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Abstract Small interfering (si)RNAs isolated from Brassica
Jjuncea leaves infected by Turnip mosaic virus (TuMYV) were
characterized by cloning and sequencing. The TuMV siRNA
population was dominated by 21 and 22-nt long species origi-
nated mainly from the same siRINA hotspots, indicating opera-
tional similarity between the plant Dicer-like (DCL) enzymes.
Robust GC bias was observed for TuMV siRNAs versus the
virus genome, indicating that DCL was more likely to target
GC-rich regions. Furthermore, dicot micro-(mi)RNAs displayed
higher GC% than their DCL1 substrate RNAs, implicating that
the GC bias may be ancient, therefore may be important for the
RNAI technology.

© 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction

Plants have evolved a divergence of Dicer-like (DCL) RNase-
IIT type enzymes that cleave double-stranded (ds)RNA or sin-
gle-stranded (ss)RNA with ds features [1,2]. Virus infections
trigger plant post-transcriptional gene silencing (PTGS) against
viral RNAs, resulting in a virus specific siRNA population in
the cytoplasm of plant cells [3]. These viral siRNAs are not
evenly distributed throughout the virus genomes but are pre-
dominately generated in hotspots that may be selected by
DCL on ssRNA substrates where fold back structures are
formed [4,5]. Little is known whether DCL may also generate
siRNA hotspots when processing dsRNA substrates. In Arabid-
opsis, all DCLs have been recorded as processing viral derived
RNAs in coordinated hierarchical actions [5-9], and DCL2
dependent 22-nt siRNAs were produced redundantly to
DCL4 dependent 21-nt siRNAs that mediate anti-viral silencing
activities [7-9]. However, little information is available regard-
ing the precise location of different DCL activities on the target
viral RNA. This is important because homologous targeting
supports the redundancy scenario whereas heterologous target-
ing suggests variation in function and/or efficiency.
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Small RNA cloning and sequencing provides exact siRNA
location and homology to the plant virus genome (e.g.
[4,10,11]). However, it is labour intensive and may be affected
by 3’-terminal methylations of small RNAs [10,12]. Presence of
viral gene silencing suppressors increases the proportion
of unmethylated miRNAs in Arabidopsis [13]. The presence
of HC-Pro (helper component proteinase) of potyviruses re-
sulted in unmodified 21 and 22-nt viral siRNA populations
while the other small RNA species were methylated at 3'-ter-
mini [10]. These observations indicate that potyvirus infections
provide ideal systems to investigate the viral 21 and 22-nt
populations by using the cloning and sequencing approach.
Infection with Turnip mosaic virus (TuMV, genus Potyvirus,
single-stranded sense RNA genome of ~9800-nt) results in
the production of TuMV siRNAs dominated by 21-nt species
in its natural Brassica host [11], and in Arabidopsis [6]. Here,
we observed common siRNA hotspots for the 21 and 22-nt
species, from TuMYV infected Brassica juncea (cv. tender green)
leaves, providing clear evidence that DCLs processed the
TuMV RNA at the same siRNA hotspots.

There is a large amount of information about small RNA
strand asymmetry based on the operational characteristics of
Argonaute protein [14]. In comparison, little is known about
Dicer dependent operational bias. Based on the Watson—Crick
base pairing rule, GC content is a determinant of the stability
of RNA secondary structures, therefore it may have a func-
tional influence on small RNA biology, particularly Dicer
mediated cleavage of dSRNA substrates. In this investigation,
we compared the GC% of the TuMV siRNA population to the
TuMYV genome and detected a robust GC bias in the siRNAs
versus the viral genome, as well as hotspot siRNAs versus non-
hotspot siRNAs, providing the first evidence that plant DCLs
operate preferably on GC-rich regions.

In contrast to viral siRNAs produced in response to viral
infections, micro-(mi)RNAs are encoded by the host, pro-
cessed by Dicerl (DCL1), and play important post-transcrip-
tional regulatory roles by targeting mRNAs in both animal
and plant kingdoms [15]. We analyzed approximately 4300
miRNAs available in the miRBase (http://microrna.sanger.
ac.uk) and found that there was a robust GC bias in miRNAs
in dicot species when the GC% of miRNAs were compared to
the GC% of the miRNA precursor sequences with predicted
stem-loop structures. This supports the hypothesis that the
operational GC bias of DCL in dicots is ancient. In contrast,
miRNAs of all 24 vertebrate species displayed a higher AU%
than their precursors, indicating a remarkable divergence be-
tween plant and animal RNAi machineries.
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2. Materials and methods

2.1. Small RNA cloning and sequencing from TuMYV infected plants

Mustard seedlings (Brassica juncea cv. tender green) were mechani-
cally inoculated with a pathotype-1 isolate of TuMV (GBR98, isolate
and sequence provided by Dr. John Walsh, HRI Warwick, UK) 2-
week after sowing, and were tested by ELISA to confirm systemic
TuMYV infections 3-week after inoculation [11]. Then young leaves with
viral symptoms were sampled and pooled for small RNA cloning and
sequencing as previously described by Ho et al. [11]. Leaves from
mock- (water) inoculated plants maintained under the same conditions
were harvested and processed as negative controls. Sequences of all
miRNAs (by January 2007) and their precursor sequences with
stem—loop structures were downloaded from the miRBase (http://
microrna.sanger.ac.uk).

2.2. Data processing and analyses

Small RNA sequences were excised from the adaptor sequences,
compared to the virus genome sequence, and had their polarity deter-
mined [11]. Only siRNAs that were 100% identical to the virus genome
were used for further analyses. The 5’ end positions of the sense and 3’
end positions of the antisense TuMV siRNAs were plotted along the
virus genome (MiniTab®-14) and siRNA clusters containing more
than 10 siRNAs were deemed as siRNA hotspots. GC contents of indi-
vidual sequences were calculated by FastPCR program (version 3.5.57)
(www.biocenter.helsinki.fi/bi/programs/fastpcr.htm). Mean and stan-
dard error (S.E.) were calculated and two-tailed homoscedastic z-tests
(Microsoft Excel) were performed to compare the GC% among the
small RNAs.

3. Results and discussion

3.1. TuMV siRNAs were dominated by 21 and 22-nt species
originated from the same hotspots
From the leaves of the mock-inoculated plant, 637 small
RNA sequences (15-29 nt long, dominated by 21-nt species,
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Fig. 1. Size distributions of small RNAs. (A) Sequenced small RNAs
(n=637) from Mock (water inoculated) plants. (B) Sequenced small
RNAs (n = 842) from TuMYV infected plants.
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Fig. 1A) were obtained, and none resembled the TuMV
sequence. Of the 842 small RNA sequences obtained from
the TuMYV infected leaves, 21 and 22-nt species were enriched
(Fig. 1B) and most of them (n = 595) were of viral origin
with both sense (60%) and antisense (40%) polarity
(Fig. 2A). These results were consistent with observations
made from HC-Pro expressing tobacco [10], Arabidopsis in-
fected by a GFP-tagged-TuMV (TuMV-GFP) [6], and the
previous report of a significant level of PTGS of the TuMV
dsRNA intermediates [11]. Viral dsRNA intermediates were
also implicated as substrates of Dicer-2 in Drosophila [16].
Predictions of RNA secondary structure also supported the
view of PTGS targeting of TuMV dsRNA because stem—loop
structure was not in evidence for all of the siRNA hotspot
regions in the TuMV genome (Supplementary Fig. 1). The se-
quenced TuMYV siRNA population had a total length of
12794-nt, far in excess of the virus genome (9798-nt). When
plotted using a window of 100-nt, this siRNA population
provided an almost complete coverage of the whole virus
genome (Fig. 2B).

The TuMYV siRNA population was dominated by species
of 21-nt (59.9%), 22-nt (29.1%) and 24-nt (5.0%) in length.
The remaining 6% of TuMYV siRNAs had lengths of between
16 and 29 nt (Fig. 2A). When each group of TuMYV siRNAs
was mapped along the virus genome using a small window of
10-nt, similarities between the profiles of the 21-nt population
and 22-nt population were clearly visible for both minus and
plus strands (Fig. 2C). Alignments of siRNA sequences at
hotspots further revealed that the 21 and 22-nt species were
largely overlapping and with site shifts (Supplementary
Text 1), indicating that the hotspots were genuine but not
generated by cloning procedures (i.e., PCR amplification).
The ratio of 21/22-nt at the siRNA hotspots was 60.1-
28.2% of total (n=219), similar to the overall ratio
(n = 595) described above, although more 22-nt than 21-nt
species were detected in 2/9 hotspots (Hotspot-7, and -9, Sup-
plementary Text 1).

The siRNA size distribution shown in Fig. 2A was compara-
ble with previous observations (in Arabidopsis) that the 21-nt
long siRNA was the predominant anti-viral silencing compo-
nent [7-9]. Fig. 2C clearly demonstrated that Brassica DCLs
produced 21-nt long TuMV siRNA in a similar manner to
the production of 22-nt TuMV siRNA. This evidence strongly
supports previous reports that the Arabidopsis DCL2 derived
22-nt species is redundant to the 21-nt species produced by
DCL4 [7-9]. For the same RNA substrate, if DCLs targeted
different locations, it could be suggested that different DCLs
have alternative functions and/or different silencing efficiencies.
Because abundant 22-nt species were detected in 2/9 TuMV
siRNA hotspots, it may suggest that DCL2 could act as the
predominant silencing force in some site despite its overall
redundant role to DCL4.

3.2. TuMYV siRNA displayed a GC bias

The TuMYV siRNA hotspots were strand specific (Fig. 2C),
demonstrating Argonaute protein mediated asymmetry [14] in
the plant, although the asymmetry of the TuMV siRNAs
was apparently not governed by the same rules of animal siR-
NA production (Ho unpublished data). Analysis on composi-
tional bias of the endogenous small RNAs from the Mock
inoculated B. juncea sample showed a GC content of
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Fig. 2. Polarity, size, and location distributions of TuMV siRNAs (n = 595). (A) Polarity of TuMV-derived siRNAs in each size class. Y-axis shows
the percentage of total TuMV siRNAs with a certain length. Open areas shows the proportion of sense siRNA and filled areas represent that of
antisense siRNA. (B) Polarity and genomic distribution of TuMV-derived siRNAs. TuMV siRNAs were plotted (by MiniTab®-14) for each 100-nt
window along the virus genome labelled with the viral gene positions. Y-axis shows the number of siRNAs located in each window. Open bars
represent sense siRNA, and filled bars represent antisense siRNA. (C) Common hotspots for different size classes of siRINA along the TuMV genome.
Each triangle marks the location of a sequenced siRNA, sorted by polarity and length. A small window size of 10-nt was used to identify siRNA
clusters, and the alignments of hotspot siRNAs are shown in Supplementary Text 1.

62.3 £ 0.42% (mean * S.E., n = 637), considerably higher than priate. To determine whether or not B. juncea DCLs may
the GC% = 48.84 based on B. juncea EST sequences (Codon mediate a compositional bias that can not be generated by
Usage Database, http://www.kazusa.or.jp/codon/index.html), the strand asymmetry, we calculated the GC content of the

although a genome based comparison would be more appro- sequenced TuMV siRNA populations. The TuMV siRNAs


http://www.kazusa.or.jp/codon/index.html

45 4 — i — -
40
- w0 —_ N w S w [=2] ~ o]
) (=] w w w w oo o [e=] oo
g + 2 &8 R g @ o & R
S8 AN b A &L & 4 & b
[s}] (=] w [{=] oo o (o] oo =~
o B [ o [==] [s}] B %) [{e]
o o o o o o o [==]
TuMV genome fragment (nt)
B
o N R
o
TuMv 21 nt 22 nt 24nt  Allother
genome length
C 60— — — — — —
554 — — — —
B
o %0 — — — - — —
o

45_:._— B B
40 A . . !

TuMV genome  Non-hotspot Hots pot

Fig. 3. GC bias of TuMV siRNAs. (A) GC% of TuMV genomic RNA
(filled marks) and siRNA (open marks) was calculated for genome
fragments of 980-nt long. The error bars represent S.E. (B) Mean GC%
of TuMV genomic RNA (filled bar) and siRNA (open bars) of
different lengths. The error bars represent SE. (C) GC% of TuMV
genomic RNA (filled bar) and siRNA (open bars) from hotspots or
non-hotspots. The error bars represent S.E.

displayed a GC content of 53.6 = 0.3% (n = 595, mean + S.E.)
higher than that of the TuMV genome (45.7%). The 9798-nt
TuMV genome was then divided into 10 fragments of equal
length and the GC% of the viral fragments was compared
to the GC% of the siRNAs that had originated from them.
The TuMYV siRNAs had a higher GC% than the viral genome
(P <0.0001, r-test) (Fig. 3A). Similar feature was revealed by
further dividing the TuMV genome into 98 fragments of 100-
nt (Supplementary Fig. 2). These analyses demonstrated that
the GC bias was robust and generated by the plant PTGS
machinery throughout the whole virus genome in a non-dis-
criminative manner, i.e. the GC bias was due to plant PTGS
functions rather than specific viral features. The GC bias was
apparent in all TuMV siRNA species of different length
and there was no statistical difference (P > 0.1) among the
21-nt  (n=357, GC%=53.26+0.33), 22-nt (n=171,
GC% = 54.07 £ 0.50), 24-nt (n=28, GC% = 53.88 + 0.94),
and the other (=36, GC%=55.00£1.09) species
(Fig. 4B). This indicated that the GC bias was not due to
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any particular DCL activity but was a generic feature of the
Brassica DCLs. Furthermore, the GC% of the hotspot siRNA
population (n=219, GC% =55.71 £0.34, Supplementary
Text 1) was significantly higher (P < 0.0001, z-test) than that
of non-hotspot siRNAs (n=1376, GC% =52.42%0.34)
(Fig. 4C), strongly supporting the theory that GC rich regions
of TuMV RNA substrate were preferred by the Brassica
DCLs. However, GC% did not correlate to the frequency of
a siRNA (Supplementary Fig. 2, regression data not shown),
indicating that GC% was not the sole determinant of DCL ac-
tion. It also indicated that the GC bias was not due to the siR-
NA stability that might be affected by GC%.

3.3. Dicot miRNAs also displayed a GC bias

DCLI is responsible for miRNA production in which ma-
ture miRNAs are excised from stem-loop precursor RNA
substrates originating from miRNA gene transcripts [15].
Among the 863 plant miRNAs analysed, all (4/4) dicot
species had higher (A. thaliana, P <0.0001; Glycine max,
P <0.05; Medicago truncatula, P <0.0001; and Populus
trichocarpa, P < 0.0001) GC% in the mature miRNAs than
their stem—loop precursor sequences (Fig. 4), specifically sup-
porting that dicot DCL1 have an operational preference for
GC rich regions. However, GC bias was not a generic feature
for monocot mature miRNAs compared to their stem—loop
precursors (Fig. 4). The GC% of monocot miRNAs (n =4,
GC% =5223+1.61) was similar to that of dicot (n=4,
GC% =50.32+0.26, P=0.29, t-test) (Fig. 4). Interestingly,
the GC% of miRNA stem-loop precursors in monocots
(n=4, GC% =50.80 £ 2.75) was approximately 22% higher
than that of dicots (n =4, GC% =41.60 + 1.60, P <0.05, ¢-
test) (Fig. 4). It is tempting to speculate that such operational
divergence of DCL1 may be a result of DCL diversifications
which occurred approximately 200 million years ago between
dicots and monocots [2]. Additionally, because monocots
have evolved high GC usage at their 3rd codon positions
(GGCy) [17,18], it may be possible that the same evolutionary
pressure on GC; also applied to the miRNA genes. Indeed,
it is remarkable that the GC% of miRNA stem—loop precur-
sors in monocots was approximately 22% higher than that of
dicots (Fig. 4), considering the small size of these RNA mol-
ecules.

One of the possible mechanisms that relates miRNA genes
to protein evolution is that miRNA genes may originate by in-
verted duplication of target protein encoding sequences [19].
As non-conserved miRNA genes may arise from the recent
evolutionary past while conserved miRNA genes are consid-
ered to be ancient [20-22], we further compared GC% of con-
served miRNAs (among Arabidopsis, Populus, and Oryza [20])
and non-conserved miRNAs to the GC% of their precursors.
In all comparisons, mature miRNAs had higher GC% than
their precursors (P <0.01, z-test) (Supplementary Fig. 3). In
all of these three plant species, GC% of conserved miRNAs
were higher than those of non-conserved miRNAs
(P <0.0001, z-test) (Supplementary Fig. 3), strongly support-
ing that the GC bias is an ancient feature.

It may be logical that DCLs preferably operate on GC rich
regions of the RNA substrates because these regions provide a
more stable, double-stranded structure, than AU rich regions.
Interestingly, animal miRNAs had different compositional
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(P < 0.05) between miRNA and precursor.

bias to the plant miRNAs. Vertebrate species displayed a mild
but robust AU bias in the mature miRNAs (n =24, GC% =
45.04 £ 0.46) when compared to their stem-loop precursors
(n=24, GC%=47.70+0.37, P<0.0001, z-test) (Fig. 4).
Most (6/8) of invertebrate species did not show significant
compositional bias (Fig. 4). It may be relevant that the animal
systems have evolved to target the AU-rich elements in the
3’untranslated regions of short-lived mRNAs [23]. Neverthe-
less, the contradiction between plant and animal miRNAs
indicates that operational differences exist between plant and
animal Dicers. In dicots, because the GC bias is strong for
both siRNA and miRNA (Figs. 3 and 4), it should be consid-
ered, in addition to the strand asymmetry, in applications of
RNAI.
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