Guo and Ding, 2002). CMV
can infect more than 1000 plant species and numer-
ous strains of CMV have been described, which can
be classified into subgroups I and II according to
molecular analyses of the viral genomic RNAs (Pa-
lukaitis et al., 1992). Tomato exhibits no natural re-
sistance or tolerance towards CMV infection, and
thus the infection causes catastrophic crop loss, as
recorded for the CMV epidemic in Spain in 1986
(Garcia-Arenal et al., 2000) and in northern Alabama,
USA in 1992 (Sikora et al., 1998). Therefore, it is of
direct economic interest to reveal the molecular sig-
natures of the CMV infection and the plant response,
and to eventually control this unfortunate event.

Newly revealed insights into plant regulatory
mechanisms emphasize the key roles of small, non-
coding RNAs in RNA silencing (Jones-Rhoades et al.,
2006; Wang and Li, 2007). In particular, there has
been mounting evidence to show that miRNAs, a
particular class of endogenous molecules consisting
of approximately 21 nucleotides (nt) and presenting
in almost all life kingdoms, regulate plant develop-
ment, flowering, and fruit production. In plants, pre-
cursors or genes of these miRNAs (pre-miRNAs) are
distributed mostly in intergenic regions; these pre-
cursors are stem-loop RNA hairpins of approximately
50-350 nt. Upon activation, the pre-miRNAs are
processed into RNA duplexes with a two-base exten-
sion at the 3'-end of each strand by the Dicer protein
complex; post-transcriptional gene silencing (PTGS)
then occurs via an assembly, i.e., RNA-induced si-
lencing complex (RISC), involving the aforemen-
tioned small RNA duplexes and several proteins. The
complex is involved in producing mature miRNA, a
single strand of the hairpin RNA, with sufficient

complementarity to a target gene (in plants) and the
cleaving of the messenger RNA (mRNA) recruited by
a mature miRNA. The counter strand of the mature
miRNA, referred to as miRNA*, is degraded in a
normal biogenic process and thus is rarely detected by
Northern blotting or miRNA microarray profiling
experiments. The detection of miRNA*, on the other
hand, may indicate dysfunction of the normal miRNA
processing.

miRNA microarray profiling is typically used
for obtaining differential gene expression at different
stages and/or under different conditions of plant
growth. These studies make use of probes which are
complementary to the known plant miRNAs for hy-
bridization detection of expressed miRNAs, and the
results provide the basis for investigation of the mo-
lecular mechanisms of plants (Axtell and Bartel,
2005). For plant species like tomato, whose miRNAs
are largely unknown, a necessary step involves
miRNA identification which can potentially be ac-
complished by ways of cloning (Sunkar ef al., 2005),
microarray profiling using computationally predicted
probes (He et al., 2008), and deep sequencing, which
has recently become the method of choice (Moxon et
al., 2008). Our rationale was that, since mature
miRNAs are highly conserved among plant species
(Axtell and Bartel, 2005; Zhang B. et al., 2006) and a
large number of miRNAs are already known, a mi-
croarray built on such a basis would allow discovery
of conserved tomato miRNAs. We have constructed a
custom miRNA microarray carrying heterologous
probes to profile tomato miRNAs and miRNA*s in
normal and CMV-infected leaf tissues at 3, 7, 14, and
20 d post-inoculation (dpi) (Gao et al., 2004). We
showed that these documented miRNAs are a valu-
able information source not only for studying plant
species known in the miRNA database but also for
uncovering miRNAs and common gene regulatory
pathways in species whose miRNAs are presently less
well-characterized, such as the tomato. Our experi-
ments identified some miRNAs and miRNA*s and
their expression levels in tomato at different plant
developmental stages in healthy and CMV-infected
plants. These results represented a comprehensive
survey of the miRNAs in tomato and proposed that
miRNAs are not only regulated by viral silencing
suppressors but also may be caused by more complex
biological processes.
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2 Materials and methods
2.1 Plant, virus inoculation, and RNA extraction

Forty-eight tomato plants (cv. Hezuo903) at the
four true leaves stages were used in this experiment,
and plants were grown under greenhouse conditions
with a 14-h photo-period at 23-26 °C a day. The
cotyledons of 24 plants were dusted with carborun-
dum and were mechanically inoculated with 2 g
purified virions of CMV-Phy (GenBank accession
Nos. DQ402477, DQ412731, and DQ412732), a se-
vere strain cloned in our lab. Simultaneously, another
24 mock plants were dusted with carborundum and
inoculated with 20 mmol/L. sodium phosphate buffer
(pH 7.2). At 3, 7, 14, and 20 dpi, the upper systemi-
cally leaves of mock or virus-inoculated plants were
harvested from six plants. They were split into two
subgroups with three plants each, which stands for the
biological replicates. Total RNAs were extracted
from leaf tissues using the mirVana™ miRNA Isola-
tion Kit (Ambion, USA).

2.2 miRNA microarray assay

The array design was based on 513 well-
characterized miRNAs and 511 miRNA*s from Ara-
bidopsis, rice, maize, sorghum, medick, sugarcane,
and soybean. The design included 165 sequence-
unique mature miRNAs and 365 sequence-unique
miRNA*s. They were employed on a custom mi-
croarray platform, a uParaflo” microfluidic micro-
chip (LC Sciences, USA), using in situ parallel syn-
thesis and RNA hybridization optimized probes (LC
Sciences, USA). This microarray platform has been
commercialized and successfully employed in diverse
species’ miRNA microarray experiments (Shiboleth
et al., 2007; He et al., 2008; Zhang Z. et al., 2008;
Meng et al., 2009; Wilson et al., 2009). For redundant
miRNAs, the sequence IDs were used according to
the priority of Arabidopsis (ath-miR), rice (osa-miR),
maize (zma-miR), sorghum (sbi-miR), medick
(mtr-miR), sugarcane (sof-miR), and soybean
(gma-miR). The final set of probes was the result of
two generations of iteration of the array design
(Table S1) and consisted of probes for hybridization
specificity evaluation based on 13 miRNA and 11
miRNA* mismatch probes. Additionally, the array
contained probes for evaluation of synthesis quality
and hybridization quality, and a number of probes for

hybridization with other non-coding RNAs. Each
miRNA probe was repeated at least three times. De-
tailed information on the microarray design and per-
formance is provided in File S1.

2.3 miRNA microarray experiment and data
analysis

The microarray assays were performed accord-
ing to the protocol provided by the LC Sciences
(USA). For each hybridization experiment, 5 pg total
RNAs were size-fractionated using a YM-100 mi-
crocon centrifugal filter (Millipore, USA) and the
small RNAs (<300 nt) isolated were 3'-extended with
a poly(A) tail using poly(A) polymerase. An oli-
gonucleotide tag was then ligated to the poly(A) tail
for later fluorescent dye staining; two different tags,
Cy3 and Cy5, were used for our dual-sample ex-
periments. Hybridization used a uParaflo” microflu-
idic chip station and 100 pl 6x SSPE (saline sodium
phosphate ethylene diamine tetraacetic acid) buffer
(0.90 mol/L. NaCl, 60 mmol/L Na,HPO,4, 6 mmol/L
ethylene diamine tetraacetic acid (EDTA); pH 6.8)
containing 25% (v/v) formamide at 34 °C overnight.
Stringency wash using 0.1x SSPE buffer was carried
out before detection using a fluorescence image
scanner GenePix 4000B (Axon/Molecular Device,
Sunnyvale, CA, USA) to detect the tag-specific
staining Cy3 and Cy5 dyes. The biological replicate
samples for each time point were separately labeled
with either Cy3 or Cy5 fluorescent dye, and
color-reversal hybridization experiments were carried
out using a pair of Cy3 and Cy5 samples of either
mock versus CMV-inoculated or vice versa. These
color reversal experiments were used to exclude the
data points which had inconsistent hybridization
results.

The hybridization images were digitized using
the Array-Pro image analysis software Media Cy-
bernetics. Data were analyzed by first subtracting the
background and then normalizing the signals using a
locally weighted regression (LOWESS) filter (Bol-
stad et al., 2003). The reported detected signals met
with two criteria: greater than the background value
plus three times the background standard deviation
(SD) and spot co-variance (SCV=SDx100%/intensity)
of less than 50%. The mean and the spot-to-spot
co-variance (SSCV=SDx100%/replicate mean) of
each probe having a detectable signal were calculated,



Lang et al. / J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2011 12(2):116-125 119

and those having an SSCV less than 50% were used in
further analyses. Generation of comparison data sets
(Z-values) from detected signals included log2 trans-
formation, gene centering, and normalization (Bolstad
et al., 2003). Hierarchical clustering was performed by
average linkage and Euclidean distance metric.

2.4 Bioinformatics analysis

The detected miRNA and miRNA* sequences
from microarray experiments were mapped to corre-
sponding regions in SOL Genomics Network (SGN)
bacterial artificial chromosome (BAC) (bacs.v439),
and BAC-end sequences (http://sgn.cornell.edu/) by
BLASTN algorithm. The sequences that matched at
least 90% of a given small RNA (with up to one
mismatch) were extracted with flanking sequences
(120 nt on both sides) and further screened by
RNAFold prediction program for their potential
hairpin structure(s) (Hofacker, 2003). More specifi-
cally, a gene was considered as a potential miRNA
precursor candidate only if it met the following crite-
ria: (1) number of base pairs (bp) in a stem >16; (2)
number of allowed errors in one bulge in a stem <12;
(3) free energy AG<—15 kcal/mol (1 cal=4.184J); (4)
length of hairpin (up and down stems plus hairpin
loop) >50 nt; and, (5) number of base pairs appearing
in mature miRNA or miRNA* region >12. Target
prediction was performed using psRNA Target
(http://bioinfo3.noble.org/psRNATarget/)  (Zhang,
2005) based on the SGN unigene sequences (http://
sgn.cornell.edu/) and expressed sequence tag (EST)
sequences (http://www. ncbi.nlm.nih.gov/).

2.5 miRNA Northern blotting

Small RNAs from a 10 pg total RNA sample
were separated on a 15% (v/v) denaturing poly-
acrylamide gel containing 8 pumol/L urea and the
loading was visualized using ethidium bromide
staining. The RNA was transferred to a Hybond N
nylon membrane (Amersham, USA) by electroblotting,
and was then fixed by ultraviolet (UV) cross-linking
at 1200 uJx 100 in a Stratalinker 1800 (Stratagene,
USA). To detect miRNA and miRNA* sequences,
antisense oligonucleotide probes were synthesized.
Probe sequences were: 5'-GTGCTCTCTATCTTC
TGTCAA-3' for miR156, 5-AGCACGTGCCCT
GCTTCTCCA-3" for miR164, 5'-TCGGCAAGT
CATCCTTGGCTG-3" for miR169, 5'-TCGAGC

CAGACAACATTCCCC-3' for miR166*, and 5'-
TCAGTTGATGCAAGGCGGGAC-3' for miR168*.
Probes were prepared by end labeling with 32P-yATP
using T4 polynucleotide kinase (TaKaRa, Japan)
according to the manufacturer’s instructions. Hy-
bridization was performed at 42 °C in hybridization
solution (0.2% sodium dodecyl sulfate (SDS), 6x
saline sodium citrate (SSC), 5% Denhart’s solution)
for 24 h, and membranes were washed three times
with 0.2% SDS and 6x SSC at 42 °C.

3 Results

Our experiments involved: (1) miRNA mi-
croarray profiling of tomato plant leaves at 3, 7, 14,
and 20 dpi using mock and CMV-inoculated plants
grown under identical conditions; (2) prediction of
tomato miRNA precursor genes and their targets; and,
(3) Northern blotting verification of the selected dif-
ferentially expressed miRNAs and miRNA*s.

3.1 miRNA expression profiling

According to the detectivity determination men-
tioned in Section 2, the microarray experiments re-
vealed that, out of the 165 unique miRNA probes
(Table S1), 56 probes were found to express across all
time points, both in mock and CMV-infected toma-
toes. A hierarchical clustering of the data from these
probes, based on the Z-values of the log2 data (Ta-
ble S2), which were averaged from the two color
reversal hybridization experiments, is shown in Fig. 1.
The miRNA expression profiling revealed four major
distinctly different expression patterns, labeled as I, 11,
III, and IV in Fig. 1a, over the time course in healthy
plants. The miRNA response to CMV infection was
also surveyed for the same probes, labeled as 1.1, 1.2,
1.3, 1.4, 1ILS5, 1116, and IV.7 in Fig. 1b. Group I
(miR165, miR390, and the miR164, miR166, and
miR168 families) exhibited generally increasing
up-regulation in healthy plants, but two kinds of ex-
pression patterns after CMV infection. The miR168
expression levels of Group 1.2 remained unaffected
during 14 dpi and were up-regulated at 20 dpi in the
CMV-infected plants. Groups I[.1 (miR390 and
miR164) and 1.3 (miR165 and miR166) showed few
differences after CMV infection when compared with
mock inoculation at 7 dpi, but they exhibited more
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strongly induced expression at 14 dpi, while the ex-
pression levels were subsequently reduced at 20 dpi.
Group II miRNAs (the miR159 family) exhibited
increasing expression levels up to 14 dpi, and then
drastic decreased in expression at 20 dpi in healthy
plants. However, in the CMV-infected plants, they
exhibited relatively constant expression levels up to
7 dpi, sharp decreased at 14 dpi, then drastic in-
creased in expression at 20 dpi (Group I1.4). Group III
miRNAs (part of the miR156 family and the miR167
family) exhibited higher expression levels up to
14 dpi but reduced expression at 20 dpi in healthy
plants. The miR156 family (Group I11.6) showed an
expression pattern in CMV-infected plants that was
very similar to the pattern in healthy plants. On the
other hand, the miR167 family (Group IIL.5) showed
lower expression in the presence of CMV infection up
to 7 dpi, and clearly up-regulated expression at 14 and
20 dpi. The Group II1.5 pattern is similar to those of
Groups I.1 and 1.3 in the CMV-infected plants. Group
IV miRNAs (miR403, part of the miR156 family, and
the miR157, miR162, miR171, miR319, and miR396
families) showed the opposite pattern of expression to
that of Group I in healthy plants, and their expression
was unaffected by CMV infection.

3.2 miRNA* accumulation in CMV-infected plants

miRNA¥* probes (365 probes on array; Table S1)
were those complementary to the strand opposite to
the miRNA mature strand. Signals were detected for
16 miRNA* probes in co-hybridization experiments
of the CMV-infected samples at 20 dpi, and a repre-
sentative region of microarray image is shown in
Fig. 2. These signals were not present in the hy-
bridizations of the mock tomatoes and the 3, 7, and
14 dpi of CMV-infected plants. The detected probes
of miRNA*s include one member of miR168* (S-ath-
miR168a), two members of miR171* (S-ath-
miR171c, S-osa-miR171c) and miR396* (S-ath-
miR396a, S-osa-miR396a), and 11 members of
miR166* (S-ath-miR166a, S-ath-miR166¢, S-ath-
miR166d, S-ath-miR166e, S-osa-miR166b, S-osa-
miR166d, S-osa-miR166h, S-osa-miR166k, S-zma-
miR166e, S-zma-miR166k, and S-gma-miR166Db).
While most of the detected miRNA* probes only
appeared during CMV infection, we note that the
probe of miR162* (S-ath-miR162a) can be detected
in both mock and CMV-infected tomatoes (Fig. 2),

and we would not be able to rule out that the detection
may be an artifact of cross-hybridization.

3.3 Predicted precursor genes and putative to-
mato miRNAs targets

We searched for miRNA precursor genes in the
SGN database (http://sgn.cornell.edu/) according to
the 72 detected sequences (56 miRNAs and
16 miRNA*s). We predicted 16 putative precursor
genes (Table 1; Fig. S1). As shown in Table 1, 13
precursor genes were previously reported (Pilcher
et al., 2007; Itaya et al., 2008; Moxon et al., 2008;
Yin et al., 2008; Zhang J. et al., 2008), but three new
precursor genes are reported for the first time in this
study. The hairpin folding forms of these three pre-
cursor genes, sly-MIR156d, sly-MiR168, and sly-
MIR396, are show in Fig. S1. Experimentally, when
we considered the cross-hybridization of the mi-
croarray (Table S3) in CMV-infected samples, we
detected the accumulation of five miRNA*s (sly-
miR166b*, sly-miR168*, sly-miR171b*, sly-
miR171c*, and sly-miR396*), which can be mapped
to the corresponding predicted precursor genes
(Table 1; Fig. S1). Moxon et al. (2008) detected both
miR171 and miR171* in normal tomato leaves using
deep sequencing, but in our case, we only detected
miR171* accumulation in virus-infected tomato
leaves. This comparison confirms the presence of
miR171* in both mock and CMV-infected samples.
Since the expression level of miR171* in healthy
tomatoes is significantly lower than that of miR171
by deep sequencing (Moxon et al., 2008), it suggests
that the absence of miR171* in the mock sample by
our microarray hybridization is possibly due to the
lower detection limit of deep sequencing. miR164 and
miR390 were recently cloned and sequenced (Itaya
et al., 2008; Moxon et al., 2008) and they can both be
detected in our experiments. We can map the two
miRNAs to the genome (Table 1), but the mapped
“precursors” fail to fold into the hairpin structures,
which need to satisfy the five criteria mentioned in
Section 2.4.

A total of 12 potential target genes predicted by
psRNA target (http://bioinfo3.noble.org/psRNATarget/)
(Zhang, 2005) are listed in Table 1. Among them,
seven miRNA targets were validated in tomato using
a 5'-rapid amplification of cDNA ends (RACE) me-
thod (Moxon et al., 2008).
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Table 1 Predicted precursor genes and potential targets of detected tomato miRNAs and miRNA*s

Gene?

Predicted precursor®

Gene ID

Predicted target geneCl

sly-miR156d
sly-miR156a—c
sly-miR156a—c

sly-miR159

sly-miR162

sly-miR166a
sly-miR166b/sly-miR166b*
sly-miR167
sly-miR168/sly-miR168*
sly-miR171a
sly-miR171b/sly-miR171b*
sly-miR171c/sly-miR171c*
sly-miR171d

sly-miR319
sly-miR396/sly-miR396*

sly-miR403

sly-MIR156d°
sly-MIR156b
sly-MIR156¢
sly-MIR159
sly-MIR162
sly-MIR166a
sly-MIR166b
sly-MIR167
sly-MIR168°
sly-MIR171a
sly-MIR171b
sly-MIR171¢c
sly-MIR171d
sly-MIR319
sly-MIR396¢

sly-MIR403

LE_HBa0125A23_SP6_300719
C02HBa0194N24.1
C02SLe0022J22.1
CO3HBa0029M12.1
SL_EcoRI0035MO01_T7 295421
CO06HBa0073H07.1
CO8HBa0005L01.1
C06HBa0028D14.1
C12HBa0067C22.2
C02HBa0060J03.2
C02HBa0167J21.2
C12HBa0090D09. 1
C12HBa0146119.1
LE_HBa0015P16_SP6_130147
C12HBa0211M21.1

SL_EcoRI0010F07

SPL2 (SGN-U#324312)
SPL3 (SGN-U#317176)
SPL3 (SGN-U#317176)
GAMyb-likel (EF175474)

REV (SGN-U#321033)
REV (SGN-U#321033)

ARFS (SGN-U#327976)
AGOI1 (SGN-U#338285)
SCL6 (SGN-U#333058)
SCL6 (SGN-U#333058)
SCL6 (SGN-U#333058)
SCL6 (SGN-U#333058)
TCP (SGN-U#324434)

Transcription activator GRL1
(SGN-U#323341)
PAZ domain-containing

sly-miR390
sly-miR164

C07HBa0229H10.2
C07HBa0179K09.1

protein (SGN-U#315036)
PP2C (SGN-U#325391)

CUC2 (SGN-U#326326)

* The miRNA/miRNA* sequences are indicated in Table S3 and Fig. S1; ® The predicted precursor structures are indicated in Fig. S1;
¢ Precursor genes that are first predicted in this study; ¢ SPL: squamosa promoter-binding protein-like; REV: homeodomain-leucine zipper
protein Revoluta; ARF: auxin-responsive factor; AGO: argonaute protein; SCL: scarecrow-like transcription factor; PP2C: protein

phosphatase 2C; CUC2: cup-shaped cotyledon CUC2

3.4 Northern blot validation

To confirm the microarray hybridization results
and our putative prediction results, five representative
miRNAs and miRNA*s were selected for Northern
blots in tomato leaf samples at 20 dpi. Among them,
sly-miR156a—c and sly-miR166b* can be found in
miRBase, sly-miR168* was first reported in this
study and sly-miR164 was recently cloned and se-
quenced (Itaya et al., 2008; Moxon ef al., 2008) but
failed to fold into the hairpin structures. In addition,
miR169, which was deemed as highly conserved
miRNAs in plants (Zhang B. et al., 2006), but not
detected by microarray in this study, was also selected
for Northern blot validation. The results confirmed
the microarray results that the relative levels of
miR156 expression remained nearly unchanged in
mock (—) and CMV (+) samples, but a greater accu-
mulation of miR166* and miR168* and reduced level
of miR164 were detected in CMV-infected samples,
and miR169 was undetected in all samples (Fig. 3).

4 Discussion
4.1 Conserved tomato miRNAs

We detected 56 miRNA signals and 16 miRNA*
signals by miRNA microarray expression profiling.
They were grouped into 12 families (miR156/157,
miR159, miR162, miR164, miR165/166, miR167,
miR168, miR171, miR319, miR390, miR396, and
miR403) and each family contains one or more se-
quence analogs (Table 1; Table S3). Our test had
indicated that the chip hybridization specificity lied at
the borderline of single nucleotide mismatch located
in a central position. Sometimes additional mis-
matches located toward the ends of a sequence can be
tolerated (File S1). Therefore, it is likely that the
detection of analog probes is due to cross-
hybridizations (Table S3) resulting in similar expres-
sion patterns (Fig. 1). However, in the miR156/
miR157 family, different expression patterns were
detected in healthy plants. These miRNAs belonged
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Fig. 3 Northern blots of small RNAs extracted from
mock and CMV-inoculated tomato plants at 20 dpi

5S rRNA stained with ethidium bromide was used as load-
ing control. The graph shows the calculated absolute fold
changes between mock and CMV-inoculated samples at
20 dpi deduced from Northern blotting after quantification
by a Phosphor-Imager and microarray data analysis
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Fig. 1 Comparison of the expression patterns of
miRNAs in mock (a) and CMV-infected (b)
tomato leaves

The color scale is based on the Z-value of the log2
detected signal, from green relatively-low to red
relatively-high expression of miRNAs in samples.
The heat maps presented here summarize four
distinct white line expression patterns in (a), over
the time course in healthy plants. The expression
patterns of miRNA’s response to the CMV infec-
tion [yellow lines in (b)] were also surveyed and
characterized by the regulation blue arrow, as
compared with their expression in healthy plants

Fig. 2 Microarray image of miRNA*s accumu-
lation in CM V-infected plants at 20 dpi

Image in a region containing probes for miRNA*s
for (a) CM V-inoculated samples at 20 dpi with Cy3
labeling and (b) mock samples at 20 dpi with Cy5
labeling; (c) Probe layout for the image regions
shown in (a) and (b). For example, ath-miR399f
annotates the probes complementary to the mature
miRNAs; S-ath-miR158a annotates the probes
complementary to miRNA*s; ath-miR403-1 and
S-ath-miR165a-1 annotate the mismatch probes
with one different mismatched nucleotide. The red
boxes annotate the miRNA* probes only appeared
during CMV-inoculated samples. The hybridiza-
tion images were obtained using the Array-Pro
image analysis software Media Cybernetics

miR156 sequence 1234567890123456789012 Expression Group
|sly-miR156d UGACAGAAGAGAGAGAGCAC Group Il
osa-miR156k UGACAGAAGAGAGAGAGCACA Group Il
ath-miR156a UGACAGAAGAGAGUGAGCAC Group Il
zma-miR156k UGACAGAAGAGAGCGAGCAC Group Il
ath-miR156g CGACAGAAGAGAGUGAGCACA Group Il
osa-miR1561 CGACAGAAGAGAGUGAGCAUA Group Il
|sly-miR156a-c UUGACAGAAGAUAGAGAGCAC

ath-miR157a UUGACAGAAGAUAGAGAGCAC Group IV
ath-miR157d UGACAGAAGAUAGAGAGCAC Group IV
ath-miR156h UUGACAGAAGAAAGAGAGCAC Group IV

Fig. 4 Homologous analysis of miR156/miR157 family
sequences and their expression patterns

A total of eight different miR156/157 analog probes on the
array, and eight probes of the two expression groups (shaded in
yellow) had detectable hybridization signals. They may be
homologous to the sequence we predicted (sly-miR156d,
shaded in blue) or the sequence which was reported in miR-
Base (sly-miR156a—c shaded in gray). Red letters are the
mismatched nucleotides
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to either Group III (osa-miR156k, ath-miR156a,
zma-miR156k, ath-miR156g, and osa-miR156l) or
Group IV (ath-miR157a, ath-miR157d, and ath-
miR156h) (Fig. la; Fig. 4). The Group IV (miR157a
and miR157d, homologous to sly-miR156a-c) may
have tolerated the mismatch at the 12th position to
detect tomato miRNAs (Fig. 4), or tomato might have
analogue miRNAs that are similar to miR157a and
miR157d from the other species. Therefore, the de-
tection of multiple miR156 probes indicates that in
tomato, miR156 may have larger family members
than reported in miRBase. Interestingly, the mi-
croarray results were validated by our prediction of
their precursor genes (Table 1; Fig. S1). A novel
miR156 precursor gene was found, whose mature
sequence is analogous to the Group III, with a toler-
ated mismatch at the 15th position (Fig. 4).

The detected sequences were distributed in 12
miRNA families. According to Zhang B. et al.
(2006), plant miRNAs are classified into four classes
based on their conservation across 71 plant species.
miRNAs have been grouped into highly conserved
(conserved among 10-20 plant families), moderately
conserved (among 5-9 plant families), lowly con-
served (among 2—4 plant families), or non-conserved
(one plant family). Our results are highly consistent
with the classification of Zhang B. et al. (2006). We
identified eight highly conserved miRNA families
(miR156, miR159, miR166, miR168, miR171,
miR319, miR390, and miR396) and three moder-
ately conserved miRNA families (miR162, miR164,
and miR167). Notably, miR403, a lowly conserved
miRNA, was detected in our experiments. Further
analysis revealed that it is a eudicot-specific miRNA
that may play roles in eudicot-specific characteris-
tics of plant development (Sunkar and Zhu, 2004).
However, miR169, which was deemed as highly
conserved miRNA in plants, was not detected by
microarray and northern blots and we hypothesized
that different hybridization efficiencies may cause

some low-expressed miRNAs escape from detection.

Further analysis revealed that miR169 expressed at a
higher level in fruit and flower stages and it was
almost undetectable in leaves (Moxon et al., 2008).
Such results confirmed that the certain miRNAs
were expressed in a spatial or temporal specific
pattern.

4.2 miRNA/miRNA* responses during CMV
infection

Previous studies have revealed that different
isolates of CMV have different effects on miRNA
pathways in Arabidopsis (Chapman et al., 2004;
Zhang X. et al., 2006). The protein 2b suppressors
from a mild CMV-Q strain exhibited little or no in-
fluence on miRNA pathways (Chapman et al., 2004),
while those from the severe strain CMV-Fny dra-
matically interrupted the miRNA pathways (Zhang X.
et al., 2006). Such results indicated that CMV-Fny
blocks argonaute-1 (AGO1) activity through the
protein 2b, causing an increased accumulation of
miRNA and miRNA*, and thus impairs miR-
NA-guided mRNA cleavage (Zhang X. et al., 20006).
However, previous work on the effects of CMV in-
fection on the miRNA pathway were mainly limited
to analysis of a single time point after CMV infection
(Cillo et al., 2009; Feng et al., 2009), or focused on
protein 2b transgenic plants (Chapman et al., 2004;
Zhang X. et al., 2006). By contrast, our study ex-
plored the effects of virus infection on miRNA ex-
pression over the time course of infection with a se-
vere strain CMV-Phy, whose protein 2b sequence
shares 78.4% similarity with the Fny but only 52%
similarity with the CMV-Q 2b, and produced some
original results.

The results revealed that CMV infection initially
caused a down-regulation of miR167 expression
during the stage of 3—7 dpi, and that plants infected
with CMV were visually indistinguishable from
healthy plants with respect to leaf morphology and
height (Fig. S2). At 14 dpi, three miRNA families
(miR164, miR165/166, and miR167) were up-
regulated in their expression, while the miR159 fam-
ily was down-regulated. miR159, miR164, miR166,
and miR167 are known to take part in the regulation
of plant hormone-signaling pathways by targeting
MYB, NAC, homeodomain leucine zipper (HD-ZIP),
and auxin response factor (ARF). Plant hormones,
such as auxin, have been implicated in the develop-
ment of serrations, lobes, and leaflets in different
species (Wang et al., 2005; Hay and Tsiantis, 2006;
Barkoulas et al., 2008). This may explain why mild
alterations in leaf phenotype, such as leaf area, were
observed at this stage of CMV infection (Fig. S2). At
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20 dpi, miR164, miR165/166, miR167, and miR159
showed altered expression patterns compared with the
14 dpi stage, while miR168 showed up-regulated
expression. This miRNA expression profile was ac-
companied by the accumulation of some miRNA*s
(miR168*, miR396*, miR166*, and miR171%). In-
terestingly, at 20 dpi, the accumulation was highly
consistent with a severe symptom of CMV infection
which results in severely stunted plants with some
reduction in aerial tissue weight and leaf area, and in
mosaic symptoms seen in newly developed leaves
(Fig. S2). It appears that the severity of morphological
alterations generally correlated with the perturbation
of related miRNA pathways as observed by expres-
sion profiling of miRNAs and miRNA*s (Zhang X.
et al., 2006).

These results reveal some interesting character-
istics. Firstly, not all miRNAs exhibited differential
expression upon CMV infection, and those related to
development regulation, hormone signaling, and
miRNA biogenesis exhibited either induced or sup-
pressed expression (Fig. 1). Secondly, hormone sig-
naling response miRNAs, such as miR167, started to
show reduced expression at an early stage of CMV
infection. Thirdly, the accumulation of miRNA*s in
the infected tomato occurred in later infection stage
accompanied by an aggravated disease symptom.
Therefore, we concluded that miRNAs are not only
regulated by viral silencing suppressors but also may
be caused by more complex biological processes.
This observation was supported by Bazzini et al.
(2009) in which virus infection elevates transcrip-
tional activity of miR164a promoter in plants.

In conclusion, our results suggested that plant
developmental anomalies elicited by virus infection
are caused by a synchronized network. miRNAs,
target mRNAs, and other regulatory factors including
the plant hormone signaling may be involved. This
work points new sights to recognize virus infection in
hosts through a better understanding of the relation-
ships between viral infection, the miRNA expression,
and disease symptoms in plants.
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