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ABSTRACT

Superinfection exclusion (SIE) is an antagonistic virus-virus interaction whereby initial infection by one virus prevents subse-
quent infection by closely related viruses. Although SIE has been described in diverse viruses infecting plants, humans, and ani-
mals, its mechanisms, including involvement of specific viral determinants, are just beginning to be elucidated. In this study, SIE
determinants encoded by two economically important wheat viruses, Wheat streak mosaic virus (WSMV; genus Tritimovirus,
family Potyviridae) and Triticum mosaic virus (TriMV; genus Poacevirus, family Potyviridae), were identified in gain-of-func-
tion experiments that used heterologous viruses to express individual virus-encoded proteins in wheat. Wheat plants infected
with TriMV expressing WSMV P1, HC-Pro, P3, 6K1, CI, 6K2, NIa-VPg, or NIb cistrons permitted efficient superinfection by
WSMYV expressing green fluorescent protein (WSMV-GFP). In contrast, wheat infected with TriMV expressing WSMV Nla-Pro
or coat protein (CP) substantially excluded superinfection by WSMV-GFP, suggesting that both of these cistrons are SIE effec-
tors encoded by WSMV. Importantly, SIE is due to functional WSMV Nla-Pro or CP rather than their encoding RNAs, as alter-
ing the coded protein products by minimally changing RNA sequences led to abolishment of SIE. Deletion mutagenesis further
revealed that elicitation of SIE by NIa-Pro requires the entire protein while CP requires only a 200-amino-acid (aa) middle frag-
ment (aa 101 to 300) of the 349 aa. Strikingly, reciprocal experiments with WSMV-mediated expression of TriMV proteins
showed that TriMV CP, and TriMV Nla-Pro to a lesser extent, likewise excluded superinfection by TriMV-GFP. Collectively,
these data demonstrate that WSMV- and TriMV-encoded CP and Nla-Pro proteins are effectors of SIE and that these two pro-
teins trigger SIE independently of each other.

IMPORTANCE

Superinfection exclusion (SIE) is an antagonistic virus-virus interaction that prevents secondary invasions by identical or closely
related viruses in the same host cells. Although known to occur in diverse viruses, SIE remains an enigma in terms of key molec-
ular determinants and action mechanisms. In this study, we found that Wheat streak mosaic virus (WSMYV) and Triticum mo-
saic virus (TriMV) encode two independently functioning cistrons that serve as effectors of SIE at the protein but not the RNA
level. The coat protein and NIa-Pro encoded by these two viruses, when expressed from a heterologous virus, exerted SIE to the
cognate viruses. The identification of virus-encoded effectors of SIE and their transgenic expression could potentially facilitate
the development of virus-resistant crop plants. Additionally, functional conservation of SIE in diverse virus groups suggests that
a better understanding of the underlying mechanisms of SIE could facilitate the development of novel antiviral therapies against
viral diseases.

evelopment of reverse genetics systems for viruses has revo-

lutionized the understanding of viral replication, infection,
and disease development through identification of viral determi-
nants involved in these processes as well as the elucidation of in-
teractions between viral and host factors (1-3). However, virus-
virus interactions in hosts that facilitate superinfection exclusion
(SIE) between related viruses or synergistic interactions between
unrelated viruses have received less attention (4, 5). Synergistic
interactions are facilitative virus-virus interactions between two
or more unrelated viruses, and these interactions often cause in-
creased virus accumulation of one or both viruses that could lead
to severe disease compared to infection by individual viruses (4).
In contrast, SIE is the result of antagonistic virus-virus interac-
tions between closely related viruses (5-7).

SIE, often referred to as “cross-protection” or “homologous
interference,” is defined as the phenomenon whereby initial infec-
tion by one virus prevents subsequent infection of preinfected
cells by closely related viruses. SIE was originally observed be-
tween two strains of Tobacco mosaic virus (TMV) (6, 7), followed
by observations with bacteriophages (8, 9). In TMV, cross-pro-
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tection was used to examine the relatedness of newly collected
virus isolates as being strains of, or distinct from, existing virus
isolates (7, 10). Subsequently, cross-protection has been used
for the management of plant viruses by purposefully infecting
plants with mild isolates of a virus to prevent infection by se-
vere isolates (11, 12).

The SIE phenomenon has been observed in diverse groups of
plant-, human-, and animal-infecting viruses belonging to the re-
verse transcribing viruses such as Human immunodeficiency virus
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(13) and Rous sarcoma virus (14); positive-sense RNA viruses such
as Alfalfa mosaic virus (15), Barley yellow dwarf virus (16), Citrus
tristeza virus (CTV) (17, 18), Hepatitis C virus (HCV) (19, 20),
Plum pox virus (21), Potato virus A (PVA) (22), Semliki Forest virus
(SFV) (23), Sindbis virus (SINV) (24), TMV (6, 7), Tobacco streak
virus (25), West Nile virus (WNV) (26), and Zucchini yellow mosaic
virus (ZYMV) (27); negative-sense RNA viruses like Newcastle dis-
ease virus (28) and Vesicular stomatitis virus (29); and large dou-
ble-stranded DNA viruses like herpesviruses (30) and poxviruses
(31). SIE is an interesting phenomenon because the primary virus
specifically excludes superinfection by closely related viruses but
tolerates coinfection by unrelated viruses. Functional conserva-
tion of SIE in diverse virus groups suggests that a better under-
standing of the underlying mechanisms of SIE could facilitate the
development of novel antiviral therapies against viral diseases.

Wheat streak mosaic virus (WSMV) is the most economically
important wheat (Triticum aestivum L.) virus in the Great Plains
region of the United States. WSMYV is the type species of the genus
Tritimovirus in the family Potyviridae (32). The 9.4-kb RNA ge-
nome of WSMV encodes a single large open reading frame (ORF)
of ~350 kDa that is processed into at least 10 mature proteins by
the three virus-encoded proteinases P1, HC-Pro, and Nla-Pro
(32). HC-Pro is dispensable for systemic infection of wheat but
required for wheat curl mite (Aceria tosichella Keifer) transmis-
sion (33-35). Recent development of green fluorescent protein
(GFP)- or red fluorescent protein (RFP)-tagged WSMV has facil-
itated the examination of viral determinants required for virion
assembly and both cell-to-cell and long-distance movement (36—
39). Previously, interference tests were conducted to determine
relationships among cereal viruses (40). In particular, a mild
strain of WSMV was shown to completely block superinfection by
a virulent or yellowing strain of WSMYV, thus revealing the relat-
edness of these two strains (40). Additionally, SIE has been dem-
onstrated between closely related Sidney and Type strains of
WSMYV (41). However, the mechanistic basis and viral determi-
nants involved in SIE of WSMV are unknown.

Triticum mosaic virus (TriMV) is a recently discovered wheat
curl mite-transmitted wheat virus (42, 43). TriMV is the type spe-
cies of the genus Poacevirus in the family Potyviridae (44, 45). The
genomic organization of the 10.3-kb single-stranded RNA ge-
nome of TriMV is similar to that of WSMYV (45). Through devel-
opment of an infectious cDNA clone of TriMV, another efficient
and stable viral transient expression vector for wheat is now avail-
able (46). Both WSMV and TriMV are transmitted mechanically
to ~100% of inoculated wheat seedlings and coinfect wheat sys-
temically (47).

As noted above, SIE is a conserved functional property of many
diverse viruses. Although SIE was reported many decades ago,
viral factors and mechanisms conferring this phenomenon are
just beginning to be understood. Mapping viral determinants in-
volved in SIE is a crucial first step in defining its underlying mech-
anisms. Candidate viral determinants involved in SIE have been
identified by loss-of-function studies employing either introduc-
tion of deletions in viral ORFs which are otherwise capable of
systemic infection of plants (48, 49) or genomic exchanges be-
tween viral strains (22). However, most viruses encode multifunc-
tional proteins, and many deletions adversely affect the ability of
viruses to infect plants systemically. Mapping viral determinants
by exchanging viral genome segments between strains is limited
by the availability of viral strains with sequence differences that
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exhibit differential SIE activity and requires that chimeric viruses
retain the ability to systemically infect plants. A further complica-
tion is that SIE between strains of viruses often is not reciprocal
(22).

Members of the family Potyviridae utilize a polyprotein
genomic expression strategy, and most of the potyviral mature
proteins play multiple roles in virus biology (50). Hence, potyvi-
ruses may not tolerate extensive deletions in order to map viral
determinants involved in SIE. Development of reverse genetics
systems for WSMV (51) and TriMV (46), wheat-infecting distinct
members of the family Potyviridae, has allowed the use of efficient
gene expression vectors (39, 46, 52, 53). In this study, experiments
were conducted to identify WSMV and TriMV determinants in-
volved in SIE by inoculating wheat with TriMV harboring WSMV
individual cistrons or vice versa as the “primary virus” and
WSMV-GFP or TriMV-GFP as the “challenge virus.”

Recently, the gene products of p33 and L1L2 of CTV were
demonstrated to be required for SIE, but substitution with a het-
erologous p33 or L1L2 gene was not sufficient for SIE of either
homologous or heterologous virus (49, 54), indicating that other
gene products must be involved. Coat protein (CP) and HC-Pro
of PVA have been implicated in cross-protection, as PVA with
heterologous CP or HC-Pro cistrons failed to cross-protect the
homologous strains (22). Thus, the determinants of SIE of CTV
and PVA were mapped through loss-of-function experiments.
Here, we show through gain-of-function experiments that WSMV
CP and NIa-Pro proteins but not their RNA sequences are effec-
tors of SIE. A series of deletions covering the entire NIa-Pro and
CP cistrons revealed that complete NIa-Pro and CP amino acids
(aa) 101 to 300 but not aa 3 to 100 and 301 to 349 were required for
SIE. In reciprocal experiments, wheat infected with WSMV ex-
pressing TriMV CP prevented superinfection by TriMV-GFP,
while Nla-Pro delayed the onset of local foci but did not prevent
systemic infection. Collectively, these data demonstrate that
WSMV- and TriMV-encoded CP and NIa-Pro proteins are effec-
tors of SIE and that these two proteins independently trigger SIE
activity.

MATERIALS AND METHODS

Viruses. Wheat cultivar Tomahawk was used in all experiments described
in this study. Wild-type WSMYV isolate Sidney 81 and TriMV isolate Ne-
braska were obtained by inoculating wheat seedlings at the single-leaf
stage with in vitro transcripts of pSP6-WSMV (51) and pTriMV-R (46),
respectively. Cycle 3 GFP-tagged WSMV [pSP6-WSMV-GFP-6K1/
CI(7aa)] (53) and TriMV [pTriMV-GFP-NIb/CP(9aa)] (46) were de-
scribed previously. Wheat seedlings at the single-leaf stage were inocu-
lated with in vitro transcripts of pSP6-WSMV-GFP-6K1/CI(7aa) and
pTriMV-GFP-NIb/CP(9aa) to obtain WSMV-GFP and TriMV-GFP, re-
spectively.

Generation of constructs. Individual WSMV cistrons P1, HC-Pro,
P3, 6K1, CI, 6K2, NIa-VPg, NIa-Pro, NIb, and CP were inserted in TriMV
between the P1 and HC-Pro cistrons essentially as described before (46)
for the development of pTriMV-GFP-NIb/CP(9aa). Individual WSMV
cistrons, tagged with the 9-amino-acid (aa) cleavage peptide located be-
tween the NIb and CP cistrons of TriMV (46) at the C terminus, were
precisely engineered between the P1 and HC-Pro cistrons by overlap ex-
tension PCR. Three individual PCR fragments with 18- to 21-bp overlap-
ping sequences were used for overlap extension PCR as described previ-
ously (46). Individual PCR and overlap extension PCRs were performed
using Herculase II fusion DNA polymerase (Agilent Technologies, Santa
Clara, CA). The overlap extension PCR fragments were ligated into
pTriMV-R between Xbal (created upstream of an SP6 RNA polymerase
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promoter sequence) and BssHII (nucleotide [nt] 2831) restriction endo-
nuclease sites.

WSMV NIa-Pro and CP cistrons with frameshift and nucleotide
substitution mutations were synthesized at GenScript (Piscataway,
NJ). Four +2, five +1, and four —1 frameshift mutations were intro-
duced into NIa-Pro sequence to obtain NIa-Pro-NS with a continuous
reading frame with 98% nucleotide homology but no homology at the
protein level with wild-type Nla-Pro. In the CP cistron, three +2, six +1,
and four —1 frameshift mutations; two 2-nt substitutions; and three 1-nt
substitutions were introduced to obtain CP-NS with a continuous reading
frame with 98% homology at the nucleotide level but no homology at the
protein level compared to wild-type CP. WSMV Nla-Pro-NS and CP-NS
cistrons with a 9-aa cleavage peptide were inserted into the TriMV ge-
nome between the P1 and HC-Pro cistrons using overlap extension PCR
as described earlier. Similarly, deletions were introduced into WSMV
NIa-Pro and CP cistrons using pTriMV-WSMV-NIa-Pro and pTriMV-
WSMV-CP, respectively, as the templates for overlap extension PCR, fol-
lowed by ligation into pTriMV-R as described above.

HC-Pro, Nla-VPg, Nla-Pro, and CP cistrons of TriMV were engi-
neered between the P1 and HC-Pro cistrons in pSP6-WSMV (51) using
overlap extension PCR as previously described (53). The 9-amino-acid
cleavage peptide comprising a heptapeptide cleavage site plus a spacer
amino acid on either side located between the NIb and CP cistrons of
WSMYV was fused to the 3’ end of TriMV cistrons by overlap extension
PCR. The TriMV HC-Pro, NIa-VPg, Nla-Pro, and CP cistrons, each with
a 9-amino-acid cleavage peptide sequence, were inserted between the P1
and HC-Pro cistrons by overlap extension PCR using three individual
PCR fragments as described for engineering WSMV cistrons into the
TriMV genome. The overlap extension PCR fragments were ligated into
pSP6-WSMYV (51) between NgoMIV (created upstream of an SP6 RNA
polymerase promoter sequence) and AfIII (nt 3905) restriction endonu-
clease sites.

Standard molecular biology techniques such as PCR, ligation, and
transformation were performed as described in the work of Green and
Sambrook (55). Escherichia coli strain JM 109 was used for transformation
of ligation reactions. Plasmid DNA from 40-ml overnight-grown cultures
was isolated with the Bio-Rad plasmid midiprep kit (Bio-Rad, Hercules,
CA). The presence of engineered sequences in pTriMV and pSP6-WSMV
was confirmed by nucleotide sequencing using an Applied Biosystems
3730 model sequencer at the ICBR Core DNA Sequencing Facility, Uni-
versity of Florida, Gainesville, FL.

Infection of wheat seedlings. Wheat seedlings at the single-leaf stage
were inoculated with freshly prepared in vitro transcripts of WSMYV,
TriMV, TriMV containing WSMV cistrons, and WSMV containing
TriMV cistrons as described by Tatineni et al. (53). Briefly, the in vitro
transcription reaction of each construct was performed in a 40-pl reaction
mixture comprising 1.0 g of linearized plasmid DNA; 1X transcription
buffer (New England BioLabs, Ipswich, MA; 40 mM Tris-HCI, pH 7.9, 20
mM dithiothreitol [DTT], 8.5 mM MgCl,, and 2 mM spermidine); 1.2
mM (each) ATP, CTP, UTP, and Cap analog (m7G[5']ppp[5']G;
Cellscript, Madison, WI); 0.048 mM GTP; 20 U of rRNasin RNase inhib-
itor (Promega); and 50 U of SP6 RNA polymerase (Cellscript). The GTP
concentration was augmented to 0.5 mM after an initial 15-min incuba-
tion at 37°C, followed by an additional 2 h of incubation at 37°C. One
microliter of in vitro transcription reaction mixtures was tested on a 1.0%
native agarose gel in 1X Tris-acetate-EDTA (TAE) buffer. Freshly pre-
pared in vitro transcripts were inoculated onto wheat seedlings at the
single-leaf stage as described previously (53). Infected wheat leaves col-
lected at 14 days postinoculation (dpi) were stored at —20°C for inocula-
tion of wheat seedlings for SIE studies.

Superinfection exclusion assay. Crude sap extracted from in vitro
transcript-infected wheat leaves at a 1:20 dilution in 20 mM sodium phos-
phate buffer, pH 7.0, was mechanically inoculated into wheat seedlings at
the single-leaf stage. The symptomatic third leaf of primary virus-infected
wheat at 10 dpi was inoculated with the challenge virus by swiping 2 to 3
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times from the bottom of the leaf to the top between inoculum-dipped
index finger and thumb. Crude sap prepared from wheat leaves freshly
infected with WSMV-GEP or TriMV-GFP at 1:40 and 1:30 dilutions, re-
spectively, in 20 mM sodium phosphate buffer, pH 7.0, was used as the
challenge virus. Challenge virus-inoculated wheat seedlings were incu-
bated in a growth chamber at 22°C maximum and 20°C minimum tem-
perature with a 14-h photoperiod. At least three independent superinfec-
tion exclusion experiments were conducted with two independent clones
per construct.

Examination of local and systemic infection. Challenge-inoculated
wheat seedlings were observed for the development of local foci on inoc-
ulated leaves at 5 days post-challenge inoculation (dpci), and upper noni-
noculated leaves were observed for systemic infection at 9 dpci (for
WSMV-GEFP) or 12 dpci (for TriMV-GFP) under a Zeiss Stereo Discovery
V12 fluorescence microscope using GFP filter set 38 (400- to 450-nm
excitation and 450- to 490-nm emission) (Carl Zeiss Microlmaging, Inc.,
New York, NY) as described in the work of Tatineni et al. (46, 53). The
fluorescent images of leaves were obtained with an AxioCam MRc5 cam-
era attached to the Discovery V12 fluorescence microscope. Wheat plants
inoculated with GFP- and RFP-tagged viruses for coinfection experiments
were observed under a Zeiss Stereo Discovery V12 fluorescence micro-
scope using a GFP filter (for GFP-tagged viruses) and RFP filter set 43
(533- to 558-nm excitation and 571- to 641-nm emission, for RFP-tagged
viruses). Coinfected wheat leaves were also observed under a Nikon Al
confocal system on a Nikon 90i upright fluorescence microscope (Nikon,
Tokyo, Japan) using GFP (at 488-nm excitation and 500- to 550-nm emis-
sion) and RFP (at 561.4-nm excitation and 570- to 620-nm emission)
filters.

Western blot analyses. Three 7.5-cm-long inoculated leaf pieces at 5
dpci and 300 mg from upper noninoculated leaves at 9 or 12 dpci were
collected into mesh bags (Agdia, Elkhart, IN) and stored at —80°C for
total protein extraction as described in the work of Tatineni et al. (53).
Total proteins were isolated by macerating tissue with a tissue homoge-
nizer (Agdia) in 2 ml of TPE buffer (53). Thoroughly ground macerate
(500 1) was mixed with 500 .l of 2 X sample buffer (100 mM Tris-Cl, pH
6.8, 20% glycerol, 4% SDS, 5% [-mercaptoethanol, and 0.02% bro-
mophenol blue), followed by incubation at 100°C for 3 min. The protein
extract was clarified at 16,000 X g for 5 min at room temperature, and 500
pl of supernatant was stored at —20°C for Western blot analyses.

Total proteins were electrophoretically separated on 4 to 20% Tris-
glycine-SDS polyacrylamide gels (Invitrogen, Carlsbad, CA). Either the
PAGE gels were stained by Coomassie brilliant blue R-250 for RubisCO
protein or proteins were transferred onto polyvinylidene difluoride
(PVDF) membranes using the iBlot dry blotting system (Invitrogen). The
PVDF membranes were incubated in a blocking solution of 5% (wt/vol)
nonfat dry milk powder in Tris-buffered saline containing 0.05% Tween
20 (TBS-T), followed by incubation in either GFP-specific monoclonal
antibody (Clontech, Mountain View, CA) ata 1:10,000 dilution or TriMV
polyclonal antiserum (56) at a 1:20,000 dilution or with WSMV poly-
clonal antiserum (Agdia) at a 1:15,000 dilution. Either anti-rabbit (for
TriMV and WSMYV antisera) or anti-mouse (for GFP antibody) antibody-
horseradish peroxidase (HRP) conjugate was used at a 1:50,000 dilution
as a secondary antibody. Immobilon Western blot substrate (Millipore)
was used for the development of PVDF membranes per the manufactur-
er’sinstructions (Millipore, Billerica, MA). Immunoreactive protein band
images on membranes were obtained using the Molecular Imager Chemi-
Doc XRS+ with Image Lab software system (Bio-Rad). Coomassie blue-
stained SDS-PAGE gels showing the large subunit of wheat RubisCO pro-
tein were used as a Western blot loading control.

RT-PCR assay. Stability of inserted sequences in TriMV and WSMV
genomes in challenge virus-inoculated leaves at 5 dpci and in upper noni-
noculated leaves at 9 or 12 dpci was examined by reverse transcription-
PCR (RT-PCR). Total RNA was extracted from three 7.5-cm-long chal-
lenge virus-inoculated leaf pieces and 200 mg of upper noninoculated
leaves as described previously (57). Reverse transcription was performed
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in a 10-pl volume with 1 pl of total RNA as a template in the presence of
random primers with avian myeloblastosis virus (AMV) reverse trans-
criptase (Roche, Indianapolis, IN; 0.5 U per pl reaction volume). PCR was
performed in a 25-pl reaction volume with 1 pl of cDNA as a template
with primers W-211 (corresponding to nt 1021 to 1048) and W-212
(complementary to nt 1249 to 1223) for WSMV or Tr-289 (corresponding
to nt 1621 to 1648) and Tr-290 (complementary to nt 2137 to 2110) for
TriMV with Herculase II fusion DNA polymerase (Agilent Technologies
Inc.). Five microliters of RT-PCR products was analyzed electrophoreti-
cally through 1.0% agarose gels in 1 X TAE bulffer, followed by ethidium
bromide staining.

RESULTS

No SIE between WSMV and TriMV in coinfected wheat. WSMV
and TriMV are divergent members of the family Potyviridae with
27% and 18 to 41% amino acid identity at the polyprotein and
individual mature protein levels, respectively (32, 45). Previ-
ously, we have shown that WSMV and TriMV interact syner-
gistically in coinoculated wheat, but it was not known whether
these two viruses could coinfect the same wheat cells. In this
study, GFP-tagged TriMV (TriMV-GFP) (46) and RFP-tagged
WSMV (WSMV-RFP) (39) were used to examine the nature of
coinfection by WSMV and TriMV in a susceptible wheat cultivar,
Tomahawk. Wheat seedlings at the single-leaf stage were coinocu-
lated with crude sap of WSMV-RFP and TriMV-GFP at a 1:20
dilution. The upper noninoculated leaves of wheat were examined
for systemic infection by WSMV-RFP and TriMV-GFP at 10 dpi
under a Zeiss Stereo Discovery V12 fluorescence microscope (Fig.
1A) and a Nikon 90i upright fluorescent confocal microscope (Fig.
1B) using GFP (for TriMV-GFP infection) or RFP (for WSMV-
RFP infection) filters.

Wheat leaves observed under a confocal microscope indicated
the presence of both GFP and RFP in the same wheat cells. Fur-
thermore, some RFP and GFP were colocalized in the same loca-
tion within cells, resulting in yellow coloration (Fig. 1B, merged).
Additionally, wheat leaves observed under a dissecting fluores-
cence microscope revealed that a large number of wheat cells were
coinfected with both TriMV-GFP and WSMV-RFP, as the super-
imposed images of GFP and RFP appeared yellow (Fig. 1A,
merged). These results revealed that no SIE was found between
divergent WSMV and TriMV and that these two viruses efficiently
coinfected the same wheat cell.

RFP- or GFP-tagged variants of WSMV and TriMV display
reciprocal SIE. The phenomenon of SIE in WSMV was examined
by superinoculating WSMV-GFP-infected wheat at 10 dpi with
WSMV-RFP. Examination of upper noninoculated leaves at 12
days post-challenge inoculation (dpci) revealed that WSMV-RFP
failed to superinfect WSMV-GFP-infected wheat (Fig. 1C), dem-
onstrating that WSMV-GFP prevented superinfection by WSMV-
RFP. In another experiment, wheat seedlings at the single-leaf
stage were simultaneously coinoculated with WSMV-RFP and
WSMV-GFP. The upper noninoculated leaves were observed for
systemic infection by WSMV-GFP and WSMV-RFP at 10 dpi.
RFP- and GFP-tagged WSMV were both found in upper nonin-
oculated leaves but in mutually exclusive regions, appearing as
tissue islands infected by either RFP- or GFP-tagged virus but not
both (Fig. 1D).

The ability of TriMV to exhibit the SIE phenomenon was also
examined using GFP- and RFP-tagged variants of TriMV (46).
Systemic infection of wheat by GFP- or RFP-tagged TriMV com-
pletely prevented superinfection by RFP- or GFP-tagged TriMV,
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respectively (data not shown). Furthermore, in coinoculated
wheat, mutually exclusive regions of TriMV-GFP or TriMV-RFP
were observed in upper noninoculated leaves (Fig. 1E), similar to
that of WSMV. These data revealed that GFP and RFP variants of
TriMV exhibit SIE in wheat, as do GFP and RFP variants of
WSMV.

Screening WSMV cistrons involved in SIE. Previously, we
demonstrated that TriMV efficiently and stably expressed GFP or
RFP as free soluble protein by fusing a 9-amino-acid cleavage
peptide compared to that of the heptapeptide cleavage site (46). In
this study, each WSMYV cistron was engineered into the TriMV
genome between the P1 and HC-Pro cistrons with a 9-amino-acid
cleavage peptide located between the NIb and CP cistrons of
TriMV (Fig. 2). WSMV proteins from the TriMV polyprotein
were expected to be released by a cis cleavage by the TriMV P1 at
the C terminus of P1 and a trans cleavage by the TriMV NIa-Pro at
the engineered cleavage peptide at the C-terminal end of WSMV
proteins (Fig. 2).

Wheat seedlings at the single-leaf stage were inoculated with
crude sap from 14-dpi wheat leaves infected with in vitro tran-
scripts of TriMV containing WSMYV cistrons. The symptomatic
third leaf of wheat at 10 dpi was challenge inoculated with WSMV-
GFP. At 5 dpci, WSMV-GFP elicited 19 to 62 (experiment 1) and
15 to 32 (experiment 2) foci per inoculated leaf of wheat infected
with wild-type TriMV or TriMV expressing WSMV P1, HC-Pro,
P3, 6K1, CI, 6K2, NIa-VPg, or NIb cistrons (Fig. 3A; Table 1). In
contrast, wheat infected with TriMV expressing WSMV Nla-Pro
or CP allowed only 0.1 to 0.7 smaller focus per inoculated leaf (Fig.
3A; Table 1). The upper noninoculated leaves of wheat were ex-
amined for systemic infection by the challenge virus at 9 dpci (Fig.
4). Wheat infected with wild-type TriMV or TriMV expressing
WSMV P1, HC-Pro, P3, 6K1, CI, 6K2, NIa-VPg, or NIb allowed
efficient systemic infection by WSMV-GFP in 77 to 100% of
plants (Fig. 4A; Table 1). In contrast, systemic infection by
WSMV-GFP was severely debilitated in wheat infected with
TriMV expressing WSMV Nla-Pro or CP with only 8 to 14% and
14 to 17% of plants systemically infected, respectively, with a few
isolated foci per leaf (Fig. 4A; Table 1). Total proteins analyzed
from inoculated and upper noninoculated leaves at 5 and 9 dpci,
respectively, indicated that accumulation of TriMV CP was essen-
tially the same in wheat leaves preinfected with either TriMV or
TriMV with WSMV cistrons (Fig. 3B and 4B, lower panels). These
data indicate that the presence of WSMYV cistrons did not affect
TriMV replication in wheat. GFP accumulated in challenge virus-
inoculated and upper noninoculated leaves of wheat infected with
TriMV or TriMV expressing WSMV P1, HC-Pro, P3, 6K1, CI,
6K2, Nla-VPg, or NIb (Fig. 3A and B and 4A and B), confirming
replication and movement of the challenge virus in inoculated and
upper noninoculated leaves. However, GFP did not accumulate at
detectable levels in wheat infected with TriMV expressing WSMV
NIa-Pro or CP (Fig. 3A and B and 4A and B), demonstrating that
replication and/or movement of WSMV-GFP was greatly reduced
in the presence of WSMV Nla-Pro or CP. RT-PCR analyses with
primers flanking insert sequences obtained expected-size prod-
ucts, indicating that TriMV retained WSMYV cistrons stably at 5
and 9 dpci (Fig. 3C and 4C).

Taken together, these data revealed that superinfection of
WSMV-GFP was severely hampered in wheat systemically in-
fected with TriMV expressing WSMV Nla-Pro or CP cistrons.
These data also demonstrate that WSMV Nla-Pro and CP inde-
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A
Co-inoculation of wheat with TriMV-GFP and WSMV-RFP at 10 dpi
RFP filter (NSMV-RFP _____Merged
‘omm——
B Co-inoculation of wheat with TriMV-GFP and WSMV-RFP at 10 dpi

GFP filter (TriMV-GFP RFP filter (WSMV-RFP Merged

c Inoculation of wheat with WSMV-GFP, followed by WSMV-RFP
GFEP filter (WSMV-GFP! RFEP filter (WSMV-RFP) Merged

D Co-inoculation of wheat with WSMV-GFP and WSMV-RFP at 10 dpi
GFP filter (WSMV-GFP) RFP filter (WSMV-RFP) Merged

Co-inoculation of wheat with TriMV-GFP and TriMV-RFP at 10 dpi
REP filter (TriMV-RFP!

FIG 1 Demonstration of coinfection and superinfection exclusion (SIE) phenomena of Wheat streak mosaic virus (WSMV) and Triticum mosaic virus (TriMV)
in wheat. (A and B) Coinfection of wheat by WSMV-RFP and TriMV-GFP at 10 days postinoculation (dpi). GFP and RFP in upper noninoculated leaves were
observed under a Zeiss Stereo Discovery V12 fluorescence microscope (A) and a Nikon 90i upright fluorescence confocal microscope (B). Superimposed images
of GFP and RFP are presented at the right (merged). Bars in panels A and B, 500 and 50 pm, respectively. (C) SIE between GFP- and RFP-tagged variants of
WSMV. Wheat seedlings infected with WSMV-GFP were superinoculated with WSMV-RFP. Fluorescent images were taken at 14 days after challenge inoculation
by confocal microscopy. Bars, 50 wm. (D and E) SIE phenomenon between the GFP- and RFP-tagged variants of WSMV or TriMV in wheat. Presented images
of leaves show the expression of GFP (WSMV-GFP or TriMV-GFP) or RFP (WSMV-RFP or TriMV-RFP) in wheat coinoculated with GFP- and RFP-tagged
WSMYV or TriMV. Superimposed images in panels D and E show that expression of GFP and RFP is restricted to mutually exclusive regions. Bars, 500 pm.

pendently affect SIE when expressed from TriMV while other NIa-Pro or CP cistron severely debilitated superinfection by
WSMV-encoded proteins do not play a significant role in SIE. WSMV-GFP, but it is not clear whether an RNA sequence or pro-

WSMYV CP and NIa-Pro proteins but not RNA sequencesare tein encoded by Nla-Pro and CP is involved in SIE activity.
effectors of SIE. Wheat infected with TriMV expressing WSMV ~ WSMV NIa-Pro and CP are translated in the TriMV genome as
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FIG 2 Schematic diagrams of the genomic organization of Triticum mosaic virus (TriMV) (a) and TriMV expression vectors with Wheat streak mosaic virus
(WSMV) cistrons (b to k). The proteins encoded by TriMV are shown along with the positions of cleavage sites, indicated with vertical lines inside the
polyprotein. Expanded schematic diagrams presented below the TriMV genomic organization are the C-terminal region of P1, each WSMYV cistron inserted

between the P1 and HC-Pro cistrons, and the N-terminal region of HC-Pro. The

C terminus of each WSMV citron was fused to a 9-amino-acid cleavage peptide

derived from the junction of NIb/CP cistrons of TriMV. The N- and C-terminal 4 amino acids of each WSMV cistron inserted in the TriMV genome are
indicated. Predicted cleavage sites on either side of the WSMYV cistrons are indicated with arrows and arrowheads.

polyproteins; hence, introduction of a stop codon or frameshift
mutation in WSMV Nla-Pro or CP cistron in the TriMV genome
would be lethal to TriMV. To overcome this problem, a series of
frameshift mutations and nucleotide substitutions were intro-
duced in WSMV Nla-Pro and CP cistrons to maintain a continu-
ous polypeptide reading frame but prevent expression of either
protein, followed by insertion into the TriMV genome to obtain
TriMV-WSMV-NIa-Pro-NS and TriMV-WSMV-CP-NS, respec-
tively (Fig. 5A). The third leaf of wheat preinfected with TriMV-
WSMV-NIa-Pro-NS, -WSMV-CP-NS, -WSMV-NIa-Pro, or
-WSMV-CP at 10 dpi was challenge inoculated with WSMV-
GFP. WSMV-GFP elicited efficient local foci on wheat leaves sys-
temically infected with TriMV expressing WSMV Nla-Pro-NS§ or
CP-NS (13 to 42 foci per leaf) but not with wild-type Nla-Pro or
CP (Fig. 5B; Table 2).

Examining the upper noninoculated leaves at 9 dpci for sys-
temic infection by the challenge virus revealed that wheat preinfected
with TriMV-WSMV-NIa-Pro-NS or TriMV-WSMV-CP-NS effi-

December 2016 Volume 90 Number 23 Journal of

ciently permitted superinfection by WSMV-GFP in 93 to 100% of
inoculated plants (Fig. 5C; Table 2). In contrast, superinfection by
WSMV-GFP was severely impaired in wheat infected with TriMV
expressing WSMV Nla-Pro or CP, with 6 to 19% of plants system-
ically infected with a few isolated foci per leaf (Fig. 5C; Table 2).
Furthermore, in Western blot assays, accumulation of GFP was
readily detected in challenge virus-inoculated and upper nonin-
oculated leaves of wheat infected with TriMV expressing WSMV
NIa-Pro-NS or CP-NS but not with wild-type NIa-Pro or CP (Fig.
5D and E, top panels). TriMV CP efficiently accumulated in leaves
observed for local and systemic infection by the challenge virus
(Fig. 5D and E, bottom panels), demonstrating that TriMV har-
boring WSMV cistrons efficiently replicated in wheat. TriMV
maintained WSMV sequences stably in wheat at 5 and 9 dpci,
since expected RT-PCR products were obtained with no detect-
able deletions in inserts (Fig. 5F and G). Taken together, these data
indicate that WSMV CP and NIa-Pro proteins but not RNA se-
quences are effectors of SIE.
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FIG 3 Wheat streak mosaic virus (WSMV)-encoded NIa-Pro and coat protein (CP) function in superinfection exclusion at the local infection level. (A) Local foci
elicited by the challenge virus (WSMV-GFP) on wheat infected by TriMV expressing individual WSMYV cistrons and wild-type TriMV and WSMV at 5 days
post-challenge inoculation (dpci). Buffer and buffer-NC are buffer-inoculated wheat, subsequently challenge inoculated or not challenge inoculated with
WSMV-GFP, respectively. Bars, 500 wm. (B) Western blot assays of total proteins from the challenge virus (WSMV-GFP)-inoculated leaves at 5 dpci. Blots were
probed with GFP monoclonal antibody (upper blot) and TriMV polyclonal antibodies (lower blot). Positions of full-length and truncated TriMV CP are
indicated by an arrow and arrowhead, respectively. An asterisk indicates a wheat protein reacting nonspecifically with TriMV antiserum. Below is an SDS-PAGE
gel stained with Coomassie blue showing the amount of the large subunit of wheat RubisCO protein as the amount of protein loaded per well. (C) RT-PCR
analysis showing the stability of WSMYV cistrons in TriMV at 5 dpci. Lanes in panels B and C: lane 1, challenge-inoculated wheat preinfected with TriMV; lanes
2to 11, TriMV expressing WSMV P1 (lane 2), HC-Pro (lane 3), P3 (lane 4), 6K1 (lane 5), CI (lane 6), 6K2 (lane 7), NIa-VPg (lane 8), NIa-Pro (lane 9), NIb (lane
10), or coat protein (lane 11); lane 12, wheat infected with WSMV; lane 13, buffer-inoculated wheat; lane 14, buffer-inoculated wheat with no challenge
inoculation; lane +, pTriMV as a PCR control; lanes M, 1.0-kbp DNA ladder.

The entire NIa-Pro of WSMYV is required for SIE activity. The
role of WSMV Nla-Pro in SIE was further examined by introduc-
ing a series of nonoverlapping deletions comprising aa 3 to 60, 61
to 120, 121 to 180, and 181 to 229 and inserting them into TriMV
between the P1 and HC-Pro cistrons (Fig. 6A). The third leaf of
wheat infected with TriMV expressing WSMV Nla-Pro dele-
tions at 10 dpi was challenge inoculated with WSMV-GFP.
Wheat infected with TriMV expressing WSMV Nla-Pro dele-

10892 jvi.asm.org
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tion mutants allowed efficient local foci and systemic infection
by WSMV-GFP (Fig. 6B and C; Table 3). WSMV-GFP elicited 26
to 43 (experiment 1) and 15 to 22 (experiment 2) fluorescent foci
per inoculated leaf of wheat infected with TriMV expressing
WSMYV NIa-Pro deletion mutants, while it elicited only 0.2 to 1.1
focus per leaf on TriMV with wild-type WSMV NIa-Pro-infected
wheat (Fig. 6B; Table 3). Wheat infected with TriMV expressing
WSMV Nla-Pro deletions but not wild-type NIa-Pro allowed ef-
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TABLE 1 Examination of Wheat streak mosaic virus (WSMV) cistrons for superinfection exclusion activity in wheat”

Expt 1 Expt 2
No. of plants % of plants No. of plants % of plants
systemically systemically systemically systemically
Challenge Avgno. oflocal  infected/no. of infected with  Avgno. oflocal  infected/no. of infected with

Primary virus virus foci/leaf = SE plants inoculated”  WSMV-GFP  foci/leaf + SE plants inoculated” ~ WSMV-GFP
TriMV WSMV-GFP  33.3 = 4.6 11/11 100 31.8 £3.8 16/16 100
TriMV-WSMV-P1 WSMV-GFP  59.6 £ 6.6 11/11 100 185+ 1.7 20/20 100
TriMV-WSMV-HC-Pro WSMV-GFP  19.9 = 4.2 10/13 77 15.7 = 0.8 15/15 100
TriMV-WSMV-P3 WSMV-GFP 379 = 6.2 10/10 100 154+ 1.2 17/17 100
TriMV-WSMV-6K1 WSMV-GFP 189 *2.2 15/15 100 19.1 £ 1.3 16/16 100
TriMV-WSMV-CI WSMV-GFP  61.5 = 10.1 8/8 100 32.0 £ 45 18/18 100
TriMV-WSMV-6K2 WSMV-GFP  29.6 £ 3.3 13/13 100 29.6 £ 2.5 16/16 100
TriMV-WSMV-NIa-VPg ~ WSMV-GFP  54.1 = 6.4 12/12 100 21.5*23 17/17 100
TriMV-WSMV-NIa-Pro ~ WSMV-GFP 0.1 = 0.1 2/14* 14 0.2 0.1 2/24* 8
TriMV-WSMV-NIb WSMV-GFP  60.4 = 8.6 15/15 100 30.3 £ 2.6 22/22 100
TriMV-WSMV-CP WSMV-GFP 0.7 £ 0.4 2/14* 14 0.7+ 0.3 3/18* 17
WSMV WSMV-GFP 0.0 = 0.0 0/12 0 0.31 £0.2 0/16 0
Buffer WSMV-GFP  108.0 = 6.1 15/15 100 62.4 +8.2 14/14 100

“ Wheat plants systemically infected with Triticum mosaic virus (TriMV) harboring WSMYV cistrons were challenge inoculated with WSMV-GFP at 10 dpi. Local foci and systemic
infection by the challenge virus (WSMV-GFP) on primary virus-infected wheat were examined at 5 and 9 days post-challenge inoculation for local fluorescent foci and the number
of systemically infected plants, respectively. Presented local foci per leaf are average numbers of foci from 15 to 20 inoculated leaves.

b Asterisks indicate that 1 to 10 isolated infection foci per leaf were observed in upper noninoculated leaves.

ficient systemic infection by WSMV-GFP in 94 to 100% of inoc-
ulated plants (Fig. 6C; Table 3).

Western blot analysis indicated that TriMV CP efficiently ac-
cumulated in all wheat leaves observed for local and systemic in-
fection by the challenge virus (Fig. 6D and E, lower panels). In
contrast, GFP was readily detected in inoculated and systemic
leaves of wheat infected with TriMV-WSMV-NIa-Pro deletion
mutants but not with wild-type Nla-Pro (Fig. 6D and E, upper
panels). RT-PCR analysis of total RNA from leaves observed for
local and systemic infection by WSMV-GFP obtained expected
products with no detectable deletions (Fig. 6F and G), indicating
that TriMV maintained WSMV Nla-Pro sequences stably in inoc-
ulated and upper noninoculated leaves. Collectively, these data
indicate that the entire NIa-Pro sequence is required for induction
of SIE.

WSMYV CP aa 101 to 300 are sufficient for SIE activity. The
minimal CP region required to induce SIE was examined by in-
troducing a series of deletions comprising aa 3 to 35, 36 to 84, 85 to
100, 101 to 200, 201 to 300, and 294 to 349 into the WSMV CP
cistron, followed by insertion into the TriMV genome between the
P1 and HC-Pro cistrons (Fig. 7A). Total proteins extracted from
wheat leaves infected with TriMV harboring deletions in WSMV
CP at 14 dpi were examined by Western blotting using WSMV CP
polyclonal antisera. TriMV containing WSMV CP with a deletion
of aa 3 to 35, 36 to 84, 85 to 100, or 294 to 349 accumulated
truncated WSMV CP in wheat with expected sizes (Fig. 7B). How-
ever, WSMV CP with a deletion of aa 101 to 200 or 201 to 300
failed to react with WSMV polyclonal antisera (Fig. 7B), most
likely due to deletion of aa 101 to 300 abolishing the reactivity of
WSMV polyclonal antisera against virions. This notion is sup-
ported by the finding that reactivity of WSMV polyclonal antisera
was restored with the accumulation of an ~26-kDa truncated
protein from plants systemically infected with TriMV expressing
WSMYV CP aa 101 to 300 (Fig. 7B, lane i; see below). These data
indicate that WSMV CP and all of its truncated versions are effi-
ciently expressed in wheat using TriMV as an expression vector.
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The third leaf of wheat infected with TriMV expressing WSMV
CP deletion mutants at 10 dpi was challenge inoculated with
WSMV-GFP, followed by observation for the development of lo-
cal foci at 5 dpci and systemic infection at 9 dpci by the challenge
virus. Wheat infected with TriMV expressing WSMV CP with a
deletion of aa 3 to 35, 36 to 84, 85 to 100, or 294 to 349 allowed 0.1
t0 0.5 (experiment 1) and 1.4 to 5.1 (experiment 2) smaller foci per
inoculated leaf by WSMV-GFP (Fig. 8A; Table 3), indicating that
WSMYV CP aa 3 to 100 and 294 to 349 are not needed to effect SIE
activity. In contrast, wheat infected with TriMV expressing
WSMYV CP with a deletion of aa 101 to 200 or 201 to 300 allowed
12to 16 (experiment 1) and 35 to 41 (experiment 2) foci per leaf by
WSMV-GFP (Fig. 8A; Table 3). Similarly, systemic infection by
WSMV-GFP was severely debilitated in wheat preinfected with
TriMV with deletion of WSMV CP aa 3 to 35, 36 to 84, 85 to 100,
or 294 to 349 with only 11 to 25% (experiment 1) and 6 to 37%
(experiment 2) of plants systemically infected with a few foci per
leaf (Fig. 8B; Table 3). However, wheat infected with TriMV ex-
pressing WSMV CP with a deletion of aa 101 to 200 or 201 to 300
efficiently allowed systemic infection by the challenge virus in
100% of inoculated plants (Fig. 8B; Table 3).

TriMV CP accumulated efficiently in challenge virus-inocu-
lated and upper noninoculated leaves (Fig. 8C and D, bottom
panels), indicating that wheat plants are infected efficiently by
primary viruses. Western blot analyses with GFP antibody indi-
cated that GFP accumulated in the challenge virus-inoculated (at
5 dpci) and upper noninoculated (9 dpci) leaves of wheat infected
with TriMV expressing WSMV CP with deletion of aa 101 to 200
or 201 to 300 but not with deletions comprising aa 3 to 100 or 294
to 349 (Fig. 8C and D, top panels). RT-PCR analysis of total RNA
from wheat leaves examined for local and systemic infection by
the challenge virus yielded expected products, indicating that
TriMV stably maintained WSMV CP sequences at 5 and 9 dpci
(Fig. 8E and F).

The above data revealed that WSMV CP lacking aa 101 to 300
allowed efficient superinfection by WSMV-GFP. We next exam-
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FIG 4 Wheat streak mosaic virus (WSMV)-encoded Nla-Pro and coat protein (CP) function in superinfection exclusion at the systemic infection level. (A)
Presented fluorescent images are systemic infection by the challenge virus (WSMV-GFP) in wheat infected by TriMV expressing WSMV proteins as indicated.
TriMV and WSMYV, wheat systemically infected with wild-type TriMV and WSMYV, respectively. Buffer and buffer-NC are buffer-inoculated wheat subsequently
challenge inoculated or not challenge inoculated with WSMV-GFP, respectively. Bars, 500 wm. (B) Western blot assay of total proteins from upper noninocu-
lated leaves of challenge virus-inoculated wheat that were previously infected by TriMV expressing WSMV cistrons. The blots were probed with GFP monoclonal
antibody (upper blot) and TriMV polyclonal antibodies (lower blot). Positions of full-length and truncated TriMV CP are indicated by an arrow and arrowhead,
respectively. An asterisk indicates a wheat protein reacting nonspecifically with TriMV antiserum. Below is an SDS-PAGE gel stained with Coomassie blue
showing the amount of the large subunit of wheat RubisCO protein as a Western blot loading control. (C) RT-PCR analysis showing the stability of WSMV
cistrons in TriMV at 9 dpci in upper noninoculated leaves. Lanes in panels B and C are the same as indicated in the legend for Fig. 3.
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FIG 5 Wheat streak mosaic virus NIa-Pro and CP but not RNA sequence is required for superinfection exclusion. (A) Schematic diagram of the genomic
organization of Triticum mosaic virus (TriMV) with expanded views of WSMV NIa-Pro and CP cistrons with a series of frameshifts or nucleotide substitution
mutations (indicated with vertical red lines) for a continuous reading frame but with a different amino acid sequence. NIa-Pro-NS and CP-NS cistrons of WSMV
with a 9-amino-acid NIb/CP cleavage peptide of TriMV were inserted between the P1 and HC-Pro cistrons. (B and C) Fluorescent images shown are local foci
at 5 days post-challenge inoculation (dpci) (B) and systemic infection at 9 dpci (C) with WSMV-GEFP (challenge virus) on wheat leaves systemically infected with
TriMV or TriMV expressing WSMV Nla-Pro-NS, NIa-Pro, CP-NS, or CP cistrons. Buffer, buffer-inoculated wheat subsequently challenge inoculated. (D and
E) Western blot assays of total proteins from inoculated (D) and upper noninoculated (E) leaves at 5 and 9 dpci, respectively. The blots were probed with GFP
monoclonal antibody and TriMV polyclonal antibodies as indicated. Coomassie blue-stained SDS-PAGE gels show the amount of the large subunit of wheat
RubisCO protein as loading controls for the amount of protein loaded per well in Western blot assays. Full-length and truncated TriMV CP are indicated with
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TABLE 2 Wheat streak mosaic virus (WSMV) Nla-Pro and CP, but not RNA sequences, induce superinfection exclusion”

Expt 1 Expt 2
No. of plants % of plants No. of plants % of plants
systemically systemically systemically systemically
Challenge Avgno. oflocal  infected/no. of infected with ~ Avgno. oflocal  infected/no. of infected with

Primary virus virus foci/leaf = SE plants inoculated”  WSMV-GFP  foci/leaf = SE plants inoculated”  WSMV-GFP
TriMV WSMV-GFP 17.8 £ 1.1 12/12 100 149 £ 19 16/16 100
TriMV-WSMV-NIa-Pro-NS ~ WSMV-GFP  42.4 = 5.7 13/14 93 18.0 £ 2.2 14/14 100
TriMV-WSMV-NIa-Pro WSMV-GFP 0.1 = 0.1 3/16* 19 0.1 £0.1 1/17* 6
TriMV-WSMV-CP-NS WSMV-GFP  16.7 = 1.5 20/21 95 134 £1.2 17/17 100
TriMV-WSMV-CP WSMV-GFP 0.2 £ 0.1 1/16* 6 0.3 0.1 1/17* 6
WSMV WSMV-GFP 0.0 = 0.0 0/12 0 0.0 £ 0.0 0/15 0
Buffer WSMV-GFP 959 = 3.2 17/17 100 43.6 = 6.8 16/16 100

“ Wheat plants systemically infected with Triticum mosaic virus (TriMV) harboring WSMYV cistrons were challenge inoculated with WSMV-GFP at 10 dpi. NS, a series of frameshift
and nucleotide substitution mutations were introduced to retain a continuous reading frame but expressed a different protein. Local foci and systemic infection by the challenge
virus (WSMV-GFP) on primary virus-infected wheat were examined at 5 and 9 days post-challenge inoculation for local fluorescent foci and the number of systemically infected
plants, respectively. Presented local foci per leaf are average numbers of foci from 15 to 20 inoculated leaves.

b Asterisks indicate that 1 to 10 isolated infection foci per leaf were observed in upper noninoculated leaves.

ined whether wheat expressing WSMV CP aa 101 to 300 is enough
to induce SIE activity. Nucleotide sequence encoding WSMV CP
aa 101 to 300 was inserted into the TriMV genome between the P1
and HC-Pro cistrons to obtain TriMV-WSMV-CPaal01-300 (Fig.
7A, construct i). Wheat infected with TriMV-WSMV-CPaal01-
300 expressed truncated WSMV CP with an ~26-kDa protein
(Fig. 7B, lane i). These data indicated that reactivity of WSMV
polyclonal antibodies was lost with the deletion of aa 101 to 300
while antibody reactivity was restored with the expression of aa
101 to 300 (Fig. 7B, lanes f, g, and i). Superinfection of TriMV-
WSMV-CPaal01-300-infected wheat by WSMV-GFP was se-
verely hindered with 0.3 to 2.2 smaller foci per inoculated leaf at 5
dpci and 27 to 41% of plants infected systemically with a few foci
per leaf at 9 dpci (Fig. 8A and B), indicating that expression of
WSMYV CP aa 101 to 300 in wheat induced SIE activity. Western
blot analysis of total proteins from inoculated and upper nonin-
oculated leaves of challenge virus-inoculated wheat revealed effi-
cient accumulation of TriMV CP but no detectable levels of GFP
(Fig. 8C and D, lane 9). RT-PCR analysis of total RNA from wheat
leaves observed for local foci and systemic infection by the chal-
lenge virus revealed that TriMV stably retained WSMV CP aa 101
to 300 (Fig. 8E and F, lane 9). These data revealed that expression
of WSMV CP aa 101 to 300 in wheat is necessary and sufficient for
induction of SIE activity.

TriMV CP and NIa-Pro are effectors of SIE. We next exam-
ined whether TriMV CP and Nla-Pro are similarly involved in SIE
activity by expressing select TriMV cistrons in wheat through
WSMYV as an expression vector, followed by challenge inoculation
with TriMV-GFP. HC-Pro, NIa-VPg, Nla-Pro, or CP cistrons of
TriMV were inserted into the WSMV genome between the P1 and
HC-Pro cistrons (Fig. 9A). To enable efficient cleavage of TriMV
proteins from WSMYV polyprotein, a hexapeptide cleavage site
with a spacer amino acid on either side was fused to the C terminus
of TriMV proteins. TriMV proteins were released by P1 cleavage

at the C terminus of WSMV P1 and a trans cleavage by WSMV
NIa-Pro at engineered 9-amino-acid cleavage peptides (Fig. 9A).
In vitro transcripts of WSMV containing TriMV HC-Pro, Nla-
VPg, NIa-Pro, or CP cistrons efficiently infected wheat. In wheat
at 14 dpi, WSMYV stably maintained TriMV Nla-VPg, Nla-Pro, or
CP cistrons but not HC-Pro. RT-PCR product from total RNA
isolated from wheat infected with WSMV-TriMV-HC-Pro was
smaller than the expected size at 14 dpi (data not shown). SIE
studies, hence, were performed only with NIa-VPg, NIa-Pro, and
CP cistrons of TriMV.

The third leaf of wheat infected with WSMV-TriMV-NIa-VPg,
-Nla-Pro, or -CP at 10 dpi was challenge inoculated with TriMV-
GFP, followed by observation for local and systemic infection by
TriMV-GFP at 5 and 12 dpci, respectively. Wheat infected with
WSMV-TriMV-NIa-VPg efficiently allowed superinfection by
TriMV-GFP in inoculated leaves (17 to 19 foci per leaf) (Fig. 9B;
Table 4) and upper noninoculated leaves (100% of plants infected
systemically) (Fig. 9C; Table 4), indicating that TriMV Nla-VPg is
not involved in SIE activity. In contrast, wheat infected with
WSMV-TriMV-NIa-Pro reduced formation of foci by TriMV-
GFP on inoculated leaves (0.8 focus per leaf) (Fig. 9B; Table 4) but
did not reduce systemic infection (Fig. 9C; Table 4), indicating
that TriMV Nla-Pro effected SIE only in inoculated leaves. Exam-
ination of challenge virus-inoculated leaves preinfected with
WSMV-TriMV-NIa-Pro at 8 dpci revealed that there were smaller
fociin inoculated leaves, indicating that expression of TriMV Nla-
Pro in wheat leaves delayed the onset of local foci by TriMV-GFP.
Wheat preinfected with WSMV-TriMV-CP allowed the develop-
ment of only 0 to 0.1 focus per inoculated leaf and systemic infec-
tion in 5% of plants with a few foci per leaf by TriMV-GFP, indi-
cating that expression of TriMV CP in wheat efficiently debilitated
superinfection by TriMV-GFP. These data revealed that TriMV
CP is a strong effector of SIE (Fig. 9B and C; Table 4).

In Western blot assays, WSMV CP accumulated efficiently in

arrows and arrowheads, respectively. Asterisks indicate a wheat protein reacting nonspecifically with TriMV antiserum. (F and G) Presented ethidium bromide-
stained agarose gels are RT-PCR products of WSMYV cistrons using TriMV-specific primers from inoculated (F) and upper noninoculated (G) wheat leaves at 5
and 9 dpci, respectively. (D to G) Lanes 1 to 5, wheat infected with TriMV (lane 1) or TriMV with WSMV Nla-Pro-NS (lane 2), NlIa-Pro (lane 3), CP-NS (lane
4), and CP (lane 5); lane 6, buffer-inoculated wheat subsequently challenge inoculated; lane 7, buffer-inoculated wheat with no challenge inoculation; lane +,
pTriMV as a positive control; lanes M, 1.0-kbp DNA ladder.
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FIG 6 Complete Wheat streak mosaic virus (WSMV) Nla-Pro is required for superinfection exclusion. (A) Schematic diagram of Triticum mosaic virus (TriMV)
genome (a) with expanded views of WSMV Nla-Pro cistron (b) or NIa-Pro with a series of deletions covering the entire NIa-Pro cistron (c to f). Deleted amino
acids in the NIa-Pro cistron are indicated with black rectangles. (B and C) Presented fluorescent images are local foci (B) at 5 days post-challenge inoculation
(dpci) and systemic infection (C) at 9 dpci by the challenge virus (WSMV-GFP) on wheat infected with TriMV and TriMV with WSMV NIa-Pro or Nla-Pro
deletions. WSMYV, wheat infected with WSMV; buffer and buffer-NC, buffer-inoculated wheat subsequently challenge inoculated or not challenge inoculated,
respectively. Bars, 500 wm. (D and E) Western blotting of total proteins from local foci at 5 dpci (D) and systemic infection at 9 dpci with challenge virus (E). The
blots are probed with GFP monoclonal antibody and TriMV polyclonal antibodies as indicated. Below are SDS-PAGE gels stained with Coomassie blue showing
the amount of the large subunit of wheat RubisCO protein as a Western blot loading control. Asterisks indicate wheat proteins reacting nonspecifically with
TriMV antiserum. (F and G) RT-PCR products of WSMV cistrons using TriMV-specific primers to demonstrate the stability of inserts in the challenge
virus-inoculated (F) and upper noninoculated (G) wheat leaves at 5 and 9 dpci, respectively. (D to G) Lanes 1 to 6, wheat infected with TriMV (lane 1) or TriMV
with WSMV Nila (lane 2), NIa-ProA3-60aa (lane 3), Nla-ProA61-120aa (lane 4), NIa-ProA121-180aa (lane 5), or Nla-ProA181-229aa (lane 6); lane 7, WSMV-
infected wheat; lane 8, buffer-inoculated wheat with challenge inoculation; lane 9, buffer-inoculated wheat with no challenge inoculation; lane +, pTriMV as a
positive control; lane M, 1.0-kbp DNA ladder.
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TABLE 3 Mapping minimal regions of Wheat streak mosaic virus (WSMV) Nla-Pro and CP required for induction of superinfection exclusion”

Expt 1

Expt 2

No. of plants

% of plants No. of plants % of plants

systemically systemically systemically systemically

Challenge Avgno. oflocal infected/no. of infected with  Avg no. of local infected/no. of infected with
Primary virus virus foci/leaf = SE  plants inoculated” WSMV-GFP foci/leaf = SE  plants inoculated” WSMV-GFP
TriMV WSMV-GFP 32.0 + 3.6 16/16 100 304 £ 2.8 19/19 100
TriMV-WSMV-NIa-Pro WSMV-GFP 0.2 = 0.1 2/24* 8 1.1 £0.5 8/20* 40
TriMV-WSMV-NIa-ProA3-60aa WSMV-GFP 352 *+ 4.3 15/15 100 14.8 = 1.8 15/15 100
TriMV-WSMV-NIa-ProA61-120aa ~ WSMV-GFP 40.4 *+ 4.2 19/19 100 19.8 = 2.6 18/18 100
TriMV-WSMV-NIa-ProA121-180aa  WSMV-GFP 25.8 = 2.9 18/18 100 149 * 1.8 17/18 94
TriMV-WSMV-NIa-ProA181-229aa  WSMV-GFP 42.5 * 4.6 19/20 95 21.7 £2.7 19/19 100
WSMV WSMV-GFP 0.3 = 0.2 0/17 0 0.0 £0.0 0/18 0
Buffer WSMV-GFP 62.4 = 8.2 15/15 100 48.5 = 4.6 18/18 100
TriMV WSMV-GFP 12.1 + 1.0 16/16 100 799 * 4.6 19/19 100
TriMV-WSMV-CP WSMV-GFP 0.3 £ 0.2 4/21* 19 1.7 £ 0.5 4/18% 22
TriMV-WSMV-CPA3-35aa WSMV-GFP 0.3 0.2 2/20% 10 1.4 £0.5 7/19* 37
TriMV-WSMV-CPA36-84aa WSMV-GFP 0.1 £ 0.1 7/28* 25 51*0.9 6/17* 35
TriMV-WSMV-CPA85-100aa WSMV-GFP 0.5 = 0.2 2/18* 11 1.5+ 0.5 1/16* 6
TriMV-WSMV-CPA101-200aa WSMV-GFP 15.6 = 1.7 19/19 100 348 £ 3.9 16/16 100
TriMV-WSMV-CPA201-300aa WSMV-GFP 12.1 = 0.9 19/19 100 40.5 * 5.0 16/16 100
TriMV-WSMV-CPA294-349aa WSMV-GFP 0.5 * 0.3 2/16* 13 1.6 £ 0.2 5/17* 29
TriMV-WSMV-CPaal01-300 WSMV-GFP 0.3 £0.2 4/15% 27 22*04 7/17* 41
WSMV WSMV-GFP 0.0 £ 0.0 0/17 0 0.1 0.1 0/18 0
Buffer WSMV-GFP 62.4 = 8.2 15/15 100 118.9 £5.5 18/18 100

@ Wheat plants systemically infected with Triticum mosaic virus (TriMV) harboring WSMYV cistrons were challenge inoculated with WSMV-GFP at 10 dpi. Local foci and systemic
infection by the challenge virus (WSMV-GFP) on primary virus-infected wheat were examined at 5 and 9 days post-challenge inoculation for local fluorescent foci and the number
of systemically infected plants, respectively. Presented local foci per leaf are average numbers of foci from 15 to 20 inoculated leaves.

b Asterisks indicate that 1 to 10 isolated infection foci per leaf were observed in upper noninoculated leaves.

all superinoculated and upper noninoculated leaves, indicating
that WSMV expression vectors (primary viruses) replicated effi-
ciently in wheat (Fig. 9D and E, bottom panels). However, GFP
accumulated in challenge virus-inoculated leaves of wheat in-
fected with WSMV expressing TriMV NIa-VPg but not NIa-Pro
or CP (Fig. 9D, top panel). At 12 dpci, GFP accumulated effi-
ciently in upper noninoculated leaves of wheat preinfected with
WSMV-TriMV-NIa-VPg or -Nla-Pro but not with WSMV-
TriMV-CP (Fig. 9E, top panel). TriMV sequences were stably
maintained in WSMYV in challenge-inoculated and upper nonin-
oculated leaves since expected RT-PCR products were obtained
with no detectable truncated products (Fig. 9F and G). These data
revealed that TriMV CP is a strong effector of SIE, while NIa-Pro
affected the development of local foci at 5 dpci but did not prevent
systemic infection by the challenge virus.

DISCUSSION

In this study, interaction of virus-encoded proteins with cognate
viruses was examined by expressing virus-encoded proteins in
wheat through TriMV or WSMYV as an expression vector, followed
by challenge inoculation with corresponding GFP-tagged viruses.
These experiments allowed a robust system to identify effectors of
SIE encoded by WSMV and TriMV through gain-of-function.
Wheat systemically infected with TriMV expressing WSMV Nla-
Pro or CP substantially prevented superinfection by WSMV-GEFP,
and deletion analyses revealed that complete NIa-Pro or CP aa 101
to 300 are sufficient for SIE activity. In reciprocal experiments,
wheat infected with WSMV expressing TriMV CP efficiently pre-
vented superinfection by TriMV-GFP. However, expression of
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TriMV Nla-Pro in wheat, while substantially delaying the onset of
local infection, had no significant effect on systemic infection.
Efficient coinfection of wheat by WSMV and TriMV, together
with superinfection exclusion between GFP- and RFP-tagged
variants of WSMV or TriMV, facilitated the mapping of SIE effec-
tors encoded by WSMV and TriMV. Wheat infected with TriMV
expressing WSMV P1, HC-Pro, P3, 6K1, CI, 6K2, Nla-VPg, or
NIb allowed efficient superinfection by the challenge virus. In
contrast, wheat infected with TriMV expressing WSMV Nla-Pro
or CP inhibited the development oflocal and systemic infection by
the challenge virus. These data revealed that WSMV Nla-Pro and
CP are effectors of SIE, while other WSMV cistrons do not appear
to have a significant role in SIE. Screening select TriMV cistrons
for SIE activity by expressing TriMV-encoded proteins through
WSMYV revealed that TriMV CP is a strong effector of SIE, while
NIa-Pro delayed the onset of local foci but not systemic infection.
WSMV replicates more efficiently in wheat than TriMV (39, 47),
but expression of foreign proteins through WSMV vectors forms
mostly aggregate-like structures (39, 53), compared to mostly sol-
uble proteins through TriMV vectors (46). The weak SIE activity
found for TriMV NIa-Pro could be due to this protein being ex-
pressed as insoluble aggregate-like structures in wheat through the
WSMV expression vector. However, similarly expressed TriMV
CP elicited strong SIE activity. It is conceivable that CP and NIa-
Pro might function in SIE in different conformations: CP as
aggregate-like structures and NIa-Pro in free soluble form. This
possibility was supported by our recent observations that GFP-
NIa-Pro and GFP-CP were expressed using a binary vector in
Nicotiana benthamiana as free soluble protein and large aggre-
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FIG 7 Expression of Wheat streak mosaic virus (WSMV) full-length and truncated coat protein (CP) in wheat infected by Triticum mosaic virus (TriMV)
expressing WSMV CP or its deletion mutants. (A) Schematic diagram of the TriMV genome (a) with WSMV CP cistron (b) and CP cistron with a series of
deletions (c to h) inserted between the P1 and HC-Pro cistrons. WSMV CP amino acids 101 to 300 were inserted into the TriMV genome (i). (B) Western blot
assay of total proteins from wheat infected with TriMV or TriMV with WSMV CP or CP deletions at 14 days postinoculation. Below is an SDS-PAGE gel stained
with Coomassie blue showing the amount of protein loaded per well for the Western blot assay. The blot was probed with WSMV polyclonal antibodies. Note that
WSMV CP with deletion of aa 101 to 200 or 201 to 300 did not react with WSMV polyclonal antibodies while expression of WSMV CP aa 101 to 300 restored

reactivity with WSMV antibodies. Letters a to i are as defined in panel A.

gate-like structures, respectively (S. Tatineni, unpublished
data). Experiments reported here tested the effect of individual
proteins encoded by WSMV contributing to SIE. Hence, the
possibility of synergistic effects provided by other WSMV- or
TriMV-encoded proteins in combination in SIE activity cannot
be ruled out.

Taken together, we mapped the effectors of superinfection ex-
clusion encoded by WSMV and TriMV through gain-of-function
assays. In contrast, investigations with CTV identified p33 and
L1L2 proteinases as determinants of SIE through loss-of-function
(49, 54). CTV-encoded p33 was found to be a determinant of SIE
since CTV lacking the p33 ORF or with heterologous p33 failed to
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trigger SIE against identical superinfectors (49). Additionally,
CTV L1L2 from the heterologous T68 strain failed to elicit SIE,
thus confirming the requirement of L1L2 for CTV SIE (54). Yet,
neither of the CTV proteins was able to effect SIE when expressed
heterologously. Remarkably, we also found that two WSMV-en-
coded proteins, Nla-Pro and CP, independently elicit SIE. How-
ever, it is not clear why WSMV has two effectors of SIE when either
one is sufficient to induce SIE.

Superinfection exclusion has been reported from diverse
groups of viruses infecting bacteria, plants, and animals with dif-
ferent possible mechanisms (e.g., references 6, 13, 18, 20, 22, 25,
31, 40, and 58 to 60). Superinfection exclusion in animal viruses
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FIG 8 Wheat streak mosaic virus (WSMV) coat protein (CP) amino acids 101 to 300 induce superinfection exclusion. (A and B) Superinfection of WSMV-GFP
on wheat systemically infected with TriMV expressing WSMV CP or CP deletions. TriMV and WSMYV, wheat systemically infected with wild-type TriMV and
WSMYV, respectively. Buffer and buffer-NC, buffer-inoculated wheat subsequently challenge inoculated or not challenge inoculated with WSMV-GFP, respec-
tively. Images shown are local foci at 5 days post-challenge inoculation (dpci) (A) and systemic infection at 9 dpci (B) by WSMV-GFP (challenge virus). Bars, 500
pm. (Cand D) Western blot assay of total proteins from the challenge virus-inoculated leaves at 5 dpci (C) and upper noninoculated leaves at 9 dpci (D). Full-length and
truncated TriMV CP are indicated with arrows and arrowheads, respectively. Asterisks indicate a wheat protein reacting nonspecifically with TriMV polyclonal
antiserum. Presented Coomassie blue-stained SDS-PAGE gels show the large subunit of wheat RubisCO protein for the amount of protein loaded per well in Western
blot assays. (E and F) Ethidium bromide-stained agarose gels of RT-PCR products with TriMV-specific primers on either side of insert showing the stability of inserted
sequences at 5 dpci of inoculated (E) and 9 dpci of upper noninoculated (F) leaves. (C to F) Lanes 1 to 8, wheat infected with TriMV (lane 1) or TriMV expressing WSMV
full-length CP (lane 2) or CP with deletion of amino acids 3 to 35 (lane 3), 36 to 84 (lane 4), 85 to 100 (lane 5), 101 to 200 (lane 6), 201 to 300 (lane 7), and 294 to 349 (lane
8);lane 9, TriMV expressing WSMV CP amino acids 101 to 300; lane 10, wheat infected with WSMV; lane 11, buffer-inoculated wheat subsequently challenge inoculated;
lane 12, buffer-inoculated wheat with no challenge inoculation; lane +, pTriMV as a positive control; lanes M, 1.0-kbp DNA ladder.

has been attributed to inhibition of entry of superinfecting viruses ~ virus-infected cells and produce some of the virus-encoded pro-
into cells (14, 61) as well as interference with translation or repli-  teins but failed to replicate, suggesting that SIE targets the replica-
cation of the challenge virus (14, 19, 20, 26, 61-63). In the latter  tion step of the superinfecting virus. Additionally, replication-
examples, superinfecting viruses were able to enter the primary related proteins such as NS4 and 2K of WNV (26) and NS5A of
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FIG9 Triticum mosaic virus (TriMV) coat protein (CP) and Nla-Pro induced complete and partial superinfection exclusion activity, respectively. (A) Schematic
diagram of the genomic organization of Wheat streak mosaic virus (WSMV) (a). Below is an expanded WSMV genomic diagram showing the C terminus of P1,
an inserted TriMV cistron with a 9-amino-acid NIb/CP cleavage peptide of WSMYV, and the N terminus of HC-Pro. Four amino acids located at the N- and
C-terminal regions of TriMV cistrons inserted into the WSMV genome are indicated. Positions of cleavages by P1 and NIa-Pro on either side of inserted TriMV
cistrons are indicated with arrows and arrowheads, respectively. (B and C) Superinfection of TriMV-GFP on wheat systemically infected with WSMV or WSMV
expressing TriMV Nla-VPg, Nla-Pro, or CP. Local foci at 5 days post-challenge inoculation (dpci) (B) and systemic infection at 12 dpci (C) by TriMV-GFP
(challenge virus). Bars, 500 pm. (D and E) Western blot assays of total proteins from superinoculated leaves at 5 dpci (D) and upper noninoculated leaves at 12
dpci (E) of wheat systemically infected with WSMV or WSMV expressing TriMV cistrons. The upper and lower blots were probed with GFP monoclonal antibody
and WSMYV polyclonal antibodies, respectively. The positions of full-length and truncated CPs are indicated with arrows and arrowheads, respectively. Asterisks
indicate wheat proteins reacting nonspecifically with GFP monoclonal antibody. SDS-PAGE gels stained with Coomassie blue show the amount of large subunit of wheat
RubisCO protein loaded per well. (F and G) RT-PCR products showing the stability of inserts in wheat systemically infected with WSMV expressing TriMV cistrons at
5 dpci (F) and 12 dpci (G) with primers specific to WSMV. (D to G) Lane 1, wheat infected with WSMV; lanes 2 to 4, wheat infected with WSMV expressing TriMV
NIa-VPg (lane 2), Nla-Pro (lane 3), or CP (lane 4); lane 5, wheat infected with TriMV; lane 6, buffer-inoculated wheat subsequently challenge inoculated with
TriMV-GFP; lane 7, buffer-inoculated wheat with no challenge inoculation; lane +, pSP6-WSMYV as a positive control; lane M, 1.0-kbp DNA ladder.

December 2016 Volume 90 Number 23 Journal of Virology jviasm.org 10901


http://jvi.asm.org

Tatineni and French

TABLE 4 Examining Triticum mosaic virus (TriMV)-encoded Nla-VPg, NIa-Pro, and CP cistrons for superinfection exclusion activity in wheat?

Expt 1

Expt 2

No. of plants

% of plants No. of plants % of plants

systemically systemically systemically systemically
Challenge Avgno. oflocal  infected/no. of infected with ~ Avgno. oflocal  infected/no. of infected with
Primary virus virus foci/leaf = SE plants inoculated”  TriMV-GFP  foci/leaf = SE plants inoculated ~ TriMV-GFP
WSMV TriMV-GFP  18.6 + 1.8 18/18 100 12.6 = 0.8 17/17 100
WSMV-TriMV-NIa-VPg  TriMV-GFP  16.6 = 1.3 22/22 100 192 £2.7 20/20 100
WSMV-TriMV-NIa-Pro TriMV-GFP 0.8 £0.2 20/20 100 0.8 0.3 19/19 100
WSMV-TriMV-CP TriMV-GFP 0.1 = 0.1 1/22* 5 0.0 £ 0.0 1/19 5
TriMV TriMV-GFP 0.1 = 0.1 0/18 0 0.0 = 0.0 0/14 0
Buffer TriMV-GFP  89.8 £ 7.0 16/16 100 79.3 £ 6.7 15/15 100

“ Wheat plants systemically infected with Wheat streak mosaic virus (WSMV) harboring TriMV NIa-VPg, NIa-Pro, or CP were challenge inoculated with TriMV-GFP. Formation of
local foci and systemic infection by the challenge virus were observed at 5 and 12 days post-challenge inoculation.
Y The asterisk indicates that 1 to 10 isolated infection foci per leaf were observed in upper noninoculated leaves.

HCV (60) were identified as targets of superinfection exclusion
activity. SIE at the level of virus entry into cells may not be con-
served between plant and animal viruses, as there is no indication
that plant viruses have specific cell surface receptors for virus entry
into plant cells. It is possible that SIE targeting viral replication is a
conserved mechanism of SIE among plant and animal viruses.
The NIa-Pro protease of WSMV could function through a
mechanism proposed for SINV and SFV in which viral pro-
teases downregulate or completely block replication of the sec-
ondary virus by incorrectly processing its replicase into pro-
teins incapable of minus-strand RNA synthesis (63, 64).
Furthermore, WSMV NIa-Pro deletion analyses revealed that
the sequence encoding complete Nla-Pro is required for SIE
activity, thus suggesting that protease activity is essential to
induce SIE. Recently, L1L2 proteases of CTV were also impli-
cated in SIE as the primary virus with a heterologous leader
protease sequence facilitating efficient superinfection by the
challenge virus (54). However, the exact mechanisms of plant
viral proteases in SIE need further research.

Another postulated mechanism of SIE in plant viruses is that
the CP of the primary virus prevents uncoating of the superinfect-
ing virus as described for TMV (65, 66). The ability of TMV CP to
interact with viral RNA and self-association in a helical fashion are
essential for CP activity in SIE (67). The CP of PVA was also
reported to be involved in SIE, and it has been suggested that virus
infection-induced RNA silencing, not “reencapsidation,” is a pos-
sible mechanism of SIE in this virus (22). We also found that
wheat plants expressing CP of WSMV or TriMV triggered SIE of
the respective cognate viruses. Deletion analyses of WSMV CP
suggest that involvement of CP in SIE is likely independent of
virion formation, since expression of aa 101 to 300 of the 349-aa
sequence is enough to induce SIE. Moreover, expression of CP
through a heterologous virus is unlikely to cause virion formation
as this virus lacks the origin of assembly of CP to initiate virion
assembly. Thus, involvement of virions of the primary virus in
negatively affecting the uncoating of the superinfecting virus is an
unlikely mechanism with WSMV CP and possibly with TriMV CP
as well.

RNA silencing has been proposed as a possible mechanism of
SIE in plant viruses (22, 68, 69). RNA silencing is a systemically
induced host defense mechanism against viruses infecting plants
and invertebrate animals (70-73) by targeting nearly identical
RNA sequences. Introduction of viral sequences into heterolo-
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gous viruses or development of transgenic plants with viral RNA
sequences would result in generation of small interfering RNAs to
guide a nucleotide sequence-specific process that induces mRNA
degradation or translation inhibition (74-77). It is a logical hy-
pothesis that RNA silencing is a possible mechanism of SIE, as
both of these phenomena are homology dependent. However,
WSMV Nla-Pro and CP cistrons containing frameshift and nu-
cleotide substitution mutations for a continuous translation of
different proteins but with 98% sequence homology at the RNA
level failed to trigger SIE. These data revealed that CP and NIa-Pro
protein sequences but not RNA sequences are involved in SIE
activity, suggesting that SIE is mechanistically distinct from RNA
silencing.

Previously, HC-Pro and CP of PVA were identified as determi-
nants of SIE, and RNA silencing was proposed as a possible mech-
anism of SIE (22). We also found in several experiments that
wheat plants expressing WSMV HC-Pro allowed slightly smaller
foci by the challenge virus but had no significant effect on systemic
infection of wheat. Nevertheless, HC-Pro is not a primary deter-
minant of WSMYV SIE. For PVA, the role of NIa-Pro in SIE was not
examined (22); hence, it is unknown whether PVA Nla-Pro is a
determinant of SIE. WSMV-GFP elicited a substantially reduced
number of local foci on wheat leaves expressing WSMV Nla-Pro
or CP, suggesting that these proteins might have inhibited repli-
cation of the challenge virus. However, further studies are re-
quired to discern the mechanistic roles of NIa-Pro and CP in SIE.
Also, a more detailed study of the involvement of the other TriMV
cistrons in SIE is warranted.

Although SIE has an important role in the management of
plantand animal viral diseases, so far only a few viral determinants
involved in SIE have been identified (e.g., references 22, 49, and
78). Identifying viral determinants with a role in SIE would
facilitate the development of virus-resistant transgenic plants
expressing effectors of SIE as an alternative to traditional cross-
protection. This method would eliminate potential spillover of
protecting viruses to other susceptible hosts and/or unintended
synergistic interactions with unrelated viruses (4). Resistance ob-
served in transgenic tobacco plants with NIa or NIa-NIb-CP se-
quences of Potato virus Y (79) could be due to the involvement of
NIa-Pro and CP as effectors of SIE. Similarly, resistance of CP-
based transgenic plants against Papaya ring spot virus, Zucchini
yellow mosaic virus, and Watermelon mosaic virus (80, 81) could at
least partially be due to CP as an effector of SIE. However, the RNA
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transcripts of these transgenes themselves also may have provided
some degree of resistance.
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