














SEGS-1 products were also seen for all 7 of the wild Manihot spp.,
while SEGS-2 products were seen for 4 wild species.

We also used SEGS-1- and SEGS-2-specific primers to amplify
genomic DNA from 7 East African cassava cultivars. In this case,
the primer pairs 1-hp1F/1-6R and 2-1F/2-5R amplified about
1-kb and 600-bp fragments, respectively. Both primer pairs de-
tected SEGS-1- and SEGS-2-related sequences in all 7 cultivars
(Fig. 6B). Sequencing the PCR products confirmed that they cor-
responded to SEGS-1 and SEGS-2 (data not shown). The sizes of
the SEGS-2 products appeared uniform, while the SEGS-1 prod-
ucts varied from 1 to 1.1 kb in size (Fig. 6C). Sequencing revealed
that the size differences reflected the presence of one or two inser-
tions that are conserved with respect to their sequences and posi-
tions in the different SEGS-1 PCR products (Fig. 2A, triangles).
Sequences related to FC1, PC2-1, PC2-2, and PC2-3 were detected
in the 57 M. esculenta accessions annotated in cassava v6.1 (Phy-
tozome 10.3), consistent with the PCR data that the genomic cop-
ies are conserved across cassava genotypes.

Episomal copies of SEGS-1 and SEGS-2.Given that SEGS-1
and SEGS-2 originally were amplified from CMD-infected cassava
using primers for betasatellites and alphasatellites, we asked if they
occur as episomes in cassava. We were unable to detect small

DNAs corresponding to the predicted sizes of the SEGS-1 or
SEGS-2 episome on DNA gel blots. Hence, we designed two types
of primer pairs, a convergent set to amplify linear genomic copies
and a divergent set to amplify circular episomal or concatemeric
copies of SEGS-1 and SEGS-2 (Fig. 7A). The primer pairs were
used for PCR of total DNA extracts from CMB-infected cassava
(Fig. 7B) collected in Cameroon. We also performed PCR using
DNA samples from healthy cassava plants (Fig. 7C) from Came-
roon that had been passaged through tissue culture to ensure that
they were virus free. The convergent primer pairs amplified the
genomic sequences related to SEGS-1 or SEGS-2 from both the
healthy and infected plant samples. In contrast, no PCR products
were detected when the divergent primers were used to amplify
the total DNA samples from healthy or infected plants. However,
when the same DNA samples first were subjected to RCA to am-
plify small, circular DNA molecules and then amplified using the
divergent primer pairs, we detected PCR products for SEGS-1 and
SEGS-2 in infected plants, indicative of episomal or concatemeric
forms. The episomal PCR products were detected using 40 cycles
and an RCA template, while the genomic PCR products were de-
tected with 25 cycles and a total DNA template. The negative PCR
controls and the Arabidopsis DNA control, which was purified in

FIG 5 SEGS-2 enhances CMB infection in N. benthamiana. (A) N. benthamiana plants inoculated with EACMV-UG DNA-A plus DNA-B showed no symptoms,
while plants coinoculated with EACMV-UG DNA-A plus DNA-B and SEGS-2 were symptomatic at 14 dpi. (B) Plants inoculated with EACMCV DNA-A plus
DNA-B showed very mild symptoms, while those coinoculated with EACMCV DNA-A plus DNA-B and SEGS-2 displayed strong symptoms at 14 dpi. (C) Plants
inoculated with SEGS-2 alone did not develop symptoms. (D) Total DNA was extracted at 14 dpi from systemically infected leaves and equivalent leaves from
symptom-free plants and analyzed by DNA gel blotting with radiolabeled probes corresponding to EACMV-UG DNA-A (lanes 1 to 4) or EACMCV DNA-A
(lanes 5 to 8). The lanes correspond to mock inoculation (M; lanes 1 and 5), CMB alone (lanes 2 and 5), CMB plus SEGS-2 (lanes 3 and 7), and SEGS-2 alone
(lanes 4 and 8). The loading control is ethidium-stained, total genomic DNA.
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parallel with the cassava DNA samples, did not amplify with the
divergent primer pairs at 40 cycles, ruling out the possibility that
the episomal products were due to contaminants.

We then asked if SEGS-1 or SEGS-2 episomes could be de-
tected in RCA samples generated from total DNA and virion sam-
ples from CMD-infected cassava leaves and whiteflies collected in
Tanzanian fields (Fig. 8A). Both SEGS-1 and SEGS-2 episomes
were detected in total DNA isolated from infected cassava leaves
from Cameroon (Fig. 8A, lane 2) or Tanzania (lane 3). In contrast,
SEGS-2, but not SEGS-1, episomes were detected in virion prep-
arations from infected cassava leaves collected in Tanzania (Fig.
8A, lane 5). Similarly, only SEGS-2 episomes were detected in total
DNA and virion samples from whitefly samples collected in Tan-
zania (Fig. 8A, lanes 4 and 6). We confirmed that the samples
contained CMB DNA by convergent PCR using the primer pairs
UG3A-2/UG3A-3 for EACMV-UG (Fig. 8A, lanes 2, 3, 4, and 6)
and EACMVAfor3/EACMVArev6 for EACMV (lane 5). SEGS epi-
somes were detected in a minimum of 4 independent samples of
each type, with ca. half of the total DNA samples and most of the
virion samples positive for episomal SEGS and CMB DNA (data
not shown). SEGS-1 or SEGS-2 episomes in plants inoculated un-
der controlled conditions (Fig. 3, 4, and 5) were not analyzed
because of the presence of residual SEGS plasmid DNA, which
could not be distinguished from episomal DNA in the RCA/diver-
gent PCR assays.

Cassava genomic DNA contamination of the RCA products
was ruled out using the Cassava Perox4F/R primer pair, which
amplifies an 894-bp region on chromosome 16 in the cassava ge-
nome that is distinct from SEGS-related sequences (Fig. 8A, bot-
tom). The absence of genomic DNA contamination of the RCA

products allowed us to use convergent primer pairs to amplify
regions of the SEGS-1 and SEGS-2 episomes not amplified by the
divergent primer pairs. Bands of the same size were observed for
reaction mixtures containing RCA templates of total DNA from
infected cassava leaves or cloned SEGS DNA templates (Fig. 8B),
indicating that the SEGS episomes and the clones are similar in
size.

We characterized the junctions and the internal regions of the
SEGS episomes by sequencing the divergent and convergent PCR
products (Fig. 2B) amplified from the RCA templates. The junc-
tion sequences of the SEGS-1 episomes from infected cassava
leaves collected in Cameroon and Tanzania were identical and
joined 5= and 3= sequences in the SEGS-1 clone and in the genomic
sequence (FC1) (red arrows in Fig. 2A and B; also see Fig. S1 in the
supplemental material). The junction sequences of the SEGS-2
episomes from infected cassava leaves collected in Cameroon and
Tanzania and from virion and whitefly samples collected in Tan-
zania were also identical except for limited variation in a down-
stream poly(A) tract (Fig. 2B). The SEGS-1 junction is flanked by
a 6-bp inverted repeat separated by 2 bp, while the SEGS-2 junc-
tion is flanked by a 21-bp inverted repeat separated by 4 bp. The
SEGS-2 episomes included an invariant 52-bp junction region
that matches the 5= and 3= ends of the SEGS-2 clone but is absent
from the cassava genome. This region includes the 26-bp se-
quence that is identical to sequences located immediately up-
stream of the hairpin motif in several alphasatellite replication
origins (Fig. 2C). The internal sequences of the SEGS-1 and
SEGS-2 episomes are nearly identical to their corresponding
cloned sequences (see Fig. S1).

FIG 6 Manihot genomes contain sequences related to SEGS-1 and SEGS-2. (A) PCR analysis of genomic DNA from South American Manihot genotypes using
the SATIIF/R primer pair for SEGS-1 and the SATIIIF/R primer pair for SEGS-2. The table lists the 10 South American cassava cultivars and the 7 wild Manihot
species that were analyzed. (B) PCR analysis of genomic DNA from African cassava cultivars using the 1-hp1F/1-6R primer pair for SEGS-1 and the 2-1F/2-5R
primer pair for SEGS-2. The DNA samples were from plants rendered virus free by passage through tissue culture. (C) Multiple PCR products related to SEGS-1
were resolved for some African cultivars.
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DISCUSSION

Geminivirus infection is associated with a variety of symptoms,
including leaf deformation, mosaic patterning, and stunting. The
symptoms reflect virus-plant interactions that recruit and redirect
host processes for viral propagation and activate defense re-
sponses (26). Some virus-host combinations result in mild symp-
toms, while others show severe symptoms. Symptom severity has
been correlated with silencing suppressors encoded by geminivi-
ruses and their satellites (39, 56). In this study, we report the clon-
ing and characterization of two DNA sequences from CMB-in-
fected cassava that enhance geminivirus disease symptoms and are
designated SEGS-1 and SEGS-2. Cassava plants coinoculated with
a CMB and SEGS-1 or SEGS-2 develop filiform leaf and bleaching
symptoms that resemble atypical CMD symptoms observed in
susceptible and resistant cassava cultivars in the field.

Geminivirus satellite DNAs often are associated with increased
symptom severity (39), and initially it was thought that SEGS-1

and SEGS-2 were satellites that alter CMB symptoms. The fact that
both sequences first were amplified using universal primers for
geminivirus satellites contributed to this view. However, SEGS-1
and SEGS-2 show little resemblance to known geminivirus satel-
lites. Moreover, SEGS episomes were detected only after 40 PCR
cycles of RCA template DNA (Fig. 7B and 8), indicating that they
are low in copy number. Together, these observations raised ques-
tions as to the origins of SEGS-1 and SEGS-2 and whether they are
transmitted with CMBs.

FIG 7 Amplification of SEGS-1 and SEGS-2 episomes in infected plants. (A)
The convergent primer pairs 1-hp1F/1-6R and 2-7F/2-hp-0R amplify genomic
copies of SEGS-1 and SEGS-2, respectively. The divergent primer pairs 1-2R/
1-5F and 2-8R/2-5F amplify circular episomal or concatemeric copies of
SEGS-1 and SEGS-2, respectively. Total DNA was the template for the
genomic PCR products, while RCA DNA was the template for the episomal
PCR products. (B) PCR products from CMB-infected cassava samples from
Cameroon. The arrowheads mark bands with sequences that match SEGS-1 or
SEGS-2. (C) PCR products from healthy cassava collected from Cameroon
and passaged through tissue culture. The Arabidopsis thaliana (At) DNA was a
control for potential contamination during DNA isolation. C� is the positive
PCR control using a cloned DNA template. C� is the negative PCR control
that lacks template DNA. Bands marked with dots are nonspecific products
that were also sequenced.

FIG 8 SEGS-2 episomes in infected leaves, virions, and whiteflies. (A) Diver-
gent primer pairs were used to amplify episomal or concatameric copies of
SEGS-1 and SEGS-2 from RCA template DNA. Convergent primer pairs were
used to amplify CMB DNA and test for genomic DNA contamination of the
RCA template DNA. The panels used the indicated primer pairs: SEGS-1 (1-
4F/1-2R), SEGS-2 (2-4F/2-6R), CMB (EACMVAfor3/EACMVArev6 or
UG3A-2/UG3A-3), and genomic DNA (Cass PeroxF/R). RCA template was
produced using total DNA from infected cassava leaves (Cameroon, lane 2;
Tanzania, lane 3), total DNA from whiteflies (Tanzania, lane 4), virion DNA
from infected leaves (Tanzania, lane 5), and virion DNA from whiteflies (Tan-
zania, lane 6). Enhanced exposures of lanes 5 and 6 are shown at the right. C�
is the negative PCR control that lacks template DNA (lane 7). C� is the posi-
tive control using plasmid DNA corresponding to SEGS-1 (lane 8), SEGS-2
(lane 8), or CMB (lanes 8 and 9) or genomic DNA (lane 8) as the template. (B)
Convergent primer pairs were used to amplify SEGS-1 or SEGS-2 in cassava
leaves (Cv) from Tanzania using the same RCA template as that in lane 3 of
panel A, which was shown to be free of genomic DNA. C� is the negative PCR
control that lacks template DNA, while C� is the positive control using the
corresponding plasmid DNA. The arrowheads mark bands with sequences
that match SEGS-2 (2-6F/2-4R) or SEGS-1 (1-2F/1-4R). Bands marked with a
number sign are CMB PCR products. Bands marked with dots are nonspecific
products that were also sequenced.
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SEGS-1, which was amplified using a betasatellite universal
primer, shows no sequence relationship to betasatellites except for
16 and 9 nucleotides of the Beta01 primer at its 5= and 3= ends,
respectively. The cassava genome contains a sequence that is 99%
identical to full-length SEGS-1. In contrast, the cassava genome
does not contain a sequence corresponding to full-length SEGS-2,
which was amplified using an alphasatellite primer. SEGS-2 shows
only 84 to 89% identity to 3 cassava genomic sequences that to-
gether encompass 1,145 bp of the 1,197-bp SEGS-2 clone. Com-
parison of the average number of SNPs across 57 cassava acces-
sions in the Phytozome database uncovered fewer SNPs in PC2-1,
PC2-2, and PC2-3 (27.5/1,000 nt) than in FC1 (80/1,000 nt).
Thus, it is unlikely that natural variation contributed to the lower
sequence identity of the SEGS-2 clone relative to those of the re-
lated genomic sequences. Moreover, sequences related to SEGS-1
occur in all 7 wild cassava relatives from South America, while
sequences related to SEGS-2 were detected only in some wild rel-
atives (Fig. 6A). Based on these observations, we think that the
SEGS-1 clone, but not the SEGS-2 clone, was amplified from a
cassava genomic DNA template.

We used a combination of RCA and divergent PCR to amplify
and characterize episomes corresponding to the SEGS (Fig. 7 and
8). SEGS-1 and SEGS-2 episomes were detected in infected, but
not healthy, cassava leaves collected in Cameroon and Tanzania,
where severe CMD symptoms have been observed in cassava
fields. We also detected SEGS-2 episomes in whiteflies and virions
prepared from infected leaves and whiteflies collected in Tanza-
nia, but we were unable to detect SEGS-1 episomes in the same
samples. The absence of SEGS-1 indicates that the detection of the
SEGS-2 episome is not due to the contamination of the virion
preparations by unpackaged SEGS DNA. These results strongly
suggest that SEGS-2 episomes are packaged into virions and trans-
mitted by whiteflies along with CMBs.

Strikingly, the sequences of all of the SEGS-2 episomes and our
SEGS-2 clone are nearly identical internally and across the junc-
tion region, including the 52-bp sequence that does not occur in
the cassava genome and contains a 26-bp motif related to alpha-
satellite origins (Fig. 2). This strong level of sequence conserva-
tion, which is maintained in the SEGS-2 episomes from infected
leaves collected in both Cameroon and Tanzania, suggests that
this region plays an essential role in SEGS-2 function and/or prop-
agation. One possible scenario is that the template molecule for
SEGS-2 amplification arose through a recombination event be-
tween an alphasatellite and cassava genomic DNA in the past. The
reduced level of identity of the SEGS-2 clone to related sequences
in the cassava genome might reflect rolling-circle replication of
the SEGS-2 episome during infection and the accumulation of
mutations over time, as has been observed for begomoviruses
(13). Recently, an alphasatellite was identified in geminivirus-in-
fected cassava in Madagascar (36), but there are no reports of
alphasatellites associated with CMD on the African continent.

Our failure to detect SEGS-1 episomes in whitefly and virion
samples lends support to the hypothesis that it is derived from the
cassava genome. Rolling-circle amplification of total DNA from
mouse and human cells detected many extrachromosomal, closed
circular DNAs that are related to nonrepetitive genomic se-
quences and are thought to be by-products of chromosomal DNA
replication (57). The SEGS-1 episome has many features in com-
mon with these extrachromosmal DNAs, including its low copy
number, lack of relationship to known repetitive elements, and

presence of small direct repeats flanking the ends of the full copy in
the cassava genome. Moreover, the SEGS-1 episome has been de-
tected only in infected plants that have been reprogrammed to
support both viral and plant DNA replication (58, 59), raising the
possibility that the SEGS-1 episome is a by-product of host DNA
replication induced by geminivirus infection (58, 60). In support
of this idea, the direct repeats (GCTGCA) at the ends of genomic
sequence related to SEGS-1 coincide with the junction sequence of
the SEGS-1 episome. A sequence related to SEGS-1 (98% identity)
was cloned using betasatellite primers from begomovirus-infected
Mentha plants showing severe leaf deformation (61), suggesting
that an SEGS-1 episome underwent lateral transfer, possibly in
association with geminivirus infection. However, the failure to
detect SEGS-1 episomes in virions is not consistent with this pos-
sibility, and the source of SEGS-1 in Mentha remains elusive.

SEGS-1 and SEGS-2 interact with CMBs differently depend-
ing on the viral and plant species. Both SEGS enhance ACMV,
EACMCV, and EACMV-UG symptoms in susceptible cassava
cv. 60444. SEGS-1 (but not SEGS-2) is also associated with en-
hanced disease symptoms and increased viral DNA accumulation
in the TME3 landrace coinoculated with EACMV-UG. In con-
trast, SEGS-2 (but not SEGS-1) promotes EACMV-UG infection
and enhances EACMCV symptoms in N. benthamiana. These dif-
ferences suggest that SEGS-1 and SEGS-2 target distinct processes
involved in geminivirus infection or host defense. However, the
enhancement of CMB infection by SEGS-2 in N. benthamiana and
the presence of an SEGS-1-related sequence in infected Mentha
plants showing severe leaf deformation (61) suggest that both
have the potential to alter infection in diverse plant species.

The sequences of SEGS-1 and SEGS-2 provide few clues as to
the nature of their products and how they might function. The
longest coding regions in SEGS-1 and SEGS-2 specify proteins of
52 and 75 amino acids in length, and neither shows significant
homology to known proteins or domains. FC1 maps to the center
of a gene of unknown function, while PC2-2 and PC2-3 are lo-
cated in the 5= UTRs of genes encoding a putative RNA helicase
and a PPR protein, respectively. Strikingly, all 50 of the SEGS-2
partial copy sequences associated with genes map to the 5= end or
upstream of gene annotations that are truncated at the 5= end.
Moreover, the SEGS-2 partial copy sequences that overlap 5=
UTRs contain a conserved splice donor site. If the SEGS-2 epi-
some is transcribed, its RNA might bind to splicing factors neces-
sary to process cassava transcripts that contain related splice sites
in their 5= UTRs. Given that many of these transcripts specify
proteins involved in chromatin structure, RNA synthesis/process-
ing, or protein synthesis/transport, altering their splicing and po-
tentially their translatability could impact host factors that influ-
ence geminivirus infection. As an example, geminivirus genomes
assemble into minichromosomes (62), and changes in the host
machinery that modulate chromatin could alter viral replication
and/or transcription (63). A BLAST search did not detect SEGS-
related sequences in the N. benthamiana genome, indicating that
the ability of SEGS-2 to promote CMB infection is not dependent
on the presence of related sequences in the host genome.

A key question is whether the genomic sequences related to
SEGS-1 or SEGS-2 can enhance CMD symptoms or break resis-
tance. All cassava accessions tested to date contain the genomic
SEGS sequences, including cv. 60444 and TME3, which were used
for the experiments showing that exogenous SEGS DNA coinocu-
lated with CMBs enhances CMD symptoms and overcomes resis-
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tance. These results suggested that the genomic SEGS copies either
were not active or not maximally active in the infection experi-
ments. The cloned SEGS-2 sequence differs significantly from the
related genomic sequences, raising the possibility that the
genomic sequences cannot support symptom enhancement. In
contrast, the cloned SEGS-1 sequence and its corresponding
genomic sequence are 99% identical and are predicted to have the
same potential to impact CMD. Sequencing the endogenous
SEGS-1 sequences in cv. 60444 and TME3 did not uncover any
SNPs (not shown), ruling out cultivar differences that might ex-
plain why SEGS-1 genomic sequences did not impact CMD symp-
toms in the controlled inoculation experiments. One possibility is
that the chromatin context of the SEGS-1 genomic sequence sup-
presses its activity, while exogenous SEGS-1 DNA is not subject to
this suppression. Recent studies have highlighted the role of epi-
genetic regulation on plant defense genes (64–66) and implicated
environmental factors in epigenetic regulation and defense (67,
68), and the role of epigenetics currently is being assessed in the
functionality of CMD2 resistance (Nigel Taylor, personal com-
munication). Thus, if the SEGS-1 genomic sequence is controlled
epigenetically, environmental or other external factors might
modulate its activity and/or the release of an active SEGS-1 epi-
some from the cassava genome, thereby providing a potential
mechanism for the appearance of the atypical, severe CMD symp-
toms seen in resistant cultivars in African fields in recent years.

The CMD pandemic in sub-Saharan African countries has
been attributed primarily to synergism and genetic recombination
between EACMV, EACMV-UG, and ACMV (69). SEGS-1 and
SEGS-2 also enhance CMD, resulting in atypical symptoms char-
acterized by extreme leaf deformation, and SEGS-1 can overcome
CMD2-mediated resistance in controlled inoculation experi-
ments. Similar CMD symptoms have been reported in fields
across Africa, often planted with resistant cassava cultivars, some
of which carry the CMD2 resistance locus. Thus, a better under-
standing of the origins of SEGS-1 and SEGS-2, the distributions of
their episomes, and their capacities to enhance CMD symptoms
and break CMD2 resistance under suitable field conditions is es-
sential for the development of effective and sustainable disease
control measures against geminivirus diseases in cassava.

ACKNOWLEDGMENTS

We thank Vincent Fondong for providing CMB-infected cassava samples
from Cameroon and healthy cassava samples from his laboratory at Del-
aware State University. We also thank Steve Rounsley (University of Ari-
zona) for his help in analyzing the cassava genomic sequences, Nigel Tay-
lor (Donald Danforth Plant Sciences Center) for sharing unpublished
results, Claude Fauquet (CIAT, Colombia) for his help with the infection
studies, Fausto Rodriguez Zapata (International Center for Tropical Ag-
riculture, Colombia) for his help analyzing South American cassava cul-
tivars, and M. E. Christine Rey (University of the Witwatersrand, South
Africa) for her discussions. We greatly appreciate Sharon Settlage’s in-
volvement in editing the manuscript and suggestions and insights from
Niki Robertson and Mary Beth Dallas (NCSU).

This study was funded by a grant (DBI-1110050) to L.H.-B. and J.N.
from the BREAD program of the U.S. National Science Foundation and
by grants from the Bill & Melinda Gates Foundation and the U.K. Depart-
ment for International Development (DFID). J.N. was supported by a
graduate fellowship from the International Institute of Tropical Agricul-
ture (IITA) and by the Donald Danforth Plant Science Center. L.D.L. was
supported by a Fulbright Fellowship. IITA also supported the sample
collection in Tanzania through a subgrant to the Mikocheni Agricultural
Research Institute.

FUNDING INFORMATION
National Science Foundation (NSF) provided funding to Linda Hanley-
Bowdoin under grant number DBI-1110050.

REFERENCES
1. FAO. 2010. Cassava diseases in central, eastern and southern Africa

(CaCESA). Food and Agriculture Organization of the United Nations,
Rome, Italy.

2. Legg JP, Lava Kumar P, Makeshkumar T, Tripathi L, Ferguson M,
Kanju E, Ntawuruhunga P, Cuellar W. 2015. Cassava virus diseases:
biology, epidemiology, and management. Adv Virus Res 91:85–142. http:
//dx.doi.org/10.1016/bs.aivir.2014.10.001.

3. Legg JP, Owor B, Sseruwagi P, Ndunguru J. 2006. Cassava mosaic virus
disease in East and Central Africa: epidemiology and management of a
regional pandemic. Adv Virus Res 67:355– 418. http://dx.doi.org/10.1016
/S0065-3527(06)67010-3.

4. Akano O, Dixon O, Mba C, Barrera E, Fregene M. 2002. Genetic
mapping of a dominant gene conferring resistance to cassava mosaic dis-
ease. Theor Appl Genet 105:521–525. http://dx.doi.org/10.1007/s00122
-002-0891-7.

5. Okogbenin E, Egesi CN, Olasanmi B, Ogundapo OO, Kahya S, Hurtado
P, Marin J, Akinbo O, Mba C, Gomez H, de Vicente C, Baiyeri S, Uguru
M, Ewa F, Fregene M. 2012. Molecular marker analysis and validation of
resistance to Cassava mosaic disease in elite cassava genotypes in Nigeria.
Crop Sci 52:2576 –2586. http://dx.doi.org/10.2135/cropsci2011.11.0586.

6. Rabbi IY, Hamblin MT, Kumar PL, Gedil MA, Ikpan AS, Jannink JL,
Kulakow PA. 2014. High-resolution mapping of resistance to cassava
mosaic geminiviruses in cassava using genotyping-by-sequencing and its
implications for breeding. Virus Res 186:87–96. http://dx.doi.org/10.1016
/j.virusres.2013.12.028.

7. Deng D, Otim-Nape WG, Sangare A, Ogwal S, Beachy RN, Fauquet
CM. 1997. Presence of a new virus closely related to East African cassava
mosaic geminivirus, associated with cassava mosaic outbreak in Uganda.
African J Root Tuber Crops 2:23–28.

8. Zhou X, Robinson DJ, Harrison BD. 1998. Types of variation in DNA-A
among isolates of East African cassava mosaic virus from Kenya, Malawi
and Tanzania. J Gen Virol 79:2835–2840. http://dx.doi.org/10.1099/0022
-1317-79-11-2835.

9. Zhou XP, Liu YL, Calvert L, Munoz C, OtimNape GW, Robinson DJ,
Harrison BD. 1997. Evidence that DNA-A of a geminivirus associated
with severe cassava mosaic disease in Uganda has arisen by interspecific
recombination. J Gen Virol 78:2101–2111. http://dx.doi.org/10.1099
/0022-1317-78-8-2101.

10. Fondong VN, Pita JS, Rey ME, de Kochko A, Beachy RN, Fauquet CM.
2000. Evidence of synergism between African cassava mosaic virus and a
new double-recombinant geminivirus infecting cassava in Cameroon. J
Gen Virol 81:287–297. http://dx.doi.org/10.1099/0022-1317-81-1-287.

11. Pita JS, Fondong VN, Sangare A, Otim-Nape GW, Ogwal S, Fauquet
CM. 2001. Recombination, pseudorecombination and synergism of gemi-
niviruses are determinant keys to the epidemic of severe cassava mosaic
disease in Uganda. J Gen Virol 82:655– 665. http://dx.doi.org/10.1099
/0022-1317-82-3-655.

12. Ndunguru J, Legg JP, Aveling TA, Thompson G, Fauquet CM. 2005.
Molecular biodiversity of cassava begomoviruses in Tanzania: evolution
of cassava geminiviruses in Africa and evidence for East Africa being a
center of diversity of cassava geminiviruses. Virol J 2:21. http://dx.doi.org
/10.1186/1743-422X-2-21.

13. Duffy S, Holmes EC. 2009. Validation of high rates of nucleotide substi-
tution in geminiviruses: phylogenetic evidence from East African cassava
mosaic viruses. J Gen Virol 90:1539 –1547. http://dx.doi.org/10.1099/vir
.0.009266-0.

14. Legg JP, Thresh JM. 2000. Cassava mosaic virus disease in East Africa: a
dynamic disease in a changing environment. Virus Res 71:135–149. http:
//dx.doi.org/10.1016/S0168-1702(00)00194-5.

15. Lefeuvre P, Harkins GW, Lett JM, Briddon RW, Chase MW, Moury B,
Martin DP. 2011. Evolutionary time-scale of the begomoviruses: evidence
from integrated sequences in the Nicotiana genome. PLoS One 6:e19193.
http://dx.doi.org/10.1371/journal.pone.0019193.

16. Stanley J, Gay MR. 1983. Nucleotide sequence of cassava latent virus
DNA. Nature 301:2660 –2662.

17. Briddon RW, Pinner MS, Stanley J, Markham PG. 1990. Geminivirus

Sequences Enhancing Geminivirus Symptoms

April 2016 Volume 90 Number 8 jvi.asm.org 4171Journal of Virology

 on July 2, 2016 by guest
http://jvi.asm

.org/
D

ow
nloaded from

 

http://dx.doi.org/10.1016/bs.aivir.2014.10.001
http://dx.doi.org/10.1016/bs.aivir.2014.10.001
http://dx.doi.org/10.1016/S0065-3527(06)67010-3
http://dx.doi.org/10.1016/S0065-3527(06)67010-3
http://dx.doi.org/10.1007/s00122-002-0891-7
http://dx.doi.org/10.1007/s00122-002-0891-7
http://dx.doi.org/10.2135/cropsci2011.11.0586
http://dx.doi.org/10.1016/j.virusres.2013.12.028
http://dx.doi.org/10.1016/j.virusres.2013.12.028
http://dx.doi.org/10.1099/0022-1317-79-11-2835
http://dx.doi.org/10.1099/0022-1317-79-11-2835
http://dx.doi.org/10.1099/0022-1317-78-8-2101
http://dx.doi.org/10.1099/0022-1317-78-8-2101
http://dx.doi.org/10.1099/0022-1317-81-1-287
http://dx.doi.org/10.1099/0022-1317-82-3-655
http://dx.doi.org/10.1099/0022-1317-82-3-655
http://dx.doi.org/10.1186/1743-422X-2-21
http://dx.doi.org/10.1186/1743-422X-2-21
http://dx.doi.org/10.1099/vir.0.009266-0
http://dx.doi.org/10.1099/vir.0.009266-0
http://dx.doi.org/10.1016/S0168-1702(00)00194-5
http://dx.doi.org/10.1016/S0168-1702(00)00194-5
http://dx.doi.org/10.1371/journal.pone.0019193
http://jvi.asm.org
http://jvi.asm.org/


coat protein gene replacement alters insect specificity. Virology 177:85–
94. http://dx.doi.org/10.1016/0042-6822(90)90462-Z.

18. Etessami P, Saunders K, Watts J, Stanley J. 1991. Mutational analysis of
complementary-sense genes of African cassava mosaic virus DNA A. J Gen
Virol 72:1005–1012. http://dx.doi.org/10.1099/0022-1317-72-5-1005.

19. Morris B, Richardson K, Eddy P, Zhan X, Haley A, Gardner R. 1991.
Mutagenesis of the AC3 open reading frame of African cassava mosaic
virus DNA A reduces DNA B replication and ameliorates disease symp-
toms. J Gen Virol 72:1205–1213. http://dx.doi.org/10.1099/0022-1317-72
-6-1205.

20. Chellappan P, Vanitharani R, Fauquet CM. 2005. MicroRNA-binding
viral protein interferes with Arabidopsis development. Proc Natl Acad Sci
U S A 102:10381–10386. http://dx.doi.org/10.1073/pnas.0504439102.

21. Gopal P, Pravin Kumar P, Sinilal B, Jose J, Kasin Yadunandam A, Usha
R. 2007. Differential roles of C4 and betaC1 in mediating suppression of
post-transcriptional gene silencing: evidence for transactivation by the C2
of Bhendi yellow vein mosaic virus, a monopartite begomovirus. Virus Res
123:9 –18. http://dx.doi.org/10.1016/j.virusres.2006.07.014.

22. Haley A, Richardson K, Zhan X, Morris B. 1995. Mutagenesis of the BC1
and BV1 genes of African cassava mosaic virus identifies conserved amino
acids that are essential for spread. J Gen Virol 76:1291–1298. http://dx.doi
.org/10.1099/0022-1317-76-5-1291.

23. Stanley J. 1995. Analysis of African cassava mosaic virus recombinants
suggests strand nicking occurs within the conserved nonanucleotide motif
during the initiation of rolling circle DNA replication. Virology 206:707–
712. http://dx.doi.org/10.1016/S0042-6822(95)80093-X.

24. Hong Y, Stanley J. 1995. Regulation of African cassava mosaic virus
complementary-sense gene expression by N-terminal sequences of the
replication-associated protein AC1. J Gen Virol 76:2415–2422. http://dx
.doi.org/10.1099/0022-1317-76-10-2415.

25. Hanley-Bowdoin L, Settlage SB, Orozco BM, Nagar S, Robertson D.
1999. Geminiviruses: models for plant DNA replication, transcription,
and cell cycle regulation. Crit Rev Plant Sci 18:71–106. http://dx.doi.org
/10.1080/07352689991309162.

26. Hanley-Bowdoin L, Bejarano ER, Robertson D, Mansoor S. 2013.
Geminiviruses: masters at redirecting and reprogramming plant pro-
cesses. Nat Rev Microbiol 11:777–788. http://dx.doi.org/10.1038
/nrmicro3117.

27. Nawaz-ul-Rehman MS, Fauquet CM. 2009. Evolution of geminiviruses
and their satellites. FEBS Lett 583:1825–1832. http://dx.doi.org/10.1016/j
.febslet.2009.05.045.

28. Kumar J, Kumar J, Singh SP, Tuli R. 2014. BetaC1 is a pathogenicity
determinant: not only for begomoviruses but also for a mastrevirus. Arch
Virol 159:3071–3076. http://dx.doi.org/10.1007/s00705-014-2149-5.

29. Kumar J, Kumar J, Singh SP, Tuli R. 2014. Association of satellites with
a mastrevirus in natural infection: complexity of wheat dwarf India virus
disease. J Virol 88:7093–7104. http://dx.doi.org/10.1128/JVI.02911-13.

30. Mansoor S, Khan SH, Bashir A, Saeed M, Zafar Y, Malik KA, Briddon
R, Stanley J, Markham PG. 1999. Identification of a novel circular single-
stranded DNA associated with cotton leaf curl disease in Pakistan. Virol-
ogy 259:190 –199. http://dx.doi.org/10.1006/viro.1999.9766.

31. Saunders K, Bedford ID, Briddon RW, Markham PG, Wong SM,
Stanley J. 2000. A unique virus complex causes Ageratum yellow vein
disease. Proc Natl Acad Sci U S A 97:6890 – 6895. http://dx.doi.org/10
.1073/pnas.97.12.6890.

32. Briddon RW, Stanley J. 2006. Subviral agents associated with plant sin-
gle-stranded DNA viruses. Virology 344:198 –210. http://dx.doi.org/10
.1016/j.virol.2005.09.042.

33. Briddon RW, Brown JK, Moriones E, Stanley J, Zerbini M, Zhou X,
Fauquet CM. 2008. Recommendations for the classification and nomen-
clature of the DNA-beta satellites of begomoviruses. Arch Virol 153:763–
781. http://dx.doi.org/10.1007/s00705-007-0013-6.

34. Paprotka T, Metzler V, Jeske H. 2010. The first DNA 1-like alpha satel-
lites in association with New World begomoviruses in natural infections.
Virology 404:148 –157. http://dx.doi.org/10.1016/j.virol.2010.05.003.

35. Romay G, Chirinos D, Geraud-Pouey F, Desbiez C. 2010. Association of
an atypical alphasatellite with a bipartite New World begomovirus. Arch
Virol 155:1843–1847. http://dx.doi.org/10.1007/s00705-010-0760-7.

36. Harimalala M, De Bruyn A, Hoareau M, Andrianjaka A, Ranomenja-
nahary S, Reynaud B, Lefeuvre P, Lett JM. 2013. Molecular character-
ization of a new alphasatellite associated with a cassava mosaic geminivi-
rus in Madagascar. Arch Virol 158:1829 –1832. http://dx.doi.org/10.1007
/s00705-013-1664-0.

37. Dry IB, Krake LR, Rigden JE, Rezaian MA. 1997. A novel subviral agent
associated with a geminivirus: the first report of a DNA satellite. Proc Natl
Acad Sci U S A 94:7088 –7093. http://dx.doi.org/10.1073/pnas.94.13.7088.

38. Fiallo-Olive E, Martinez-Zubiaur Y, Moriones E, Navas-Castillo J. 2012.
A novel class of DNA satellites associated with New World begomoviruses.
Virology 426:1– 6. http://dx.doi.org/10.1016/j.virol.2012.01.024.

39. Zhou X. 2013. Advances in understanding begomovirus satellites. Annu
Rev Phytopathol 51:357–381. http://dx.doi.org/10.1146/annurev-phyto
-082712-102234.

40. Amin I, Hussain K, Akbergenov R, Yadav JS, Qazi J, Mansoor S, Hohn
T, Fauquet CM, Briddon RW. 2011. Suppressors of RNA silencing en-
coded by the components of the cotton leaf curl begomovirus-betasatellite
complex. Mol Plant Microbe Interact 24:973–983. http://dx.doi.org/10
.1094/MPMI-01-11-0001.

41. Yang X, Xie Y, Raja P, Li S, Wolf JN, Shen Q, Bisaro DM, Zhou X.
2011. Suppression of methylation-mediated transcriptional gene si-
lencing by betaC1-SAHH protein interaction during geminivirus-
betasatellite infection. PLoS Pathog 7:e1002329. http://dx.doi.org/10
.1371/journal.ppat.1002329.

42. Shukla R, Dalal S, Malathi VG. 2013. Suppressors of RNA silencing
encoded by tomato leaf curl betasatellites. J Biosci 38:45–51. http://dx.doi
.org/10.1007/s12038-012-9291-6.

43. Idris AM, Shahid MS, Briddon RW, Khan AJ, Zhu JK, Brown JK. 2011.
An unusual alphasatellite associated with monopartite begomoviruses at-
tenuates symptoms and reduces betasatellite accumulation. J Gen Virol
92:706 –717. http://dx.doi.org/10.1099/vir.0.025288-0.

44. Nawaz-Ul-Rehman MS, Nahid N, Mansoor S, Briddon RW, Fauquet
CM. 2010. Post-transcriptional gene silencing suppressor activity of two
non-pathogenic alphasatellites associated with a begomovirus. Virology
405:300 –308. http://dx.doi.org/10.1016/j.virol.2010.06.024.

45. Dellaporta SL, Wood J, Hicks JB. 1983. A plant DNA miniprepara-
tion: version II. Plant Mol Biol Rep 1:19 –21. http://dx.doi.org/10.1007
/BF02712670.

46. Collmer CW, Howell SH. 1992. Role of satellite RNA in the expression of
symptoms caused by plant viruses. Annu Rev Phytopathol 30:419 – 442.
http://dx.doi.org/10.1146/annurev.py.30.090192.002223.

47. Sambrook J, Fritsch EF, Maniatis T. 1989. Molecular cloning, vol 2. Cold
Spring Harbor Laboratory Press, Cold Spring Harbor, New York, NY.

48. Ng TF, Duffy S, Polston JE, Bixby E, Vallad GE, Breitbart M. 2011.
Exploring the diversity of plant DNA viruses and their satellites using
vector-enabled metagenomics on whiteflies. PLoS One 6:e19050. http://dx
.doi.org/10.1371/journal.pone.0019050.

49. Legg JP, Raya M. 1998. Survey of cassava virus diseases in Tanzania. Int J
Pest Man 44:17–23. http://dx.doi.org/10.1080/096708798228473.

50. Fargette D, Konate G, Fauquet C, Muller E, Peterschmitt M, Thresh
JM. 2006. Molecular ecology and emergence of tropical plant viruses.
Annu Rev Phytopathol 44:235–260. http://dx.doi.org/10.1146/annurev
.phyto.44.120705.104644.

51. Briddon RW, Mansoor S, Bedford ID, Pinner MS, Saunders K, Stanley
J, Zafar Y, Malik KA, Markham PG. 2001. Identification of DNA com-
ponents required for induction of cotton leaf curl disease. Virology 285:
234 –243. http://dx.doi.org/10.1006/viro.2001.0949.

52. Mansoor S, Briddon RW, Zafar Y, Stanley J. 2003. Geminivirus disease
complexes: an emerging threat. Trends Plant Sci 8:128 –134. http://dx.doi
.org/10.1016/S1360-1385(03)00007-4.

53. Prochnik S, Marri PR, Desany B, Rabinowicz PD, Kodira C, Mohiuddin
M, Rodriguez F, Fauquet C, Tohme J, Harkins T, Rokhsar DS, Roun-
sley S. 2012. The cassava genome: current progress, future directions.
Trop Plant Biol 5:88 –94. http://dx.doi.org/10.1007/s12042-011-9088-z.

54. Wang W, Feng B, Xiao J, Xia Z, Zhou X, Li P, Zhang W, Wang Y,
Moller BL, Zhang P, Luo MC, Xiao G, Liu J, Yang J, Chen S, Rabino-
wicz PD, Chen X, Zhang HB, Ceballos H, Lou Q, Zou M, Carvalho LJ,
Zeng C, Xia J, Sun S, Fu Y, Wang H, Lu C, Ruan M, Zhou S, Wu Z, Liu
H, Kannangara RM, Jorgensen K, Neale RL, Bonde M, Heinz N, Zhu
W, Wang S, Zhang Y, Pan K, Wen M, Ma PA, Li Z, Hu M, Liao W, Hu
W, Zhang S, Pei J, Guo A, Guo J, Zhang J, Zhang Z, Ye J, Ou W, Ma
Y, Liu X, Tallon LJ, Galens K, Ott S, Huang J, Xue J, An F, Yao Q, Lu
X, Fregene M, Lopez-Lavalle LA, Wu J, You FM, Chen M, Hu S, Wu G,
Zhong S, Ling P, Chen Y, Wang Q, Liu G, Liu B, Li K, Peng M. 2014.
Cassava genome from a wild ancestor to cultivated varieties. Nat Commun
5:5110. http://dx.doi.org/10.1038/ncomms6110.

Ndunguru et al.

4172 jvi.asm.org April 2016 Volume 90 Number 8Journal of Virology

 on July 2, 2016 by guest
http://jvi.asm

.org/
D

ow
nloaded from

 

http://dx.doi.org/10.1016/0042-6822(90)90462-Z
http://dx.doi.org/10.1099/0022-1317-72-5-1005
http://dx.doi.org/10.1099/0022-1317-72-6-1205
http://dx.doi.org/10.1099/0022-1317-72-6-1205
http://dx.doi.org/10.1073/pnas.0504439102
http://dx.doi.org/10.1016/j.virusres.2006.07.014
http://dx.doi.org/10.1099/0022-1317-76-5-1291
http://dx.doi.org/10.1099/0022-1317-76-5-1291
http://dx.doi.org/10.1016/S0042-6822(95)80093-X
http://dx.doi.org/10.1099/0022-1317-76-10-2415
http://dx.doi.org/10.1099/0022-1317-76-10-2415
http://dx.doi.org/10.1080/07352689991309162
http://dx.doi.org/10.1080/07352689991309162
http://dx.doi.org/10.1038/nrmicro3117
http://dx.doi.org/10.1038/nrmicro3117
http://dx.doi.org/10.1016/j.febslet.2009.05.045
http://dx.doi.org/10.1016/j.febslet.2009.05.045
http://dx.doi.org/10.1007/s00705-014-2149-5
http://dx.doi.org/10.1128/JVI.02911-13
http://dx.doi.org/10.1006/viro.1999.9766
http://dx.doi.org/10.1073/pnas.97.12.6890
http://dx.doi.org/10.1073/pnas.97.12.6890
http://dx.doi.org/10.1016/j.virol.2005.09.042
http://dx.doi.org/10.1016/j.virol.2005.09.042
http://dx.doi.org/10.1007/s00705-007-0013-6
http://dx.doi.org/10.1016/j.virol.2010.05.003
http://dx.doi.org/10.1007/s00705-010-0760-7
http://dx.doi.org/10.1007/s00705-013-1664-0
http://dx.doi.org/10.1007/s00705-013-1664-0
http://dx.doi.org/10.1073/pnas.94.13.7088
http://dx.doi.org/10.1016/j.virol.2012.01.024
http://dx.doi.org/10.1146/annurev-phyto-082712-102234
http://dx.doi.org/10.1146/annurev-phyto-082712-102234
http://dx.doi.org/10.1094/MPMI-01-11-0001
http://dx.doi.org/10.1094/MPMI-01-11-0001
http://dx.doi.org/10.1371/journal.ppat.1002329
http://dx.doi.org/10.1371/journal.ppat.1002329
http://dx.doi.org/10.1007/s12038-012-9291-6
http://dx.doi.org/10.1007/s12038-012-9291-6
http://dx.doi.org/10.1099/vir.0.025288-0
http://dx.doi.org/10.1016/j.virol.2010.06.024
http://dx.doi.org/10.1007/BF02712670
http://dx.doi.org/10.1007/BF02712670
http://dx.doi.org/10.1146/annurev.py.30.090192.002223
http://dx.doi.org/10.1371/journal.pone.0019050
http://dx.doi.org/10.1371/journal.pone.0019050
http://dx.doi.org/10.1080/096708798228473
http://dx.doi.org/10.1146/annurev.phyto.44.120705.104644
http://dx.doi.org/10.1146/annurev.phyto.44.120705.104644
http://dx.doi.org/10.1006/viro.2001.0949
http://dx.doi.org/10.1016/S1360-1385(03)00007-4
http://dx.doi.org/10.1016/S1360-1385(03)00007-4
http://dx.doi.org/10.1007/s12042-011-9088-z
http://dx.doi.org/10.1038/ncomms6110
http://jvi.asm.org
http://jvi.asm.org/


55. International Cassava Genetic Map Consortium. 2014. High-resolution
linkage map and chromosome-scale genome assembly for cassava (Mani-
hot esculenta Crantz) from 10 populations. G3 5:133–144.

56. Vanitharani R, Chellappan P, Pita JS, Fauquet CM. 2004. Differential
roles of AC2 and AC4 of cassava geminiviruses in mediating synergism
and suppression of posttranscriptional gene silencing. J Virol 78:9487–
9498. http://dx.doi.org/10.1128/JVI.78.17.9487-9498.2004.

57. Shibata Y, Kumar P, Layer R, Willcox S, Gagan JR, Griffith JD, Dutta
A. 2012. Extrachromosomal microDNAs and chromosomal microdele-
tions in normal tissues. Science 336:82– 86. http://dx.doi.org/10.1126
/science.1213307.

58. Ascencio-Ibanez JT, Sozzani R, Lee TJ, Chu TM, Wolfinger RD, Cella
R, Hanley-Bowdoin L. 2008. Global analysis of Arabidopsis gene expres-
sion uncovers a complex array of changes impacting pathogen response
and cell cycle during geminivirus infection. Plant Physiol 148:436 – 454.
http://dx.doi.org/10.1104/pp.108.121038.

59. Pierce EJ, Rey ME. 2013. Assessing global transcriptome changes in re-
sponse to South African cassava mosaic virus [ZA-99] infection in suscep-
tible Arabidopsis thaliana. PLoS One 8:e67534. http://dx.doi.org/10.1371
/journal.pone.0067534.

60. Nagar S, Hanley-Bowdoin L, Robertson D. 2002. Host DNA replication
is induced by geminivirus infection of differentiated plant cells. Plant Cell
14:2995–3007. http://dx.doi.org/10.1105/tpc.005777.

61. Borah BK, Cheema GS, Gill CK, Dasgupta I. 2010. A geminivirus-
satellite complex is associated with leaf deformity of Mentha (mint) plants
in Punjab. Indian J Virol 21:103–109. http://dx.doi.org/10.1007/s13337
-010-0018-8.

62. Paprotka T, Deuschle K, Pilartz M, Jeske H. 2015. Form follows function
in geminiviral minichromosome architecture. Virus Res 196:44 –55. http:
//dx.doi.org/10.1016/j.virusres.2014.11.004.

63. Raja P, Sanville BC, Buchmann RC, Bisaro DM. 2008. Viral genome
methylation as an epigenetic defense against geminiviruses. J Virol 82:
8997–9007. http://dx.doi.org/10.1128/JVI.00719-08.

64. Li T, Chen X, Zhong X, Zhao Y, Liu X, Zhou S, Cheng S, Zhou DX.
2013. Jumonji C domain protein JMJ705-mediated removal of histone H3
lysine 27 trimethylation is involved in defense-related gene activation in
rice. Plant Cell 25:4725– 4736. http://dx.doi.org/10.1105/tpc.113.118802.

65. De-La-Pena C, Rangel-Cano A, Alvarez-Venegas R. 2012. Regulation of
disease-responsive genes mediated by epigenetic factors: interaction of
Arabidopsis-Pseudomonas. Mol Plant Pathol 13:388 –398. http://dx.doi
.org/10.1111/j.1364-3703.2011.00757.x.

66. Alvarez ME, Nota F, Cambiagno DA. 2010. Epigenetic control of plant
immunity. Mol Plant Pathol 11:563–576. http://dx.doi.org/10.1111/j
.1364-3703.2010.00621.x.

67. Springer NM. 2013. Epigenetics and crop improvement. Trends Genet
29:241–247. http://dx.doi.org/10.1016/j.tig.2012.10.009.

68. Prasch CM, Sonnewald U. 2013. Simultaneous application of heat,
drought, and virus to Arabidopsis plants reveals significant shifts in sig-
naling networks. Plant Physiol 162:1849 –1866. http://dx.doi.org/10.1104
/pp.113.221044.

69. Patil BL, Fauquet CM. 2009. Cassava mosaic geminiviruses: actual
knowledge and perspectives. Mol Plant Pathol 10:685–701. http://dx.doi
.org/10.1111/j.1364-3703.2009.00559.x.

Sequences Enhancing Geminivirus Symptoms

April 2016 Volume 90 Number 8 jvi.asm.org 4173Journal of Virology

 on July 2, 2016 by guest
http://jvi.asm

.org/
D

ow
nloaded from

 

http://dx.doi.org/10.1128/JVI.78.17.9487-9498.2004
http://dx.doi.org/10.1126/science.1213307
http://dx.doi.org/10.1126/science.1213307
http://dx.doi.org/10.1104/pp.108.121038
http://dx.doi.org/10.1371/journal.pone.0067534
http://dx.doi.org/10.1371/journal.pone.0067534
http://dx.doi.org/10.1105/tpc.005777
http://dx.doi.org/10.1007/s13337-010-0018-8
http://dx.doi.org/10.1007/s13337-010-0018-8
http://dx.doi.org/10.1016/j.virusres.2014.11.004
http://dx.doi.org/10.1016/j.virusres.2014.11.004
http://dx.doi.org/10.1128/JVI.00719-08
http://dx.doi.org/10.1105/tpc.113.118802
http://dx.doi.org/10.1111/j.1364-3703.2011.00757.x
http://dx.doi.org/10.1111/j.1364-3703.2011.00757.x
http://dx.doi.org/10.1111/j.1364-3703.2010.00621.x
http://dx.doi.org/10.1111/j.1364-3703.2010.00621.x
http://dx.doi.org/10.1016/j.tig.2012.10.009
http://dx.doi.org/10.1104/pp.113.221044
http://dx.doi.org/10.1104/pp.113.221044
http://dx.doi.org/10.1111/j.1364-3703.2009.00559.x
http://dx.doi.org/10.1111/j.1364-3703.2009.00559.x
http://jvi.asm.org
http://jvi.asm.org/

