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ABSTRACT

Plant regulatory small RNAs (sRNAs), which include
most microRNAs (miRNAs) and a subset of small in-
terfering RNAs (siRNAs), such as the phased siR-
NAs (phasiRNAs), play important roles in regulat-
ing gene expression. Although generated from ge-
netically distinct biogenesis pathways, these regu-
latory sRNAs share the same mechanisms for post-
translational gene silencing and translational inhibi-
tion. psRNATarget was developed to identify plant
sRNA targets by (i) analyzing complementary match-
ing between the sRNA sequence and target mRNA
sequence using a predefined scoring schema and
(ii) by evaluating target site accessibility. This up-
date enhances its analytical performance by devel-
oping a new scoring schema that is capable of dis-
covering miRNA–mRNA interactions at higher ‘re-
call rates’ without significantly increasing total pre-
diction output. The scoring procedure is customiz-
able for the users to search both canonical and non-
canonical targets. This update also enables trans-
mitting and analyzing ‘big’ data empowered by (a)
the implementation of multi-threading chunked file
uploading, which can be paused and resumed, us-
ing HTML5 APIs and (b) the allocation of signifi-
cantly more computing nodes to its back-end Linux
cluster. The updated psRNATarget server has clear,
compelling and user-friendly interfaces that enhance
user experiences and present data clearly and con-
cisely. The psRNATarget is freely available at http:
//plantgrn.noble.org/psRNATarget/.

INTRODUCTION

Plant regulatory small RNAs (sRNAs) are produced from
double-stranded RNA duplexes or hairpin single-stranded
RNA precursors by the endonuclease activities of Dicer-like
(DCL) proteins. sRNAs produced from double-stranded
duplexes are referred to as small interfering RNAs (siR-

NAs), while sRNAs produced from the stem-loops of
single-stranded precursors are referred to as micro RNAs
(miRNAs) (1). Plant regulatory sRNAs control a range
of cellular and developmental functions, including plant
cellular defense mechanisms against RNA viruses, tran-
scriptional gene silencing by guiding heterochromatin for-
mation at homologous loci, and sRNA-mediated DNA
methylation (1). Among the many roles of plant sRNAs,
post-transcriptional gene silencing and translational inhibi-
tion guided by miRNA and phased small interfering RNA
(phasiRNA) are the two most widely studied mechanisms,
in which miRNA and phasiRNA share the same targeting
mechanism (2). As the majority of plant regulatory sRNAs
are miRNAs, we hereafter use the miRNA target prediction
to represent the plant regulatory sRNA target analysis.

Plant miRNAs, of which the lengths range from 20 to 22
nucleotides, regulate gene expression post-transcriptionally
or translationally through binding with the Argonaute
(AGO) protein and targeting Messenger RNAs (mRNAs)
(3,4). Most of the plant miRNA targets identified to date
have extensive complementarity to their cognate miRNA
mature sequences, yet perfect matches between them were
not often found (1,4,5).

Dozens of miRNA-target complementary match pat-
terns have been either validated or further reported since the
early study of plant miRNAs (6). Schwab et al. reported that
up to four mismatches may be allowed without reducing the
efficiency of miRNA–mRNA pairing (7). The authors also
extended the mismatch-sensitive seed region (i.e., the criti-
cal miRNA-target pairing region) to include the positions
2–12, excluding the cleavage site at the nucleotides 10 and
11. Additionally, it has been reported that G:U mismatches
behave similarly to other mismatches (7). Mallory et al. re-
ported a more complex miRNA-target transcript matching
pattern based on statistical analyses of 51 confirmed con-
served miRNA targets. They observed that non-paired nu-
cleotides were most common at the ends of the duplexes (the
positions 1, 2, 20 and 21) as well as at the positions 14 and
15, while non-paired nucleotides were the rarest along the
positions 3–10 of the miRNA. No mismatches, G:U wobble
pairs, or bulges were present in any miRNA targets bound
at the positions 3–4, 7–10 and 9–10 (5). Axtell et al. sum-
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marized the match/mismatch patterns between miRNAs
and target transcripts, which were experimentally validated
prior to 2013 (1). In their analysis, the critical miRNA-
target pairing region (seed region) spans the nucleotides 2–
13, in which only a single mismatch is permitted. The above
match patterns suggest complementarity analysis to be the
most effective way to identify potential miRNA target genes
(8).

Scoring schemas encoding the match patterns have been
widely adopted in the complementarity analysis between
plant miRNAs and targets (9,10). Yet, most of these tools
utilize a built-in non-customizable scoring schema for target
prediction, which poses a challenge to analyze the miRNA–
mRNA interactions that have very low complementarity,
such as the non-canonical targets described by Brousse et
al. (11).

We developed the psRNATarget web server to enable the
identification of target genes of the plant miRNAs (12).
The psRNATarget uses a mismatch-sensitive ‘seed’ region;
specifically, the region spanning the nucleotides 2–7 orig-
inally defined in the vertebrate miRNA studies (13). Im-
portantly, the complementary base pairing in this seed re-
gion is weighted so that any mismatch is more heavily pe-
nalized. psRNATarget also estimates mRNA target acces-
sibility, which is the energy required to open the secondary
structure of mRNA around the target region for target site
exposure (12). The original psRNATarget web server has
been working perfectly to find most of validated miRNA–
mRNA interactions; yet, it fails to report those recently
published miRNA targets either with very low complemen-
tary matches or high target accessibility values in our bench-
mark dataset (Supplementary Table S1). In addition, as a
web-based analysis tool, the original psRNATarget suffers
from an important limitation: the ability to reliably upload
large datasets, such as the large amounts of sequencing data
produced from the next generation sequencing (NGS) plat-
forms, through web browsers. Here, we report the release
of a new high-performance psRNATarget web server that
is capable of predicting sRNA targets at higher ‘recall rate,’
and with enhanced capability for ‘big’ data uploading and
analysis.

METHODS

Implementation and infrastructure

The psRNATarget analysis server consists of a back-end
pipeline, which was developed in Java and deployed on a
high performance Linux cluster, and front-end web inter-
faces. We also developed an enhanced job queue manage-
ment system to manage user-submitted analysis requests
and to send back session IDs, which can be used to track
job progress and retrieve final results. Submitted jobs are
assigned to one of four individual job queues according to
the size of the data, preventing large jobs from jamming the
back-end analysis pipeline.

The back-end pipeline searches potential target can-
didates for given miRNAs based on the user customiz-
able complementary matching scoring schema. First, the
pipeline employs ssearch36, a component of the FASTA
package (14) for sequence alignment between miRNA and
candidate targets. The ssearch36 features a SSE2 accelerated

Smith-Waterman implementation with much better perfor-
mance for short sequence alignment compared with the
NCBI BLAST (15). This is particularly important for an-
alyzing short mature miRNA sequences. Next, the energy
required to unfold secondary structure around the target
site, defined as target site accessibility, is calculated using the
RNAup program in the Vienna Package (16), as described
in the first release of psRNATarget (12). This step is op-
tional in the new scoring schema, however.

The psRNATarget webserver was developed in Flask,
a Python web framework. Popular JavaScript and CSS li-
braries, jQuery and Bootstrap were used to generate user
friendly, interactive HTML5 web interfaces. The new psR-
NATarget release implements a stable, large data upload
page, in which up to hundreds of gigabytes of data can be
uploaded by multiple uploading threads simultaneously us-
ing the HTML5 file API. The maximum file size permitted
to be uploaded for analysis is only subject to the analytic
capability of the back-end pipeline.

Inputs and outputs

The psRNATarget homepage includes three functional
tabs that allow users to upload and search their miRNAs
against the preloaded target transcript libraries, to upload
and search candidate target transcripts against published
miRNA sequences downloaded from the miRBase (17), or
to upload both miRNA and target sequences and search for
potential miRNA–mRNA interactions between them (Fig-
ure 1). The latest release of psRNATarget has significantly
more preloaded target libraries than the previous version
did. As one example, it includes all transcript libraries from
the JGI Phytozome Release 12 (18).

The new scoring schema, V2 is set as the default scor-
ing schema of the updated psRNATarget sever; however,
users can choose the scoring schema defined in the previous
version (i.e. the V1 schema) if desired. In the new release,
the scoring rules are fully customizable. This provides ad-
ditional flexibilities to meet the special requirements of the
end-users. Users may further adjust individual parameters,
such as disabling target accessibility estimation to acceler-
ate the analysis, treating G:U pairs as other mismatches, re-
stricting the maximum number of mismatches in the seed re-
gion, or minimizing the gap-extending penalty to allow long
bulges on the miRNA or target sequence. To assist users in
customizing their search parameters, we created popup tips
for all customizable options, which can be accessed by leav-
ing the mouse cursor on the label of the individual option
for more than one second (Figure 2).

The analysis output page varies depending on the num-
ber of predicted miRNA–mRNA interactions in the new re-
lease. For output comprising of less than 100,000 miRNA-
target in-silico interactions, the updated release of psR-
NATarget provides a paginated HTML table to display the
analysis result. Users can also use the integrated search
and sort functions to further filter the predicted miRNA–
mRNA interactions (Figure 3). However, to improve the
server response time and user experience, only a batch result
download link is made available for the output comprising
of more than 100,000 miRNA-target in-silico interactions.
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Figure 1. A screenshot showing the three functional tabs of the psRNATarget, allowing users to (i) upload and search miRNAs against the pre-loaded
target transcript libraries, (ii) upload and search target candidates against published miRNA sequences downloaded from miRBase or (iii) upload both
miRNA and target sequences and search for potential miRNA-target pairs.

Figure 2. A screenshot of the psRNATarget web interface for choosing complementary matching scoring schema and customizing both required and
optional parameters. A context help prompt will appear when the user leaves the mouse cursor on the text labels of any input field for more than one
second.

RESULTS: WHAT’S NEW IN THE LATEST RELEASE?

The new psRNATarget introduces significantly improved
analytical capabilities, which can be categorized into two
main functionalities: an improved complementary match-
ing scoring schema and the ability to upload and handle
much larger datasets compared to the previous release. The
updated psRNATarget server also has clear, compelling and
user-friendly interfaces that enhance user experiences and
present data clearly and concisely.

The new scoring schema is capable of discovering miRNA–
mRNA interactions at higher recall rates

The first version of psRNATarget searches target candi-
dates using the scoring schema proposed by Zhang (9). The
new release has an improved scoring schema V2 to cover
more validated miRNA–mRNA interactions without sig-
nificantly increasing the final prediction output.

The differences between the scoring schema V1 and V2
are summarized as following. Firstly, target accessibility
analysis is disabled by default to include those validated
miRNA–mRNA interactions with target accessibility val-
ues beyond the default cutoff defined in the scoring schema
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Figure 3. A screenshot of the psRNATarget output page. Users can use the integrated search and sort functions to further filter the predicted miRNA–
mRNA interactions.

V1 (Supplementary Table S2). Secondly, in the scoring
schema V2, the seed region has been extended to 2–13 bp
and only two mismatches (excluding G:U pair) in this re-
gion are allowed based on the published plant miRNA tar-
get recognition patterns (1). The more stringent seed re-
gion scoring rule will be helpful to control the size of total
prediction output when the target accessibility is disabled.
Thirdly, to accommodate the miRNA–mRNA interactions
with long gap, such as the non-canonical target reported re-
cently (11), the penalty for opening gap has been increased
to 2, but the penalty for extending gap is decreased to 0.5.
Lastly, the maximum expectation in scoring schema V2 can
be set to 10.0 instead of 5.0 in scoring schema V1 in case
users desire to search those targets with poor complemen-
tary matching with miRNA or long gap in alignment.

We created an Arabidopsis benchmark dataset (Supple-
mentary Table S1), comprising of 147 validated miRNA–
mRNA interactions, after systematical analyzing litera-
tures and curating published databases. In this benchmark
dataset, only the targets with strong evidence from either 5′-
RACE experiments or degradome analysis were included
as experimentally validated miRNA–mRNA interactions.
Since only a limited number of experimentally validated
miRNA–mRNA interactions are available to date, com-
puting the commonly adopted performance measurements,
such as false positive rate, ROC curve, are not applicable.
This is because the pure positive dataset (the validated tar-
get genes) is too small and incomplete to generate a re-
liable estimation value and, more critically, the pure neg-
ative dataset is absent. Therefore, ‘recall rate,’ defined as
ratio of the predicted also validated miRNA–mRNA in-
teractions over all the validated interactions in our bench-
mark dataset, might be a reasonable measurement for us
to demonstrate the performance of psRNATarget. Mean-

while, the total predictions should also be considered a mea-
surement if the ‘recall rates’ are close because fewer predic-
tions in the output would indicate higher ‘precision.’

Using the improved scoring schema V2, we were able to
identify 143 of 147 total validated miRNA–mRNA inter-
actions in the Arabidopsis benchmark dataset with the de-
fault cutoff (i.e. expectation is less than or equal to 5.0)
making its ‘recall rate’ 6% higher than the original scor-
ing schema V1 in the 2011 release with the same cutoff (Ta-
ble 1). The scoring schema V2 not only correctly predicted
all miRNA–mRNA interactions, which had been predicted
by the schema V1, but also retrieved nine more validated
miRNA–mRNA interactions (Supplementary Table S2).
Only four miRNA–mRNA interactions failed to be re-
ported by the new scoring schema; two of them, including
the recently reported non-canonical target, can actually be
detected by changing the cutoff value or increasing the max-
imum number of targets allowed for each miRNA, while
the 2011 release with old V1 scoring schema failed to report
these targets even after changing these parameters (Supple-
mentary Table S2).

To further demonstrate the performance of psRNATar-
get in analyzing miRNA–mRNA interactions in non-
Arabidopsis species, we analyzed another benchmark
dataset, referred to as rice miRNA–mRNA interaction
data, which was collected from the supplemental data (the
additional file 8) of the paper published by Srivastava
et al. (8). The new psRNATarget was able to recall much
more validated miRNA–mRNA interactions without sig-
nificantly increasing the total predictions when searching
the same rice miRNAs in the rice miRNA–mRNA inter-
action data against the same rice transcript library, JGI
rice Phytozome 12 genome annotation. Specifically, the
recall rate was estimated at 82.7% by the psRNATarget
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Table 1. The performance comparison between release 2017 and release 2011 using default scoring schema and 147 validated miRNA–mRNA interactions
in our Arabidopsis benchmark dataset

Recalled interactions Recall rate (%) Total predictions in the output

2011 Release, Schema V1 134 91.1 9,204
2017 Release, Schema V2 143 97.3 9,654

*The comparison was performed between 65 unique miRNAs/ta-siRNAs in the benchmark dataset (Supplementary Table S1) and the Arabidopsis TAIR10
transcripts. Maximum expectation was set to 5.0 and the maximum number of allowed top targets for each miRNA was set to 200 for both scoring schemas.

Table 2. The performance comparison between release 2011 and release 2017 using default scoring schema and 52 validated miRNA–mRNA interactions
in rice benchmark dataset

Recalled interactions Recall rate (%) Total predictions in the output

2011 Release, Schema V1 33 63.5 3,286
2017 Release, Schema V2 43 82.7 4,162

*The comparison was performed between 26 unique miRNAs in the rice benchmark dataset (Srivastava et al, 2014, Additional file 8) (8) and the rice JGI
Phytozome 12 transcripts. Maximum expectation was set to 5.0 and the maximum number of allowed top targets for each miRNA was set to 200 for both
scoring schemas.

2017 release compared with the 62.5% recall rate by the
psRNATarget 2011 release (Table 2), validating the new
psRNATarget’s improved performance in analyzing both
Arabidopsis and non-Arabidopsis miRNA–mRNA inter-
actions.

Using our Arabidopsis benchmark dataset, prediction
performances were also compared between the new psR-
NATarget and the standalone pipeline, TargetFinder (19).
Both applications delivered similar ‘recall rate’ and total
predictions when we chose to balance the ‘recall rate’ and
precision through adjusting score cutoff (Supplementary
Table S3). However, if we chose to maximize ‘recall rate’
to cover more validated interactions, the new psRNATar-
get will recall slightly more validated interactions and re-
port much less total predictions, which in turn indicate
much higher precision (Supplementary Table S3). We fur-
ther compared performances between new psRNATarget
and the TAPIR (20) using its fast mode since the hybrid
mode stringently restricts the size of data that can be an-
alyzed each time due to slow computational speed of the
algorithm. We noticed that ‘recall rate’ of TAPIR is signif-
icantly lower than the other two applications even after we
adjusted the cutoff thresholds to maximize the ‘recall rate.’
However, TAPIR generated much less predictions than the
psRNATarget 2017 release and TargetFinder did, indicat-
ing higher prediction precision (Supplementary Table S3).

The new release of psRNATarget enables ‘big’ data uploading
and analysis

Emerging next generation sequencing (NGS) technologies
often produce ‘big’ datasets that challenge the downstream
bioinformatics analyses, such as miRNA regulatory target
analysis. However, the standard HTTP protocol was not
designed to transmit such large data files over the inter-
net browsers. The submissions of the gigabytes level data
through web browser often fail due to the interruptions
of network connections. The new psRNATarget has been
optimized for uploading such ‘big’ datasets. We have im-
plemented a stable and resumable multithreading chunked
data uploading module via HTTP. The new data upload
page utilizes an HTML5 File API to split each data file into

small chunks and transmit these chunks in parallel to in-
crease the upload robustness and upload speed. If a single
chunk upload fails, the upload is automatically reattempted
until succeed. This function was designed to overcome the
HTTP protocol restrictions on data uploading including the
size limit, low utilization of bandwidth, and the inability to
resume upload if interrupted.

In addition, we also allocated hundreds more CPU cores
to the back-end Linux cluster to significantly enhance the
computing capacity of the psRNATarget. The Linux cluster
now has ∼1200 CPU Cores to accommodate the needs of
high performance parallel computing. With these improve-
ments, the new psRNATarget can accept and analyze much
larger datasets than the 2011 release.

DISCUSSION

Srivastava et al. evaluated the performance of 11 on-
line or stand-alone computational tools, including the
psRNATarget server (8), and concluded that the Tar-
getFinder was most efficient in predicting ‘true-positive’
targets in Arabidopsis miRNA–mRNA interactions. For
non-Arabidopsis targets, combining the results of Tar-
getFinder (19) and the psRNATarget 2011 release deliv-
ers the highest ‘true positive’ coverage, whereas the inter-
section of psRNATarget and TAPIR (20) outputs deliver
the best ‘precise’ predictions. As described in the Result
section, the new psRNATarget performed better in ‘recall
rate’ or prediction precision compared to the other two out-
standing software applications. Furthermore, TargetFinder
is a stand-alone software application that requires installa-
tion and data preparation, and TAPIR is a web-based tool
that also requires data preparation due to lack of a library
preloading function. TAPIR is also restricted by its lim-
ited data analysis capacity; users can only submit a small-
sized set data for each analysis. Overall, our performance
comparison continuously demonstrates that the new psR-
NATarget is one of the best choices to search, rank and filter
plant miRNA target genes.

Among the developed plant miRNA target analysis tools,
only a few provide online analysis services (8). Furthermore,
the updated psRNATarget is the only one capable of up-
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loading and analyzing ‘big’ data, enabled by two key tech-
nologies. First, the newly developed multi-threading chun-
ked file uploading module using the HTML5 file chunking
API, integrated with customized JavaScript code, facilitates
the upload of ‘big’ datasets without extra security risks,
such as those associated with Flash/Java plugins. Theoret-
ically, the size of uploading file in the new psRNATarget
is only restricted by the amount of disk space on the host
server. Enabling multi-threading chunked file uploading is
critical for web-based data analysis services dealing with
‘big’ data, which can be readily generated by NGS technolo-
gies nowadays. Second, the updated psRNATarget server
is empowered by high performance computing capacity of
the back-end Linux cluster, which significantly accelerates
its analytic procedure, mainly the time-consuming Smith-
Waterman search. Hundreds more computing nodes have
been added into our cluster, and more will be added when
additional CPU resource becomes available, leading to a
significant increase (about three times) in analysis capacity
and capability compared to our original psRNATarget web
server published in 2011.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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