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Fig mosaic virus (FMV), a member of the newly described genus Emaravirus, has four negative-sense single-
stranded genomic RNAs, and each codes for a single protein in the viral complementary RNA (vcRNA). In
this study we show that FMV mRNAs for genome segments 2 and 3 contain short (12-18 nucleotides) het-
erogeneous nucleotide leader sequences at their 5’ termini. Furthermore, by using the high affinity cap bind-
ing protein elF4Ex 194, We also determined that a 5’ cap is present on a population of the FMV positive-sense

RNAs, presumably as a result of cap-snatching. Northern hybridization results showed that the 5’ capped
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RNA3 segments are slightly smaller than the homologous vcRNA3 and are not polyadenylated. These data
suggest that FMV generates 5’ capped mRNAs via cap-snatching, similar to strategies used by other
negative-sense multipartite sSRNA viruses.

© 2012 Elsevier Inc. All rights reserved.

Introduction

Fig mosaic disease (FMD) affects figs worldwide (Walia et al.,
2009). Affected trees show mosaic symptoms on leaves and fruits,
and can exhibit defoliation and premature fruit drop (Ferguson et
al.,, 1990). FMD was first described to be of viral origin by Condit
and Horne (1933), but the etiology was uncertain until quite recently
when Fig mosaic virus (FMV) was identified as the causal agent
(Elbeaino et al., 2009a ;Walia et al., 2009). Based on nucleotide se-
quence and deduced amino acid comparisons, the viruses most simi-
lar to FMV are European mountain ash ringspot associated virus
(EMARAV) and Rose rosette virus (RRV), and the genus Emaravirus
has been proposed, with EMARAV as the type species ( King et al.,
2011). These viruses are transmitted to plants by eriophyid mite vec-
tors and induce similar but characteristic cytopathologies in their cor-
responding host plants, including the presence of double membrane
bound bodies found in the cytoplasm of the virus-infected cells (not
yet detected for EMARAV) (Anh et al., 1996; Appiano et al., 1995;
Mielke-Ehret et al., 2010).

FMV has four negative-sense genomic ssSRNAs ranging in size from
7.09 kb to 1.47 kb (Elbeaino et al., 2009a; Walia et al., 2009). The FMV
genomic RNAs are not capped or polyadenylated (Elbeaino et al.,
2009b), and all four FMV genomic RNAs contain complementary se-
quences (18-20 nt, depending on the RNA segment) at their 5’ and
3’ termini. These likely base pair to form a panhandle-like structure,
which is one of the hallmarks of negative-sense multipartite SSRNA
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viruses, including tenuiviruses and viruses in the families Bunyaviri-
dae and Arenaviridae (Falk and Tsai, 1998; Walter and Barr, 2011).
Each FMV genome segment codes a single open reading frame (ORF)
in the virus complementary polarity RNA (vcRNA). These ORFs have
been annotated as follows. FMV vcRNA 1 (7093 nt) codes for the
264 kDa RNA dependent RNA polymerase protein (RdRp). The FMV
RdRp has 47% amino acid identity with the EMARAV RdRp and 13% iden-
tity with the RdRps coded by some members of Bunyaviridae (Elbeaino
et al,, 2009b). The FMV RdRp also shows the presence of 6 motifs (pre
motif A and A- E motifs) characteristic of negative strand segmented
RNA virus RdRps and has the endonuclease signature at the N terminal
region of the RdRp (Reguera et al, 2010) suggesting that the FMV
RdRp might be involved in cap snatching. FMV vcRNA2 (2252 nt)
codes for a 73 kDa putative glycoprotein (G) precursor. (Elbeaino et al.,
2009b). FMV vcRNA3 (1490 nt) also has one ORF and codes for the puta-
tive 35 kDa nucleocapsid (N) protein. Despite other similarities, the FMV
N protein shows no statistically significant amino acid similarity to N
protein sequences for viruses in the family Bunyaviridae. FMV vcRNA4
(1472 nt) codes for a 40.5 kDa protein of unknown function. The FMV
RNA4 and its coded protein do not show either nucleotide or amino
acid identity or similarity to any plant viral sequences in GenBank
(Elbeaino et al., 2009a; Walia et al., 2009) except for RRV (59% amino
acid identity) (Laney et al., 2011).

Viruses of family Bunyaviridae and genus Tenuivirus have been
shown to use “cap snatching” to initiate transcription and facilitate
translation of their mRNAs (Bouloy et al., 1990; Duijsings et al.,
1999; Estabrook et al., 1998; Reguera et al., 2010). For cap snatching,
the virus coded RdRp binds to and cleaves host mRNAs to obtain
the 5’ terminal methylated cap structure and the following ~15-20
nucleotides which serve as a primer for mRNA synthesis (Dhar et
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Fig. 1. Northern blot hybridization analysis of RNA from different fractions of polyribosomal and total RNAs extracted from FMV-infected figs and TSWV-infected N. benthamiana
plants, respectively. RNAs were analyzed by agarose gel (1.6%) electrophoresis under denaturing conditions, transferred to nitrocellulose membrane and probed with biotinylated
probes for FMV RNA3 (a) and TSWV S RNA (b).a: Lane 1: Total RNAs extracted from FMV infected figs, lane 2: polyribosomal RNAs, lane 3: Empty, lane 4: RNAs extracted from pre-
polyribosomal membranous fraction and lane 5: total RNA extracted from healthy figs. Sizes of the corresponding RNAs are indicated.b: Lane 1: Total RNAs extracted from the
healthy N. benthamiana plants, lane 2: RNA extracted from pre-polyribosomal membranous fraction, lane 3: polyribosomal RNAs; lane 4: total RNAs extracted from TSWYV infected

N. benthamiana plants. Sizes of the corresponding RNAs are indicated.

al., 1980; Duijsings et al., 2001; Garcin and Kolakofsky, 1990; Geerts-
Dimitriadou et al., 2011; Patterson et al., 1984). The result is a 5’
capped viral mRNA which contains a short 5’ leader sequence derived
from the 5 end of any of many host mRNAs. This mechanism has
been very well studied in the Influenza A virus (Braam et al., 1983;
Fodor et al., 2002; Geerts-Dimitriadou et al., 2011; Krug et al., 1979;
Li et al,, 2001; Reguera et al., 2010; Ulmanen et al., 1981) but less so
for the plant-infecting tospoviruses, family Bunyaviridae (Duijsings
et al., 2001; Kormelink et al., 1992a; van Knippenberg et al., 2005)
or for viruses in the genus Tenuivirus (Huiet et al., 1993; Ramirez et
al.,, 1995; Shimizu et al., 1996; Yao et al., 2012).

The computer based analyses predict an endonuclease domain at
the N terminus of the FMV RdRp (Reguera et al., 2010). This endonucle-
ase signature has also been reported for other negative sense multipar-
tite RNA viruses which show the presence of non-viral leader sequences
on their mRNAs. As the FMV RdRp shows similarity to these negative
sense multipartite viruses (members of family Bunyaviridae and genus
Tenuivirus), this effort was executed to determine whether FMV
mRNAs also are generated via cap snatching as they are for the related
viruses.

Results and discussion
Evidence for presence of 5’ heterogenous non viral sequences on mRNA

A characteristic feature of the multipartite, negative sense sSRNA
viruses is presence of non-viral nucleotides at the 5’ termini of their
mRNAs which are acquired by cap-snatching, (Braam et al., 1983;
Plotch et al.,, 1981). These are heterogeneous in length and sequence,
and are typically of host mRNA origin. As FMV is a newly described
multipartite, negative sense ssRNA virus, we attempted to identify
and characterize FMV mRNAs to determine if FMV mRNAs exhibit
hallmarks of cap snatching. Since fig leaves contain abundant amounts
of latex and phenolic compounds (Ferguson et al., 1990) which can af-
fect RNA quality and subsequent enzymatic reactions, we partially pu-
rified the polyribosomal RNAs from FMV-infected and healthy figs in
order to concentrate mRNAs free of latex. To be sure that we were
enriching for polyribosomal mRNAs we used Tomato spotted wilt
virus (TSWV, family Bunyaviridae)-infected N. benthamiana plants as
a positive control. Total and polyribosomal RNAs were analyzed by
northern blot hybridization using probes complementary to both
FMV RNA3 v and vcRNAs, and TSWV RNA3 (S) v and vc RNAs, the
vcRNAs of each codes for the corresponding N protein. The resulting
northern blots showed that the polyribosomal RNA fraction contained
concentrated amounts of intact RNA (Figs. 1a, lane 2, and b, lane 3).
Furthermore, for TSWV we observed enrichment of the N protein-
coding mRNA (1.2 kb) in the polyribosomal RNA fraction compared
to the total RNA extracted from TSWV-infected N. benthamiana plants
(Fig. 1b, compare lanes 3 and 4). In contrast, we did not see clear size
differences in the FMV polyribosomal RNAs vs. total RNAs, but we

observed intact RNA from the polyribosomal RNA fraction (Fig. 1a,
lane 2) compared to the RNA extracted from the pre-ribosomal mem-
branous fraction (Fig. 1a, lane 4).

5’ RACE was next performed on the FMV polyribosomal RNAs in
attempts to identify the 5’ end sequences of the FMV mRNAs
(Fig. 2). Of 12 FMV RNA2 clones, 3 showed sequence complementar-
ity to the 3’ end of VRNA 2, 3 showed the same complementary se-
quence but also had 5’ extensions of 12-14nt, and 6 were
apparently prematurely terminated transcripts. The corresponding
results for 24 FMV RNA3 clones were 4 exact complements, 11 com-
plements with extensions of 12-18 nt, and 9 prematurely terminated.
The presence of 12-18 nt of non viral origin nucleotides at the 5’ ter-
mini of FMV mRNAs suggested that cap snatching may be involved in
their synthesis. Furthermore, these extensions are similar in size to
the host-derived leader sequences for tenuiviruses and members
of the Bunyaviridae (Huiet et al., 1993; Kormelink et al., 1992b;
Ramirez et al.,, 1995; Shimizu et al., 1996).

The endonucleolytic cleavage of host mRNAs has been shown to
occur preferentially at the A residue for TSWV (Duijsings et al.,

1RNA3  ————- AUCAGAUAAUUCAAGUAGUGAACUCC
2RNA3  —————- AACCAAUCAGGAGAGUAGUGAACUCC
3RNA3 --ACACAAACAAACCUUAUAGUAGUGAACUCC
4RNA3  ——mm——- AAACCCUAGAAGAGUAGUGAACUCC
5RNA3  ———-- AGAACUGAUCGCACAGUAGUGAACUCC
6RNA3 -AGGAGUCUCUCUCUCUCUAGUAGUGAACUCC
TRNA3 ----ACUUCUGCUAUAGCUAGUAGUGAACUCC
8RNA3  ————- AUUGCGCUCUCUCUAGUAGUGAACUCC
9RNA3  —————- AUCUGAUCUCUUAAGUAGUGAACUCC
10RNA3 ——---- AUCUGAUCUCUUAAGUAGUGAACUCC
11RNA3 --——ACAACCGAAAUUACCAGUAGUGAACUCC
12RNA3  mmmmmmmmm—mm e AGUAGUGAACUCC
13RNA3 ~ mmmmmmmmmmmm e AGUAGUGAACUCC
14RNA3 ~ mmmmmmmmmmmeeo o AGUAGUGAACUCC
15RNA3 mmmmmmmmm—mmo o AGUAGUGAACUCC
1RNA2  ———-- AAAACUCACAUCACAGUAGUGAACUCC
2RNA2  —————- AGCGUCGGUUAAGAGUAGUGAACUCC
3RNA2  ———-—- AGUCACCARAAACAGUAGUGAACUCC
4RNA2  mmmmmmmmm—mm oo AGUAGUGAACUCC
SRNA2 ~ mmmmmmmm—mmmmm o AGUAGUGAACUCC
6RNA2 ~  mmmmmm—mm—m—o AGUAGUGAACUCC
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Fig. 2. Nucleotide sequences of the clones from 5’ RACE analysis. The blue colored nu-
cleotides are extra nucleotides present at the 5’ termini of the viral mRNAs encoding
for G (RNA2) and N (RNA3) proteins. The nucleotides shown in red are the 5’ terminal
nucleotides present on the vcRNAs of FMV (RNA2 and RNA3). * indicates the conserved
5’ ends of the viral complementary RNAs. The clones from RNA 3 mRNA are labeled as
1RNA3 to 11RNA3 and from vcRNA 3 as 12RNA3-15RNA3. For RNA2 the mRNA clones
are labeled as TRNA2 to 3RNA2 and the corresponding vcRNA clones as 4RNA2 to
6RNA2.
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2001), thereby resulting in a leader sequence having A complemen-
tarity with the ultimate or penultimate viral template nucleotide
(U). The sequence preferences for the cleavage of the incorporated
host mRNA fragments has also been reported for other negative
strand multipartite viruses (Jin and Elliott, 1993a, 1993b), but we
did not find any nucleotide residue preference among the limited se-
quences examined here for FMV (Fig. 2). Recent work with TSWV,
Rice stripe virus (RSV) and Influenza A virus (Geerts-Dimitriadou et
al.,, 2011; van Knippenberg et al., 2005; Yao et al., 2012) has shown
that multiple base pair complementarity between the leader RNA
and the vRNA increases the probability of it being used for transcrip-
tion. In our study all of the analyzed clones (mRNAs 2 and 3) showed
that the viral 5’ terminal sequence follows immediately after the non
viral leader, and the non viral 3’ most nucleotide varied. As the se-
quence information of the host mRNAs used for the transcription ini-
tiation of FMV VRNA is not available, it is therefore difficult to
comment on the sequence requisite at the 3’ end and cleavage spec-
ificity of the host mRNAs required for the transcription initiation of
the FMV vRNAs.

Presence of 5’ 7-methylguanosine cap structure

If the 5’ leader sequences described above are derived from host
mRNAs via cap-snatching, then the mRNAs should have a 5’ 7-
methylguanosine cap. Although this has been inferred for tospo-
viruses, the 5’ cap structure has not been demonstrated, but
immuno-selection using cap-specific antibodies indicated that for
the Tenuivirus, Rice hoja blanca virus, the subgenomic RNAs may be
capped (Ramirez et al., 1995). To determine if the FMV mRNAs con-
tained a 5’ cap structure, we attempted to purify 5’-capped mRNAs
from FMV-infected fig plants using GST-tagged recombinant elF4E-
k119a- Compared to the wildtype elF4E, the recombinant elF4E has
10-15 fold greater affinity for the 5-m7GpppN RNA cap structure
(Choi and Hagedorn, 2003). FMV polyribosomal RNAs were incubated
with immobilized elF4Ex;19a and the bound RNAs were extracted
from the GST 4E beads using phenol/chloroform extraction and etha-
nol precipitation (Gowda et al., 2010). Northern hybridization analy-
sis for FMV positive-sense RNA3 (mRNA) indicated that FMV-specific
RNAs were present in the elF4Ei;194 extract, providing strong evi-
dence for a 5’-m7GpppN RNA cap structure on these RNAs (Fig. 3,
lane 2). As a positive control we analyzed TMV virion RNA (5’
capped), and hybridization results showed an abundance of TMV
RNA in the elF4Ey;194 extract but not in the wash fractions (data
not shown).

It is also interesting to observe in our results the presence of two
FMV RNA3-specific RNAs of slightly different electrophoretic mobil-
ities (Fig. 3, lanes 1-5). The RNA of lesser migration (larger RNA) pre-
dominated for the total RNA (Fig. 3, lane 1) and the wash fractions
(Fig. 3, lanes 3-5), presumably corresponding to the uncapped full-

Fig. 3. Northern blot hybridization analysis of the FMV RNAs isolated by the elF4E 94
cap-binding assay. RNAs were analyzed by denaturing agarose gel electrophoresis and
transferred to nitrocellulose membranes. The RNAs were hybridized with P*? labeled
probes complementary to the FMV RNA 3 vc and mRNAs. Lane 1: Total RNAs extracted
from the FMV-infected fig plants. Lane 2: RNA recovered by affinity chromatography
using immobilized cap binding protein elF4Ey;194. Both lanes show two RNAs, with
the slower migrating RNA (presumably vcRNA3) being the most intense for lane 1
and the faster migrating RNA (mRNA3) the most intense for lane 2. Lanes 3, 4 and 5
are from the RNA fractions unbound to the elF4Ey;94, beads and extracted from the
washes.

length vcRNA 3. The RNA of greater migration (smaller RNA) was
more abundant for the fraction that had bound to, and was extracted
from, the elF4Ex;19a beads (Fig. 3, lane 2). This suggests that tran-
scription generating 5’ capped FMV mRNA3 terminates internally
on the vVRNA3 template RNA.

For the members of Bunyaviridae, mRNA transcription termination
mechanisms are only partly known. Transcription termination for the
entirely negative sense bunyaviruses (Orthobunyavirus, Nairovirus
and Hantavirus) occurs internally on the vRNA template at a G/U
rich sequence. However for bunyaviruses (Tospovirus and Phlebo-
virus) having ambisense RNAs the intergenic regions for both the
vcRNA and vRNA are suggested to contain termination signals
(Hutchinson et al., 1996; van Knippenberg et al., 2005). No universal,
conserved transcription termination signals have been reported for
viruses of the Bunyaviridae, however two sequences have been sug-
gested. These are 3’-G/CUUUUU-5' and 3’-GGUGGGGGGUGGGG-5’
(Acheson, 2007). We examined the 5’ regions of the FMV vRNAs
(the negative sense templates used for mRNA synthesis) for the pres-
ence of possible transcription signals by comparison to those de-
scribed for members of Bunyaviridae (Barr et al., 2006; Giorgi et al.,
1991; Hutchinson et al.,, 1996; Walter and Barr, 2011) and found
none of the previously identified termination sequences. Further-
more, we did not find a sequence near the template RNA 5’ termini
that was common to all FMV vRNAs (excluding the conserved termi-
nal nucleotides). We also used 3’ RACE in attempts to determine if in
fact the FMV mRNA3 showed different 3’ termini than did the vcRNA,
but we did not find consistent sequences that might be indicative of
termination points (data not shown). We also analyzed the FMV
RNAs with the PolyATtract mRNA isolation system and northern hy-
bridization analysis on the RNA fraction bound to the PolyA binding
beads showed the lack of FMV m/vcRNAs (RNA3, data not shown),
suggesting FMV mRNAs (RNA3) are not polyadenylated.

Conclusions

Our data indicate that FMV mRNA2 and mRNA3, like those of other
negative sense ssSRNA multipartite viruses, have 5’ heterogeneous lead-
er sequences. Affinity binding analysis with the elF4Ey;194 mutant and
northern blot hybridization analyses give strong support for the pres-
ence of 5’ cap structure at the 5’ termini of the leader sequences
(mRNA3). This is the first demonstration of a 5’ cap and the presence
of 5’ heterogeneous non-viral leader sequences on the mRNAs for
Emaraviruses. It has recently been suggested that the mRNAs for anoth-
er Emaravirus, RRV, may be capped (Laney et al., 2011), and this seems
very likely.

Moreover, the 3’ RACE analysis and northern hybridization analy-
sis have shown that FMV mRNA3 are not polyadenylated and appear
to be produced by premature termination of transcription on the
VRNA3 template.

Materials and Methods
Virus isolates

Eriophyid mites (Aceria ficus) from a FMV-infected fig (Ficus carica)
tree were placed on two healthy fig seedlings. Approximately 10 days
later leaves began to show typical mosaic symptoms, and were tested
for FMV by RT-PCR using FMV specific primers (Walia et al., 2009).
These FMV-infected fig seedlings were used as the FMV source for
all the experiments performed in this study. Tomato spotted wilt
virus (TSWV) was used for mechanical inoculation of Nicotiana
benthamiana plants. These plants were used to isolate TSWV polyri-
bosomal RNAs. Tobacco mosaic virus (TMV) virion RNA was extracted
from purified virions for use as a 5’ 7-methyl guanosine cap-binding
control.
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Polyribosomal RNA extraction

Polyribosomes were extracted from leaf tissues of FMV-infected
figs and TSWV-infected Nicotiana benthamiana plants, by following
established procedures (Jackson and Larkins, 1976), except that poly-
ribosomes were not purified using sucrose density gradients. The
RNAs from the pre-polyribosome membranous fraction and the poly-
ribosome fraction were extracted by slight modification of estab-
lished protocols (Falk and Tsai, 1984). Both fractions were mixed
1:1 with RNA extraction buffer {50 mM Tris, pH 7.5 containing 2% so-
dium dodecyl sulfate (SDS) and 1% N-Lauroyl sarcosine (NLS)}, re-
spectively. After 10 min incubation at room temperature, RNA was
extracted using phenol: chloroform, followed by ethanol precipita-
tion, and RNAs were resuspended in RNase free water.

5" RACE and sequence analysis

5’ RACE was used for attempts to determine the 5’ termini of the
FMV mRNAs (Invitrogen Corp., Carlsbad, California) for the G
(vcRNA2) and N (vcRNA3) proteins by using 1-5 pg of polyribosomal
RNA. The FMV-specific primers used for the reverse transcription and
polymerase chain reactions are listed in Table 1. 5 RACE products
were analyzed by agarose gel electrophoresis and stained with SYBR
Gold (Invitrogen, Molecular Probes Inc., Eugene, Oregon) as per man-
ufacturer's instructions. Bands were excised from agarose gels, DNA
was extracted by using the Minelute Gel extraction kit (Qiagen Sci-
ences, Maryland, USA) and ligated into pGEM-T Easy (Promega),
and then transformed into DH5a Escherichia coli electro competent-
cells. Recombinant colonies were selected and grown on Luria Bertani
broth containing 100 pg/ml of ampicillin (Sigma Chemical Co. St.
Louis, MO.). Plasmids were extracted using QIAprep Spin Miniprep
Kit (Qiagen Sciences, Maryland, USA) and sequenced using the ABI
3730 Capillary Electrophoresis Genetic Analyzer at the UC DNA Se-
quencing facility, University of California, Davis.

Affinity purification of 5’-methylguanosine-capped RNA

5’-Capped mRNAs were purified using the recombinant cap bind-
ing protein elF4Ex194 (Choi and Hagedorn, 2003). GST-tagged elF4E-
k1194 Was bound to glutathione beads for 1 h in PBS and washed three
times with binding buffer (Gowda et al., 2010). One hundred fifty ug
of heat-denatured polyribosomal RNAs from FMV-infected fig and
TMVvirion RNA was separately mixed with glutathione agarose
GST4E beads for 1 h in binding buffer, followed by four washes with
washing buffer (Choi and Hagedorn, 2003; Gowda et al., 2010). RNA
bound to the GST 4E beads was extracted with phenol/chloroform,
ethanol precipitated and dissolved in RNase free water.

Northern hybridization

Total RNAs (Qiagen RNeasy Plant mini kit), and polyribosomal RNAs
(Jackson and Larkins, 1976) were extracted from FMV-infected as well
as from healthy figs. Affinity purified 5’ capped FMV mRNAs and TMV
virion RNAs were also analyzed by northern hybridization. The RNAs

Table 1
Primer sequences for 5’ RACE experiments.

RACE primers RNA segments Primer sequences

5’ RACE RNA2 GSP1 5" CTATGGATGATTGATGTG 3’
RNA2 GSP2 5" CTTCATGGATGGTTGCAGTA 3’
RNA3 GSP1 5" TAGTATACCAGCTGACAT 3’
RNA3 GSP2 5" TTGGATGATACAATCAACCTCAA 3’

GSP: Gene specific primer.

GSP1 primer primes the first strand cDNA synthesis.

GSP2 is used for PCR amplification of cDNA along with anchor primer (provided with 5’
RACE system).

were denatured with dimethylsulfoxide and glyoxal, and analyzed by
1.6% agarose gel electrophoresis. The RNAs were then transferred to
Hybond N membranes (Amersham Biosciences, Piscataway, NJ). The
[-32P]-UTP-labeled RNA probes were generated using the SP6/T7
MAXIscript in vitro transcription kit (Ambion, Texas) so as to generate
probes of negative polarity. The prehybridization and hybridization
steps for affinity purified mRNAs and RNAs were carried according to
instructions provided by Perfect Hyb™ Plus buffer from Sigma (Sigma
Chemical Co. St. Louis, MO.).

Biotinylated probes were generated for the detection of FMV
RNA3 and TSWV RNA3 (S RNA) from the pre-polyribosomal membra-
nous fraction and polyribosomal RNAs by using Bright Star psoralen—
biotin nonisotopic labeling kit (Ambion Inc, Austin, Texas, USA). The
prehybridization, hybridization and detection steps were carried out
according to the manufacturer's instructions.
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