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ABSTRACT Most segmented negative-sense RNA viruses employ a process termed
cap snatching, during which they snatch capped RNA leaders from host cellular
mRNAs and use the snatched leaders as primers for transcription, leading to the syn-
thesis of viral mRNAs with 5= heterogeneous sequences (HSs). With traditional meth-
ods, only a few HSs can be determined, and identification of their donors is difficult.
Here, the mRNA 5= ends of Rice stripe tenuivirus (RSV) and Rice grassy stunt tenuivirus
(RGSV) and those of their host rice were determined by high-throughput sequenc-
ing. Millions of tenuiviral HSs were obtained, and a large number of them mapped
to the 5= ends of corresponding host cellular mRNAs. Repeats of the dinucleotide
AC, which are complementary to the U1G2 of the tenuiviral template 3=-U1G2U3G4UU
UCG, were found to be prevalent at the 3= termini of tenuiviral HSs. Most of these
ACs did not match host cellular mRNAs, supporting the idea that tenuiviruses use
the prime-and-realign mechanism during cap snatching. We previously reported a
greater tendency of RSV than RGSV to use the prime-and-realign mechanism in tran-
scription with leaders cap snatched from a coinfecting reovirus. Besides confirming this
observation in natural tenuiviral infections, the data here additionally reveal that RSV has
a greater tendency to use this mechanism in transcribing genomic than in transcribing
antigenomic templates. The data also suggest that tenuiviruses cap snatch host
cellular mRNAs from translation- and photosynthesis-related genes, and capped RNA
leaders snatched by tenuiviruses base pair with U1/U3 or G2/G4 of viral templates.
These results provide unprecedented insights into the cap-snatching process of
tenuiviruses.

IMPORTANCE Many segmented negative-sense RNA viruses (segmented NSVs) are
medically or agriculturally important pathogens. The cap-snatching process is a
promising target for the development of antiviral strategies against this group of vi-
ruses. However, many details of this process remain poorly characterized. Tenuivi-
ruses constitute a genus of agriculturally important segmented NSVs, several mem-
bers of which are major viral pathogens of rice. Here, we for the first time adopted a
high-throughput sequencing strategy to determine the 5= heterogeneous sequences
(HSs) of tenuiviruses and mapped them to host cellular mRNAs. Besides providing
deep insights into the cap snatching of tenuiviruses, the data obtained provide clear
evidence to support several previously proposed models regarding cap snatching.
Curiously and importantly, the data here reveal that not only different tenuiviruses
but also the same tenuivirus synthesizing different mRNAs use the prime-and-realign
mechanism with different tendencies during their cap snatching.
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Eukaryotic organisms cotranscriptionally attach a 7-methylguanosine (m7G) cap
structure to the 5= termini of their mRNAs (1). The cap structure plays important

roles in the stability, localization, and translation of mRNAs (2–4). With some exceptions
in which cap-independent translation strategies have been developed, viruses also cap
their mRNAs (5). Whereas most viruses do so by encoding their own capping systems
or by transcribing their genomes with host polymerases, segmented negative-sense
RNA viruses (segmented NSVs) of the order Bunyavirales and the families Orthomyxo-
viridae and Arenaviridae use a unique mechanism termed cap snatching to obtain a cap
for their mRNAs (5, 6). During the process of cap snatching, segmented NSVs snatch
capped RNA leaders from host mRNAs and use the snatched leaders as primers to
transcribe their template RNAs, leading to the synthesis of viral mRNAs with host-
derived 5= heterogeneous sequences (HSs) (5).

The cap-snatching machinery has been studied in detail for the orthomyxovirus
influenza virus, a nucleus-replicating segmented NSV. Influenza virus has a transcriptase
composed of three subunits, polymerase basic protein 1 (PB1), polymerase basic
protein 2 (PB2), and polymerase acidic protein (PA). During the process of cap snatch-
ing, PB2 binds to the cap structure of a host cellular mRNA, PA cleaves the mRNA at a
position 10 to 15 nucleotides (nt) downstream of the cap, and PB1 uses the resulting
capped RNA leader as a primer to transcribe viral genome template RNAs (7, 8).
Recently, crystal structures of the heterotrimeric polymerases of influenza A and B
viruses have been determined, allowing the proposition of an integrated structural
model for the concerted action of PB2, PA, and PB1 (9, 10). Segmented NSVs of other
families have a monomeric transcriptase and replicate in the cytoplasm of host cells.
Although the position of the cap-binding domains remains elusive, an endonuclease
activity similar to that of PA has been found from an N-terminal fragment of their
transcriptases (11–14).

Despite the above achievements, how a snatched capped RNA leader primes
transcription initiation is not clear. One model states that the capped RNA leader base
pairs with at least one of the first several nucleotides of the viral template by using its
3=-terminal residues. To date, this base-pairing model has been supported by studies on
viruses belonging to the genera Orthomyxovirus, Tospovirus, and Hantavirus (15–19).
Importantly, competition experiments have shown a preferential recruitment of capped
RNA leaders harboring a multiple-base complementarity to the 3= ultimate residues of
the viral template for influenza virus (17, 18). Another model concerning how viruses
use snatched capped RNA leaders is the prime-and-realign mechanism. This mecha-
nism proposes that capped RNA leaders often shift back to realign opposite the 3=
ultimate residues of the viral template after being extended for one to several nucle-
otides (20). This mechanism is supported by the observation that the 3= termini of
nonviral HSs often have nucleotides that are identical to the first several nucleotides of
the template sequences. In a few cases, it has been shown that these nucleotides could
not have been donated by the host (20).

Both the base-pairing model and the prime-and-realign mechanism suggest that
the so-called 5= nonviral HSs on viral mRNAs are not necessarily the capped RNA leaders
that have been recruited by a segmented NSV. The base-pairing model predicts that
capped RNA leaders have at least one 3=-terminal residue that extends into the
so-called templated sequences, while the prime-and-realign mechanism suggests that
the nonviral HSs may have 3=-terminal additional residues that are not derived from
host cellular mRNAs. Apparently, knowledge on the source of the capped RNA leaders
is needed to test these ideas. Besides the base-pairing model and the prime-and-realign
mechanism, knowledge is also needed to test another idea, i.e., segmented NSVs may
preferentially target some host cellular mRNAs. This idea was proposed as early as the
1980s for influenza virus (21, 22). In a later study, it was suggested that influenza virus
might predominantly use host cellular mRNAs bearing the dinucleotide CA at approx-
imate positions downstream of the cap (23). More recently, several studies on viruses
of the order Bunyavirales suggested that viruses preferentially target host cellular
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mRNAs encoding cell-cycle-related proteins or mRNAs containing premature transla-
tion termination signals (19, 24–26).

Unfortunately, the identity of the host cellular mRNAs that donate capped RNA
leaders for segmented NSVs has been a mystery for decades. Generally, the nonviral
HSs on a viral mRNA are �15 nt in size, and as a whole they have a very high sequence
diversity. Using traditional methods, only a few HSs can be obtained, and identification
of the host cellular mRNAs involved is difficult. The recent developments in
high-throughput sequencing provide unprecedented opportunities to solve this prob-
lem. Several recent studies involving high-throughput sequencing have been reported
for influenza virus (27–30). However, similar studies are unavailable for other seg-
mented NSVs.

Tenuiviruses, which were recently classified into the family Phenuiviridae under the
order Bunyavirales, are segmented NSVs that infect plants of the Gramineae family (31).
Several tenuiviruses, including Rice stripe tenuivirus (RSV), which has a quadripartite
genome, and Rice grassy stunt tenuivirus (RGSV), which has a hexapartite genome, are
major viral pathogens of rice in Southeast Asia (31–33). The genomic RNA segments of
tenuiviruses share conserved and complementary 5= and 3= termini with the sequences
5=-ACACAAAC and GUUUGUGU-3=, respectively (31). Depending on the species, most or
all of the genomic segments of a tenuivirus are ambisense, i.e., contain two open
reading frames, with one each on the 5= end of the virion and complementary-sense
RNA, respectively. The use of cap snatching of tenuiviruses was reported decades ago
(34–36). However, the details of the cap-snatching process of tenuiviruses have re-
mained poorly characterized. Recently, we reported a curious finding that RSV shows a
much greater tendency to use the prime-and-realign mechanism than RGSV during the
process of cap snatching (37). However, because that study used a heterologous
coinfecting plant virus, Rice ragged stunt virus (RRSV), as the donor of the capped RNA
leaders, whether this is true in transcription of the two viruses with host-donated
capped RNA leaders remains unknown.

Here, besides confirming the species-specific use of the prime-and-realign mecha-
nism in natural infections of tenuiviruses, we found that RSV has a different tendency
to use the prime-and-realign mechanism in transcribing its genomic and antigenomic
RNA segments. In addition, we obtained clear evidence for a base-pairing requirement
in cap snatching of tenuiviruses and found that tenuiviruses cap snatch host cellular
mRNAs for translation- and photosynthesis-related proteins.

RESULTS
High-throughput sequencing of the 5= ends of NP and NCP mRNAs revealed

differences in the occurrence of prime-and-realign events between RSV and RGSV.
As a first attempt to confirm the greater tendency of RSV than RGSV to use the
prime-and-realign mechanism in transcription primed by capped RNA leaders snatched
from host cellular mRNAs, a procedure similar to that reported by Sikora et al. (29, 30)
(Fig. 1A) was adopted to sequence the 5= ends of NP and NCP mRNAs of the two
tenuiviruses (38–41). For both RSV and RGSV, four different samples were used. NP and
NCP mRNAs from different samples were sequenced independently, resulting in 16 data
sets, named RSV/RGSVNPL2, RSV/RGSVNPL5, RSV/RGSVNPLN1, RSV/RGSVNPLN2, RSV/
RGSVNCPL2, RSV/RGSVNCPL5, RSV/RGSVNCPLN1, and RSV/RGSVNCPLN2. The number
of sequences in each data set varied greatly, particularly for NP. However, with the
exception of RGSVNPL2 and RSVNPLN2, at least 0.6 million sequences were obtained for
each data set, and in total 2.62/3.36 and 5.55/5.32 million sequences were obtained for
NP and NCP mRNAs of RSV/RGSV, respectively (Fig. 1B).

The sequences in each data set were aligned with their template RNAs to delineate
the border between the nonviral HSs and the templated sequences. An average of
29%/39% of RSV/RGSV sequences lacked the residues A1, A1C2, or A1C2A3 at
positions corresponding to the U1, U1G2, and U1G2U3 of the conserved 3=-U1G2U3

G4UUUCAG sequence at the 3= termini of tenuiviral template RNAs (31). We named
these sequences type 2, 3, and 4 sequences, respectively, and called those having an
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intact 5=-A1C2A3C4AAAGTC sequence the type 1 sequences (Fig. 1C). The HSs extracted
from these sequences were called type 1 to type 4 HSs, accordingly. Because the
number of the dinucleotide ACs at the 3= termini of type 1 HSs is of particular interest
to us, we further divided type 1 HSs into four subtypes: type 1-0, type 1-1, type 1-2, and
type 1-3, which have 0, 1, 2, and at least 3 ACs, respectively, at their 3= termini (Fig. 1C).
According to the model we proposed previously, these four subtypes of type 1 HSs are
suggestive of 0 or 1, 1 or 2, 2 or 3, and 3 or more cycles of priming and realignment
events, respectively (37).

FIG 1 High-throughput sequencing revealed differences in the occurrence of prime-and-realign events between RSV and RGSV.
(A) Diagram showing the experimental procedure for sequencing the 5= ends of tenuiviral mRNAs. Total RNA extracted from
virus-infected rice was treated with alkaline phosphatase (CIP) to remove the 5=-phosphate groups of some RNA species and RppH
(NEB) to decap mRNAs and leave a monophosphate at their 5= ends. An RNA oligonucleotide (red) was added to the
5=-monophosphate-bearing mRNAs, and the oligonucleotide-tagged mRNAs were reverse transcribed and PCR amplified. The PCR
products were used for library construction and high-throughput sequencing. (B) The number of reads obtained for NP and NCP
mRNAs of RSV and RGSV. For each virus, four samples, named NPL2, NPL5, NPLN1, and NPLN2 were used. NP/NCP mRNAs from
the same sample were sequenced independently, resulting in 16 data sets in total, with 8 for each virus. (C) Diagram showing the
classification of the viral mRNA sequences. The top row shows the conserved 3= termini of tenuiviral template RNAs (red). NP or NCP
mRNAs whose templated sequences (red) lacked residues corresponding to U1, U1G2, and U1G2U3 of the viral template were called type
2, 3, and 4 sequences, respectively, and the remaining sequences (type 1) were classified into type 1-1, 1-2, 1-3, and 1-4 sequences based
on the number of AC repeats at the 3= end of the nonviral HSs (gray). Dotted lines were introduced to align the sequences. (D) Stacked
graph showing the percentages of each type of HS in each data set. (E and F) Size distributions of the HSs extracted from each data
set for RSV (E) and RGSV (F). The y axis shows the percentage of HSs with a particular size between 9 and 25 nt.
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A greater tendency of RSV to use the prime-and-realign mechanism than RGSV
becomes obvious upon such a classification. RSV has a significantly greater tendency to
have type 1-1, type 1-2, and type 1-3 HSs than RGSV (chi-square test, P � 0). For RSV,
these three types of HSs on average make up proportions of 22.5%, 7.6%, and 5.1%,
respectively, of the total HSs, whereas for RGSV, they account for 10.8%, 1.9%, and 0.1%,
respectively.

An unexpected finding is that RSV has a greater tendency to use the prime-and-
realign mechanism in synthesizing its NP mRNAs than in synthesizing its NCP mRNAs.
Although the percentage of each type of HS varied among different data sets for the
same mRNAs, type 1 HSs accounted for at least 80% for the mRNAs of NP but at most
66% for those of NCP (chi-square test, P � 0) (Fig. 1D). The mRNAs of NP also had a
much greater tendency to contain type 1-2 and type 1-3 HSs (chi-square test, P � 0).
These two types of HSs make up proportions of at least 9% and 7%, respectively, for NP
mRNAs but account for no more than 6% and 2%, respectively, for NCP mRNAs (Fig. 1D).
In addition, the HSs of NP mRNAs have a greater size heterogeneity than those of NCP
mRNAs, as would be expected because realignment events may alter the size of an HS
(Fig. 1E). In contrast, the NP and NCP mRNAs of RGSV have almost identical frequencies
of different HS types and almost overlapping HS size distributions (Fig. 1F).

Mapping HSs to host cellular mRNAs confirmed the virus- and gene-specific
usage of the prime-and-realign mechanism of tenuiviruses. In the preliminary

analysis described above, we assumed that all 3=-terminal ACs of type 1 HSs are derived
from the prime-and-realign mechanism. However, it is also possible that they are
derived from host cellular mRNAs, i.e., the capped RNA leaders snatched by RSV
(particularly in synthesizing its NP mRNA) may have a greater tendency to contain the
dinucleotide AC at their 3= termini than those snatched by RGSV. To rule out this
possibility and look further into the cap-snatching mechanism of tenuiviruses, we
adopted a strategy similar to that reported by Gu et al. (27) to identify host cellular
mRNAs for the HSs of RSV and RGSV. Briefly, the 5= ends of host cellular mRNAs from
RSV- or RGSV-infected rice plants were obtained through a high-throughput sequenc-
ing strategy. The RSV and RGSV HSs obtained were mapped to the 5= termini of these
host cellular mRNAs.

It seems clear that most 3=-terminal ACs of type 1 HSs could not have been derived
from the host: of the 940,356, 248,852, and 138,794 type 1-1, type 1-2, and type 1-3 HSs
that could be mapped to host cellular mRNAs, 67.8%, 98.8%, and 98.7% had at least one
unmatched AC. An example showing the mapping is presented in Fig. 2A. As shown, a
single host cellular mRNA can donate dozens of distinct HSs. Whereas some of these
HSs are apparently derived from different cleavage events during cap snatching, most
of them are generated from different priming and realignment events. Besides the
dinucleotide AC, priming and realignment events sometimes generate ACA (see row 7
for an example) or ACAA (see row 10 for an example), but this occurs with an overall
frequency of less than 1%. Notably, for the same host cellular mRNA shown here, RSV
has a greater HS diversity than RGSV. The HS diversity for the mRNAs of NP and NCP of
RSV is comparable. However, NP mRNAs tend to have more type 1 HSs, particularly type
1-2 and type 1-3 HSs, than NCP mRNAs (chi-square test, P � 0) (Fig. 2B).

The frequent occurrence of priming and realignment means that many tenuiviral
HSs have additional 3= ACs compared to the capped RNA leaders. To facilitate inves-
tigations into the early steps of tenuiviral cap snatching, we generated new data sets
in which the 3=-terminal ACs of type 1 HSs were removed. For simplicity, we refer to all
the HSs in the new data sets as tHSs (t for trimmed). tHSs are shown in green in Fig. 2A.

Examination of the nucleotide composition of host cellular mRNAs 3= to the
tHSs provided evidence for a base-pairing requirement in cap snatching of
tenuiviruses. As mentioned in the introduction, a base-pairing model has been

proposed for cap snatching. Experimental evidence supporting such a model was first
provided by studies on a tospovirus (15), followed by those on a hantavirus (19). More
compelling evidence involving competition experiments with different capped RNA
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leaders was recently reported for the influenza virus (17, 18). The data obtained here
allow us to test this model for tenuiviruses.

An examination of the sequences presented in Fig. 2A revealed evidence that
supports the base-pairing model. For the type 2 sequence in row 1, the first templated
residue, C2, corresponding to G2 of the viral template, matches C11 of the host cellular
mRNA. Thus, this type 2 sequence can be explained by base pairing of C11 of the
capped RNA leader 5=-A1CGCAGCGAU10C11-3= sequence with the G2 of the template
followed by a progressive elongation. Similarly, for the four type 1 and one type 3
sequence in rows 16 to 20, the first templated residue, A1 or A3, corresponding to U1

or U3 of the viral template, coincides with the A14 of the host cellular mRNA, suggesting
that these sequences may be derived by a base pairing of the A14 of the capped RNA
leader (5=-A1CGCAGCGAU10C11UGA14-3 =) with U1 or U3 of the template followed by
different cycles of priming and realignment or direct elongation. Likewise, the se-
quences in rows 21 and 22 can be explained by base pairing of A15 and A19 of the
capped RNA leaders (5=-A1CGCAGCGAU10C11UGA14A15-3= and 5=-A1CGCAGCGAU10C11

UGA14AGUGA19-3=) with U1 or U3 of the template, respectively. For sequences in rows
2 to 15 (type 1 sequences ending in a C residue), the A1 of the templated sequence
does not correspond to U12 of the host cellular mRNA. However, all these sequences
can be explained by realignment events after base pairing of C11 of the capped RNA
leader (5=-A1CGCAGCGAU10C11) with G2 of the template (37). To test these observations
on a larger scale, we designated the last nucleotide matching a tHS on a host cellular
mRNA N0 (U10, C11, G13, A14, and G18 of the host mRNA for the tHS in Fig. 2A) and
examined the nucleotides at the position N�1 for the 3.9 million tHSs (consisting of
72,133 unique sequences) that have been mapped unambiguously to distinct host
cellular mRNAs. As illustrated above, we expected to find an A residue for type 1 tHSs
(that do not have a C at their 3= termini) and type 3 tHSs and a C residue for type 2 and

FIG 2 Mapping HSs to host cellular mRNAs confirmed the virus- and gene-specific usage of the prime-and-realign mechanism of tenuiviruses. (A) Map of the
HSs of NP and NCP mRNAs to a host cellular mRNA (donor; green). The NP and NCP mRNAs were classified into different types according to the criteria shown
in Fig. 1C. The reads for each unique mRNA are shown on the right. For each NP/NCP of RSV/RGSV, the reads from the four different samples shown in Fig.
1B were pooled, and the total reads are shown. The templated sequences of the mRNAs are shown in gray. Viral mRNA residues matching the host cellular
mRNA are shown in green. Viral mRNA residues derived from priming and realignment are in black and italics. The residues of the templated sequences are
numbered according to the template (bottom row), while those of the HSs are numbered according to the host cellular mRNA. (B) Stacked graph showing the
percentage of each type of HSs for the NP and NCP mRNAs of RSV/RGSV in panel A.
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type 4 tHSs at this position. Indeed, the results support this idea, although there were
a few exceptions (with a frequency of less than 10%) for each type of tHS (Fig. 3A to D).

A base-pairing requirement for cap snatching means that even tHSs are not always
equal to the capped RNA leaders recruited by a tenuivirus. With the exception of type
1 tHSs ending in a C residue, an A (type 1 and type 3 tHSs [see rows 16 to 20 in Fig. 2A
for examples]) or C (type 2 and 4 tHSs [see row 1 in Fig. 2A for an example]) residue has
been lost during HS identification or trimming. For further analysis, new data sets were
generated in which an A or C was added to the 3= termini of corresponding tHSs. In the
text below, we consider these modified tHSs as the capped RNA leaders, although some
of them may be one to a few nucleotides smaller than the genuine capped RNA leaders
because of a multibase complementarity that is not considered in the tHS modification
described here.

Capped RNA leader size influences the frequency of realignment, but differ-
ences in capped RNA leader size cannot account for the different tendencies of
RSV and RGSV to use the prime-and-realign mechanism. By analyzing RSV mRNAs
with capped RNA leaders derived from Cucumber mosaic virus (CMV), Yao et al. (42)
earlier proposed that smaller capped RNA leaders might promote the usage of priming
and realignment. In light of this, one explanation for the greater tendency of RSV to use
the prime-and-realign mechanism is that this virus may prefer smaller capped RNA
leaders, particularly in synthesizing the mRNAs of NP. To test this, we first investigated
whether capped RNA leader size influenced the realignment frequency of the two
tenuiviruses in natural infections. To do this, we examined the HS patterns associated
with capped RNA leaders of particular sizes. If smaller capped RNA leaders promoted
priming and realignment, we would find that smaller capped RNA leaders have a
greater tendency to generate type 1 HSs. Indeed, we observed that for both viruses, the

FIG 3 Examination of the nucleotide composition of host cellular mRNAs 3= to the tHSs provided evidence for a
base-pairing requirement in cap snatching of tenuiviruses. The last nucleotide matching a tHS (Fig. 2) on a host
cellular mRNA was designated N0. The nucleotide compositions of host cellular mRNAs are shown in stacked graphs
for the region N0 to N4 for type 1 tHSs ending in an A, U, or G (A), type 2 tHSs (B), type 3 tHSs (C), and type 4 tHSs
(D). Shown above each image are the viral template (red), viral mRNA (green and red), and the host cellular mRNA
(green).
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percentage of type1 HSs drops with increasing capped RNA leader size (Fig. 4A and B).
Capped RNA leaders of �12 nt have a much greater tendency to generate type 1,
particularly types 1-1, 1-2, and 1-3 HSs, than those with greater sizes (Fig. 4A and B).

If different preferences for small capped RNA leaders were the major reason for the
virus- and gene-specific usage of the prime-and-realign mechanism of the two tenui-
viruses, we would find that the frequencies of priming and realignment were similar
between RSV and RGSV in transcription initiated by capped RNA leaders of the same
size. The results presented in Fig. 4A and B contrast with this prediction. As shown, RSV
has a greater tendency to have type 1 HSs, particularly type 1-1, 1-2, and 1-3 HSs than
RGSV regardless of the size of capped RNA leaders. A similar trend can be found for the
NP and NCP mRNAs of RSV. Notably, for capped RNA leaders of �13 nt, type 1-1, 1-2,
and 1-3 HSs in total account for no more than 3.5% for either mRNA of RGSV and for
no more than 10.6% for that of RSV NCP. However, these three types of HSs altogether
make up an average proportion of 26% for RSV NP mRNAs (Fig. 4A and B). These
observations suggest that although the size of capped RNA leaders has a clear influence
on the frequency of priming and realignment, it is unlikely that differences in capped
RNA leader size are the major reason for the virus- and gene-specific usage of the
prime-and-realign mechanism of the two tenuiviruses. To gain further support for this,
we compared the size distribution of the capped RNA leaders of RSV and RGSV.
Although RSV and RGSV, as well as the NP and NCP mRNAs of RSV, showed a clear
difference in the size distribution of their HSs (Fig. 1E and F), a similar difference was not
found between that of their capped RNA leaders. In contrast, the two tenuiviruses (as
well as the two mRNAs of them) had nearly identical size distributions for their capped
RNA leaders (Fig. 4C).

Sequencing the 5= ends of other RSV mRNAs revealed that this virus might
have a different tendency to use the prime-and-realign mechanism in transcribing
genomic and antigenomic RNAs. Having observed that RSV has a different tendency

FIG 4 Capped RNA leader size influences the frequency of realignment, but differences in capped RNA leader size cannot account for the different tendencies
of RSV and RGSV to use the prime-and-realign mechanism. (A) Stacked graphs showing the percentages of each type of HS (Fig. 1C) that associates with capped
RNA leaders of a particular size, from 9 to 17 nt (x axis) for NP/NCP of RSV/RGSV. (B) The total percentages of type 1-1, 1-2, and 1-3 HSs associated with capped RNA
leaders of a particular size (x axis). (C) Size distributions of the capped RNA leaders of the NP and NCP mRNAs of RSV/RGSV. The y axis shows the percentage of capped
RNA leaders with a particular size, from 9 to 18 nt. For each mRNA, sequences from the four data sets (Fig. 1B) were pooled for the calculation shown here.
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to use the prime-and-realign mechanism in synthesizing NP and NCP mRNAs, we were
curious whether RSV does so in synthesizing other mRNAs. Initially, we were unable to
get the 5= HSs of other RSV mRNAs. Almost no cDNA clones obtained using the
procedure shown in Fig. 1A contained an HS at their 5= ends. A plausible explanation
is that the accumulation levels of these mRNAs are too low relative to their coding
RNAs. To circumvent this obstacle, a previously described human eukaryotic initiation
factor 4Ea (eIF4Ea) mutant which has a high affinity for capped RNAs was used to enrich
RSV mRNAs (43). Using the enriched mRNAs as the substrate, 30 to 32 cDNA clones each
for NS2 (encoded on vRNA2 and transcribed from vcRNA2), NSvc2 (encoded on vcRNA2
and transcribed from vRNA2), NS3, and NSvc4 mRNAs were obtained. To facilitate
comparison in the same context, a similar number of cDNA clones for the mRNAs of NP
(encoded on vcRNA3 and transcribed from vRNA3) and NCP (encoded on vRNA4 and
transcribed from vcRNA4) was sequenced with the same method. The HSs for each
mRNA obtained in this way were classified into type 1-0, type 1-1, type 1-2, type 1-3,
type 2, type 3, and type 4, according to the same criteria as described above. Despite
the small number of sequences obtained, a trend similar to that described above was
found for NP and NCP mRNAs; the former tends to have more type 1-1, 1-2, and 1-3 HSs
(chi-square test, P � 0.005). Interestingly, this trend was found when we compared
mRNAs transcribed from vRNAs with those transcribed from vcRNAs (chi-square test
P � 2.00E�05) (Fig. 5). On average, type 1-1, 1-2, and 1-3 HSs altogether accounted for
47% of mRNAs transcribed from vRNAs and 18% of mRNAs transcribed from vcRNAs.
Thus, RSV has different tendencies to use the prime-and-realign mechanism in tran-
scribing genomic and antigenomic RNAs.

Transcripts of several functional groups of genes are frequently targeted by
tenuiviruses. The identity of the host transcripts that donate capped RNA leaders for
segmented NSVs has been a mystery for decades. The data obtained here provided a
preliminary overview on the donors of the capped RNA leaders of tenuiviruses. As many
as 34,917 and 30,565 distinct host transcripts were identified as donors of capped RNA
leaders for RSV and RGSV, respectively. Given the fact that we had 51,459 host
transcripts for the mapping, this means that most host transcripts are substrates of cap
snatching for tenuiviruses. However, these host transcripts are used with very different
frequencies. The number of capped RNA leaders that mapped to a host transcript (in a

FIG 5 RSV has a different tendency to use the prime-and-realign mechanism in transcribing genomic and
antigenomic RNAs. Thirty to 32 cDNA clones of the mRNAs transcribed from virion-sense (NSVc2, NP, and
NSVc4) or complementary-sense template RNAs (NS2, NS3, and NCP) of RSV were obtained. The se-
quences of the cDNA clones were classified into different types according to the criteria shown in Fig.
1C, and the percentages of each type for each mRNA are shown in the stacked graphs.
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particular data set) ranged from 1 to more than 10,000. As a whole, more than 45% and
49% of the host transcripts matched capped RNA leaders from no more than three of
the eight data sets for RSV and RGSV, respectively. Although these may partially due to
a sequencing bias and an unequal sequencing depth, respectively, they are also
consistent with a scenario in which tenuiviruses cap snatch some host transcripts
constantly and frequently but target others occasionally. To focus on host transcripts
most intensively used by tenuiviruses, we analyzed the host transcripts that are
matched by HSs from at least 7 data sets for each virus. For simplicity, we call these host
transcripts frequent donors of capped RNA leaders. The numbers of frequent donors for
RSV and RGSV were 6,058 and 6,957, respectively. The number of frequent donors
shared by the two viruses was 4,440.

As shown in Fig. 6A, most of the frequent donors that could be mapped to the rice
genome (http://rice.plantbiology.msu.edu/) had a transcriptional start site (TSS) that
localized to putative promoter regions of protein-encoding rice genes. However, the
TSSs are very far from or near to the start codons of corresponding host genes for some
donors, suggesting that these donors may be noncoding RNAs or aberrant transcripts.

To identify relevant rice genes with high confidence, only donors with a TSS located
at the region �360 to �20 upstream of the start codon of a corresponding rice gene
locus were considered. In this way, we identified 1,134 and 1,430 rice genes for the
frequent donors of RSV and RGSV, respectively. Among them, 946 genes were shared
by the two viruses. GO enrichment analysis was done to see whether tenuiviruses
preferentially use some functional groups of genes. A total of 19 GO biological process
terms were found for the two viruses, with 17 of them shared by the two tenuiviruses
and another 2 specific to RGSV (Fig. 6B and C). Strikingly, for both viruses, most of the
enriched GO slim terms pointed to two groups of genes: 83/97 (RSV/RGSV) were genes
related to translation, and 19/19 were genes related to photosynthesis (Fig. 6B and C).
A further examination revealed that 71/86 (RSV/RGSV) of the 83/97 translation-related
genes encode large or small subunits of the ribosome, whereas 12/11 (RSV/RGSV) of the
19/19 photosynthesis-related genes encode chlorophyll A- or B-binding proteins. The
enrichment level of the genes encoding chlorophyll A- or B-binding proteins was
impressive, because only 17 similar genes can be found in the annotated gnome of rice.

DISCUSSION

In all, we determined the 5= ends of the NP and NCP mRNAs of two tenuiviruses and
mapped a large number of the HSs of these two mRNAs to host cellular mRNAs by
using a high-throughput sequencing procedure. This revealed a frequent presence of
single or multiple repetitive dinucleotides that could not have been derived from host
cellular mRNAs at the 3= ends of tenuiviral HSs, which provided clear evidence that
tenuiviruses use the prime-and-realign mechanism in natural infections. In addition,
this gave us an opportunity to examine the sequences of the host cellular mRNAs on
the 3= side of the tHSs, which revealed that tenuiviral capped RNA leaders have at least
one residue that extends into the so-called templated sequences, providing strong
evidence for the involvement of base pairing in tenuiviral cap snatching. We also found
that tenuiviruses target host cellular mRNAs encoding translation- and photosynthesis-
related proteins. This may be an important piece of information for further studies on
the involvement of cap snatching in symptom induction of tenuiviruses. Most inter-
estingly, besides confirming a previous finding that RSV has a greater tendency than
RGSV to use the prime-and-realign mechanism, we found that RSV uses this mechanism
with different tendencies in transcribing its genomic and antigenomic RNAs. To our
knowledge, this study represents the first attempt to investigate the cap-snatching
mechanism of cytoplasm-replicating segmented NSVs by using a high-throughput
sequencing strategy. Besides providing insights into the transcription initiation mech-
anisms of tenuiviruses, our results may also be useful for studies on a large number of
related viruses.

Overall, the model we proposed previously to explain how RSV and RGSV use
capped RNA leaders snatched from RRSV is in accordance with the present data, after
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slight modifications (37). According to this model, a 9- to 20-nt, preferentially 11- to
14-nt (Fig. 4C), capped RNA leader ending in an A or C residue is recruited by the
transcriptase of a tenuivirus. This capped RNA leader aligns opposite the U1, G2, U3, or
G4, but more typically U1 or G2 of the template to prime mRNA synthesis (Fig. 1C). With
a capped RNA leader �10 nt in size, tenuiviruses tend to use at least one cycle of
priming and realignment before progressive elongation (Fig. 4A and B). Different
tenuiviruses or even the same tenuivirus synthesizing different mRNAs may use the
prime-and-realign mechanism with different tendencies. As evidenced by the obser-
vation that priming and realignment events usually generate repeats of the dinucle-
otide AC, the realignment normally occurs after adding no more than 3 nucleotides to
a capped RNA leader (Fig. 2A). Because a single-base complementarity is enough for

FIG 6 Transcripts of several functional groups of genes are frequently targeted by tenuiviruses. (A) Mapping of frequent donors of capped RNA leaders to the
genome of rice. The x axis indicates the positions of donor TSSs relative to the start codons (position 0) of corresponding rice genes. The y axis indicates the
percentages of donors having TSSs at particular positions. The small image on the right side shows the total percentages (y axis) of donors having TSSs upstream
of a particular position (x axis). (B and C) Hierarchical graph showing the results of singular enrichment analysis (SEA) with genes frequently cap snatched by
RSV (B) and RGSV (C). The enrichment analysis was carried out using agriGO (45). The nodes in the image were classified into 10 levels, which are shown with
the indicated colors. The smaller a term’s adjusted P value, the more statistically significant the difference (indicated by the node’s color being darker and
redder).
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the priming activity of a capped RNA leader and most transcripts in a host cell contain
at least one A or C residue in a window of 12 nt (9 to 20 nt from the cap), tenuiviruses
can cap snatch almost all the transcripts accumulated within a host cell. However, a
subset of host transcripts from some functional groups of genes are used more
frequently (Fig. 6B and C).

It should be noted that the nonhost ACs at the 3= termini of type 1 HSs might be
explained in several different ways. One explanation is that tenuiviruses may snatch
capped RNA leaders from their own mRNAs. This may indeed occur, as demonstrated
recently for Tomato spotted wilt virus in an in vitro system (16). However, it is not
unreasonable to assume that a virus does not use such a mechanism frequently in
natural infections. In addition, it has been demonstrated that the transcriptase of the
influenza virus could protect viral mRNAs from cleavage (44). Therefore, before strong
in vivo evidence for such a resnatching mechanism is available, we favor the explana-
tion that these ACs are derived from the prime-and-realign mechanism.

Whereas the different tendencies of RSV and RGSV to use the prime-and-realign
mechanism are consistent with our previous report and are understandable because
the two viruses may have differences in their transcriptases, the different tendency of
RSV to use the prime-and-realign mechanism in transcribing genomic and antigenomic
template RNAs is unexpected and difficult to explain at present. However, it is inter-
esting that a similar observation was obtained in a recent study with influenza virus
(28). Unlike RSV, the influenza virus does not employ an ambisense coding strategy.
However, exactly one-half of its eight mRNAs is produced with more frequent priming
and realignment events than the other half. Koppstein et al. (28) explained this
observation by using a single-nucleotide polymorphism at position �4 of viral tem-
plates: influenza virus RNAs with a C residue at this position are transcribed with less
priming and realignment events, while those with a U are transcribed with more
priming and realignment events. It was postulated that a U would favor dissociation of
the newly extended capped RNA leaders from the template relative to a C at position
�4. Apparently, such an explanation cannot be applied to RSV, because the template
RNAs of RSV have a long stretch of identical 3= termini (31). Therefore, besides
providing deeper insights into the cap snatching of tenuiviruses, our results suggest
some new features of priming and realignment, a mechanism whose biological mean-
ing remains unknown but seems to be used commonly by segmented NSVs during
their cap snatching.

MATERIALS AND METHODS
Plant material and virus inoculation. The rice variety Shuhui no. 1 was used for this study. RSV- and

RGSV-infected rice plants were obtained by inoculating rice with viruliferous Laodelphax striatellus Fallen
and Nilaparvata lugens (Hemiptera, Delphacidae), respectively, at their seedling stage. Samples LN1 and
LN2 were collected 1 week after the appearance of symptoms typical of RSV or RGSV infeciton,
respectively. Samples L2 and L5 were collected at the jointing and tilling stages, respectively. For each
sample, leaves of a single plant were collected and mixed for RNA extraction.

High-throughput sequencing of the 5= ends viral mRNAs. Twelve micrograms of total RNA
extracted from virus-infected rice plants using an RNeasy plant minikit (Qiagen) was treated with
Terminator (Epicentre), a 5=-exonuclease specific for monophosphorylated RNA. The Terminator-digested
RNA (with about 2 �g left) was sequentially treated with alkaline phosphatase (NEB), which dephos-
phorylates uncapped RNAs, and RppH (NEB), which removes the 5= cap of mRNAs and leaves a
monophosphate at the 5= end. An RNA oligonucleotide (TCTACrArGrUrCrCrGrArCrGrArUrC) was ligated
to the 5=-monophosphate-containing mRNA with T4 RNA ligase 1 (NEB). Primers specific to NP and NCP
mRNAs of RSV/RGSV were used to reverse transcribe the 5=-oligonucleotide-tagged RNA with the
SuperScript III first-strand synthesis system (Invitrogen). The cDNA was purified using DNA clean and
concentrator 5 (Zymo), and one-half was used for PCR with a forward primer that annealed to the
adaptor (GTTCTACAGTCCGACGATC) and gene-specific reverse primers, which are available from the
authors upon request. To reduce PCR bias, the lowest number of PCR cycles allowing observation of
corresponding bands for each mRNA was used. The PCR products were sent to Biomarker Technologies
for sequencing with a HiSeq 2500 platform.

High-throughput sequencing of the donor RNAs, HS mapping, and GO enrichment analysis.
The 5= ends of rice mRNAs were determined in a procedure similar to those described above except that
a random primer was used in the reverse transcription (CAGCTCTTCCCGAACCAACATCNNNNNN). In
addition, the adaptor that tags the 5= ends of rice mRNAs was biotin labeled. This allowed an enrichment
of RNAs that had been tagged with the adaptor before reverse transcription. PCR products of about 150
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to 200 nt in size were recovered from the gel and sequenced. To obtain different rice mRNAs as much
as possible, three different samples were used and sequenced independently. The sequences obtained
from the three sequencing reaction mixtures were pooled to build a nonredundant library for HS
mapping. For HS mapping, the 30-nt 5= fragments of the library sequences obtained were used. To map
the donors onto the genome of rice, the 150-nt 5= fragments of the sequences were used. GO enrichment
analysis was done with agriGO (45). GO slims that were enriched at the level of P � 0.01were recorded.

Small-scale sequencing of RSV mRNAs. One hundred micrograms of total RNA was purified from
pooled RSV-infected rice plants. Capped RNA was enriched using a bacterially expressed eIF4E mutant
according to a procedure described by Choi and Hagedorn (43). After purification, the 5= ends of each
RSV mRNA were sequenced using a procedure similar to that described above except that the PCR
products were cloned using E. coli and Sanger sequencing.
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