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We report an advanced web server, the plant-specific small noncoding RNA interference tool pssRNAit, which can be used to design a
pool of small interfering RNAs (siRNAs) for highly effective, specific, and nontoxic gene silencing in plants. In developing this tool, we
integrated the transcript dataset of plants, several rules governing gene silencing, and a series of computational models of the biological
mechanism of the RNA interference (RNAi) pathway. The designed pool of siRNAs can be used to construct a long double-strand RNA
and expressed through virus-induced gene silencing (VIGS) or synthetic transacting siRNA vectors for gene silencing. We demonstrated
the performance of pssRNAit by designing and expressing the VIGS constructs to silence Phytoene desaturase (PDS) or a ribosomal protein-
encoding gene, RPL10 (QM), in Nicotiana benthamiana. We analyzed the expression levels of predicted intended-target and off-target genes
using reverse transcription quantitative PCR. We further conducted an RNA-sequencing-based transcriptome analysis to assess genome-
wide off-target gene silencing triggered by the fragments that were designed by pssRNAit, targeting different homologous regions of the
PDS gene. Our analyses confirmed the high accuracy of siRNA constructs designed using pssRNAit. The pssRNAit server, freely available
at https:/ /plantgrn.noble.org/pssRNAit/, supports the design of highly effective and specific RNAi, VIGS, or synthetic transacting

siRNA constructs for high-throughput functional genomics and trait improvement in >160 plant species.

RNA interference (RNAi) is a powerful tool for si-
lencing genes of interest for plant functional ge-
nomics and trait improvement. The two popular ways
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to achieve RNAI in plants are stable transformation of
plants using hairpin RNAi vectors or virus-induced
gene silencing (VIGS; Pandey et al., 2015). RNA] is a
multistep cellular pathway of posttranscriptional gene
silencing in which Dicer Like enzyme (DCL) cleaves the
long double-strand RNA (dsRNA) into a series of ~21
nucleotide duplexes of small interfering RNAs (siRk-
NAs; Fukudome and Fukuhara, 2017), then delivers the
guide strand of siRNAs to an Argonaute (AGO) pro-
tein, a catalytic engine of the RNA-inducing silencing
complex (RISC), to form an active RISC that further
binds to the complementary region of mRNA, resulting
in targeted mRNA cleavage and degradation (Ahmed
et al., 2009; Mi et al., 2008; Wilson and Doudna, 2013).

The silencing efficacy of siRNA is mainly determined
by its sequence features, class of AGO protein catalytic,
and binding affinity with the intended mRNA, while
the silencing specificity of siRNA is mainly determined
by its lack of binding affinity with the nonintended
mRNAs (Ahmed et al., 2015; Jagla et al., 2005). The in-
duction of RNAi in a plant cell is usually accomplished
by expressing a 300- to 1,200-bp gene-specific sequence
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tag (GST) as long dsRNA (Hilson et al., 2004). The si-
lencing specificity of GST is achieved by <70% identity
with off-target genes using BLASTN. Based on se-
quence complementarity between siRNA and mRNA
and the preferences of nucleotides in siRNA, compu-
tational tools were developed to design long-dsRNA
RNAIi constructs for plant gene silencing (Thareau
et al., 2003; Naito et al., 2005; Xu et al., 2006, Ahmed
et al., 2015). However, the designed long dsRNAs are
processed at undefined positions by DCL, resulting in a
pool of siRNAs with mixed and unknown features,
such as noneffective, nonspecific, and toxic siRNAs,
which may cause nonfunctional and off-target gene si-
lencing (Jackson et al.,, 2003; Jackson et al., 2006;
Burchard et al., 2009), as well as cell toxicity (Yi et al.,
2005; Grimm et al., 2006; Olejniczak et al., 2010). Fur-
thermore, a slight variation at the terminal sequence of
a siRNA during cleavage by DCL can switch the load-
ing properties from antisense to sense siRNA to RISC,
creating more off-target silencing effects (Khvorova
et al., 2003; Schwarz et al., 2003; Ahmed et al., 2009).
These serious limitations in the designing of RNAIi
constructs have not been adequately addressed. Basi-
cally, available RNAi designing tools mainly focused
on the rules of binding of siRNA to its targets, though
rules governing other steps of the plant RNAi pathway,
including processing and biogenesis of siRNAs, loading
of siRNAs into the RISC complex, binding of siRNAs to
nonintended targets, and toxicity associated with siR-
NAs, are also crucial for determining effective, specific
and nontoxic gene silencing in plants. Thus, the rules
governing all of these crucial steps of RNAi need to be
implemented to achieve better RNAi designing tools.
Here, we report pssRNAit, a pipeline to design RNAi
constructs for effective, specific, and nontoxic gene si-
lencing in plants. We developed a series of computa-
tional models, methods, and tools that mimic and
analyze the biological actions of every important step in
the plant RNAi pathway to facilitate and streamline
RNAI construct design in the pssRNAit back-end pipe-
line, including (1) designing highly effective siRNAs
using a support vector machine (SVM) model; (2) esti-
mating the accessibility of target sites by analyzing the
two-dimensional structure of mRNA using the RNAup

Table 1. Performance of siRNA silencing efficacy of our model, pssRNAit,
and five other tools on training dataset TR?#3' and testing dataset TE*'?

Values represent the Pearson correlation coefficient between ob-
served and predicted siRNA efficacy. Dataset TR>431 was used to train
the models, whereas dataset TE#'? was used as an independent test set.
The asterisk indicates the Pearson correlation coefficient of desiRm
obtained for dataset TR2182.

Algorithms TR2431 TE4?
i-Score 0.635 0.557
s-Biopredsi 0.665 0.546
ThermoComposition21 0.635 0.577
DSIR 0.687 0.554
desiRm* 0.670* 0.558
pssRNAit 0.709 0.568
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Figure 1. Workflow depicting the design of GST for VIGS/siRNAs by
pssRNAIt pipeline.

program in the Vienna Package to design siRNAs
against the accessible regions of the target mRNA
(Miickstein et al., 2006); (3) applying the RISC binder to
select the siRNA whose antisense strand, but not sense
strand, will be loaded by the RISC machinery to execute
gene silencing (Ahmed et al., 2009); and (4) predicting
off-target genes in species-specific transcript libraries
using psRNATarget (Dai and Zhao, 2011; Dai et al,,
2018). Furthermore, the back-end pipeline intelligently
selects a pool of siRNAs with a minimum of off-targets,
if any, mimicking a function where canonical micro-
RNA (miRNA), along with isomeric sibling miRNAs
(isomiRs) with terminal variants, bind to the same tar-
get mRNA and improve the gene silencing specificity
(Ahmed and Zhao, 2011). The performance of pssRNAit
was evaluated using two independent datasets of siRNA,
which give a high correlation coefficient between actual
and predicted efficacy. Furthermore, by doing VIGS and
RNA-sequencing (RNA-seq) in Nicotiana benthamiana,
we experimentally confirmed that the RNAi constructs
designed by pssRNAit achieved highly effective and
specific gene silencing in plants.

RESULTS
SVM Model for Effective siRNA Prediction

We developed a series of regression models using
the SVM!i8ht V5.00 package (Joachims, 1999) following a
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pssRNAit: A Web Server for Designing Plant siRNAs

Home Analysis Help

>DQ469932.1 Nicotiana benthamiana phytoene desaturase mRNA, complete cds
ATGCCCCAAATCGGACTTGTATCTGCTGTTAATTTGAGAGTCCAAGGTAATTCAGCTTATCTTTGCAGCTCCACGGTCTTCGTTGCGAACTGAAAGTCAAGATGTTTGCTTGCARA
GGAATTTGTTATGTTTTGGTAGTAGCGACTCCATGGGGCATAAGT TAAGGATTCGTACTCCAAGTGCCACGACCCGAAGATTGACAAAGGACTTTAATCCTTTAAAGGTAGTCTG
CATTGATTATCCAAGACCAGAGCTAGACAATACAGTTARCTATTTGGAGGCGGCGTTATTATCATCATCGTTTCGTACTTCCTCACGCCCAACTAAACCATTGGAGATTGTTATT
GCTGGTGCAGGTTTGGGTGGTTTGTCTACAGCAAAATATCTGGCAGATGC TGGTCACAAACCGATATTGCTGGAGGCAAGAGATGTCCTAGGTGGGAAGGTAGCTGCATGGAAAG
ATGATGATGGAGATTGGTACGAGACTGGGTTGCACATATTCTTTGGGGCTTACCCARAATATGCAGAACCTGTTTGGAGAACTAGGGATTGATGATCGGTTGCAGTGGAAGGAACA
TTCAATGATATTTGCGATGCCTAACAAGCCAGGGCGAGTTCAGCCGCTTTGATTTITCCTGAAGCTCTTCCTGCGCCATTARATGGAATTTTGGCCATACTAAAGAACAACGAAATC
CTTACGTGGCCCGAGAAAGTCAAATTTGCTATTGGACTCTTGCCAGCAATGCTTGGAGGGCAATCTTATGTTGAAGCTCARGACGGTTTAAGTGTTAAGGACTGGATGAGAAAGC /

- Only accept one sequence every time
- Uplimit of submission: 15K

Please choose species name: e

Phaseolus coccineus (Scarlet bean)

Phaseolus vulgaris (common bean also known as the )
Phoenix dactylifera (date palm)

Phyllostachys heterocycla (Moso Bamboo)
Physcomitrella patens (moss)

Phytophthora cinnamomi (water mould)

Picea abies (Spruce)

Pinus pinaster (maritime pine)

Populus trichocarpa (black cottonwood,western balsa)
Prunus mume (Chinese plum)

Prunus persica (peach)

Punica granatum (pomegranate)

L4 >2x%(CAN) in antisense strand in Animals/Plants
ARAAR in antisense strand in Animals/Plants
cceee in antisense strand in Animals/Plants

GGGGG in antisense strand in Animals/Plants

AN NN

uuuuu in antisense strand in Animals/Plants

L T R

[ielifeli] in both strand in Animals

Submit Reset

cDNA/transcript libraries for selected species:

* Nicotiana benthamiana, transcript, Nibenl01,

The designed siRNA candidates with the following motifs will be removed from final list. (7]

7. GUCCUUCAA in both strands in Animals
8. UGGC in antisense strands in Animals
9. >2x(CUG) in antisense strands in Animals
10. >2x(CCG) in antisense strands in Animals
11. >2x(CGG) in antisense strands in Animals

12. WUAAARUW in antisense strands in Animals

Figure 2. Input interfaces of pssRNAiIt. Users can paste mRNA sequences in FASTA format (A), select plant species (B), and
exclude toxic and non-specific sequence motifs (C) for siRNA design.

5-fold cross-validation schema on a training dataset
that consists of 2,182 siRNAs (TR?'82). The developed
models were further tested on an independent test
dataset consisting of 249 siRNAs (TE?¥). Both the
training and independent test datasets were obtained
from the work published by Huesken et al. (2005).
Under the 5-fold cross-validation schema, we achieved
the best model with a correlation coefficient of 0.712
(R = 0.712, R? = 0.504, mean absolute error [MAE] =
0.112, and root mean squared error [RMSE] = 0.141)
between actual and predicted efficacy using hybrid
features of siRNAs. The hybrid features for the SVM
model consist of efficacy scores calculated by 12 dif-
ferent siRNA design models combined with the fre-
quency of mono-, di-, and trinucleotides and a binary
pattern that uses an input vector size of 180 (12 + 4 +
16 + 64 + 84). The performance of our model showed a
significant increase in efficacy compared to the tool
desiRm (R = 0.670, R? = 0.448, MAE = 0.118, and
RMSE = 0.148) on the same training dataset (Ahmed
and Raghava, 2011). Our model was obtained on the
SVM parameters with the radial-basis-function (RBF)
kernel (g = 0.0001, ¢ = 1,j = 1) and named pssRNAit>152.
The performance of pssRNAit?182 was further evaluated
on the independent dataset TE** and achieved a cor-
relation coefficient of 0.686 (R = 0.686, R% = 0.466, MAE
= (0.142, and RMSE = 0.122). Therefore, a final SVM

Plant Physiol. Vol. 184, 2020

model, which achieved a correlation coefficient of 0.709
(R = 0.709, R* = 0.500, MAE = 0.113, and RMSE =
0.142) between actual and predicted efficacy, was de-
veloped using the whole curated dataset, TR?43! (TR?!82
+ TE?*). Moreover, we evaluated our pssRNAit?#31
with other methods on different benchmarking data
consisting of 419 siRNAs (TE*!°) obtained from differ-
ent sources (Ichihara et al., 2007; Ahmed and Raghava,
2011). Supplemental Table S1 provides detailed infor-
mation about the training and testing data sources, and
Supplemental Table S2 lists siRNA sequences and their
silencing scores in the training and testing data. The
performance of pssRNAit?#31, which is based on the
SVM model, is better than other well-known siRNA
design algorithms on our combined training set (TR?431)
and on an independent TE*? dataset (Table 1; Ichihara
et al.,, 2007; Ahmed and Raghava, 2011 ).

Implementation and Back-End Pipeline of pssRNAit

The back-end pipeline of pssRNAit consists of a series
of integrated tools, along with transcript libraries, rules,
and computational models, that systematically mimic
the actions of the plant RNAi pathway. These inte-
grated tools are connected logically and executed step
by step to design more effective, highly specific, and
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Analysis Result for DQ469932.1 Nicotiana benthamiana phytoene desaturase mRNA, complete cds in Session
#1552077401797233

22 Collapse Query Bar

Parameters for siRNA design: e

siRNA Efficiency: 6.0 * Range: 0-10, the more the better Target accessibility (UPE): 25.0 * Range: 0-25, the less the better Max # of off-target: 20

Parameters for off-target analysis using psRNATarget: o

Expect: 4.0  * Range 0-5, the less the less off-targets Off-target Accessibility(UPE): 25.0 * Range: 0-25, the less the less off-targets

Homologs of user submitted sequence in cDNA/transcript libraries: e

Homolog Acc. Score  Expect User Seq. Length (bp) Homolog Length (bp) Length of matched region Alignment It is the same sequence
Nibenl01Scf01283g02002.1 22920 0.0 1761 2231 1162 Link v
Niben101Scf14708g00023.1 1802.0 0.0 1761 2523 963 Link v

Par for VIGS did. design: e

Range of VIGS length: 100 to 300 Minimal # of siRNAs in VIGS candidates: 4 Minimal distance of two effective siRNAs: 10

Restrict AGO preference for siRNA antisense sequence: o

AGO1,10 [5-U] AGO2,4,6,7,9 [5-A] AGOS5 [5-C] 5-G
Query = Reset
110 VIGS candidates based upon potential siRNA sequence
Range on target sequence Length  #of siRNAs siRNA EEubICA # of off-target Significant off-targets / # of hits
CAUGUCAGCGUACACACH UGA(:
AUGUAACAGACAUGUCAGCGU
UACAUGUAACAGAC
NlbcnlOISciUSMQbO}OOé 1 2 times
Niben101Scf00185g04002.1 2 times
1018¢f04992g03010.1 2 times
Ll ) L 265 Niben1018cf00167g00004.1 2 times
: 1 i Niben101Scf03283g04019.1 2 times
GUAGCAUCAAUAAUUUCUGAG Niben101Scf13640g00006.1 2 times
CUAGUUCCUUCAUUGUAGCAU
AAAA(:(LL(.(;{ UA(;UULLUU(.
Niben1018¢f05449g01006.1 2 times
Niben101S¢f00185¢04002.1 2 times
Nibenl015¢f0499203010.1 2 times
1279.1477 152 17 262 en101Scf00167g00004.1 2 times
Nibenl01Scf03283204019.1 2 times
Niben101S¢f13640g00006.1 2 times
529 siRNA Candidates design based upon above parameters for your sequence Export siRNA  Export All off-targets
BlS.CIundmg RISChbinding sense Target #of off-
- : : - : : Targ
siRNA (anti-sense) siRNA * (Sense) Alignment Efficiency 7} [7) ‘accessibility targets
siRNA 21 T’BCTGGGUTUATTCUTMCAT’ al 9.14 17
UACAAGUCCGAUUUGGGGCAU GCCCCAARUCGGACUUGUAUC ANRRNNRRR RN RRNRE il 1.81 -3.26 16.443 .
User Seq. 1 AUGCCCCARAUCGGACUUGUA 1 {Retail) AbezaiL)
s et 13 s
AUACAAGUCCGAUUUGGGGCA CCCCAAAUCGGACUUGUAUCU | | Il S 2.05 =1.15 16.443 5
User Seq. 2 UGCCCCAARUCGGACUUGUAU 22 {Retail) AL
R ,
GAUACAAGUCCGAUUUGGGGC CCCAAAUCGGACUUGUAUCUG | | g -0.1 -1.25 16.443 3
User Seq. 3 GCCCCAAAUCGGACUUGUAUC 23 {betail) {betail)

Figure 3. Screenshots of a sample output. A, The query interface for adjusting parameters to filter analysis results. B, A list of
output GST candidates for VIGS. C, A list of output siRNA candidates.
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nontoxic siRNAs for RNAi constructs (VIGS/synthetic
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gene silencing in plants (Fig. 1). The back-end pipeline
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Figure 4. Silencing efficiency of pssRNAit-
designed RNAI fragments against the PDS
gene in N. benthamiana. A, Phenotypic
response of minimum (Min OT)/maximum
(Max QOT) off-target regions in comparison
with other VIGS construct. B, Effectiveness
of the silencing as assessed by the number
of leaves that turned white versus the
number of green leaves. C, Percent reduc-
tion in chlorophyll content compared to
the GFP fragment used as a control. A
minimum of five leaves from each plant
and 10 plants were used to assess efficiency.
Bars represent the mean * se. Different
lowercase letters on data points indicate a
significant difference (P < 0.05) between
the control and PDS-silenced plants deter-
mined by two-way ANOVA with Tukey’s
HSD mean-separation test.

of pssRNAit is run on a powerful, high-performance
computing platform, namely BioGrid, that distributes
and runs parallel jobs spanning several hosts consisting

Figure 5. Expression analysis of off-
target genes in N. benthamiana plants
expressing maximum off-target (MaxOT),
minimum off-target (MinOT), VIGS-SGN,
and pssRNAIit predicted RNAI constructs
in comparison with the vector control
(VC) and NbPDS fragment. A and B, Ex-
pression level of off-target genes when
using the minimum (A) and maximum (B)
off-target construct. C and D, VIGS-SGN
predicted (C) and pssRNAit-predicted (D)
constructs. The off-target genes were iden-
tified using pssRNAit and the levels of
expression were assessed using RT-qPCR.
In each case, a minimum of three bio-
logical replicates were used for expression
analysis. Bars represent the mean = st.
Different lowercase letters on data points
indicate a significant difference (P < 0.05)
between PDS and the respective mini-
mum or maximum off-targets, determined
by two-way ANOVA with Tukey’s HSD
mean-separation test.
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Figure 6. VIGS constructs and their A
effectiveness in silencing the PDS gene

in N. benthamiana. A, Schematic rep- Tbp
resentation of the VIGS fragments lo-

cated on the NbPDS gene, based on the

webserver prediction. Ps series VIGS

fragments and TRV2::NbPDS pssRNAit

fragments were predicted using pssRNAit.

The TRV2:NbPDS SGN VIGS fragment

was designed using the VIGS SGN tool. B,

Expression analysis showing silencing

of NbPDS in N. benthamiana VIGS B
plants. C, Phenotype of the silenced
plants. The top three leaves were pho-
tographed and assessed for effective-
ness. D, Effectiveness of the silencing as
assessed by the number of leaves that
turned white versus the number of
green leaves. E, Percent reduction in
chlorophyll content in silenced plants
compared to the GFP fragment as a
control. Average values of three bio-
logical replicates were used to generate
bar graphs and experiments were re-
peated three times with similar results.
Error bars indicate the se. Different let-
ters above the bars indicate a signifi-
cant difference from two-way ANOVA
at P < 0.05 with Tukey’s HSD mean-
separation test (@ = 0.05).

TRV2::GFP

TRV2::NbPDS SGN VIGS

TRV2::Ps372 |

TRV2::Ps415

TRV2::Ps592

TRV2::Ps1058

of >1,000 central processing unit cores on a Linux
cluster, which significantly enhances the speed of
analysis and return of results.

Principles and Back-end Pipeline of pssRNAit

The pssRNAit tool was developed by integrating six
important features of the RNAi pathway as follows:

Intended and nonintended target transcripts

To clearly define the intended (target) and nonintended
(off-target) transcripts, we include a comprehensive da-
tabase of complementary DNA (cDNA)/transcript li-
braries from >160 plant species (Supplemental Table S3)
in pssRNAit. When a user transcript sequence is submit-
ted, pssRNAit conducts a BLAST search against the
cDNA /transcript libraries and, depending on sequence
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similarity, returns the suggested target and off-target
transcripts.

Removing nonspecific and toxic siRNAs

pssRNAit applies a sliding window to generate all
possible 21-nucleotide-long antisense siRNA candi-
dates along the user-submitted transcript sequence
and later excludes nonspecific and toxic siRNAs us-
ing the following criteria: (1) avoid contiguous mo-
tifs of >2X CAN; (2) avoid repeats of the same
nucleotide more than four times, such as GGGGG,
AAAAA, CCCCC, and UUUUU; (3) avoid uninter-
rupted repeats of >2X CUG (Lawlor et al., 2012),
>2X CCG, and 2X CGG (Krzyzosiak et al., 2012), as
well as AU-rich motifs (WUAAAUW; Ahmed et al.,
2011); and (4) avoid UGUGU and GUCCUUCAA in
both strands and UGGC motifs in the antisense
strand of siRNA.
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dicted to be off-targets for the fragments
used for VIGS. RNA-Seq analysis was
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plants with three biological replicates.
The expression values were transformed
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Selecting effective siRNAs using the SVM model

After removing nonspecific and toxic siRNAs, the
silencing efficiency of the antisense strand of each
individual siRNA is calculated by our highly accu-
rate SVM model. Briefly, to design highly effective
siRNAs, we developed a highly accurate regression
model, pssRNAit?431, using the SVM!sht V5,00 package
(Joachims, 1999) that achieved a correlation coefficient
of 0.709 (R = 0.709, R? = 0.500, MAE = 0.113, and
RMSE = 0.142) between actual and predicted efficacy
using 5-fold cross-validation on the TR2%3! dataset
(Huesken et al., 2005).

Selecting RISC loading siRNA

The purpose of this step is to select the antisense
strand of siRNA that has the potential to load into the
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RISC complex. Only one strand of siRNA is loaded into
the RISC complex for gene silencing, while the other is
degraded (Khvorova et al., 2003; Schwarz et al., 2003). It
is crucial to avoid loading the wrong (sense) strand into
RISC, which leads to the silencing of off-target genes.
We have developed a highly accurate SVM model,
RISC binder, and have integrated it in the back-end
pipeline of pssRNAit to predict the RISC loading
strand of siRNA using its sequence and motif features
(Krol et al., 2004; Ahmed et al., 2009). Plants have dif-
ferent classes of AGOs distinguished by their loading
affinity with small RNAs (sRNAs) and gene-silencing
features. For example, Arabidopsis (Arabidopsis thali-
ana) has 10 different classes of AGOs (Mi et al., 2008;
Fang and Qj, 2016). Therefore, we have implemented a
feature for sorting siRNAs in which the user can select
the siRNAs loading to a specific AGO class based on the
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Figure 8. Expression analysis of off-target genes of VIGS PDS fragment.
Off-target genes were identified using pssRNAit, and level of expression
was assessed using RT-qPCR. Average values of three biological rep-
licates were used to generate bar graphs. Error bars indicate the st.
Different letters above the bars indicate a significant difference from
two-way ANOVA at P < 0.05 with Tukey’s HSD mean-separation test
(a = 0.05).

5'-terminal nucleotide of the antisense strand (Mi et al.,
2008). As suggested by previous findings, antisense
strands with U as the 5'-terminal nucleotide would
mostly sort into AGO1 and AGOI10, those with A
would mostly sort into AGO2, AGO4, AGO6, AGO?7,
and AGO9; and those with C would mostly sort into
AGOS5 (Mi et al., 2008; Fang and Qi, 2016).

Target site accessibility

Binding of siRNA to the targeted mRNA is a critical
step in the RNAi pathway. However, the formation of
secondary structures in mRNA can impair siRNA ac-
cess to the target site. To evaluate target site accessi-
bility, pssRNAit uses the RNAup program of the Vienna
Package (Miickstein et al., 2006), which calculates the
energy required to “open” the secondary structure
around the mRNA target site. To improve performance,
we only calculate the energy for a fragment of the se-
quence including the target region (20 bp) and the
flanking 17-bp upstream and 13-bp downstream
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regions, as described previously (Dai and Zhao, 2011).
Here, less energy required to open the secondary
structure around the target site indicates a higher pos-
sibility of binding with siRNA and, consequently, more
effective gene silencing.

Selecting highly specific siRNA

RNAI technology is associated with a serious prob-
lem, off-target gene silencing, due to the short length of
siRNA. It is crucial to design effective siRNAs with
minimum off-target gene silencing to avoid misinter-
pretation of experimental results. The currently avail-
able siRNA designing tools filter out off-target siRNAs
using sequence similarity of nucleotides 2 to 7 in the 5’
region (seed) or the entire sequence of siRNA with
unintended targets (Xu et al., 2006; Shah et al., 2007;
Park et al., 2008; Fernandez-Pozo et al., 2015). However,
the silencing efficiency of siRNA is determined by the
type of nucleotide and its position in the antisense
strand, as well as several other factors (Ahmed et al.,
2015; Han et al., 2018). Therefore, sequence homology
tools such as BLAST and Bowtie are not suitable to
remove off-targeting siRNAs. pssRNAit employs two
strategies to select highly specific siRNAs and remove
off-target siRNAs.

Removing off-targeting siRNA. siRNA with near-
perfect complementarity can trigger miRNA-like off-
target gene silencing because miRNA and siRNA both
bind with their targets according to the same basic
principle. Therefore, pssRNAit was implemented with
our previously developed miRNA target prediction
tool, psRNATarget (Dai and Zhao, 2011; Dai et al., 2018)
to find the off-targets.

Selecting a pool of siRNA against a gene. Design-
ing siRNA without any off-targeting is not always
practically possible because of the small size of siRNA.
Therefore, removing off-targeting siRNA, as described
in the previous paragraph, is not adequate to avoid un-
intended gene silencing. Consequently, pssRNAit is
programmed to intelligently select a pool of siRNAs that
have two features: (1) all siRNAs bind to the gene of
interest with high efficacy; and (2) siRNAs bind with a
minimum of off-target genes with low efficacy. These
strategies, mimicking the isomiR-like function in which
canonical miRNA and its terminal variant isomiRs bind
to the same target to further increase the specificity and
silencing efficiency of target genes while minimizing
off-target effects (Ahmed and Zhao, 2011; Ahmed et al.,
2014).

Web Interfaces of pssRNAit

A publicly available web interface of pssRNAit was
developed using the front-end web interfaces in
Groovy and back-end interfaces in Java. The pssRNAit
can be freely accessed at https://plantgrn.noble.org/
pssRNAit/.

73

Downloaded from on September 9, 2020 - Published by www.plantphysiol.org
Copyright © 2020 American Society of Plant Biologists. All rights reserved.


https://plantgrn.noble.org/pssRNAit/
https://plantgrn.noble.org/pssRNAit/
http://www.plantphysiol.org

Ahmed et al.

Figure 9. Target and off-target gene
expression analysis from whole-genome
RNA-seq analysis from the QM/RPLT0 gene
silenced N. benthamiana plants. A, Nu-
cleotide sequence of the NbQM gene
used for VIGS in N. benthamiana. B, Pre-
dicted off-targets using pssRNAit for the
NbQM gene. C, Niben 1015cf04436g06002.1
is a target gene showing 50% downregula-
tion in QM-silenced plants relative to the
vector control (VC). Niben1015cf03978g07013
and Niben101scf08047g03019 are pre-
dicted off-targets, the former of which was
not detected in either sample, whereas
Niben101scf08047g03019 showed a 50%
reduction in expression. As predicted, the
expression of off-target sites is reduced in
the QM-silenced plants, indicating that
pssRNAIt could identify off-targets precisely.
Error bars indicate the st from three biological
replicates. Different letters above the bars in-
dicate a significant difference from two-way
ANOVA at P < 0.05 determined by Tukey’s
HSD mean-separation test (¢ = 0.05).

>NbQM VIGS fragment
atgttatcgccagattaagaacaaaccttatccaaaatcacggttttgccgtggtgtcccagatccaaagatcaggatcta
tgatgtgggtatgaagaaaaagggagttgatgaatttcctttctgtgtgcacttggtcagttgggagaaggagaatgtttca
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Input: pssRNAit accepts input of the mRNA/cDNA
sequence in FASTA format (Fig. 2A). The user chooses a
plant species in which the RN Ai will be conducted, and the
available cDNA /transcript libraries of the chosen plant
species will be automatically loaded for genome-wide
off-target assessment (Fig. 2B). pssRNAit provides op-
tions to remove siRNAs containing toxic and nonspe-
cific sequence motifs (Fig. 2C). Upon submission, the
pssRNAit will call upon its back-end pipeline to design
the siRNAs and return the output results in tables. An
enhanced job-queue management system gives users
a session identification number to track submitted job
progress and retrieve final results.

Output: The main output table (Fig. 3) consists of
three sections: (1) The query bar (Fig. 3A). This displays
parameters for siRNA design, off-target analysis, VIGS
candidate design, and siRNA loading preference to
specific AGO proteins. It also displays target or off-
target transcript sequences from the reference cDNA li-
braries. In addition, options are available to change the
siRNA designing parameters. (2) GST for VIGS (Fig. 3B).
The table contains information about putative GST
candidates based on potent siRNAs for VIGS analysis.
In addition, detailed information about substantial off-
targets and the number of hits by siRNA is provided.
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(3) siRNA candidates (Fig. 3C). The table contains anti-
sense and sense sequences of siRNA, alignment of an-
tisense siRNA binding with the target site, silencing
efficiency of siRNA, loading score of antisense and sense
strands into RISC, target binding accessibility, and
number of off-targets. Here, users can click the provided
links to retrieve detailed efficacy scores from 12 different
siRNA design tools and off-target information.

pssRNAit-Designed siRNA Candidates Precisely Silenced
the NbPDS Gene

siRNAs targeting NbPDS designed by pssRNAit
were cloned into the Tobacco rattle virus vector (pTRV2;
TRV2:NbPDS-MinOT [minimum off-target]; TRV2:NbPDS-
MaxOT [maximum off-target]; and TRV2::NbPDS)
and used for VIGS in N. benthamiana (Senthil-Kumar
and Mysore, 2014). All these constructs silenced
the endogenous NbPDS transcripts, resulting in a
photobleached leaf phenotype (Fig. 4). The widely
used conventional constructs (TRV2::NbPDS and
TRV2::VIGS-PDS) and pssRNAit designed for minimum
(TRV2::NbPDS-MinOT) or maximum (TRV2::NbPDS-
MaxOT) off-targeting (see “Materials and Methods”) all
showed 80% to 90% effectiveness in silencing the NbPDS

Plant Physiol. Vol. 184, 2020

Downloaded from on September 9, 2020 - Published by www.plantphysiol.org
Copyright © 2020 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org

pssRNAit: A Web Server for Designing Plant siRNAs

OVVDLIOVVVVOVIOVDLLLD
D1VIVIVOD1D1VVVIVO1D1DD11OVDDD
1DVIDOVYOVOOLLDVVVVIDLLIVIVODD
1vOVOVVYVDOLOVOVVOLODDLLLIDLILDD
VVOL1D1V1VDD1DOVII1DVOOD111DIO1L
111D5D1VOVDOOVVVLIVVOVLIOVODDIVVL
VVOLOVIVLLLIIDIVVVI1D1OVVYDO1VDD
VO1VVDO1OOVOILVOVVVVVVIVVDOIVOILD
VVV1OVDOVOLOVVOIDD1DDVVVVILOVOL
1V1VOVVYODI1D1IVOIIOLVODLLLOVOVD
VD1DD1000VVLDOIVOVLLLLIIDDODIVY
VVVILLOD1VOVVYVOVDODVILIDLLIVOVD
o|qejieAy VVOLLIDOLIVOL111IVDOD1DVODIVOOILL o|qejieae (uowsgely

SDIA 10j Juauely pasn Ajjeuonusauo) 10N 150VDIVOLDIIVVVIVLLIOVVOLOVIDD 1ON 607 €9¢1-998 pasn A|[euonUIAUOD) SAJGN
DD0VODLLIVIDOLIVYDOL1DIVIDLD
VOL1VVIIIIVVOVLIVIVYODVVIDIVOVL
1D1D01D1VOVO1DDIVIOLD1IDOVOLODLLD

100} SOIA NDS d|qe|reay DDDDVVDVIOOVILLIDIDDIDIVVIVOLIDLIVD o|qe|lene (Juswey
ay ul d|qejieAe Jou st uondIpaid 1931150 JON  VOVVDVVDLOVVVVOVOVOLLIDDIVIVIVID ION 041 98¢€1-9¢CL 1001 SDIA NDS) SAdIN
(SUH Jo "oN) $1981e] -0 IuedyIuBis %Wﬂuo seouanbas pNAsUOD wwzw__“w wpSuat mmﬂcmmww@wﬂ& 1PNISUOD JO dWeN

‘aseqeiep ay)
Se P2109]3s SeM " () UOISIDA BURILIEYIUSG ‘N PUR ‘| 7€669+Od S Apms siyy ul pasn aduanbas sg4gN yi8ua|-||ny sy 1oy Jaquinu UoIssadde uoiewoju| ASojouydajolg 1oy Jajua)) [euoneN ayL
‘sso1oweied Jnejap 1e SOIA NDS Aq pajoipaid aual sQd eulweyiuaq "N oyl Jsurese J012aA gAY dYy1 ojul pauojd saduanbas 1yNy jo Ainuap| *g djqel

75

Plant Physiol. Vol. 184, 2020

Downloaded from on September 9, 2020 - Published by www.plantphysiol.org
Copyright © 2020 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org

Ahmed et al.

gene (Fig. 4A). TRV2:NbPDS-MinOT and TRV2::NbPDS-
MaxOT showed 55% and 40% reductions in chlorophyll
content, respectively, compared to the vector control
(TRV2::GFP; GFP has no sequence similarity to plant
genomic DNA and thus will not cause gene silencing;
Fig. 4, B and C).

Furthermore, using reverse transcription quantitative
PCR (RT-qPCR), we showed that the TRV2:NbPDS-
MinOT construct not only silenced minimum off-targets,
but also provoked effective target gene silencing
(Fig. 5A). In contrast, the TRV2::NbPDS-MaxOT con-
struct showed a higher level of silencing of predicted
off-targets, suggesting that the pssRNAit can accurately
predict off-target genes (Fig. 5B). Further, the off-target
genes predicted by the SGN-VIGS conventional pre-
diction tool (http://vigs.solgenomics.net) were also
predicted by pssRNAit and did not show any significant
variation in gene expression (Fig. 5, C and D).

pssRNAit-Designed VIGS Constructs That Show Accurate
Genome-Wide Off-Target Prediction

To experimentally assess the genome-wide off-target
gene-silencing efficiency, four VIGS constructs that si-
lence the same NbPDS were designed using pssRNAit
(Fig. 6, A and B). Two constructs (Ps415 and Ps372)
were predicted to result in greater numbers of off-
targets, while two other constructs (Ps592, Ps1058)
were predicted to have lower numbers of off-targets
(Table 2). All these constructs were able to silence
NbPDS (Fig. 6C) with ~90% efficacy (Fig. 6D). Fur-
thermore, the chlorophyll content due to PDS silenc-
ing was reduced by 40% to 55% in all silenced plants
(Fig. 6E).

To assess the whole-genome off-targets for all of the
GSTs shown in Figure 6A, we performed an RNA-seq
experiment on VIGS plants. The data were analyzed,
and a web interface was created for easy access to all of
the off-targets and indirect effects of gene silencing
(https:/ /bioinfo.noble.org/vigs /4100 /transcript/pro-
file/5?sessionid=vigs). RNA-seq revealed that 6,991,
6,310, 6,667, 6,984, 6,665, and 6,607 genes were upre-
gulated, while 13,821, 13,461, 14,579, 15,149, 15,261, and
13,641 genes were downregulated, in Ps415, Ps372,
Ps592, Ps1058, NbPDS SGN VIGS, and NbPDS pssRNAit
VIGS-construct-silenced plants, respectively, compared
to TRV2:GFP-inoculated control plants. (Fig. 7A).
Furthermore, 4,454 genes were commonly upregulated,
and 11,092 genes were commonly downregulated in all
VIGS-construct-silenced plants. This is likely due to
downstream effects of NbPDS silencing. There are a few
unique potential off-target genes present in addition to
those predicted by pssRNAit in all of the samples
(Fig. 7A). The Ps372 construct showed the highest effi-
ciency and specificity. The down regulation of pre-
dicted off-target genes for the Ps1058 fragment was
observed, however some of them were upregulated
and showed a similar trend across all tested VIGS
constructs (Fig. 7B). A few of the predicted off-targets
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common to fragments Ps372 and Ps415 showed
downregulation in respective silenced plants. How-
ever, Niben1015cf10385g00005.1 was upregulated in
Ps415 silenced plants. The upregulation could be due
to inverse regulation between the expression of
NbPDS and potential off-target genes. RNA-seq anal-
yses showed that a few of these predicted off-targets
(Niben1015cf01732¢02009.1, Niben101Scf17044g01001.1,
and Niben1015cf00185¢04002.1) were commonly down-
regulated in all silencing constructs (Fig. 7B). The RT-qPCR
analysis of Niben101Scf10385¢00005.1 (predicted off-
target for Ps415) showed downregulation of the gene
in Ps415, Ps372, and Ps592 VIGS plants. The
Niben1015c¢f03965¢00005.1 predicted for Ps372 did not
show downregulation in any of the other PDS silenced
plants (Fig. 8). Further validation of pssRNAit-predicted
off-targets has been confirmed by silencing the QM/
RPL10 (Ribosomal protein L10) homolog in N. benthamiana
(Rocha et al., 2008) by VIGS, revealing a 50% reduction in
both target and off-target genes. Niben101Scf03978¢07013
and Niben101scf08047¢03019 are predicted off-targets, of
which the former was not detected in either sample,
whereas the latter showed a 50% reduction in expression
(Fig. 9). These results suggest that pssRNAit was effective
in designing VIGS constructs for efficient target gene si-
lencing with a minimum of off-targets.

pssRNAit-Designed siRNA Can Be Expressed
as syn-tasiRNA

tasiRNAs are a class of SRNAs that originates from
tasiRNA-generating (TAS) transcripts through binding
of a specific miRNA and cleavage of the TAS transcript
(Felippes and Weigel, 2009). Subsequently, the cleaved
TAS product is converted into dsRNA and processed by
DCL4 to produce a phased array of 21-nucleotide sSRNAs
starting from the miRNA cleavage site (Felippes &
Weigel, 2009). Generating synthetic transacting siRNA
(syn-tasiRNA) constructs has been adopted to suppress
multiple endogenous genes in a plant at a time (Carbonell
et al., 2014). Therefore, we evaluated the performance of
our tool for use as syn-tasiRNAs for efficient gene si-
lencing in plants. For this, we collected experimental data
from syn-tasiRNAs generated from expressed AtTASlIc,
and their intended-target and off-target genes in Arabi-
dopsis (Carbonell et al., 2014). Detailed data for expressed
syn-tasiRNAs derived from the AtTASlc construct and
their intended target and off-target genes are given in
Supplemental Table S4. Carbonell et al. (2014) cloned and
generated two syn-tasiRNA sequences at a time using
four different AtTAS1c-based syn-tasiRNA constructs: (1)
AtTAS1c-d3&d4Trich for syn-tasiRNA-Trich and syn-
tasiRNA-Trich; (2) AtTAS1c-d3&d4Ft for syn-tasiRNA-Ft
and syn-tasiRNA-Ft; (3) AtTAS1c-d3Trich-d4Ft for syn-
tasiRNA-Trich and syn-tasiRNA-Ft; and (4) AtTASlc-
d3Ft-d4Trich for syn-tasiRNA-Ft and syn-tasiRNA-Trich,
where syn-tasiRNA-Trich targeted the gene TRIPTY-
CHON (TRY; AT5G53200) and syn-tasiRNA-Ft targeted
the gene FLOWERING LOCUS T (FT; AT1G65480).
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The AtTASlc-d3&d4Trich and AtTASlc-d3&d4Ft
oligonucleotide sequences were selected and submit-
ted into pssRNAit, and the predicted results were
compared with experimentally verified siRNAs and
their intended target and possible off-target genes. We
observed that pssRNAit predicted the same siRNA
(UCCCAUUCGAUACUGCUCGCC) and its target
gene (TRY) and two off-target genes (ENHANCER OF
TRIPTYCHON AND CAPRICE2 [ETC2; AT2G30420]
and CAPRICE [CPC; AT2G46410]) as experimentally
known for AtTAS1c-d3&d4Trich (Supplemental Table
S5). Furthermore, FT is not an off-target gene for
AtTAS1c-d3&d4Trich, as predicted by pssRNAit and
confirmed experimentally (Supplemental Table S5). In
addition, our tool predicted the same siRNA (UUG
GUUAUAAAGGAAGAGGCC) and its target gene
(FT) as experimentally known for AtTASlc-d3&d4Ft
(Supplemental Table S6). Furthermore, CPC, ETC2, and
TRY are not off-target genes for AtTAS1c-d3&d4Ft, as
predicted by pssRNAit and also confirmed experimen-
tally (Supplemental Table S6).

The results clearly demonstrate that pssRNAit can
accurately predict the functional siRNAs generated
from AtTASIc constructs, as well as their target and off-
target genes, and therefore, our tool could also be used
to design and express functional syn-tasiRNA con-
structs for effective and specific gene silencing in plants.
Furthermore, we have evaluated our tool on experi-
mentally known gene silencing data in Arabidopsis
from articles by Xu et al. (2006) and Hilson et al. (2004).
We found that pssRNAit predicted several functional
siRNAs for the experimentally silenced gene and its off-
targets (Supplemental Table S7).

DISCUSSION

Posttranscriptional gene silencing (PTGS) using
RNAI is a powerful technique for studying gene func-
tion and improving crop traits. However, in addition to
silencing of the intended target gene, unintended off-
target gene silencing and cytotoxicity have been ob-
served during RNAi (Xu et al., 2006; Grimm, 2011;
Senthil-Kumar and Mysore, 2011). These limitations
can obscure the correct interpretation of gene function
and the proper use of RNAI technology in crop im-
provement. In spite of the widespread use of RNAI for
PTGS in plants, none of the bioinformatics tools cur-
rently available can design highly effective, specific,
and nontoxic RNAi constructs. The primary reason for
this is that the findings and rules identified by RNAi
studies have not been fully implemented in the cur-
rently available RNAIi algorithms. For potent and pre-
cise gene silencing, siRNAs should be designed with
State C, in which the antisense bind only to Real-Target,
and State J, in which the antisense bind to Real-Target
as well as the minimal number of off-targets, while
discarding other options, as illustrated in Supplemental
Figure S1. Furthermore, additional strategies could be
applied in State ] of Supplemental Figure S1 to increase
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the silencing specificity by (1) selecting the lowest
number of siRNAs that bind to the same off-target
mRNA and (2) selecting all siRNAs that are noneffec-
tive against off-target mRNAs.

In the past, we developed the RNAiScan server to
design siRNAs and their off-target prediction in plants
(Xu et al.,, 2006). The back-end pipeline only imple-
mented a traditional rule developed by Ui-Tei et al.
(2004) to find the efficient siRNAs and BLAST to iden-
tify off-target genes. In addition, the RNAiScan lacked
continuous implementation of the up-to-date rules
governing PTGS RNAi pathways. A SGN-VIGS tool
(http:/ /vigs.solgenomics.net/) was developed to de-
sign 200- to 400-nucleotide-long VIGS constructs for
silencing a plant gene (Fernandez-Pozo et al., 2015), but
the tool lacks information about candidate siRNAs and
rules for calculating the silencing efficacy of VIGS
constructs. The functional sequence motifs identified
from our tool are commonly present in several coding
regions of plant and animal transcripts and therefore
targeting them may lead to nonspecific gene silencing
(Yu et al., 2011; Lawlor et al., 2012; Zhao et al., 2014).
Several studies show that some sequence motifs in
siRNA cause a toxic effect in transfected animal cells in
a target-independent fashion, resulting in reduced cell
viability (Sledz et al., 2003; Judge et al., 2005; Armstrong
etal., 2008; McAllister and Samuel, 2009). Furthermore,
the SGN-VIGS tool implemented the Bowtie tool to find
potential off-target genes. Bowtie was developed to
find only perfect and mismatch short reads in the ge-
nome and does not implement the position and
nucleotide-specific mismatch rules known to find tar-
gets of siRNAs. Another tool, P-SAMS (http:/ /p-sams.
carringtonlab.org), has been developed to design siR-
NAs for plant artificial miRNAs and syn-tasiRNAs
(Fahlgren et al., 2016). However, P-SAMS does not
implement the rule to predict the silencing efficiency of
siRNA, and the off-target is identified based on a 6- to
20-nucleotide perfect match. Furthermore, P-SAMS did
not recognize the 200- to 400-nucleotide-long constructs
of mRNA required for VIGS. These tools have not
implemented rules for (1) siRNA accessibility to target
transcripts; (2) siRNA loading to the RISC; and (3) re-
moving nonspecific and toxic siRNA. Importantly,
most of these tools lack comprehensive experimental
validation of the intended and off-target gene expres-
sion levels to check the accuracy of the designed RNAi
constructs (Liick et al., 2019). With pssRNAit, we have
addressed the limitations of the available RNAi design
tools and provided experimental evidence of its effi-
cacy. pssRNAit-predicted minimum off-targets and
maximum off-targets showed >75% gene silencing ef-
ficiency. The off-targets were not downregulated in
minimum off-target constructs, and downregulation
was seen only in maximum off-target plants (Figs. 4 and
5). The performance of the pssRNAit SVM model was
evaluated on two independent datasets of siRNAs that
gave a high correlation coefficient between actual and
predicted efficacy. Furthermore, we experimentally
evaluated the performance of pssRNAit by using VIGS
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to design and express the RNAi construct of NbPDS in
N. benthamiana. The predicted and shortlisted four
fragments with minimum off-target and maximum off-
target produced efficiently gene-silenced plants with
higher chlorophyll reduction and downregulation of
the targeted PDS gene (Figs. 6 and 7). We analyzed the
expression level of the intended target and predicted
off-target genes using RNA-seq and RT-qPCR. There
are several genes commonly upregulated and down-
regulated in all VIGS-construct-silenced plants. This
variation could be due to downstream effects of NbPDS
gene silencing. Disruption of the PDS gene results in
albino and dwarf phenotypes and affects transcripts of
~20 metabolic pathway genes, including those associ-
ated with chlorophyll, carotenoid, and gibberellin bio-
synthesis in Arabidopsis (Qin et al., 2007). In the case of
QM/RPL10 VIGS plants, many of the genes involved in
translation mechanisms were similarly downregulated,
which could be due to its role in the regulation of tran-
scription, as suggested earlier (Zorzatto et al., 2015). Fi-
nally, pssRNAit predicted the functional siRNAs from
experimentally known syn-tasiRNA sequences, dem-
onstrating that pssRNAit-designed siRNAs could be
expressed as syn-tasiRNAs for efficient gene silencing
(Supplemental Tables S4-56).

pssRNAit is a fast-computing pipeline for designing
effective, specific, and nontoxic RNAi constructs to si-
lence genes of interest in plants. The back-end pipeline
of pssRNAit implemented a series of computational
approaches integrated with comprehensive transcript
libraries from >120 plant species, several rules, and
computational models that mimic the biological
mechanism of the RNAi pathway. Users also can re-
quest the addition of other published transcript librar-
ies in pssRNAit. The experimental results presented in
this manuscript suggest that pssRNAit is an excellent
online tool for designing highly effective and specific
siRNAs, facilitating the advancement of functional ge-
nomics and trait improvement in plants.

MATERIALS AND METHODS

Features Used for the SVM Model Predicting
Effective siRNAs

For SVM model development, we used sequence features of the 21-nucleotide
antisense strand, including frequency of mono-, di-, and trinucleotides and a
position-specific binary pattern. Most importantly, we also integrated 12 dif-
ferent siRNA design tools in our model, which were incorporated in a cascade
fashion. A previous study showed the importance of the cascade strategy for
substantial improvement in the performance of the SVM model (Bhasin and
Raghava, 2004). In the first layer of the cascade, the efficacy score of siRNA is
predicted using 12 different tools. In the second layer, these efficacy scores
become 12 input features for the SVM model. These siRNA tools include first-
generation, second-generation algorithms (Amarzguioui and Prydz, 2004),
DSIR (Hsieh et al., 2004; Vert et al., 2006), i-Score(Reynolds et al., 2004; Ichihara
et al., 2007; Katoh and Suzuki, 2007), s-Biopredsi (Takasaki et al., 2004; Ui-Tei
et al., 2004; Huesken et al., 2005; Shah et al., 2007 ), desiRm (Ahmed and
Raghava, 2011), and Thermocomposition21 (Ichihara et al., 2007). The design
rule is taken either from the corresponding literature or from Ichihara et al.
(2007). However, the range of efficacy scores predicted by these tools varies.
Therefore, we normalized them in the range 0 to 10, where 0 indicates no
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silencing and 10 indicates 100% silencing of mRNA. Scores from rule-based
algorithms were normalized using Equation 1, while scores coming from
machine-learning algorithms were multiplied or divided by 10 to get them in
the approximate range of 0 to 10.

Scoregrna — Scoremin

Normalized Scoregrna = X 10 (1)

Scoremax — Scoremin

where Score i, and Scorep,.x are the minimum and maximum scores, respec-
tively, achieved by an algorithm.

Plant Material and Growth Conditions

Wild-type Nicotiana benthamiana was used for all experiments. Seeds were
germinated and seedlings were grown in plastic pots (20-cm diameter) with
BM7 potting mixture (SUNGRO Horticulture Distribution). Two-week-old
seedlings were transplanted to 10-cm-diameter round pots containing BM7,
with one plant per pot. Fertilizer (N:P:K 20:10:20) with a soluble trace-element
mix (ScottsMiracle-Gro) was applied with water. Greenhouse conditions were
kept at 23° + 3°C and 70% relative humidity under 16 h extended daylight with
supplemental lighting at 100 mE m~2 s~ light intensity. Three-week-old plants
were used for experiments. Detailed growth conditions are described in pre-
vious publications (Senthil-Kumar et al., 2013, Senthil-Kumar and Mysore,
2014).

VIGS Constructs and Bacterial Strains

The pTRV1 and pTRV2 VIGS vectors (Senthil-Kumar and Mysore, 2014)
were obtained from Dr. Dinesh-Kumar, University of CA Davis. Gateway-
based cloning according to the manufacturer’s recommendations (Invitrogen)
was used for preparation of constructs in this study. Primer sequences are given
in Supplemental Table S8. Gene fragments to be cloned into the pTRV2 vector
were amplified either from synthesized gBlock sequences or from cDNA. A
fragment of the GFP gene (Senthil-Kumar and Mysore, 2014) was cloned into
the pTRV2 vector and used as a control. Ten siRNAs predicted by pssRNAit
software from the full-length NbPDS sequence were assembled, and artificial
sequences were synthesized as gBlocks by Integrated DNA Technologies
(Supplemental Table S9).

For cDNA synthesis, RNA was extracted from leaves and first-strand cDNA
was synthesized using oligo 15 primers (Integrated DNA Technologies;
Huesken et al., 2005). The cDNA pool was used for PCR amplification of the
PDS gene sequence (Supplemental Table S9). Cloning of NbPDS derived 10
siRNAs, selected based on in silico analysis of the NbPDS sequence and pre-
dicted to cause efficient endogenous PDS gene silencing with minimal off-target
gene silencing, which were assembled and custom cloned into the pTRV2 VIGS
vector, resulting in the TRV2::NbPDS-MinOT construct. Similarly, the siRNA
assembly that is predicted to cause maximal off-target gene silencing was
cloned into the pTRV2 VIGS vector, resulting in the TRV2:NbPDS-MaxOT
construct.

To test and validate the effectiveness of the pssRNAit tool on the NbPDS gene
for VIGS, the minimum number of off-target genes was predicted from two
fragments at 1,058 to 1,250 bp and 592 to 782 bp (Ps1058 and Ps592, respec-
tively) and the maximum number from fragments at 415 to 612 bp and 372 to
568 bp (Ps415 and Ps372, respectively). To clone the NbPDS fragments predicted
by pssRNAit and the SGN-VIGS tool, the genes were amplified and cloned into
the pQUIET II TRV2 vector, yielding TRV2::NbPDS pssRNAit (the fragment
designed by pssRNAit) and TRV2::NbPDS SGN VIGS (the fragment designed by
the SGN-VIGS tool), respectively. The QM/RPL10 gene VIGS fragment was
predicted using pssRNAit and cloned into the TRV2 vector. The pssRNAit-
predicted fragments cloned into pTRV2 were designated as TRV2::Ps1058,
TRV2::Ps592, TRV2::Ps415, and TRV2:Ps372 vectors, and QM/RPL10 as
TRV2:NbQM vector. Details of these constructs are given in Tables 2 and 3 and
Supplemental Tables S8 to S11. TRV2::GFP was used as the vector control in this
study (Senthil-Kumar and Mysore, 2014). All the pTRV2 derivatives were
confirmed by sequencing. Plasmids were introduced into Agrobacterium tume-
faciens strain GV2260 by electroporation.

VIGS

The A. tumefaciens strain GV2260 containing pTRV1 or pTRV2 and its de-
rivatives were grown at 28°C in Luria-Bertani medium containing appropriate
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antibiotics. After 24 h, the cells were harvested and resuspended in the infil-
tration buffer (10 mm MES [pH 5.5] and 200 mm acetosyringone) to a final ab-
sorbance of 0.6 OD (at 600 nm) and incubated for 2 h with shaking at 28°C room
temperature. For leaf infiltration, each A. tumefaciens strain containing pTRV1
and pTRV?2 or its derivatives was mixed in a 1:1 ratio in MES buffer (pH 5.5) and
infiltrated into the lower leaves using a 1-mL needleless syringe (Senthil-Kumar
et al., 2007; Senthil-Kumar et al., 2013; Senthil-Kumar and Mysore, 2014). The
infiltrated plants were maintained at a temperature range of 23°C to 25°C for
effective viral infection and spread.

RT-qPCR

RT-qPCR was performed to determine the transcript levels of the endoge-
nous NbPDS gene and other predicted off-target genes. Total RNA was
extracted from silenced and mock-infiltrated plants and the first-strand cDNA
was synthesized using oligo dT primers (Huesken et al., 2005). RT-qPCR was
performed with PRISM 7000 (Applied Biosystems) using SYBR green (Applied
Biosystems). The primers used for quantifying the relative transcripts were
designed using Primer Express Software 2.0. For the relative quantification of
gene transcripts between silenced and nonsilenced plants, a standard curve
method was applied according to the manufacturer’s protocol (Applied Bio-
systems User Bulletin). As a control for silenced and mock-infiltrated plants, the
parallel reaction using N. benthamiana Elongation factorl-a (EFla) was per-
formed, and the data obtained were used to normalize NbPDS transcripts. Each
sample was run in triplicate and repeated twice from pooled samples of three
independently silenced and mock-infiltrated plants. The calculations were
performed as previously described (Senthil-Kumar and Mysore, 2014) and the
percent reduction was determined.

Effectiveness of Gene Silencing

The effectiveness of VIGS is defined as the ability of the insert (NbPDS) to
induce silencing and produce gene silencing symptoms, and it was determined
by counting all the leaves (small and big), including leaves of secondary shoots
that showed photobleaching or yellowing (Senthil-Kumar et al., 2007). Effec-
tiveness of gene silencing was calculated using the formula

Effectiveness of gene silencing

_ Number of symptomatic  (bleaching/yellowing) leaves per plant %

Total number of leaves 100

@

Chlorophyll Estimation

The efficiency of gene silencing in this study was also assessed by quantifying
the reduction in chlorophyllin the leaves, as the NbPDS gene used here regulates
chlorophyll biosynthesis. A higher reduction in chlorophyll indicates a higher
efficiency of gene silencing (Senthil-Kumar et al., 2007). Chlorophyll was
extracted from 100 mg leaf tissue in an acetone:dimethylsulfoxide 1:1 (v/v) mix
and the supernatant was made up to a known volume. The absorbance was
recorded at 663 nm and 645 nm using a UV-visible spectrophotometer (model
DU800, Beckman Coulter). Total chlorophyll was estimated (Hiscox and
Israelstam, 1979) and expressed as the percent reduction relative to the corre-
sponding control.

Differential Gene Expression Analysis by RNA-Seq

The leaf samples from three biological replicates from 4-week-old NbPDS-
(different fragments shown in Fig. 6) or NbQM/RPL10-silenced N. benthamiana
were harvested and immediately frozen in liquid nitrogen. Total RNA was
extracted and sent to the Noble Research Institute Genomics Core Facility for
analysis. RNA samples with high quality (RNA integrity >7.5, as assessed by
the Agilent 2100 Bioanalyzer) were used for library preparation following the
manufacturer’s instructions (Illumina). Paired-end reads were generated from
21 libraries sequenced with Illumina 70 HiSeq 2000. After adapter sequences
and low-quality reads were removed, the remaining reads were aligned to the
annotated N. benthamiana reference transcriptome (Bombarely et al.,, 2012;
https:/ /solgenomics.net/organism/1490/view) and the gene-wise raw counts
were calculated. The differential analysis was carried out using the DESeq tool
(Anders and Huber, 2010). Genes with >2-fold change in expression and P <
0.05 were considered differentially expressed. Data from all of the 21 samples
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(seven treatments X three biological replicates) have been uploaded into our
GEAUniversal gene expression atlas platform (https://bioinfo.noble.org/
vigs/) for data normalization, visualization, and differential expression anal-
ysis using RNA-Seq analysis software (Li and Dewey, 2011; Love et al.,
2014). The normalized expression data for all seven treatments can be
directly visualized at https://bioinfo.noble.org/vigs/4100/transcript/
profile/5?sessionid=vigs.

Statistical Analysis

Two-way ANOVA was carried out according to Fisher (1960). Data points
with different lowercase letters indicate significant differences (P < 0.05) be-
tween samples as determined by Tukey’s honestly significant difference (HSD)
mean-separation test.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession number PRINA525845 (https:/ /www.ncbi.nlm.nih.
gov/sra/PRINA525845).

Supplemental Data

The following supplemental materials are for this article.

Supplemental Figure S1. siRNA binding possibilities with intended and
off-targets.

Supplemental Table S1. Sources of siRNA datasets used in pssRNAit tool
development.

Supplemental Table S2. Dataset of siRNAs and their silencing scores used
for developing the SVM model.

Supplemental Table S3. A list of preloaded cDNA /transcript libraries in
pssRNAit.

Supplemental Table S4. Expression of AtTASlc-based syn-tasiRNAs in
Arabidopsis Col-0 T1 transgenic plants and analysis of their target
gene silencing.

Supplemental Table S5. pssRNAit-designed siRNA and predicted target
and off-targets of the AtTASlc-d3&d4Trich construct in Arabidopsis at
default threshold except for the expected value (3.0).

Supplemental Table S6. pssRNAit-designed siRNA and predicted target
and off-targets of the AtTAS1c-d3&d4Ft construct in Arabidopsis at de-
fault threshold except for the expected value (3.0).

Supplemental Table S7. Performance of pssRNAit on experimentally
known gene silencing data in Arabidopsis.

Supplemental Table S8. Details of primer sequences used in this study.

Supplemental Table S9. Details of gene and gBlock sequences used in
this study.

Supplemental Table S10. siRNAs designed by pssRNAit tool against
NbPDS gene with minimum off-target genes.

Supplemental Table S11. siRNAs designed by pssRNAit tool against
NbPDS gene with maximum off-target genes.
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