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Computational Estimation and Experimental Verification
of Off-Target Silencing during Posttranscriptional
Gene Silencing in Plants!WIlOAl
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Successful application of posttranscriptional gene silencing (PTGS) for gene function study in both plants and animals depends
on high target specificity and silencing efficiency. By computational analysis with genome and/or transcriptome sequences of
25 plant species, we predicted that about 50% to 70% of gene transcripts in plants have potential off-targets when used for
PTGS that could obscure experimental results. We have developed a publicly available Web-based computational tool called
siRNA Scan to identify potential off-targets during PTGS. Some of the potential off-targets obtained from this tool were tested
by measuring the amount of off-target transcripts using quantitative reverse transcription-PCR. Up to 50% of the predicted off-
target genes tested in plants were actually silenced when tested experimentally. Our results suggest that a high risk of off-target
gene silencing exists during PTGS in plants. Our siRNA Scan tool is useful to design better constructs for PTGS by minimizing

off-target gene silencing in both plants and animals.

Posttranscriptional gene silencing (PTGS), also known
as RNA interference (RN Ai) in animals, cosuppression in
plants, and RNA quelling in fungi, is an epigenetic
phenomenon that results in sequence-specific degrada-
tion of endogenous mRNAs (Cogoni and Macino, 2000).
PTGS is mediated by 21- to 24-nucleotide (nt) double-
strand RNA (dsRNA) molecules, termed short/small
interference RNAs (siRNAs). The siRNAs are incorpo-
rated into a multisubunit protein complex, the RNAi-
induced silencing complex, which directs the siRNA to
and degrades the complementary mRNA (Baulcombe,
2004). Because PTGS allows silencing of a specific target
gene, it has become a popular tool to study gene function
in plants and animals (Kamath et al., 2003; Baulcombe,
2004; Hannon and Rossi, 2004; Kuttenkeuler and
Boutros, 2004).

In plants, PTGS can be induced by antisense and
sense transgenic technology and it is also achieved by
expressing dsRNA through stable or transient trans-
formation with RNAi constructs (binary vectors) to
knock down the expression of target genes (Wesley
et al., 2001; Miki and Shimamoto, 2004). In addition, a
transient PTGS of plant genes by recombinant viruses

! This work was supported by The Samuel Roberts Noble Foun-
dation.

2 These authors contributed equally to the paper.

* Corresponding author; e-mail ksmysore@noble.org; fax 580-
224-6692.

The author responsible for distribution of materials integral to the
findings presented in this article in accordance with the policy
described in the Instructions for Authors (www.plantphysiol.org) is:
Kirankumar S. Mysore (ksmysore@noble.org).

W1 The online version of this article contains Web-only data.

[OAI Open Access articles can be viewed online without a sub-
scription.

www.plantphysiol.org/cgi/doi/10.1104/pp.106.083295

carrying a near-identical sequence was adapted by a
process called virus-induced gene silencing (VIGS;
Baulcombe, 1999; Burch-Smith et al., 2004). Both PTGS
approaches, RNAi and VIGS, are becoming powerful
tools in functional genomic studies of plants. How-
ever, to infer gene function through PTGS, it is essen-
tial to determine the specificity of mRNAs that are
targeted for silencing.

Theoretically, PTGS functions in a siRNA-specific
rather than a target-specific manner. However, anal-
yses of mammalian cells transfected with different
siRNAs against a target gene by two different research
groups led to contradictory conclusions about silenc-
ing unintended genes (Chi et al., 2003; Jackson et al.,
2003; Jackson and Linsley, 2004). The reasons for these
contradictory results are probably due to the differ-
ences in experimental designs or microarray analyses.
In plants, several RNAi and VIGS studies successfully
targeted specific members of gene families for silenc-
ing without affecting the transcript level of the most
closely related family members or simultaneously
silenced a few family members to overcome functional
redundancy (Burch-Smith et al, 2004; Hwang and
Gelvin, 2004). However, PTGS relies upon sequences
of contiguous nucleotide identity and does not target
genes simply based on family relationships. A dsRNA
expressed in plants from a binary or virus vector is
usually chosen to be identical to a partial or full-length
sequence of the target gene. Many distinct siRNAs of
21 to 24 nt can be derived from the cleavage of the
dsRNA by Dicer. This may improve the efficiency of
RNA silencing, but could also increase the opportu-
nity to suppress unintended genes, the off-targets,
containing sequences identical to some of these
siRNAs.

Investigating off-target gene silencing is crucial for
accurate interpretation of gene function by PTGS and
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for use of PTGS application in agriculture. In this
study, we estimate potential off-targets based on se-
quence identity for 25 plant species whose genomic or
expressed sequence tag (EST) sequences are publicly
available. Experimentally, we investigated the expres-
sion level of several potential off-target genes in an
RNAIi transgenic Arabidopsis (Arabidopsis thaliana)
line and in gene-silenced (by VIGS) Nicotiana benthami-
ana plants. To assist the design of PTGS constructs to
minimize off-target gene silencing or to identify po-
tential off-targets from a particular PTGS construct, we
have developed a Web-based computational tool. The
tool provides an integrated sequence similarity search
environment for plant and animal species, identifies
potential off-targets, and predicts putatively effective
siRNAs from the target query sequences.

RESULTS

Computational Analysis of Potential Off-Targets
during PTGS

PTGS in plants is mediated by siRNAs derived from
the cleavage of dsRNA produced through binary
vector-based RNAi or VIGS constructs. The siRNAs
recognize their targets by base pairing. Therefore, the
potential off-targets are identified by a direct sequence
identity and reverse complimentary sequence identity
search. In this study, we define the cDNA producing
dsRNA for silencing of the intended target gene (from
which the cDNA comes) as the trigger and the unin-
tended genes that share a contiguous =21-nt region
of identity or reverse complementary identity to the
trigger as off-targets. The continuous identical or re-
verse complementary sequence to a trigger region in
an off-target is defined as an off-target region.

Using the full-length cDNA sequence of every tran-
script in the Arabidopsis genome mRNA dataset
(ATH1) as a trigger, we estimated the patterns of
potential off-targets by searching for identical or re-
verse complementary regions of =21 nt between a
trigger sequence and all the other genes, except the
target itself. Differently spliced transcripts from the
same locus in the genome were not counted as addi-
tional off-targets. The potential off-target region was
scanned along the full length of all released transcript
sequences. Off-target regions can be in the 5’ and 3’
untranslated regions or coding regions because all
these regions have been shown to be targeted by
siRNAs (McManus et al., 2002; Yu et al., 2002; Yokota
et al., 2003; Shirane et al., 2004). By using results
obtained from Arabidopsis data analyses, we com-
pared the distributions of off-target/trigger, off-target
site/off-target, and length of off-target site/off-target
site (Fig. 1) with their statistical averages (Table I). The
histograms shown in Figure 1 have skewed distribu-
tions, with a majority of the trigger genes having
similar potential off-targets as the average (Fig. 1A), a
majority of the off-targets having approximately the
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same number of off-target sites as the average (Fig. 1B),
and a majority of off-target sites having almost the same
length as the average (Fig. 1C). The average values for
off-targets, off-target sites, and lengths of off-target
sites are also close to the peak values (medians).

On average, 68.7% of Arabidopsis transcripts can
potentially silence 3.9 off-target genes (Table I). Each
candidate off-target has an average of three off-target
regions with an average length of over 40 nt (Table I).
However, this could be an overestimation because not
all siRNAs derived from the cleavage of dsRNAs are
efficient at silencing (Khvorova et al., 2003; Schwarz
et al., 2003). Because little is known about the efficacy
of specific siRNAs in plants, we adapted the rules
developed by Ui-Tei et al. (2004) to predict whether
and how many of the trigger sequences mentioned
above produce efficient siRNAs to silence their poten-
tial off-targets. Specifically, the rules for a 21-nt siRNA
duplex with a 2-nt overhang include: (1) antisense
strand starts with A/U; (2) sense strand starts with
G/C; (3) at least five of the first seven residues at the 5’
terminus of the antisense strand should be A/U; and
(4) there is no G/C stretch of more than 9 nt in length
(Ui-Tei et al., 2004). As shown in Table I, 68.7% of all
trigger sequences in the ATH1 database are predicted
to generate an average of 35 efficient 21-nt siRNAs to
cause potential off-target silencing.

In addition to Arabidopsis, we also estimated the
potential off-targets in 24 other plant species, using
Gene Indices assembled from ESTs and other ex-
pressed transcripts provided by The Institute for
Genomic Research (TIGR; Quackenbush et al., 2001).
We first compared the results from Arabidopsis Gene
Index version 11 (AGI 11) with the results from the
genome MRNAs described above (ATHI1). Slightly
more trigger sequences were predicted to have poten-
tial off-targets when the AGI 11 dataset was analyzed
(Table I). This is because numerous unique gene tran-
scripts in AGI 11 are not represented in the current
genome sequence. Estimations of off-targets in other
plant species also indicated high likelihood of off-
target silencing (Table I). The potential off-target
effects for plants like rye (Secale cereale), pepper (Cap-
sicum annuum), and Lotus japonicus may be under-
estimated in this analysis because of limited sequence
availability. For example, the percentage of target
sequences predicted to silence off-targets is approxi-
mately 26% for these species. When those species with
<{20,000 EST sequences in their gene indices are ex-
cluded, 50% to 70% of all gene transcripts in each of
17 plant species used as silencing triggers can cause
potential off-target silencing. The average numbers
of off-targets for each trigger sequence range from 2.4
in tomato (Lycopersicon esculentum) to 24 in lettuce
(Lactuca sativa) and sugarcane (Saccharum officinarum;
Table I).

Off-target silencing, however, may be desirable in
PTGS applications to generate a loss-of-function phe-
notype if the target and off-targets are functionally
redundant. For example, the same family members or
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Figure 1. Histograms showing distri-
butions of the numbers of silencing
triggers and off-targets in Arabidopsis.
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genes encoding proteins that share conserved func-
tional protein domains may be simultaneously si-
lenced. Arabidopsis gene family information at The
Arabidopsis Information Resource (TAIR) Web site
(http:/ /www.arabidopsis.org) was used to evaluate
the chance that potential off-targets belong to the same
gene family as the target gene. The data from the TAIR
ftp site, after removing ambiguous entries and single-
member families, contain 5,842 genes from 674 fami-
lies (see Supplemental Table S1), with family size
ranging from two to 307 members. Our analysis indi-
cates that 4,677 gene sequences (79.9% of 5,842 genes)
of these families may trigger off-target silencing of
other members of the same family when a full-length
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sequence is used as a trigger. Among the families with
different numbers of gene members, the number of off-
targets was different but generally fewer than six (Fig.
2; Supplemental Table S1). Moreover, only 418 genes
from 192 families containing fewer than 10 members
share an identical region of =21 nt with all other
members in the same gene family, so only these
transcripts used as trigger sequences can silence all
family members. No single trigger sequence from any
family with more than 10 members was predicted to
silence all members of the family. In addition, the
percentage of gene members to be silenced decreases
from approximately 79% to <9% as family size in-
creases from two to >35. The family CYP705A in the
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Table 1. Estimated off-target patterns during PTGS in plants

No. Triggers Average No Average No.
Source . Predicted to verag " Predicted  Average Length  Average No.
. Release  Total No. Unique . Predicted - .
Species Sequence . Silence Off-Target (nt)/Off-Target  Efficient siRNAs/
Set Date Gene Transcripts Off-Targets Off—Targets/ Regions/ Region Trigger
(% Total) Trigger Off-Target
Arabidopsis ATH1 6/10/04 28,952 19,882 (68.7) 3.9 2.9 41.2 35.2
Arabidopsis AGI 11 1/29/04 45,683 37,250 (81.5) 4.3 3 99.2 147.5
Capsicum annuum CaGl 1 6/4/04 10,712 27,88 (26.0) 1.9 2.2 40.7 12.5
Gossypium spp. CGl 5 9/16/03 24,350 14,270 (58.6) 6.9 2.3 74 87.5
Chlamydomonas ChrCl 4 1/31/04 30,339 16,579 (54.6) 6.1 1.9 40.2 12.5
reinhardtii
Glycine max GmGI 11 9/16/03 67,826 49,658 (73.2) 9.4 2.1 77.9 108.4
Helianthus annuus HaGl 3 9/16/03 20,520 11,961 (58.3) 15.8 1.4 34.6 38.8
Hordeum vulgare HvGI 8 1/30/04 49,190 32,297 (65.6) 16.3 2.6 99.4 205.9
Tomato LeGI 9 5/19/03 31,012 15,340 (49.5) 2.4 2.3 60.8 30.9
Lotus japonicus LiGl 2 5/16/03 11,025 2,951 (26.8) 2.6 1.7 35.6 10
Lettuce LsGl 2 2/3/04 22,185 12,345 (55.6) 241 1.4 30.4 26.8
Mesembryanthemum McGl 4 5/15/03 8,455 3,459 (42) 13.3 2 33 29.4
crystallinum
Medicago truncatula MtGl 7 5/19/03 36,976 19,468 (52.7) 5.6 2.2 49.4 50.6
Nicotiana benthamiana NbGl 1 1/28/04 6,118 31,99 (52.3) 2.8 3.8 53.4 421
Nicotiana tabacum NtGl 1 6/4/04 10,232 2,184 (21.3) 1.8 3.1 38.3 15.2
Allium cepa OnGl 1 9/17/03 11,726 3,735 (31.9) 1.7 2.3 54.2 20.2
Rice OsGl 15 5/27/04 88,765 45,406 (51.2) 22.5 4.4 41.7 174.3
Pinus spp. PGl 4 1/28/04 31,771 16,487 (51.9) 11.7 5.5 38.4 27.5
Rye RyeGl 3 1/29/04 5,347 1,472 (27.5) 2.7 6 32.4 10.7
Sorghum bicolor ShGl 8 5/26/04 39,148 22,039 (56.3) 6.4 1.9 70.3 56.9
Sugarcane SoGl 1 1/30/04 95,884 55,269 (57.6) 24.1 3.5 69.1 205.4
Solanum tuberosum StGl 9 5/26/04 32,553 20,469 (62.9) 4.4 2.9 46.2 42.2
Triticum aestivum TaGl 8 1/29/04 12,3807 89,862 (72.6) 19.5 2.7 52.4 102.2
Theobroma cacao TcaGl 1 6/4/04 2,539 531 (20.9) 2.6 1.9 37.4 13
Vitis vinifera WGl 3 11/14/03 23,109 10,548 (45.6) 8.8 1.8 40.3 37.1
Zea mays ZmGl 14 1/2/04 56,364 40,028 (71) 8.9 3 63.1 96.9

P450 superfamily is an exception. This family has 24
gene members, and >75% of them were predicted to
be potential off-targets when any one of its members is
used as an RNAI trigger (Fig. 2).

An Integrated Search Environment for PTGS

An online tool (available at http://bioinfo2.noble.
org/RNAiScan.htm) has been developed to evaluate
and minimize the risk of off-target effects during

N
o

PTGS. The tool is a search environment with several
integrated components, including a sequence similar-
ity search to identify potential off-targets, efficiency
estimation of siRNAs, and functional analysis of off-
target genes. In the sequence similarity search, the
query sequence is compared with a gene transcript
dataset using the BLASTn program (Altschul et al.,
1997) with user-specified mismatches that may be
tolerable in siRNA target recognition (Saxena et al.,
2003). The datasets include Arabidopsis and rice
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Figure 2. Average number of off-target gene family members predicted to be silenced by a trigger from the same family in
Arabidopsis. Data for gene families with the same size are combined and averaged.
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(Oryza sativa) genome mRNAs and all TIGR gene
indices for plants and animals, and they are updated
regularly. All possible siRNAs derived from the query
are then evaluated for efficiency using Ui-Tei’s rule
(Ui-Tei et al., 2004). The predicted off-target genes can
be subject to further functional analysis by identifying
Pfam domains (Sonnhammer et al., 1998) and associ-
ated gene ontology assignments. The tool can also be
used to estimate off-targets during siRNA-induced
gene silencing in animals. In addition to displaying the
potential siRNAs and off-target candidates, the results
page also displays all the potential siRNAs with no
sequence similarity to any other genes in the searched
database. Therefore, the RN Ai scan tool can be used to
design siRNAs with minimal off-targets.

Experimental Verification of Off-Target Silencing
in Plants

Expression of at Least Three Off-Target Genes Was
Knocked Down in BTI1 RNAi Transgenic Lines

BTI1 is an Arabidopsis protein that interacts with
the Agrobacterium tumefaciens VirB2 protein (Hwang
and Gelvin, 2004). A functional study of BTII through
RNAI transgenic Arabidopsis lines has been published,
where dsRNA covering the coding region of BTI1 was
produced from the RNAi vector pFGC5941 (Hwang
and Gelvin, 2004). We used the coding region of BTI1

Off-Target Silencing in Plants

as a trigger sequence to search for potential off-targets
against the TIGR AGI 12.1 database with the Web-
based tool siRNA Scan described above. We further
confirmed the annotations of these off-targets by
BLAST search in the National Center for Biotechnol-
ogy (NCBI). In addition to one family member, BTI2,
13 other genes were found that share at least 21-nt
continuous direct identity or reverse complementary
identity to the BTI1 coding sequence (Table II). These
14 genes have the potential to be targeted by the
siRNAs generated from BTI1-derived dsRNA. Twelve
of them were selected for the analysis of their ex-
pression levels in BTI1 RNAIi transgenic lines (Table
II). They are TC251703 (BTI2), TC251496 (putative
3-isopropylmalate dehydratase large subunit), TC256637
(encodes a probable Ser/Thr kinase), TC258543 (RTNLB6),
TC255665 (encodes a zinc-finger motif protein),
TC262843 (encodes a hypothetical protein), TC263798
(encodes a protein of unknown function), TC269146
(encodes a hypothetical protein), TC275407 (encodes a
putative Ser/Thr kinase), TC265975 (encodes a prob-
able membrane protein), TC275528 (encodes a maturase-
related protein), and TC275625 (encodes protein of
unknown function). In addition, expression of the
other 22 genes that share almost 21- or 22-nt continu-
ous identity to the BTI1 coding region, but with one
mismatch, was also analyzed. The expression levels of
these genes, as well as the target gene BT11, were mea-
sured by real-time quantitative reverse transcription-PCR

Table Il. Result from the siRNA Scan search with Arabidopsis BTI1 coding sequence as a trigger

TC numbers in bold are the ones used for quantitative RT-PCR.

Identical (1) or Reverse Complementary

Off-Target ID (RO) Sequence

BLAST Search

NP167859 I, AGCCTGTTCATAAGGTTCTCGG
NP302761 I, AGAAGAAGAAGACTAAGAAGC

I, AGCCTGTTCATAAGGTTCTCGG
TC251496 RC, TGATTCTTCTTCGTCTTCTTC
TC251703 I, CCTGTTCATAAGGTTCTCGGCG;

I, TGGTCTAATGCCACTATGTTCATT;

I, CCAAAGATTCCTGAAGTTCATATCCCT-

GAAGAACCT;

I, TTCTTGACATTGGCATACATAGCTCT
TC255665 I, TCTTCGTCTTCTTCATCTTCT
TC256637 RC, TTCTTCTTCGTCTTCTTCATC
TC258543 I, AGCCTGTTCATAAGGTTCTCGG
TC262843 I, CTTCTTCGTCTTCTTCATCTTCT
TC263798 RC, TTCTTCTTCGTCTTCTTCATC
TC265975 I, AGAAGAAGAAGACTAAGAAGC
TC269146 I, CTTCTTCGTCTTCTTCATCTTCT
TC275407 RC, TTCTTCTTCGTCTTCTTCATC
TC275528 I, GAGAAGAAGAAGACTAAGAAG
TC275625 RC, TTCTTCTTCGTCTTCTTCATCTTCT

Arabidopsis reticulon family protein (RTNLB6) (At3g61560).

Contains similarity to DnaJ gene YM8520.10 gb|825566 from Saccharomyces
cerevisiae cosmid gb|Z49705. ESTs gh|Z47720 and gb|Z29879 come
from this gene.

GB|AAM51226 Unknown protein {Arabidopsis}; similar to UP|Q6Z702
(Q6Z702) putative 3-isopropylmalate dehydratase large subunit.

GB|AAP47461.1|32331867|AY 164887 RTNLB2 {Arabidopsis}, complete.
Recently identified as BTI2.

GB|AAD31078.1|4850408|F3F19 Contains PF|00097 zinc finger (C3HC4)
ring finger motif. {Arabidopsis}, complete.

PIR|B96716 Probable Ser/Thr kinase F23010.20 [imported]—Arabidopsis.

GB|AAP47457.1|32331859|AY 164883 RTNLB6 {Arabidopsis}, partial (90%).

UP|O49467 (049467) Hypothetical protein F24)7.50 (hypothetical protein
AT4g19490).

GB|AAO50470 Unknown protein {Arabidopsis}.

UP|080799 (080799) T8F5.5 protein; weakly similar to PIR|S64314 probable
membrane protein YGR0O23w—yeast (S. cerevisiae).

UP|049467 (049467) Hypothetical protein F24)7.50 (hypothetical protein
AT4g19490).

UP|Q8VYC1 (Q8VYCT) Putative Ser/Thr kinase.

UP|Q9FJR9 (QIFJR9) Similarity to maturase-related protein, complete.

GB|AAM51439 Unknown protein {Arabidopsis}; weakly similar to
UP|081812(081812) auxilin-like protein, partial (13%).

Plant Physiol. Vol. 142, 2006
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(qQRT-PCR) and compared with their expression in non-
transgenic plants. The Arabidopsis elongation factor-
la (EF-1a) gene was used as the endogenous control
to normalize the relative transcripts in the reactions.
The results showed about 90% down-regulation of
target gene BTI1 in one RNAI transgenic line (Fig. 3).
Down-regulation of some of the selected potential off-
targets, TC262843 and TC269146, and a family member,
TC251703 (BTI2), was detected in the same RNAIi
transgenic line. They share at least 23 contiguous
nucleotide identity with the BTII coding region (Table
II). About 75% and 50% down-regulation occurred to
TC262843 and TC251703, respectively (Fig. 3). Surpris-
ingly, expression of TC269146 is about 95% down-
regulated, a little more than that of the target gene.
TC262843 and TC269146 share the same 23-nt identity
with the BTI1 gene. An oligo DNA with this 23-nt
sequence was synthesized and labeled for detection of
the potential siRNA involved, but it was not detectable.
Nevertheless, a low amount of siRNA could be de-
tected when a 200-bp DNA probe of BTI1 containing
this 23-nt sequence was used for hybridization (data
not shown). No significant difference was seen in
the expression of other analyzed genes with at least
21-nt identity or reverse complementarity to BTII,
whereas very low (unquantifiable) amounts of tran-
scripts were detected for TC255665 in all the tested
leaf tissues (data not shown). Also, no significant dif-
ferences were seen in the expression of the selected
22 genes that share almost 21- or 22-nt continuous
identity to the BTII coding region, but with one mis-
match (Supplemental Fig. S1). Similar results were seen
for all the above-mentioned experiments from two
other independent BTIT RNAI transgenic lines tested
(data not shown).

To rule out the possibility that the lowered expres-
sion of some of these selected genes might be due to
the loss of function of the BTI1 protein instead of off-
target silencing, we analyzed the expression levels
of all the above investigated genes in an Arabidopsis
bti1-2 null mutant line (T-DNA knockout line; Salk-
032220). As expected, the expression of BTI1 was

Figure 3. Comparison of the expres- =0

sion levels of BTIT and some of its
potential off-targets in wild-type, bti1-2
mutant, and BTIT RNAi transgenic
Arabidopsis plants. Initiation factor-4
(elF4) and actin Il genes were used as
controls to show equal loading. Error
bars are the sps of three biological
replicates of quantitative RT-PCR. *,
Expression level of the gene in the BTI1
RNAi transgenic line is significantly
lower than that in the wild-type or
bti1-2 mutant plants with 98% confi-
dence by ttest.
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below the detectable levels in the mutant plants, but
the expression levels of all the other genes tested were
similar to those in nontransgenic Arabidopsis plants
(Fig. 3). Expression of two additional housekeeping
genes, elF4 and actin II, was also investigated for the
confirmation of equal RNA amounts used for real-time
qRT-PCR. Expression levels were similar among the
samples from the three groups, further confirming the
equal loading of total RNA in the reactions (Fig. 3).
Thus, it is off-target silencing caused by BTI1-derived
dsRNA that down-regulated the expression of three of
the five selected potential off-targets in BTI1 RNAi
transgenic plants. In addition, there is a striking phe-
notypic difference between BTII RNAi transgenic
lines and the btil-2 mutant line. Plants from four
independent BTI1 RNAi transgenic lines flowered
earlier than the wild-type and btil-2 mutant plants
(Fig. 4) and this is probably due to off-target gene
silencing in the RNAi plants.

Expression of Some Potential Off-Targets Was
Down-Regulated in N. benthamiana Plants
Infiltrated with VIGS Constructs

Computational analysis showed that more than one-
half of the EST contigs (TCs) in the N. benthamiana
database have multiple potential off-targets during
PTGS (Table I). We randomly chose two genes for
experimental analyses. They were TC381 and TC1146
encoding the U2 small nuclear ribonucleoprotein A
(SnRNAP A) and pyruvate decarboxylase, respec-
tively. Partial fragments from both genes were sepa-
rately cloned into the tobacco rattle virus (TRV) RNA2
vector (Liu et al., 2002) for VIGS analysis (their se-
quences can be found in Supplemental Fig. S2). The
search with siRNA Scan using both fragments as
trigger sequences revealed several potential off-targets
(Table III). Clone TC381 shares contiguous identity of
at least 21-nt identity to the following unique sequence
entries in the current N. benthamiana database:
CK286172, CK288691, CK289650, TC10748, and TC7796.
These genes encode proteins that are unrelated to

|:| Wild-type plants
[ ] bti1-2 T-DNA mutant plants
BTI1 RNAI transgenic plants

7
%/‘/

I
BT

434

TC251703
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Figure 4. Comparison of phenotypes exhibited by BTI7 RNAI trans-
genic lines, bti1-2 mutant plants, and wild-type nontransgenic plants.
All plants were grown in short-day conditions for 5 weeks and moved to
a growth chamber in long-day conditions for 1 week. A, Plants from
four independent BT/T RNAI transgenic lines. B, bti1-2 mutant plants.
C, Wild-type plants.

snRNAP A. Three of these potential off-targets,
CK286172, CK288691, and TC10748, were selected for
expression analysis by real-time qRT-PCR in TC381
VIGS-silenced plants. Expression levels of these genes,
as well as that of the target gene TC381, were com-
pared with their expression in the plants infiltrated
with TRV1 (RNA1) + TRV2::00 (RNA2 empty vector).
The EF-1a gene was used as the endogenous reaction
control to normalize the relative quantity and expres-
sion of the B-tubulin gene was investigated to confirm
the equal loading of total RNA. The results showed a
greater silencing of TC10748 than the target gene
TC381 and very little silencing (not statistically signif-
icant) for CK286172 and CK288691 genes (Fig. 5A).
The analysis was repeated twice with two different
groups of plants and similar results were observed.
A similar scenario was found in TRV2::TC1146-
infiltrated plants. Five unique EST entries share at least
21 nt of contiguous reverse complementary sequences
to the cloned TC1146 fragment (Table III). They are
CK282591 encoding a protein similar to the VPI/ABI3
family regulatory protein, CK292351 encoding a Ser
carboxypeptidase II-2 precursor, and CK287535,
CK296810, and TC8666 encoding three different mem-
bers of the auxin efflux protein family. The expression
levels of these genes and TC1146 in silenced plants were
compared between the silenced plants and TRV-RNA1 +
TRV2:00-infiltrated plants. The expression of target
gene TC1146 was decreased to about 50% in TC1146-
silenced plants, whereas among the five analyzed po-
tential off-targets, CK287535, CK296810, and TC8666
were down-regulated to a greater extent than TC1146
(Fig.5B). These three genes all belong to the auxin efflux
protein family and have the same 22-nt reverse com-
plementary sequences to TC1146. The expression level
of CK282591 was slightly reduced, whereas there was
no significant change in the expression of CK292351 in
TC1146-silenced plants. These experiments were re-
peated twice with two individual silenced plants and
the results were similar. In conclusion, some of the
potential off-target genes were silenced to different
degrees when VIGS was used to silence target genes of
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interest in N. benthamiana. Because we do not have null
mutations of these target genes in N. benthamiana, we
cannot rule out the possibility that the reduced tran-
scripts of the off-target genes result from the reduction
in the amount of target protein.

DISCUSSION

The use of RNA silencing/interference for suppress-
ing gene expression has become a powerful and
promising approach in gene function exploration
and disease treatment in both plants and animals. Its
successful application relies on specific and efficient
silencing of particular genes or gene families. Exqui-
site specificity of RNAi through siRNA in animal cells
has been supported by several studies (Tuschl et al.,
1999; Elbashir et al., 2001; Chi et al., 2003; Semizarov
et al, 2003). However, some contradictory reports
indicated that siRNA used for RNA silencing can
cause off-target suppression at both transcriptional
and translational levels in animals. For example,
siRNA causes silencing of unintended genes that
lack complete sequence identity and sometimes in-
duces nonspecific interferon responses in animals
(Holen et al., 2002; Amarzguioui et al., 2003; Bridge
et al., 2003; Saxena et al., 2003; Sledz et al., 2003;
Jackson and Linsley, 2004; Scacheri et al., 2004). Re-
cently, a computational study using the genome and
transcriptome sequence data of Homo sapiens, Caeno-
rhabditis elegans, and Schizosaccharomyces pombe sug-
gested that the risk of transcriptional off-target
silencing by siRNA is considerable in all of these
organisms (Qiu et al., 2005). However, to date there is
no experimental evidence in plants to show that off-
target silencing of unrelated genes can occur as a result
of nucleotide sequence similarity with siRNA.

Direct introduction of siRNA into plant protoplasts
for PTGS was reported, but it is difficult to apply in
intact plant tissues (Vanitharani et al., 2003). The
functions of various plant genes revealed by PTGS
have been studied mostly through VIGS or by gener-
ating stable transgenic lines that express antisense
RNA or dsRNA that is identical or complementary to
the partial or full-length sequences of target genes.
Cleavage of the expressed dsRNAs by Dicer produces
many siRNAs. Because siRNAs of 21 to 26 nt have
been reported in plants (Hamilton et al., 2002; Llave
et al., 2002; Tang et al., 2003; Qi et al., 2005), theoret-
ically, 21-nt identity or reverse complementarity be-
tween a trigger sequence and a target could be the
minimal requirement for successful RNAi. Our com-
putational analyses indicate a high risk of off-target
gene silencing among different plant species (Table I).
Results from our experimental analyses with both an
RNAI transgenic line and VIGS further confirmed the
silencing of some potential off-targets that share at
least 22 nt of direct identity or reverse complementary
identity to the trigger sequences (Figs. 3 and 5). We
were not able to detect the particular siRNAs that have
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Table Ill. Result from the siRNA Scan search for potential off-targets with the cloned sequences of N. benthamiana TC381 and TC1146

(Supplemental Fig. S1) as trigger sequences
TC numbers in bold are the ones used for quantitative RT-PCR.

Potential
Off-Target

Annotation of

Target ID the Target

Identical (I) or Reverse
Complementary (RC) Sequence

Annotation of the Potential
Off-Target

TC381  Similar to TIGR_Osal|
9630.m01295
U2 snRNAP protein,
Arabidopsis,
partial 79%

CK288691 RC, TATCTTGTATAGTAGTTATTAG-

TATAGT

CK289650 |, TTCGCGGTCCCGGGCTTCGTG

TC10748

TC7796

TC1146 Similar to UP|
Q8HIC6 (Q8HIC6)
pyruvate decarboxylase
(fragment),
partial (33%)

CK287535 RC, ATCGCTTTGCGAACCCGACTAG

CK292351 RC, TTTGTTCTCGGGCCTTTACCAG

CK296810 RC, ATCGCTTTGCGAACCCGACTAG

TC8666

I, TATCTTGTATAGTAGTTATTA GTATA

I, TATCTTGTATAGTAGTTATTA TGTATAG

CK282591 RC, ATCGCTTTGCGAACCCGACTAG

RC, ATCGCTTTGCGAACCCGACTAG

CK286172 RC, GGGTGTATTCTGGCCCGGGCC TGRC, Similar to UP|093419 (093419) collagen
TATCTTGTATAGTAGTTATTAGTATAGT

XVIII precursor, partial (1%).

Annotation not available.

Similar to TIGR_Osa1|9631.m00421
CYFIP2, partial (9%).

Similar to TIGR_Ath1|At5g13210.1
68418.m01516 expressed protein,
partial (17%).

Weakly similar to UP|Q75NB3 (Q75NB3)
Cys proteinase, partial (34%).

Similar to UP|Q6Z3U3 (Q6Z3U3)
VP1/ABI3 family regulatory
protein-like, partial (5%).

Similar to TIGR_Ath1|At5g65980.1
68418.m08307 auxin efflux carrier
family protein contains auxin efflux
carrier domain, Pfam:PF03547, partial
(14%).

Similar to UP|CP22_HORVU (P55748)
Ser carboxypeptidase 11-2 precursor
(CP-MIL.2) (fragment), partial (30%).

Similar to TIGR_Ath1|At5g65980.1
68418.m08307 auxin efflux carrier
family protein contains auxin efflux
carrier domain, Pfam:PF03547, partial
(11%).

Similar to TIGR_Ath1|At2g17500.1
68415.m02022 auxin efflux carrier
family protein contains auxin efflux
carrier domain, Pfam:PF03547, partial
(41%).

caused off-target silencing through normal northern-
blot analysis. This may be due to low abundance or
rapid degradation of one particular siRNA molecule.
Nevertheless, the obvious down-regulation of some
predicted off-targets that only occurred in BTI RNAi
transgenic lines, but not in btil mutant plants, is
compelling. In other studies, a stretch =23 nt of perfect
sequence identity was found necessary to silence a
green fluorescent protein transgene (Thomas et al,,
2001) and heterologous silencing occurred when at
least 23- or 24-nt identity existed between the RNAi
trigger sequence and the intended gene (Ekengren
et al., 2003; Liu et al., 2004). In our analysis, 22-nt
sequence identity was sufficient to cause off-target
silencing. None of the investigated genes with 21- or
22-nt identity, but containing one mismatch to the
trigger sequence, was silenced. Thus, at least 22-nt
identity may be required for off-target silencing to
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occur. However, we only analyzed 19 of 70 predicted
off-target candidates with 22-nt identity, but contain-
ing one mismatch identified by siRNA Scan. Hope-
fully, a systematic experimental analysis to determine
the minimal sequence identity for PTGS between
trigger and target sequences will help to set a baseline
for potential off-target searching with a particular
trigger sequence in the future.

Statistically, longer siRNAs should be less likely to
silence unintended genes by chance. Therefore, pre-
dicted off-target risk might be overestimated for
siRNAs longer than 21 nt. However, because on aver-
age each predicted off-target for all plant species ana-
lyzed here has multiple off-target regions and each
average off-target region is longer than the longest
siRNAs reported in plants (Table I), the overall trend of
off-target risk predicted from this study should be valid
for longer siRNAs such as 22 to 26 nt. More importantly,
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Figure 5. Off-target gene silencing in
N. benthamiana by VIGS. A, Compar-
ison of the expression levels of TC381,
CK286172, TC10748, CK288691,
and B-tubulin in TC381 silenced and
nonsilenced N. benthamiana. B, Com-
parison of the expression levels of
TC1146, CK282591, (CK287535,
CK292351, CK296810, TC8666, and
B-tubulinin the N. benthamiana plants
silenced with the TRV2::00 or
TRV2::TC1146 construct. Error bars
are the sps among three technical
replicates of real-time qRT-PCR. *, Ex-
pression level of the gene in the
TRV2::TC381- or TRV2::TC1146-
infiltrated plant is significantly lower
than that in the TRV2::00-infiltrated
plant with 98% confidence by t test.
Both of the experiments in A and B
were repeated twice with two individ-
ual silenced plants and the results were
similar.
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TC114
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because siRNAs of various lengths simultaneously
coexist within the plant cell (Hamilton et al., 2002),
off-target risk should be estimated with the shortest
siRNAs. In addition, mismatches in siRNA target rec-
ognition are tolerable and these siRNAs can cause RNA
degradation and translational repression in animals
(Saxena et al., 2003). It is not known whether this
applies to plants. In the case of BTI1 RNAI transgenic
lines, transcript accumulation of all the investigated
potential off-targets with contiguous =22-nt identity
or with 21- or 22-nt identity, but containing one mis-
match to the expressed dsRNA, was not affected (Sup-
plemental Fig. S1). However, this is just one particular
case. If mismatches of siRNAs can be tolerated in plant
PTGS, our computational analysis results may repre-
sent the lower limit of off-target effects as only 21-nt
identical regions were counted as potential off-target
sites in this study. Nevertheless, our siRNA Scan tool
includes the option of searching potential off-targets
with complete sequence identity or reverse comple-
mentary identity of 18 to 29 nt to the trigger sequence, as
well as allowing a few mismatches to the potential
siRNAs.

Although our computational analysis showed a
high risk of off-target gene silencing during PTGS in
plants, the efficiency of off-target gene silencing
should be the main factor that affects the functional
analysis of a particular target gene. Results from our
experimental analyses showed a varied reduction of
expression levels of the potential off-targets in both
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Arabidopsis and N. benthamiana. The reduction ranges
from none to a greater reduction than that of the target
gene expression. The underlying mechanisms for this
variation in expression levels of off-targets are not yet
clear. Gene silencing efficiency is correlated with
siRNA sequence-specific features (Khvorova et al.,
2003; Schwarz et al., 2003; Amarzquioui and Prydz,
2004; Reynolds et al., 2004; Ui-Tei et al., 2004), location
of the complementary sequence of siRNA in the target
(Birmingham et al., 2006), and target accessibility (Luo
and Chang, 2004; Pancoska et al., 2004; Brown et al.,
2005). At present, target accessibility cannot be reliably
predicted because sequences may be partial for most
datasets, which are assembled from ESTs and other
transcripts. Besides, the in vivo mRNA secondary
structure is unknown for the datasets in our analysis.
Therefore, we only used siRNA sequence properties to
assess gene silencing efficiency. Specifically, siRNA
efficacy was predicted according to the rules by Ui-Tei
et al. (2004). A recent comparison study indicates that,
among currently available siRNA efficacy predictors,
Ui-Tei’s rules are stable and high performance
(Saetrom and Snove, 2004). Although Ui-Tei’s rules
have not been experimentally tested in plants, they
agree with the requirement for thermodynamic fea-
tures of an efficient siRNA duplex, which favors
siRNA unwinding by helicases. However, the siRNAs
predicted to cause off-target gene silencing had dif-
ferent efficiencies in silencing the target and off-target
genes in our experimental analysis. This could be due
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to the different accessibility of the mRNAs to the
siRNA. Earlier, it was shown that siRNAs against
different regions of genes display marked variation in
their potency in mediating mRNA degradation
(Thomas et al., 2001). In addition, strong RNAi effects,
as assessed by phenotypic analysis, were found to
correlate with high expression levels of the targeted
genes or higher expression of RNAI trigger sequences
in C. elegans and plants (Chuang and Meyerowitz,
2000; Cutter et al., 2003; Hu et al., 2004; Kerschen et al.,
2004). The structure of siRNA may also have an effect
on its efficiency to induce gene silencing. These com-
plex factors together may result in different silencing
efficiencies among target and off-target genes.

Short reverse complementary sequences (over 21 nt)
were found in some completely unrelated genes in our
computational analyses. In animals, siRNAs can si-
multaneously induce sequence-specific degradation of
two endogenous mammalian transcripts oriented in
opposite directions (Hu et al., 2004). Our experimental
results indicate that either strand of the siRNA duplex
may silence the genes that contain identical sequences.
It is not known whether these endogenous short re-
verse complementary sequences in different genes have
any biological function.

CONCLUSION

The understanding of off-target silencing is crucial
for accurate interpretation of gene function by PTGS.
Our computational analyses with the genome and
transcriptome sequences from 25 plant species
showed a high risk of off-target gene silencing when
a full-length sequence of each transcript entry in the
datasets was used as an RNAI trigger. This off-target
gene silencing risk was confirmed by our experimental
analysis with both RNAi transgenic Arabidopsis lines
and N. benthamiana plants infected by VIGS constructs.
So far, the contribution of silenced off-targets to the
silencing phenotype is not known and needs to be
analyzed in exploring target gene function. For exam-
ple, although the BTI1 RNA:I lines had off-target gene
silencing, the transformation recalcitrant phenotype of
these lines is not in question because it was confirmed
by null mutant lines of the target gene (Hwang and
Gelvin, 2004). Nevertheless, no approach used to
inactivate gene function is free from potential prob-
lems, and the reality of off-target silencing does not
override the enormous potential of RNAI as a tool for
individual or high-throughput studies of gene func-
tion. On the other hand, off-target silencing in PTGS
provides an advantage in overcoming gene functional
redundancy and in its potential to be applied in
heterologous gene silencing across species. Hopefully,
a further understanding of the molecular mechanisms
of RNAi will add more restraining rules for off-target
prediction and reveal possible approaches to over-
come off-target effects for target specificity. At this
point, our siRNA Scan should provide an extremely
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useful tool in searching for the potential off-targets of
an RNA:i trigger of interest and will also help to design
more specific RNAI triggers and appropriate controls
in experiments.

MATERIALS AND METHODS
Datasets

Arabidopsis (Arabidopsis thaliana) and rice (Oryza sativa subsp. japonica)
genome mRNAs were downloaded from TIGR (http://www.tigr.org). Gene
Indices for 25 plant organisms were downloaded from TIGR. The Gene Ontology
(GO) database was provided by the GO Consortium (http://geneontology.org).
Arabidopsis gene family information and GO annotation were downloaded
from TAIR (http:/ /www.arabidopsis.org). Protein domain data (http://pfam.
wustl.edu) was also downloaded for off-target function analysis.

Computational Off-Target Estimation

The gene transcript sequence dataset for each organism was searched
against itself for contiguous =21-nt identical or reverse complementary
regions using the BLAST algorithm (Altschul et al., 1997). The BLAST output
was loaded into a local data warehouse into which GO and gene family
databases were also integrated. Patterns of potential off-targets were obtained
by querying the database. Possible distinct siRNAs were enumerated from
each identical region between a query and an off-target, and efficient siRNAs
were also predicted according to the rules by (Ui-Tei et al. 2004). The rules
include a 5’ antisense strand, starting with an A or U base, a 5’ sense strand,
starting with G or C, and the first seven bases from a 5’ antisense strand end
containing at least three to five A/U bases. The procedures of the above
analyses were modified and implemented in an online tool that is publicly
accessible (http://bioinfo2.noble.org/RNAiScan.htm). The input parameters
of the tool for analysis of siRNAs and off-targets can be adjusted by users.
Additionally, gene function prediction is provided for off-targets by aligning
them to Pfam-A seed sequences using the BLASTx program. The E-value
cutoff is set to 10™°. When a domain is identified, a local GO database is
searched for its available GO annotations in molecular function, biological
process, and cellular component.

Plant Materials and Growth Conditions

Arabidopsis (ecotype Columbia) and BTI1 RNAi transgenic lines (Hwang
and Gelvin, 2004) and BTI1 T-DNA insertion mutants (Salk-032220, btil-2,
ecotype Columbia) were grown in a growth chamber at 22°C with 1 h
daylight. Nicotiana benthamiana and the Agrobacterium tumefaciens strain
GV2260 were used for VIGS analysis. The planting conditions were the
same as described previously (Ryu et al., 2004).

Plasmid Construction

The sequences of TC381 and TC1146 were obtained from the TIGR database of
N. benthamiana. cDNA fragments, including the sequences with >20-nt contin-
uous identity or complementarity to their potential off-target genes, were
amplified by RT-PCR. Primers for the amplification of specific TC381 and
TC1146 fragments are shown in Supplemental Table S2. About 5 ug total RNA
from N. benthamiana leaves were used for RT at 42°C with NNpoly(dT),, as the
primer for 2 h. The RT product was used for PCR amplification for TC381 and
TC1146 fragments, respectively, in a PTC-100 Peltier thermal cycler (M.]. Re-
search). The PCR products were cloned into the pGEM-T-easy vector (Promega).
Clones with inserts thatare identical to the area in the target genes were amplified
by PCR with primers that contain attb recombination sequences adapted to the
previous primer pairs. PCR products were purified, sequenced, and cloned into
the pTRV2 VIGS vector using the GATEWAY cloning system with the protocol
from the manufacturer (Invitrogen). The recombinant plasmids were named
TRV2::TC381 and TRV2::TC1146.

VIGS

Agrobacterium strain GV2260 containing pTRV1, TRV2::00, TRV2::TC381,
and TRV2::TC1146 were grown in an incubator at 28°C on Luria-Bertani broth
with 10 ug L™! rifampicin and 50 ug L™ kanamycin for 2 d. Inoculum was
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prepared with the protocol published previously (Ryu et al., 2004). Leaves of
2-week-old N. benthamiana plants (two- to three-leaf stage) were infiltrated
with a 1:1 Agrobacterium mixture of either TRVI+TRV2::00 or
TRV1+TRV2::TC381 or TRV1+TRV2::TC1146 as described earlier (Liu et al.,
2002). The infiltrated plants were grown for 14 to 18 d for silencing to occur.
Leaf samples were then collected for RT-PCR analysis.

RNA Extraction and Real-Time qRT-PCR Analysis

For Arabidopsis, total RNA was isolated from leaf tissues using TRIzol
reagent (Invitrogen), followed by RNase-free DNase treatment (Promega).
First-strand cDNA was synthesized with the Omniscript RT kit (Qiagen) using
oligo(dT),5 according to the manufacturer’s instructions. For qRT-PCR, real-
time experiments were conducted in an ABI PRISM 7000 sequence detection
system (Applied Biosystems), using the intercalation dye SYBR Green I as a
fluorescent reporter. Quantification of PCR products was performed via a
calibration curve procedure using EF-1a as an endogenous control. The ratio
of gene-specific expression to the expression level of the designated calibrator
was defined as relative expression using a standard curve method described
in User Bulletin Number 2 (Applied Biosystems).

For N. benthamiana, total RNA from each plant at 15 d postinfiltration was
extracted using TRIzol reagent with the protocol provided by the manufac-
turer (Molecular Research Center). First-strand cDNA was synthesized with
2 ug of total RNA using primer NNpoly(dT),, as described above. Semiquan-
titative RT-PCR was performed with the modified program from the one
described in “Plasmid Construction” with annealing temperature at 60°C and
20 cycles for TC381, 33 cycles for TC1146. The primer sequences are listed in
Supplemental Table S2. Further real-time qRT-PCR analysis for each compar-
ison was done with the total RNA of one TRV2::00-infiltrated and one
recombinant clone-infiltrated plant, as described above for Arabidopsis
samples. The analysis was repeated twice with two different groups of plants
for each combination. The primer sequences used for real-time qRT-PCR are
listed in Supplemental Table S3.

Data Analysis

Data were subjected to ANOVA using Student’s t test software of Excel
2003 with 98% confidence.

Supplemental Data
The following materials are available in the online version of this article.

Supplemental Figure S1. Comparison of the expression levels of three
genes with 21- or 22-nt identity but containing one mismatch to BTI1
gene sequence in wild-type, btil-2 mutant, and BTI1 RNAi transgenic
Arabidopsis plants.

Supplemental Figure S2. List of the sequences that were cloned for VIGS
analysis.

Supplemental Table S1. Gene family members as triggers and their off-
targets in the same family in Arabidopsis.

Supplemental Table S2. Primers for cDNA cloning and semiquantitative
RT-PCR.

Supplemental Table S3. Primers for real-time qRT-PCR assay.
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