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SUMMARY

Plant microRNAs (miRNAs) and trans-acting small interfering RNAs (tasiRNAs) play important roles in a variety
of biological processes. Bioinformatics prediction and small RNA (sRNA) cloning are the most important
approaches for identification of miRNAs and tasiRNAs and their targets. However, these approaches are not
readily accessible to every researcher. Here we present SOMART, a web server for miRNA/tasiRNA analysis
resources and tools, which is designed for researchers who are interested in identifying miRNAs or tasiRNAs
that potentially regulate genes of interest. The server includes four sets of tools: ‘Slicer detector’ for detecting
sRNAs targeting input genes, ‘dRNA mapper’ for detecting degradome (d)RNA products derived from input
genes, ‘PreMIR detector’ for identifying miRNA precursors (MIRs) or tasiRNA precursor (TASs) of input sRNAs,
and ‘sRNA mapper’ for mapping sRNAs onto input genes. We also developed a dRNA-seq protocol to achieve
longer dRNA reads for better characterization of miRNA precursors by dRNA mapper. To validate the server
function and robustness, we installed sRNA, dRNA and collected genomic DNA or transcriptome databases
from Arabidopsis and solanaceous plants, and characterized miR172-mediated regulation of the APETALA2
gene in potato (Solanum tuberosum) and demonstrated conservation of MIR390-triggered TAS3 in tomato
(Solanum lycopersicum). More importantly, we predicted the existence of MIR482-triggered TAS5 in tomato.
We further tested and confirmed the efficiency and accuracy of the server by analyses of 21 validated miRNA
targets and 115 miRNA precursors in Arabidopsis thaliana. SOMART is available at http://somart.ist.berke
ley.edu.

Keywords: web server, miRNA, tasiRNA, degradome RNA, bioinformatics, Solanum tuberosum, Solanum
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INTRODUCTION

micro(mi)RNAs and trans-acting small interfering at either the base or loop proximal region, releasing a pre-

(tasi)RNAs are important regulators of gene expression in
plants (Chen, 2008; Rubio-Somoza et al., 2009). They are
20-22 nucleotide (nt) RNAs encoded by RNA polymer-
ase ll-dependent genes (Kim et al., 2011). Both miRNAs and
tasiRNAs guide Argonaute protein (AGO)-containing com-
plexes or RNA-induced silencing complexes to mediate
cleavage of target RNA transcripts or translational inhibition
based on sequence complementarity (Brodersen et al., 2008;
Mallory et al., 2008). miRNAs are embedded in stem-loop
transcripts, or miRNA precursors, and are processed mainly
by the enzyme Dicer-like 1 (DCL1). DCL1 cuts the stem-loop

miRNA with a 2 nt 3’ overhang, and then a second DCL1
processing takes place 21 nt proximally from the processed
pre-miRNA end, to generate a 21 nt duplex RNA with a 2 nt
3" overhang at both ends (Dong et al., 2008; Addo-Quaye
et al., 2009b; Song et al., 2010). The miRNA/miRNA* duplex
is incorporated into the AGO complex, and the passenger
strand (miRNA*) is often destroyed (Baumberger and Baul-
combe, 2005). However, recent studies have suggested that
some mMiRNA* can also be loaded into AGO proteins and
mediate silencing of their targets (Okamura et al., 2008;
Zhang et al., 2011). tasiRNAs require more steps to mature.
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They are usually encoded by non-structured transcripts,
called TAS transcripts, which are targeted by an miRNA
(Allen and Howell, 2010). The miRNA directs the AGO com-
plex to cleave the TAS transcript and recruits RNA-depen-
dent RNA polymerase 6 to the cleaved product, which
synthesizes double-stranded RNA (dsRNA) using the miRNA
cleavage product as template, and then another Dicer-like
enzyme, DCL4, is recruited to generate a 21 nt duplex RNA
with a 2 nt 3’ overhang from the dsRNA (Allen et al., 2005).
Finally, the tasiRNA strand associates with AGO1 and its
passenger strand is degraded (Baumberger and Baulcombe,
2005).

Targets of miRNA and tasiRNAs play important roles in
many pathways involved in development or responses to
the environment (Rubio-Somoza et al., 2009; Covarrubias
and Reyes, 2010). Because of their biological importance and
the development of next-generation sequencing technol-
ogy, many conserved miRNAs have been identified in
diverse species, and many species-specific miRNAs have
been identified (Moxon et al., 2008). However, analytical
tools for miRNA-mediated regulation are lagging behind the
increasing amount of sRNA data, and are not readily
accessible to molecular biologists. Two important questions
in analysis of miRNA- and tasiRNA-mediated regulation are
target identification and precursor characterization, both of
which are technically challenging and require computational
expertise. Several online servers have been developed to
predict miRNA targets (Rehmsmeier et al., 2004; Zhang,
2005; Maragkakis et al., 2009; Dai and Zhao, 2011). These
web tools predict known miRNAs or user-supplied miRNAs
that can regulate selected targets, or predict targets for
selected miRNAs. A web server has also been implemented
for miRNA precursor prediction from input sequences (Jiang
et al., 2007). These tools are all based on a computational
approach, and thus the results derived from these tools are
predictive and lack experimental support.

Here we present a web server that consists of four online
tools and four types of databases. The tools include ‘Slicer
detector’, ‘'dRNA mapper’, ‘PreMIR detector’ and ‘sRNA
mapper’. The databases include sRNA databases, filtered
sRNA (fRNA) databases, degradome RNA (dRNA) databases
and DNA databases from three Solanaceae species: Nico-
tiana tabacum (tobacco), Solanum tuberosum (potato) and
Solanum lycopersicum (tomato). Slicer detector and the
fRNA databases can be used to predict potential SRNAs
targeting an input gene from these species. dRNA mapper
and the dRNA databases can be used to validate the
predicted sRNA-target regulation by searching for the
cleavage product resulting from the predicted cleavage.
PreMIR detector and the DNA databases can be used to
predict a precursor for the predicted sRNA, and check
whether the precursor is an miRNA precursor (MIR) or not.
sRNA mapper and dRNA mapper in conjunction with sRNA
and dRNA databases can be used to validate the predicted

MIR if the sRNA precursor is predicted to be an MIR. These
tools and databases can also be used to characterize
tasiRNA genes. Databases from other species can also be
installed manually to extend the utility of the server. To
validate the function and robustness of the server, we
identified and characterized potato stu-MIR172, which targets
the gene Relative to APETALA2 1 (RAP1, FM246879.2).
We also identified the tomato sly-TAS3 precursor and
tasiRNAs generated from sly-TAS3, and showed that tasiR-
NAs 5'D7(+) and 5'D8(+) of sly-TAS3 potentially regulate
Auxin Response Factor 4 (ARF4). Furthermore, we used our
server to predict the existence of a TAS gene (sly-TAS5) that
is triggered by sly-MIR482d. We further tested and con-
firmed the efficiency and accuracy of the server by analyses
of 21 validated miRNA targets and 115 miRNA precursors in
Arabidopsis thaliana. These tools and databases can be
accessed at http://somart.ist.berkeley.edu.

RESULTS

Identification and characterization of potato MIR172
targeting RAP1

To demonstrate the identification and characterization of an
miRNA gene targeting a gene of interest, we used potato
RAP1 (Martin et al., 2009) as an example. To identify by
Slicer detector potential sSRNAs that can cleave RAP1T (see
Experimental procedures), we pasted the RAPT FASTA for-
mat sequence in the interface (Figure 1a), selected the
fRNAdb STU1 (see Experimental procedures) and then
submitted the request. Twenty-three sSRNAs were detected
(Figure 1b and Data S1.1), and the sRNA with the highest
abundance was found to be identical to miR772 based on a
National Center for Biotechnology Information (NCBI)
BLAST search (Altschul et al., 1997) and was predicted to
cleave RAP1 after nucleotide 1463 (Figure 1c and Data S1.2).
This result is consistent with recent findings in potato
(Martin et al., 2009). However, quite a lot of other non-
miR172 sRNAs were also predicted to cleave RAP17 (Data
S1.1 and $1.2).

Recently, high-throughput sequencing-based methods
were developed to detect the degradome RNAs that com-
prise products derived from miRNA- or tasiRNA-mediated
cleavage of their targets, providing good experimental
evidence for miRNA-target prediction (German et al., 2008;
Gregory et al., 2008). We developed a strategy for dRNA
sequencing that has a simple protocol and provides long
reads for better mapping specificity and miRNA precursor
characterization (Figure 2c and Experimental procedures).
Using this protocol, we successfully generated three dRNA
libraries from tobacco, tomato and potato plants that allow
us to detect miRNA- or tasiRNA-mediated cleavage products
in these species using dRNA mapper (see Experimental
procedures). To test the significance of the predicted sRNAs
in RAP1T regulation, we pasted the RAPT FASTA format
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Figure 1. Identification by Slicer detector of (a) (b)
sRNAs pOtentlallY cleavmg RAP1. Please choose a small RNA bbrary and mput your query below: >STULl 00212344 21 281
(a) Interface of Slicer detector. Db_Name Rew_reads Unique_reads Genoype & = iy
ial li i i NTAI 2659047 1608893 NN_Leal AGAATCTTGATGATGCTGCAT
(b) Partial list of reported slicers in FASTA format
: Database description INTAZ2 4293742 2966603 NN_Fhwr S>STUL 00409945 21 72
that potentially target the potato AP2 homolog NEAS 1769647 1024045 M Pod iy L
KEN_Les v
RAP1(FM246879). STU1 is the library ID in which s : TTTGGAGGCAGAGGATGATCA
the sRNA is identified. 00212344_21_281 is the NTA2 >STU1_01005046_21_ 34
sRNA ID, and the three numbers in this ID Select databases P AGGCCGAAGTACAAGAAACAT
represent the unique numeric ID, length in ST &
nucleotides and read numbers of the sRNA, Upload FASTA sequence le
respectively. >FRzZ46879.2 A
1 i GAAGGAGTAGAMGATTCCATTTITCCCATITGTICT
(c.) Partial report of alignment between RAP7 and Orpaite 8 EASTA soquencs: [0 T T T
slicers. GEATATCGTCATTIIG ATg ¥
TCTGCAGCGACCCCTTA,
(c)
STU1 00212344_21_281 AGAATCTTGATGATGCTGCAT
target id: FM24687%.2 cleavage site: 1463
1448 5'-CTCTACTGCAGCATCATCAGGATTCGCTAAT-3"' 1478
Frrrrrerrrtttel il
3'-TACGTCGTAGTAGTTCTAAGA-5"
STU1l 00409949 _21_72 TTTGGAGGCAGAGGATGATCA
target id: FM246879.2 cleavage site: 1304
1290 5'-CTAACTGATCGCCCTCTG-CTCTGGAACGGA-3"' 1319
I1Tle TIHIT] Tlleeol
3'-ACTAGTAGGAGACGGAGGTTT-5'
STU1 01005046_21_34 AGGCCGAAGTACAAGAAACAT
target id: FM246879.2 cleavage site: 38
25 5'-CCCATTTG-TTCTTCTACTTC-GCCTCTCCC-3"' 53
FErrrer reerer el
3'-TACAAAGARCATGARAGCCGGA-5"'

sequence into the dRNA mapper interface, selected the
dRNAdb StWt and ran the program with default settings
(Figure 2a). The results showed that the highest peak of
dRNA 5 end was mapped to position 1464 nt, consistent
with the predicted miR172 cleavage site (Figures 1c and 2b),
and the other dRNAs detected did not match predicted sSRNA
cleavage sites. Thus miR172-mediated regulation of RAP1is
likely to have biological significance. These data show that
use of Slicer detector and dRNA mapper together can help to
identify relevant sSRNA-mediated regulation.

Next we used PreMIR detector to identify the precursor of
miR172 in potato. To do this, we pasted the FASTA format of
the miR172 sequence into its interface, selected three potato
databases and submitted the request (Figure 3a and Exper-
imental procedures). The resulting data showed that two
precursor MIRs, stu-MIR172a and stu-MIR172b, were iden-
tified from the EST database, one of which is present in the
BAC and NR nucleotide database from NCBI website (Data
S3.1). The stem-loop structures of each precursor were
visualized using the online UNAFold server (Zuker, 2003)
(Figure 3b). We further tested the predicted MIR structure
using dRNA mapper, as DCL1 cleavage products of precur-
sor miRNAs were detected for some miRNA genes (Addo-
Quaye et al., 2009b). dRNA mapper detected dRNA reads
mapped to the position immediately after the 3’ end of
mature miRNA on both precursors (Figure 3c and Data S3.2).
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Among these reads are sequences of 62 and 27 nt long,
which can be clearly distinguished from the miRNA con-
taminations usually found in dRNA-seq (German et al.,
2008), indicating that these reads represent real cleavage
products and demonstrating that DCL1 processing occurs at
predicted positions on both precursors.

According to their mechanism of biogenesis, sRNAs
derived from an miRNA precursor should mainly map to
the miRNA and miRNA* region, thus we further character-
ized stu-MIR172a and stu-MIR172b by sRNA mapper. To
analyze their sRNA accumulation pattern, we pasted these
two precursor sequences into the sSRNA mapper interface,
selected the sSRNAdb STU1 and then submitted the request
with default settings (Figure 4a and Experimental proce-
dures). The results show that the most abundant sRNAs
mapped to both precursors were the mature miR172 and the
predicted miRNA* (Data S4.1), and the sSRNA peaks for these
precursors co-localize with the miRNA and miRNA* region
(Figure 4b). The statistical analysis produced by sRNA
mapper showed that the majority of sSRNAs mapped to both
precursors are 21 nt in length and contain a 5" adenosine
(Figure 4c), consistent with Arabidopsis miR172 (Park et al.,
2002). The sRNA mapping and dRNA mapping data together
provide experimental evidence for excision of miRNA/miR-
NA* duplex from the pre-miRNA structure, which is the
primary criterion defining an MIR gene (Meyers et al., 2008).

This article is a US Government work and is in the public domain in the USA, doi: 10.1111/j.1365-313X.2012.04922.x



4 Feng Li et al.

() (b)

Figure 2. Validation of sRNA-target pairs by
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Taken together, using our web server, we successfully
identified and characterized two loci of stu-MIR172 that can
regulate potato AP2 homolog RAP1.

Identification and characterization of a tomato TAS3 gene
regulating the ARF4 gene

The above section described the process used to identify
and characterize an MIR gene that potentially regulates a
known target. It is possible that an sRNA is identified as
regulating a target by Slicer detector and dRNA mapper, but
the sRNA precursor identified by PreMIR detector may not
form a pre-miRNA structure. In this case, it is reasonable to
speculate that the sSRNA precursor may be a TAS gene. To
demonstrate TAS gene characterization, we used the tomato
ARF4homolog as our gene of interest, which has been shown
to be a target of TAS3in Arabidopsis (Allen et al., 2005).
The first three steps are similar to identification of miR172
targeting RAP1. We used the reported full-length mRNA of
tomato ARF4(AK319275) (Aoki et al., 2010) and ran it through
Slicer detector and dRNA mapper. We identified two sRNAs,
D8(+) and D7(+), that were predicted to cleave ARF4 at two
sites (Figure STA) approximately 200 nt apart, which is
similar to the targeting of ARF4 by TAS3-derived tasiRNA in
Arabidopsis (Allen et al., 2005). Furthermore, a cleavage site
towards the 3’ end was supported by two dRNA reads
(Figure S1B). Using PreMIR detector, we identified an EST

(DV105041.1) that is capable of producing both sRNAs but
cannot fold into a stem-loop structure (Data S5.1). When
queried against the TAIR10 transcript database, significant
homology was detected between this EST and Arabidopsis
TAS3 (AT3G17185.2) in the region where D8 (+) and D7 (+)
reside (e value = 4e-13). Thus we named this EST sly-TAS3.

A very important initial indication of a possible TAS gene
comes from analyzing its SRNA phasing pattern by sRNA
mapper. When we input the sly-TAS3 FASTA sequence,
selected sRNA library SLY2 and ran sRNA mapper, we found
that 56% of the sRNAs that mapped to the transcript fell into
the same registry, and most were 21 nt long, with a 5" U
residue (Figure ba,b and Data S5.2), consistent with
the features of tasiRNA biogenesis (Allen et al., 2005). Once
the sRNA phasing had been confirmed for sRNAs mapped to
the putative TAS gene, the next step was to search for a
potential miRNA triggering tasiRNA synthesis. For sly-TAS3,
we identified two abundant sRNAs by Slicer detector, and
both were predicted to cleave sly-TAS3 at position 525
(Figure S2A), which is in-phase with the putative tasiRNAs
register (Figure 5b). The more abundant sRNA is identical to
Arabidopsis miR390a, while the less abundant sRNA had a G
as the third last nucleotide instead of the A in miR390. These
results are consistent with the model in Arabidopsis, in
which miR390 triggers tasiRNA synthesis on TAS3 (Allen
et al., 2005). Because the majority of dRNA reads are 71 ntin
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Figure 3. Precursor MIR identification by PreMIR (a)
detector and characterization by dRNA mapper.
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(a) Interface of PreMIR detector.

(b) Structures of the miRNA precursors gener-
ated by the online UNAFold server. The miRNA/
miRNA* duplex region is enlarged and shown on
the right. The miRNA sequences are highlight in
light gray and the miRNA* sequences are high-
lighted in dark gray, with their coordinates
shown next to the end nucleotides.

Database descrpson

Pinase choose a DA database and mput your putative maRHA m fasta format below

(c) dRNA maps of stu-MIR172a (top) and stu- 7Y £
MIR172b (bottom). The numbers in the charts

indicate the positions to which dRNAs are (c)
mapped. The diagrams under each chart show 4

the position and coordinates of miRNA (light 131
gray) and miRNA* (dark gray) on each precursor 2

predicted by PreMIR detector.

131..151

75.95

length, we extended sly-TAS3to 600 nt using the CoGe web
server (Lyons and Freeling, 2008) before searching for dRNA
reads matching the predicted cleavage site. Using the
extended version of LeTAS3, we identified one dRNA read
supporting the predicted cleavage using dRNA mapper and
the D51 library (Figure 5b).

Finally the tomato TAS3 trigger was analyzed by PreMIR
detector, and two precursors each were identified for sly-
MIR390a, b, c and d (Data S5.1). They all form stem-loop
structures with miR390 in the stem region (Figure S2B and
data not shown). However, sSRNA mapper only detected the
predicted miRNA* for sly-MIR390b, and the detected
miRNAs are mainly 21 nt RNAs with a 5" A, as for Arabid-
opsis miR390 (Figure S2C,D and Data S5.3). These results
suggest that sly-MIR390b is a bona fide sly-miR390 precur-
sor, while the other three predicted precursors remain to be
tested for their ability to produce sly-miR390.

Taken together, the above analyses suggested that, in
tomato plants, miR390 could trigger tasiRNA synthesis on
TAS3, and that the tasiRNA could regulate ARF4, indicating
that tasiRNA-mediated regulation of ARF4 is conserved in
tomato.

A previously unknown tasiRNA gene in tomato

Plant disease resistance gene families comprised hundreds,
even thousands, of members, and are usually targeted by
siRNAs and miRNAs (Yi and Richards, 2007; He et al., 2008;
Chen et al., 2010; Cuperus et al., 2010). While searching for
sRNAs targeting the tomato bacterial spot disease resistance
protein 4 gene Bs4 (cDNA AY438027.1, see also Data S6.2)
using Slicer detector, we identified several candidate slicers
(Data S6.1). However, no dRNA reads were identified at
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predicted cleavage sites, so we performed further analysis
on the candidate slicer of highest abundance (Figure 6a).
A non-MIR precursor locus was detected by PreMIR detector
in the tomato genome, and its flanking sequences were
extended using CoGe BLAST analysis (Data S6.2 and S6.6).
NCBI BLAST analysis identified a stretch of homologous
sequence between the precursor and nucleotide-binding-
site domain containing (NBS) resistance protein coding se-
quences (Altschul et al., 1997). sRNA mapper detected
abundant siRNAs derived from the precursor, 82% of which
fall into the same register (Figure 6b-d and Data S6.3). Thus
this precursor is probably a TAS gene, and we named it sly-
TAS5 since there are already four TAS genes discovered in
Arabidopsis (Rajagopalan et al., 2006).

Next we searched for a potential miRNA trigger for
tasiRNA synthesis from sly-TAS5 using Slicer detector and
dRNA mapper. Among the predicted slicers (Data S6.4), the
cleavage directed by a 22 nt slicer was supported by five
dRNA reads (Data S6.5), and the cleavage site is in-phase
with the major sRNA register (Figure 6d). Querying miRbase
with the 22 nt sSRNA showed that it is homologous but not
identical to sly-miR482 and sly-miR482a,b,c. A putative
miRNA precursor of the 22 nt sRNA was identified in the
tomato genome by PreMIR detector (Figure 6e and Data
S6.6). Thus we named the sRNA sly-miR482d and the
precursor sly-MIR482d. An asymmetric bulge was detected
in the miRNA strand of the miRNA/miRNA* duplex, a feature
that is important for accumulation of 22 nt rather than 21 nt
mature miRNA (Chen et al., 2010; Cuperus et al., 2010).
sRNA mapping analysis of sly-MIR482d showed that the
majority of the sSRNAs mapped to the miRNA and miRNA*
region on the precursor (Figure S2 and Data S6.7). It has
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been reported that 22 nt miRNA and tasiRNA have an
intrinsic ability to trigger tasiRNA synthesis from the 3" end
of the cleavage product (Chen et al., 2010; Cuperus et al.,
2010). Thus these results indicate that sly-MIR482d encodes
the miRNA that triggers production of phased siRNA from
sly-TAS5.

These analyses suggested that the tomato genome
encodes a previously unknown TAS gene sly-TAS5 and
miRNA gene sly-MIR482d, and these two genes interact to
generate a tasiRNA that potentially targets resistance gene
Bs4, demonstrating the ability of our server to identify new
miRNA and tasiRNA genes.

Analysis of Arabidopsis miRNAs and targets using
SoMART

We further tested the efficiency and accuracy of the predictive
function of Slicer detector and PreMIR detector with validated
Arabidopsis miRNA targets and miRNAs. We first analyzed
validated miRNA targets (Kasschau et al., 2003; Vazquez
et al., 2004; Allen et al., 2005) by Slicer detector to determine
whether our server can retrieve the correct targeting miRNAs.
The corresponding miRNAs were detected for all 21 targets
tested, and dRNA reads supporting the predicted cleavage
sites were detected for 20 of them (Data S7). AT2G33770.1
was shown to have five target sites for miRNA399, four of
which were cleavable. Our server detected all four cleavable
sites and retrieved dRNAs supporting the cleavage (Data S7).
When we analyzed these validated targets using the same
sRNA and dRNA databases and CleaveLand software (Addo-
Quaye et al., 2009a), miRNAs for 19 of the 21 targets were
identified (Data S7). These results demonstrate that Slicer
detector can accurately identify miRNA regulators of input
targets, and, when combined with dRNA mapper, the server
predicts targets with an accuracy rate of 95%, similar to the
existing tools. Next we used the mature sequences listed in
miRbase ranging from miR156 to miR447 as input to test the

ability of PreMIR detector to detect their precursor se-
quences. miRbase recorded 124 precursors for these mature
miRNAs. PreMIR detector detected the genetic loci for all pre-
miRNA, and 111 of them were predicted to be miRNAs (Data
S8). Further examination of 13 loci that were not predicted to
be miRNAs revealed that six of them (miR413, 414, 415, 418,
419, 420 and 426) had too many bulges or mismatches in the
predicted miRNA/miRNA* duplex region, and were anno-
tated ‘status in question’ on miRbase. The other three
(miR401, 404 and 406) had similar problems to the afore-
mentioned six, although they were not annotated ‘status in
question’. Thus PreMIR detector detected 111 of the 115 valid
precursors, an accuracy of 96.5%. Taken together, these
analyses confirm that the server is robust enough to identify
most, if not all, miRNA-mediated regulation and miRNA
precursors.

DISCUSSION

As miRNAs and tasiRNAs are recognized as important play-
ers in more and more biological processes, identification of
miRNA/tasiRNA-target pairs has become critical for probing
the regulatory network of many pathways. Solanaceous
species include many important crops, and are important
model species for a number of biological processes of agri-
cultural importance, including plant-pathogen interactions,
fruit ripening and tuber formation. Recent studies showed
that some of these processes are regulated by miRNAs
(Moxon et al., 2008; Martin et al., 2009; Xie et al., 2011). Here
we present a web server that consists of four analysis tools
linked to various Solanaceae databases. Researchers can use
thesetools and databases to identify and characterize miRNA
and tasiRNA components in the pathways of three Solana-
ceae species. To achieve this goal, we recommend the fol-
lowing steps (Figure 7): (i) start with any gene of interest and
use Slicer detector to identify potential SRNA regulators; (ii)
validate the predicted regulation by dRNA mapper to search
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Figure 5. Characterization of sly-TAS3.

(a) Left: register of SRNAs mapped to sly-TAS3, generated by Excel using sRNA phasing data generated by sRNA mapper. For each sRNA, the register R was
calculated using the formula R = P - 21N, where Pis the coordinate of the 5" end of the sRNA if the SRNA matches the plus strand, or 2 plus the coordinate of the 3’
end of the sRNA if it matches the minus strand, and N is the maximal integer that allows Rto be greater than 0. The total count of sSRNA in each register was divided
by the total number of sSRNAs mapped and plotted against the register number using a radar chart. The inner circle represents 0%, the outside circle represents 60%,
and the middle circle represents 30%. Middle: length distribution of the sSRNAs mapped to sly-TAS3. Right: 5" end composition of SRNAs mapped to sly-TAS3.

(b) Top: sSRNA mapping profile of sly-TAS3. Bottom: partial sequence of sly-TAS3 with cloned tasiRNAs highlighted in red. The cleavage site supported by dRNA
read is indicated by an arrow. The nomenclature of the tasiRNAs was adopted from Allen et al. (2005), and their positions are marked on the map. The blue text

indicates where dRNA read is mapped.

for evidence of sSRNA-mediated cleavage at predicted sites;
(iii) identify the precursor for the sSRNA by PreMIR detector if a
regulatory sRNA is identified from the first two steps; (iv)
characterize the pre-miRNA by sRNA mapper and dRNA
mapper. If a possible TAS precursor is found in step 3, start
with the putative TAS precursor and repeat steps 1-4 to
identify and characterize the triggering miRNA. As proof of
concept, we successfully identified and characterized
stu-MIR 172, which regulates the potato AP2homolog RAP1,
and also showed that TAS3 tasiRNA-mediated regulation of
ARF4is likely in tomato. More importantly, our analysis pre-
dicted the existence of a TAS gene (sly-TAS5) that is triggered
by sly-MIR482din tomato. In a related study, we successfully
identified and characterized ten families of previously un-
known miRNAs targeting various classes of functional
resistance genes in three solanaceous species using our
server (Li et al., 2012). The robustness and accuracy of the
server's predictive power were further tested and confirmed

Published 2012.

with 21 validated Arabidopsis miRNA targets and 115 Ara-
bidopsis miRNA precursors.

We also developed a dRNA-seq protocol that is simple
and produces long dRNA reads. The longer read length of
dRNA provides better specificity in sequence mapping. It is
of particular importance in miRNA precursor characteriza-
tion because it can distinguish DCL1 cleavage products from
the miRNA or miRNA* contamination that is often associ-
ated with dRNA-seq. In contrast, the restriction-based dRNA-
seq protocol can only generate approximately 20 nt reads,
and thus cannot distinguish between contamination and real
cleavage products (German et al., 2008).

These tools can be used to characterize both known and
unknown miRNA- and tasiRNA-mediated regulation of
genes of interest. However, due to the limited number of
datasets, some sRNA-mediated regulation may be missed
because of tissue-specific or induced expression of certain
sRNAs. With the capacity to install additional sRNA and
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dRNA databases and upgrades in genomic sequences, our
web server is a useful platform for studying miRNA- and
tasiRNA-mediated regulation in Solanaceae and other spe-
cies in general. It is also useful to implement recently
proposed criteria for miRNA annotation in Solanaceae
species (Meyers et al., 2008). With its simple user-friendly
interface and flexible data processing, this server can help
biologists identify targets in order to focus on the biological
function of miRNA/tasiRNA-mediated gene regulation,
rather than spending a lot of time cloning sSRNAs or dRNAs
and mastering computational techniques.

EXPERIMENTAL PROCEDURES
dRNA-seq

A protocol for sequencing dRNA was developed to obtain long
reads of dRNA for more specific alignment to a gene of interest
(Figure 2c). In brief, poly(A) RNA is isolated from total RNA using
oligo(dT) magnetic beads (Invitrogen, http://www.invitrogen.com/)
and then a 5" sRNA sequencing adapter is ligated. The ligation
product is purified using oligo(dT) beads, and fragmented in RNA

fragmentation buffer (Ambion, www.invitrogen.com). The frag-
mented RNA is purified using an RNeasy micro kit (Qiagen, http://
www.qiagen.com/) and treated with Antarctic phosphatase (NEB,
www.neb.com) to repair the 3’ end, and then the 3’ sRNA
sequencing adapter is ligated. The dRNA-seq library is obtained
after RT-PCR and gel purification of 150-300 nt DNA fragments. The
library is sequenced using an lllumina Genome Analyzer (lllumina,
www.illumina.com) with sRNA-seq primers.

Database description

The web server uses four sets of databases for MIR and TAS gene
identification and characterization. Thirteen sRNA databases
(sRNAdb) were generated and linked to SRNA mapper for mapping
sRNA onto input genes. To generate these SRNA databases, SRNA
libraries were prepared according to the lllumina sRNA-seq
protocol, and sequenced using an lllumina Genome Analyzer.
Thirteen filtered sRNA databases (fRNAdb) were generated and
linked to Slicer detector to detect potential slicers of input genes.
Each fRNAdb is a subset of SRNAs with five or more raw reads in
the corresponding sRNAdb. Three dRNA databases (dRNAdb)
were generated and linked to dRNA mapper for detecting cleavage
products derived from input genes. To produce these dRNA
databases, dRNA libraries were prepared using the protocol
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Figure 6. Identification of a previously unknown tasiRNA gene, sly-TAS5, in tomato.
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(a) Identification of a 21 nt sSRNA potentially targeting the bacterial spot resistance gene Bs4 using Slicer detector.
(b) Phasing pattern of SRNA mapped to sly-TAS5, generated as described in Figure 5(a). The outside circle represents 120% and the middle circle represents 60%.
(c) sRNA map of sly-TAS5 generated by Excel based on data from sRNA mapper.

(d) Partial sequences of sly-TAS5 labeled as in Figure 5(b).
(e) Structure of sly-MIR482d, generated as described in Figure 3(b).
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described in Figure 2(c) and sequenced using an lllumina Genome
Analyzer. Ten genomic DNA or EST databases were downloaded
from public databases and linked to PreMIR detector for miRNA
and tasiRNA precursor identification. The EST, Nucleotide and
GSS databases were batch-downloaded from the NCBI EST, NR
nucleotide and genome survey sequence databases, respectively.
Potato BAC sequences were downloaded from NCBI using the spe-
cies name ‘Solanum tuberosum’ and the keyword ‘BAC'. The Sola-
num tuberosum Phureja genome and Solanum lycopersicum
genome were downloaded from the Potato Genome Sequencing
Consortium database (Xu et al., 2011, http://potatogenomics.plantbiolo-
gy.msu.edu/index.html) and the International Tomato Genome
Sequencing Consortium database  (http:/solgenomics.net/organism/
Solanum_lycopersicum/genome), respectively. A summary of all data-
bases used in this study is provided in Table S1 (Whitham et al., 1994,
1996; German et al., 2008; Kuang et al., 2009; Mahalingam and Meyers,
2010; Zheng et al., 2010; Xu et al., 2011).

Slicer detector

Slicer detector detects sRNAs that can potentially cleave an input
transcript sequence. It is linked to the fRNAdb, which contain sSRNA
sequences in FASTA format with a unique ID (Figure 1b). As input, it
uses a FASTA format sequence, for example RAP1, without special
characters in the sequence ID and an fRNAdb selected from the pull-
down menu (Figure 1a). The background script uses BLASTN
(Altschul et al., 1997) to query the input FASTA sequence against the
selected fRNAdb with very low stringency (word_size = 7, eva-
lue = 10 000) and retrieves all matching sRNAs. For each alignment,
sequences of approximately 30 nt covering the aligned input region
are retrieved and aligned to the matching sRNAs using a modified
Smith-Waterman algorithm to allow G to pair with T and T to pair
with G. Finally, the new alignment is examined for cleavability based
on criteria proposed previously (Allen et al., 2005; Schwab et al.,
2005), and cleavable slicer-target pairs are reported in two files. One
shows the FASTA format sequences of potential slicers for the input
(Data S1.1). The other shows the alignments between the input
and each slicer, with the predicted cleavage site on the target (Data
S1.2).

dRNA mapper

dRNA mapper provides experimental evidence for sRNA-directed
cleavage by mapping dRNA reads to an input target sequence. As
input, it uses a FASTA format sequence of the gene of interest and a
selection of dRNAdb from the pull-down menu. The background
script uses BLASTN (Altschul et al., 1997) to query the input FASTA
sequence against the selected dRNAdb(s) using default BLASTN
settings, and reports the matching dRNA reads in a table (Data
S2.1). It also creates a dRNA read map of the input transcript at
single-nucleotide resolution, and reports the data in a three-column
table (Data S2.2). Using this table, a chart can be created in Excel to
show the distribution of the dRNA reads on the transcript.

PreMIR detector

PreMIR detector identifies precursor sequences of input sRNAs
and checks whether the precursor sequence can fold into the pre-
miRNA structure. As input, it uses a FASTA format sRNA sequence
and a selection of DNA database(s). The background program uses
BLASTN (Altschul et al., 1997) to query the input sSRNA sequence(s)
against the selected DNA databases to find perfect matching DNA
sequences, retrieves up to 200 nt flanking sequences, and reports
the DNA sequence as sRNA precursor. Next it uses the UNAFold
program (Zuker, 2003) to fold the precursor and predict the coding
arms for the miRNA, and coordinates for the miRNA* if the pre-
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cursor can fold into a stem-loop structure with the sRNA in the
stem. If no sequence can be found matching the sRNA, it reports
‘no genetic locus detected’. If a perfect matching sequence is
found that does not fold into a pre-miRNA structure, no miRNA
coding arm or miRNA* coordinates are predicted. Multiple sSRNA
FASTA sequences and multiple DNA databases can be used
concurrently.

sRNA mapper

sRNA mapper maps sRNAs from selected sRNAdb(s) to an input
gene. As input, it uses a FASTA format sequence for a gene of
interest and selected sRNAdb. The background program uses
BLASTN (Altschul et al., 1997) to query the input gene sequence
against the selected sRNAdb(s) to find matching sRNAs (with
word_size 11 and num_alignment 8000 settings). Four report files
are generated. The first lists the SRNA reads mapped to the gene of
interest, with the number of mismatches or indels set by the user.
The second shows the phasing pattern of sSRNAs mapped to the
input sequence, which is useful for TAS gene characterization. The
third shows the statistics for the length distribution and 5 end
composition of SRNAs. The fourth reports an sSRNA mapping profile
in a table similar to that of dRNA mapper. There are options for the
user to plot a subset of sSRNAs with selected size and 5’ ends, in raw
reads or transcript per million (TPM) scale, to show sRNA strand-
edness or not for the mapping profile. These data can be down-
loaded and processed by Excel to generate charts showing the
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fRNAdb | 1 o ® dRNAdb
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L
Slicer detector dRNA mapper
v@ 16
SRNA slicer < dRNA reads
Genome PreMIR
EST. detector A
®} v
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1@ I

characterization

Figure 7. Recommended pipeline for identification and characterization of
MIR genes targeting genes of interest.

The open box with a dashed black line represents the gene of interest as the
starting point of analysis. Filled gray boxes represent analysis tools. Open
boxes with a solid black line represent databases linked to various tools. Black
arrows represent data input. Dashed red arrows represent bioinformatics
predictions from the web server. Solid red arrows represent experimental data
retrieved from the web server that provide supporting evidence for predictions.
The numbers show the steps of the recommended pipeline.
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distribution of sRNAs on the input sequence, the length distribution
and the 5" end composition of mapped sRNAs.

Implementation of the web server

In order to facilitate use of these tools, a web interface was created
based on the Common Gateway Interface (CGI, http://www.w3.org/
CGl/) protocol, which provides a mechanism for the web server to
generate pages to send to the user and for the user to specify data
and options to the script. Written entirely in Perl, the interface used
the Comprehensive Perl Archive Network (CPAN) packages
CGl.pm, CGI::FormBuilder, and CGl::Session (http://www.cpan.org/
) to produce the necessary HTML and JavaScript, while the open-
source HTTP web server Apache (http://httpd.apache.org/) was
used to mediate transactions between the script and the user.
Query options were collected by form submission together with
the FASTA sequence to be analyzed, either by pasting the se-
quence directly or uploading a file. Once submitted, the analysis
script is invoked via a child process, and the results are presented
directly to the user for display, download or further analysis. A
unique identifier is generated for each user and stored in the form
of a cookie in the user's browser, allowing multiple concurrent
users. The web server uses Ubuntu 10.04 LTS Lucid Lynx, a free
and open-source Linux operating system that is available to the
public, running on a quad-core hyper-threaded Nehalem Intel i7
920 processor with 12 GB of RAM.
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