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Superinfection Exclusion Is an Active Virus-Controlled Function That

Requires a Specific Viral Protein

Svetlana Y. Folimonova

University of Florida, Citrus Research and Education Center, Lake Alfred, Florida, USA

Superinfection exclusion, a phenomenon in which a preexisting viral infection prevents a secondary infection with the same or a
closely related virus, has been described for various viruses, including important pathogens of humans, animals, and plants. The
phenomenon was initially used to test the relatedness of plant viruses. Subsequently, purposeful infection with a mild isolate has
been implemented as a protective measure against virus isolates that cause severe disease. In the medical and veterinary fields,
superinfection exclusion was found to interfere with repeated applications of virus-based vaccines to individuals with persistent
infections and with the introduction of multicomponent vaccines. In spite of its significance, our understanding of this phenom-
enon is surprisingly incomplete. Recently, it was demonstrated that superinfection exclusion of Citrus tristeza virus (CTV), a
positive-sense RNA closterovirus, occurs only between isolates of the same strain, but not between isolates of different strains of
the virus. In this study, I show that superinfection exclusion by CTV requires production of a specific viral protein, the p33 pro-
tein. Lack of the functional p33 protein completely eliminated the ability of the virus to exclude superinfection by the same or a
closely related virus. Remarkably, the protein appeared to function only in a homology-dependent manner. A cognate protein
from a heterologous strain failed to confer the exclusion, suggesting the existence of precise interactions of the p33 protein with

other factors involved in this complex phenomenon.

Superinfection exclusion or homologous interference is defined
as the ability of an established virus infection to interfere with
a secondary infection by the same or a closely related virus. The
phenomenon has been described for various virus-host systems,
including viruses that cause serious diseases in humans, animals,
and plants (2, 9, 10, 11, 14, 19-21, 23, 28, 29, 31, 35, 37, 38, 55,
61-64, 74-77). From an evolutionary standpoint, superinfection
exclusion can be a powerful strategy that determines the genetic
structure of the virus population. Superinfection exclusion pro-
tects the virus from a related competing secondary virus targeting
the cell that has been successfully infected by the primary virus.
Besides elimination of competition for host resources, the phe-
nomenon could function as a means to maintain the stability of
viral sequences because it prevents replication of two or more viral
genomes in the same cell, thus reducing the likelihood of the re-
combination or reassortment of viral genes, with the latter event
of particular importance for the evolution of segmented viruses
(18, 27). From a practical standpoint, superinfection exclusion
can have both positive and negative attributes. Referred to as
cross-protection, this phenomenon has been implemented as an
agricultural practice in which purposeful infection with a mild
isolate was used as a protective measure against isolates of the
virus that cause severe disease (reviewed in references 21 and 29).
On the other hand, in the medical and veterinary fields, superin-
fection exclusion was found to interfere with repeated applica-
tions of virus-based vaccines to individuals with persistent infec-
tions and with the introduction of multicomponent vaccines
(14, 64).

I and members of my laboratory are examining superinfection
exclusion by Citrus tristeza virus (CTV). CTV is the largest and
most complex member of the Closteroviridae family, which con-
tains viruses with mono-, bi-, and tripartite genomes that are
transmitted by a range of insect vectors including aphids, white-
flies, and mealybugs and cause severe economic losses in crops
including vegetables, grains, grapes, fruit trees, and others (3, 5,
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12, 13, 34). CTV has long flexuous virions (2,000 nm by 10 to 12
nm) encapsidated by two coat proteins and a single-stranded RNA
genome of approximately 19.3 kb. The RNA genome of CTV en-
codes 12 open reading frames (ORFs) (32, 47) (Fig. 1). ORFs la
and 1b are expressed from the genomic RNA and encode polypro-
teins required for virus replication. ORF 1a encodes a 349-kDa
polyprotein containing two papain-like protease domains plus
methyltransferase-like and helicase-like domains. Translation of
the polyprotein is thought to occasionally continue through the
polymerase-like domain (ORF 1b) by a +1 frameshift. Ten 3'-end
OREFs are expressed by 3’ coterminal subgenomic RNAs (sgRNAs)
(25, 33) and encode the following proteins: major (CP) and minor
(CPm) coat proteins, p65 (HSP70 homolog), and p61, which are
involved in assembly of virions (57); a hydrophobic p6 protein
with a proposed role in virus movement (13, 65); p20 and p23,
which along with CP are suppressors of RNA silencing (42); and
p33, p13, and p18, which function in extending the virus host
range (66). Remarkably, trees of most citrus varieties can be in-
fected with mutants with three genes deleted: p33, p18, and p13
(65).

The host range of CTV is limited to citrus and citrus relatives in
which the virus infects only phloem-associated cells. CTV has nu-
merous isolates with distinctive biological and genetic character-
istics (24, 26, 36, 43, 46, 51-53, 70, 71) that are classified into six
major genotype groups, which are referred to as strains T36, T3,
T30, T68, VT, and RB, with some isolates remaining undefined (4,
17,24, 26, 36, 51, 53). The classification strategy of CTV isolates is
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FIG 1 Schematic diagram of the genome organization of wild-type CTV (CTV9). The open boxes represent ORFs and their translation products. PRO,
papain-like protease domain; MT, methyltransferase; HEL, helicase; RARp, an RNA-dependent RNA polymerase; HSP70h, HSP70 homolog; CPm, minor coat
protein; CP, major coat protein. The enlarged view of the region containing the p33 ORF and schematic diagrams of CTV mutants are shown below. The
sequences deleted in mutants are indicated by dotted lines with corresponding nucleotide numbers. Solid lines represent sequences present in the genomes of
mutants. “CC” indicates two extra cytidylates inserted in CTV9p33fs construct. Sequences substituted from the genomes of T30-1 or T68-1 isolates are shown

in gray.

based upon analysis of nucleotide sequences of the 1a ORF, which
shows high genetic diversity between CTV variants, with levels of
sequence identity ranging between 72.3 and 90.3% for isolates
representing different strains (26, 36, 40, 52, 53). Isolates within
the same strain group show minor sequence divergence, generally
less than 5% throughout the genome.

Recently, we demonstrated that superinfection exclusion oc-
curs only between isolates of the same strain, but not between
isolates of different CTV strains (17). Remarkably, exclusion
among isolates of the same strain was absolute. No trace of the
challenging virus was found. On the other hand, isolates from
different strains demonstrated a complete lack of exclusion. The
isolates of heterologous strains that were established initially ap-
peared to have no effect on infection, movement, and replication
of the challenge virus. The amount of the challenge virus in the
plants preinfected with isolates of heterologous strains was iden-
tical to that found in plants that had no primary infection. More-
over, the exclusion phenomenon appeared to be systemic and
functioned not only in cells infected with the primary virus but
also in cells that were not infected. Upon invasion in a host, CTV
infects only a portion of the phloem-associated cells, usually less
than one-third of the cells even in the most susceptible hosts,
leaving many cells uninfected (16). However, even though the
majority of cells were not infected by the primary isolate, exclu-
sion of a challenging isolate of the same strain was absolute. Not
only was the one-third of the cells that contained the primary virus
protected, but the other two-thirds of the cells that were not in-
fected became “immune” to the challenging virus (17).

In spite of the significance of superinfection exclusion in
viral pathogenesis and in the evolution of virus populations,
our understanding of how virus variants exclude each other is
surprisingly incomplete. Several mechanisms acting at various
stages of the viral life cycle have been postulated to explain
superinfection exclusion. However, each of the proposed
mechanisms can explain only some instances of superinfection
exclusion, and often, in those cases in which a particular mech-
anism appears to play a role it cannot completely explain all the
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aspects of this phenomenon. Superinfection exclusion of ani-
mal viruses has been related to several mechanisms that ex-
plained exclusion by interference with receptor-mediated at-
tachment and penetration into cells, translation, or replication
of the secondary virus (2, 35, 38, 59, 62, 63). For plant viruses,
initial explanations included competition between primary
and challenging viruses for host factors or intracellular repli-
cation sites and interference with disassembly of the secondary
virus resulting from the excessive production of the coat pro-
tein by the primary virus (1, 41, 60; reviewed in references 7, 8,
21, 29, and 78). These mechanisms would be effective only in
cells that were infected with the primary virus, while uninfected
cells would remain susceptible to the secondary virus. Another
mechanism that was implicated in the superinfection exclusion
of several plant viruses is based on the induction of RNA silenc-
ing by the protector virus that leads to sequence-specific deg-
radation of the challenge virus RNA (48, 49; reviewed in refer-
ence 29) and can be induced systemically in both infected and
uninfected cells (44, 69, 72, 73). These properties of RNA si-
lencing could explain some of our observations with CTV,
leading to the hypothesis that this mechanism could account
for CTV superinfection exclusion. However, the results ob-
tained from examination of superinfection exclusion ability of
hybrids of different CTV strains in our previous work appeared
not to support this hypothesis (17) and further argued for the
intriguing complexity of CTV superinfection exclusion phe-
nomenon.

Here, I show that superinfection exclusion by CTV is due to a
mechanism that requires production of a specific viral protein, the
P33 protein. p33 appears to be a nonconserved protein which
shows no significant homology with other known proteins and is
not essential for CTV infection in most citrus hosts (65). Lack of
functional p33 completely eliminated the ability of the virus to
exclude superinfection by the same or a closely related virus. Fur-
thermore, a cognate protein from a heterologous strain failed to
confer the exclusion, suggesting the existence of precise interac-
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tions of the p33 protein with other factors involved in this phe-
nomenon.

MATERIALS AND METHODS

Virus isolates and inoculation of citrus trees. The wild-type cloned virus
CTV9 (56, 58), deletion mutant viruses CTV9Ap33, CTV9AplS,
CTV9Ap13, CTV9Ap33Ap18, CTVIApP33Apl3, CTVIAp33Ap18Apl3,
and CTV9Ap18Ap13 (65), green fluorescent protein (GFP)-tagged wild-
type virus CTV9-GFP and GFP-tagged p33 deletion mutant CTV9Ap33-
GFP (CTV9-GFPC3 and CTV9Ap33-GFPC3 in reference 65), CTV iso-
lates T30-1 (4) and T68-1 (17), and a set of mutant viruses engineered in
this work as described below (CTV9p33AsgRNA, CTV9p33fs,
CTV9p33T30, and CTV9p33T68) (Fig. 1) have been maintained in citrus
plants under greenhouse conditions. These plants were used as sources of
virus for subsequent graft inoculations of young trees.

To assess superinfection exclusion, 9- to 12-month-old trees of Citrus
macrophylla Wester (usually 5 plants per treatment) were initially inocu-
lated by grafting of virus-infected tissue from individual source plants. At
6 weeks after inoculation, systemic tissue was assayed by enzyme-linked
immunosorbent assay (ELISA) to confirm the establishment of infection.
Secondary (challenge) inoculation of preinfected plants was done by in-
serting a second graft of bark tissue infected with a challenge virus. When
the graft healed, the upper flushes of leaves were trimmed to induce
growth of a new flush, which was then evaluated for the ability of the
challenge virus to establish systemic infection in plants that were previ-
ously infected with a primary virus.

Generation of mutant virus constructs pCTV9p33AsgRNA,
pCTV9p33fs, pCTVIp33T30, and pCTVIp33T68. The full-length cONA
clone of CTV T36, pCTV9 (56, 58), was the basis of all constructs in this
study. pCTV9p33AsgRNA was created by amplifying a PCR product with
oligonucleotides C-1493 (corresponding to nucleotides [nt] 4397 to 4424
in the CTV genome) and C-1938 (complementary to nt 10923 to 10900
and 10851 to 10828) and a PCR product with oligonucleotides C-1937
(corresponding to nt 10828 to 10851 and 10900 to 10923) and C-204
(complementary to nt 11949 to 11924). The two products were used to
generate an overlap PCR product using C-1493 and C-204. The resulting
product was digested with Bsu361 and Pmel restriction endonucleases and
substituted for the corresponding fragment into pCTV?9 digested with the
same enzymes (nt positions 4430 and 11869, respectively). pCTV9p33fs
was obtained by amplifying a PCR product with oligonucleotides C-1493
and C-1916 (complementary to nt 10926 to 10877 and containing two
extra G’s between nt 10903 and 10902) and a PCR product with oligonu-
cleotides C-1915 (corresponding to nt 10877 to 10926 and containing two
extra C’s between nt 10902 and 10903) and C-204. The two products were
used to generate an overlap PCR product using C-1493 and C-204, which
was digested with Bsu361 and Pmel and substituted into pCTV9 digested
with the same enzymes. To generate pCTV9p33T30 and pCTV9p33T68,
double-stranded CTV RNA was extracted from C. macrophylla trees in-
fected with T30-1 or T68-1 as described previously (45). This double-
stranded RNA was used for cDNA synthesis and subsequent PCR ampli-
fication using a pair of primers, one corresponding to the 21 nt preceding
the p33 ORF in CTV9 (nt positions 10879 to 10899) plus 21 nt of the 5’
end of the p33 ORF sequence in the T30-1 or the T68-1 genome (C-1912
or C-1889, respectively) and the other being complementary to the se-
quence downstream from the stop codon of the p33 ORF in CTV9 con-
taining the Pmel site and the 21 nt of the 3" end of the T30-1 or T68-1 p33
ORF (C-1888 or C-1891, respectively). A second PCR was carried out
using CTV9 as a template and C-1493 and C-1913 complementary to
C-1912 for the generation of pCTV9p33T30 or C-1890 complementary to
C-1889 for the generation of pCTV9p33T68. The products of the first and
second PCRs were used for overlap PCR using C-1493 and C-1888 or
C-1891 for the T30 p33 OREF- or the T68 p33 ORF-containing construct.
The resulting products were digested with Bsu361 and Pmel and substi-
tuted into pCTV9 digested with the same enzymes.
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Amplification of virions of engineered virus constructs in Nicotiana
benthamiana protoplasts for inoculation of citrus trees. SP6 RNA poly-
merase-derived transcripts of CTV ¢DNAs were used for transfection of
N. benthamiana protoplasts as described earlier (56). Passaging of virions
in protoplasts for virus amplification was done as described previously
(57). The accumulation of virus RNAs was monitored by Northern blot
hybridization of the total RNA isolated from protoplasts with a 3’ posi-
tive-stranded CTV RNA-specific riboprobe (56). Amplified progeny viri-
ons from the final passages in protoplasts were extracted, concentrated by
sucrose cushion centrifugation, and used for mechanical “bark flap” in-
oculation of C. macrophylla (50).

Serological assays. Triple-antibody sandwich ELISA (TAS-ELISA)
was performed as described using antibodies specific to CTV virions (22)
to confirm infection in inoculated plants. Plant extracts were prepared
ata 1/20 dilution: 0.25 g of citrus bark tissue was ground in 5 ml of the
extraction buffer for each sample. Purified IgG from rabbit polyclonal
antiserum CTV-908 (1 wg/ml) was used as a coating antibody.
ECTV172, a broadly reactive CTV monoclonal antibody, was used to
detect antibodies.

Examination of fluorescence in citrus plants infected with GFP-
tagged CTV. Bark tissue from CTV9-GFP- or CTV9Ap33-GFP-inocu-
lated trees was examined for GFP fluorescence beginning at 6 weeks after
challenge using a Zeiss Stemi SV 11 UV-fluorescence dissecting micro-
scope (Carl Zeiss Jena, GmbH, Jena, Germany) with an attached Olympus
Q-color 5 camera (Olympus America, Inc., Center Valley, PA).

RESULTS

Deletion of the p33 gene eliminates the ability of the virus to
exclude superinfection by the parental wild-type virus. CTV has
three genes that appear to be unique to the virus and show no
significant homology with other sequences reported in GenBank.
Previously, it was demonstrated that CTV mutants with deletions
within the p33, p18, or p13 ORF individually or in combination
retained the ability to infect, multiply, and spread normally
throughout trees of most citrus varieties (65). GFP-tagged CTV
variants with deletions in the p33 ORF or the p33, p18, and p13
ORFs demonstrated that the infection levels as well as movement
and distribution of these deletion mutants within citrus trees were
similar to that of the wild-type virus (65). In this work, we exam-
ined how deletions of the p33, p18, or p13 genes from the CTV
genome affect superinfection exclusion by assaying the ability of
the resulting mutant viruses to prevent superinfection by the GFP-
expressing wild-type virus (CTV9-GFP) (15, 65). Young C. mac-
rophylla trees first were inoculated with the mutant viruses
CTV9Ap18, CTV9Ap13, CTV9Ap18Ap13, CTV9Ap33 (Fig. 1),
CTV9Ap33Ap18, CTV9ApP33Ap13, and CTVIAp33Ap18Ap13
(65) by grafting virus-infected tissue into stems of receptor trees.
Asa control for this experiment, a set of plants was inoculated with
the parental wild-type CTV (CTV9). Another set of control plants
had no primary infection. The upper leaves on the inoculated
plants were trimmed to force the growth of a new set of leaves. At
6 weeks after inoculation, systemic infections of the new leaves
were confirmed by ELISA using CTV-specific antiserum. Similar
ELISA values were obtained for all viruses used for primary inoc-
ulations, demonstrating similar levels of accumulation of the vi-
ruses in the infected plants (Table 1, experiment A). The plants
then were challenged by putting a second graft of bark tissue con-
taining the CTV9-GFP virus. The ability of the challenging virus to
superinfect trees was determined by visual observation of GFP
fluorescence in the bark tissue of the new flush at 2 and 4 months
after challenge inoculation. As a result, the parental CTV9 virus
completely prevented superinfection by CTV9-GFP virus: no GFP
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TABLE 1 Examination of CTV mutants for the ability to prevent
superinfection by GFP-expressing CTV

Prechallenge
Expt group Primary inoculation CTV titer” GFP?
Expt A None 0.07 = 0.006 Yes
CTV9 3.23 + 0.046 No
CTV9Ap18 2.98 +0.030 No
CTV9Ap13 3.01 * 0.045 No
CTV9Ap18Ap13 2.99 +0.027 No
CTV9Ap33 3.10 * 0.039 Yes
CTV9Ap33Ap18 3.34 = 0.060 Yes
CTV9Ap33Ap13 2.88 + 0.034 Yes
CTV9Ap33Ap18Ap13 3.07 = 0.066 Yes
Expt B None 0.10 £ 0.005 Yes
CTV9 2.81 *0.035 No
CTV9Ap33 2.99 + 0.048 Yes
Expt C None 0.09 = 0.007 Yes
CTV9 3.13 £ 0.028 No
CTV9Ap33 3.33 £ 0.056 Yes
CTV9p33AsgRNA 2.96 * 0.042 Yes
CTV9p33fs 2.80 * 0.027 Yes
CTV9p33T30 3.05 + 0.037 Yes
CTV9p33T68 3.40 = 0.039 Yes

@ Trees were assayed at 6 weeks after initial inoculation by triple-antibody sandwich
ELISA using CTV-specific antibody. ELISA values (A,,s) are an average of results for 5
plants * standard deviation.

b GFP fluorescence was observed in the bark tissue of trees by using a dissecting
fluorescence microscope at 4 months after challenge with CTV9-GFP (experiments A
and C) or CTV9Ap33-GFP (experiment B).

fluorescence was detected in plants primarily infected with the
wild-type virus (Fig. 2; Table 1, experiment A). Similarly to the
parental virus, mutants containing a deletion of the p18 or p13
ORF completely excluded the challenge virus, demonstrating that
the lack of those genes did not have any impact on the viral super-
infection exclusion ability (Fig. 2; Table 1, experiment A). Re-
markably, plants that had primary infections with the mutant vi-
ruses lacking the p33 gene all displayed GFP fluorescence similar
to that observed in plants that had no primary infection and were
inoculated only with the challenge virus CTV9-GFP (Fig. 2; Table
1, experiment A). The p33 deletion mutants did not interfere with
secondary infection by the GFP-tagged parental virus, indicating
that the deletion of this gene removed the ability of the resulting
viruses to exclude superinfection by the wild-type virus.

Superinfection Exclusion

Primary
inoculation: none none CTV9 CTV9Ap33
Challenge: none CTV9Ap33-GFP

FIG 3 Observation of GFP fluorescence in C. macrophylla trees upon chal-
lenge with CTV9Ap33-GFP. The left image represents a noninoculated healthy
tree. The other images represent trees with no primary infection (second im-
age) or trees preinfected with the wild type or with CTV9Ap33, which were
sequentially challenged with CTV9Ap33-GFP. Observations were done on the
internal surface of bark at 4 months after challenge inoculation using a dissect-
ing fluorescence microscope. Bars = 0.4 mm.

The p33 deletion mutant fails to exclude superinfection with
the same virus. Next, I examined whether the p33 deletion mu-
tant is able to exclude superinfection by the same mutant virus. I
conducted an experiment similar to the one described above, in
which the wild-type CTV9 virus and the CTV9Ap33 mutant were
used for primary inoculations of citrus trees. Later, upon estab-
lishment of the initial infections (Table 1, experiment B), the
preinfected plants were challenged with the GFP-expressing
CTV9AP33 virus (65). A set of uninfected plants was also inocu-
lated with the challenge virus as a control in this experiment. Ob-
servations of bark tissue of the plants at 2 and 4 months after
challenge inoculation revealed that plants preinfected with CTV9
were protected against the challenge virus infection. No GFP flu-
orescence was detected in those plants (Fig. 3; Table 1, experiment
B). However, plants that were initially infected with CTV9Ap33
displayed strong GFP fluorescence similar to that in control plants
with no primary infection, indicating that the deletion of the p33
gene resulted in the inability of the virus to exclude itself (Fig. 3;
Table 1, experiment B).

P33 protein is a determinant of superinfection exclusion.
The above findings indicated that deletion of the p33 gene pre-
vented the exclusion of superinfection by the virus. As the next
step, I assessed whether exclusion is conferred by the p33 protein
or the RNA sequence. I engineered constructs that retain the en-
tire sequence of the p33 ORF but prevent production of the func-
tional protein. One of the constructs (CTV9p33AsgRNA) (Fig. 1)
was created by removing a 48-nt intergenic region between the
stop codon of the 1b ORF and the start codon of the p33 ORF. This

Primary
inoculation: none none CTV9 CTV9Ap18 CTV9Ap13 CTV9Ap33
Challenge: none CTV9-GFP

0.4 mm

0.4 mm

FIG 2 Observation of GFP fluorescence in phloem-associated cells of C. macrophylla trees upon challenge with CTV9-GFP. The left image represents a
noninoculated healthy tree. The other images represent trees with no primary infection (second image) or trees preinfected with the wild-type or mutant viruses,
which were sequentially challenged with CTV9-GFP. Observations were done on the internal surface of bark at 4 months after challenge inoculation using a
dissecting fluorescence microscope. Bars = 0.4 mm.
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FIG 4 Replication of CTV9 (lane 1), CTV9p33AsgRNA (lane 2), or
CTV9p33fs (lane 3) in N. benthamiana protoplasts at 4 days postinoculation.
Northern blot hybridizations were carried out using CTV 3’ positive RNA
strand-specific riboprobe. Positions of sgRNAs are shown. A big arrowhead
indicates the position of p33 sgRNA; an asterisk shows the absence of the p33
sgRNA band in lane 2.

region contains a part of the subgenomic mRNA controller ele-
ment for the p33 sgRNA (65). Removal of this region eliminated
the synthesis of the p33 sgRNA, which is used as mRNA for trans-
lation of the p33 protein (Fig. 4, lanes 1 and 2). Another construct
(CTV9p33fs) (Fig. 1) was engineered by the introduction of two
extra cytidylates behind the start codon of the p33 ORF, resulting
in a shift of the normal reading frame and the generation of a new
stop codon, thus blocking production of the functional p33 pro-
tein. The frameshift mutation had no effect on the synthesis of the
p33 sgRNA, which was accumulated in amounts similar to that of
the wild-type virus (Fig. 4, lane 3). In order to examine how the
lack of the p33 protein production affects superinfection exclu-
sion, the constructs were tested for the ability to exclude the pa-
rental wild-type virus. The mutant viruses were used for primary

Primary
inoculation: none none CTV9
Challenge: none

inoculation of citrus plants (along with CTV9 and CTV9Ap33,
used as controls in this experiment). Upon establishment of pri-
mary infections (Table 1, experiment C), the plants were chal-
lenged with GFP-tagged CTV. Similarly to the p33 deletion mu-
tant, the virus variant lacking the subgenomic promoter for the
p33 sgRNA and the p33 frameshift mutant both failed to exclude
the parental wild-type virus. Plants that were preinfected with the
mutant viruses and later challenged with CTV9-GFP showed
strong GFP fluorescence (Fig. 5; Table 1, experiment C). These
results indicated that the lack of p33 protein production elimi-
nated the superinfection exclusion ability of the virus; thus, the
P33 protein is a viral factor that functions in the CTV superinfec-
tion exclusion phenomenon.

Heterologous p33 protein does not support superinfection
exclusion. Earlier, we demonstrated that modifications in the 3’
portion of the CTV genome, such as substitutions of the 3" half
sequences with the sequences derived from other virus strains, did
not affect the superinfection ability of the virus: viruses with sub-
stitutions within this genomic region retained the ability to ex-
clude superinfection by the parental virus (17). In the experiments
above, I determined that p33 protein is required for superinfec-
tion exclusion. Our next question was whether the p33 protein
functions in a homology-dependent manner, or in other words,
whether a heterologous p33 would support the exclusion of super-
infection by the parental wild-type virus. To examine how substi-
tution of the p33 gene with a cognate gene from another strain
would affect the ability of the virus to exclude the wild-type virus,
I engineered two similar constructs in which the p33 ORF in the
T36 cDNA clone pCTV9 was replaced with the p33 ORF sequence
from an isolate of the T30 or the T68 strain. The sequences of the
p33 ORF of both the T30-1 and T68-1 isolates have 84% identity
with the p33 ORF sequence of the T36 isolate. The corresponding
p33 proteins of the T30-1 and T68-1 isolates show 85.5 and 82.5%
amino acid similarity with the T36 p33 protein, respectively (4,
17). The resulting hybrid viruses, CTV9p33T30 and CTV9p33T68
(Fig. 1), were used for primary inoculation of plants. Sets of con-
trol plants were inoculated with CTV9 and CTV9Ap33, with some
plants not being inoculated. Upon establishment of the initial in-
fections (Table 1, experiment C), the plants were challenged with
the GFP-tagged CTV virus and further observed for GFP fluores-
cence. The hybrid viruses carrying substitutions of the p33 ORF with
the sequences derived from heterologous strains failed to exclude the

CTV9Ap33 CTVI9p33AsgRNA CTV9p33fs CTV9p33T30

CTV9-GFP

t
04

FIG 5 Observation of GFP fluorescence in phloem-associated cells of C. macrophylla trees upon challenge with CTV9-GFP. The left image represents a
noninoculated healthy tree. The other images represent trees with no primary infection (second image) or trees preinfected with the wild-type or mutant viruses,
which were sequentially challenged with CTV9-GFP. Observations were done on the internal surface of bark at 4 months after challenge inoculation using a
dissecting fluorescence microscope. Bars = 0.4 mm.
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parental virus (Fig. 5; Table 1, experiment C). Similar to the p33
deletion, the p33 swap removed the ability of the virus to exclude
superinfection by the parental virus. Plants that were preinfected with
CTV9Ap33, CTV9p33T30, or CTV9p33T68 and challenged with
CTV9-GFP virus displayed strong GFP fluorescence, indicating the
inability of the mutant viruses to interfere with superinfection by the
parental virus (Fig. 5; Table 1, experiment C).

DISCUSSION

The experiments that examined the ability of several mutant vi-
ruses to exclude superinfection by the wild-type virus demon-
strated that superinfection exclusion by CTV requires production
of a specific viral protein, the p33 protein. Modifications of the
p33 gene which restricted production of the functional protein
prevented superinfection exclusion. The virus mutants that failed
to produce p33 failed to exclude superinfection by the parental
wild-type virus. Superinfection exclusion was conferred by the
p33 protein rather than the RNA sequence: the mutant viruses
that retained the entire sequence of the p33 ORF, yet had a dele-
tion of the subgenomic mRNA controller element for the p33
sgRNA or a frameshift mutation within the p33 OREF, failed to
exclude the wild-type virus. The distribution and intensity of GFP
fluorescence observed in trees preinfected with the p33 mutants
and then challenged with the GFP-marked virus were comparable
to those found upon inoculation of trees with no primary infec-
tion.

Remarkably, not only was the p33 protein required for super-
infection exclusion, but the protein functioned in a homology-
dependent manner. A cognate protein from a heterologous strain
failed to confer the exclusion. Unlike substitutions of the 3" half
genes that had no impact on superinfection exclusion as was dem-
onstrated in our previous work (17), the substitution of the p33
ORF with a cognate sequence from a different virus strain re-
moved the ability of the virus to exclude the parental virus. The
hybrid viruses with the p33 substitutions behaved similarly to the
mutants that produced no p33: they were unable to interfere with
the secondary infection by the wild-type virus. These data suggest
that the p33 protein has a precise interaction(s) with some other
viral factor(s) involved in this phenomenon.

Superinfection exclusion of viruses has been related to a num-
ber of different mechanisms acting at various stages of the viral life
cycle, yet the phenomenon still remains obscure. Most of the pro-
posed mechanisms, such as competition between primary and
challenging viruses for host factors and intracellular replication
sites or interference with disassembly, translation, or replication
of the secondary virus (1, 2, 7, 35, 38, 41, 59, 60, 62, 63), could
function only “locally,” in cells that were infected with the primary
virus, leaving uninfected cells susceptible to the secondary virus.
Based on our data, such mechanisms would not be relevant for
superinfection exclusion by CTV due to the observed “systemic”
nature of this phenomenon. A proposed model that could explain
the exclusion of related viruses from uninfected cells is based on
RNA silencing (48, 49; reviewed in references 21 and 29). RNA
silencing has been considered as the major antiviral defense mech-
anism in plants and invertebrates (6, 39, 69, 72, 73). It can be
induced systemically, not only in cells that contained the primary
virus, but also in cells that were not preinfected with the primary
virus. The mechanism targets nearly identical RNA sequences;
thus, the introduction of homologous sequences, in some cases as
short as 23 nucleotides, into genomes of heterologous viruses has
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been shown to induce degradation of RNA molecules containing
those sequences (30, 49, 67, 72). For a number of plant viruses,
RNA silencing was suggested as a mechanism that confers homol-
ogous interference of viruses (48, 49, 68; reviewed in references 21
and 29). Upon infection, the primary virus would act as an elicitor
of the host defense machinery, which then would recognize and
destroy homologous sequences, such as those present in the ge-
nomes of closely related viruses invading the same host, thus pre-
venting the secondary infection by the latter viruses.

The “systemic” nature of superinfection exclusion by CTV par-
allels characteristics of RNA silencing. Thus, we previously at-
tempted to trigger exclusion between heterologous CTV isolates
by substituting various regions in the genome of the protecting
virus with the exact cognate sequences (up to 3.7 kb in size) from
the genome of the challenging virus. The hybrid viruses did not
induce exclusion of the challenging virus: sharing of extended
homologous RNA sequences did not confer exclusion of the sec-
ondary virus (17). The substituted regions contained 3’ end genes,
which amplify large amounts of double-stranded RNAs (25, 45,
46). As has been demonstrated recently, this part of the CTV ge-
nome generates production of most viral small RNAs upon CTV
infection (54). Yet, the hybrids in which these regions were sub-
stituted from the challenge isolate failed to exclude the latter iso-
late despite the fact that they shared extended identical sequences
(17). These results do not appear to support the RNA silencing-
based model. With the mutant viruses examined in this work, one
could possibly suggest that the lack of superinfection exclusion by
the p33 deletion mutant and the mutant containing deletion of the
subgenomic promoter for the p33 sgRNA could be due to the
absence of the p33 sgRNA, which results in failure to accumulate
small RNAs from the p33 ORF region. However, the mutant that
contained a frameshift mutation within the p33 ORF would be
expected to produce small RNAs corresponding to this region
from the p33 sgRNA, which was produced in amounts similar to
that of the wild-type CTV. Yet, in contrast to the wild-type virus,
the frameshift mutant failed to exclude the parental virus, as did
the other two mutants that were also deficient in production of the
p33 protein. More studies will be needed to determine whether
superinfection exclusion by CTV involves components of the
RNA silencing pathway or operates via another novel mechanism.

The data presented here demonstrate that superinfection ex-
clusion by CTV is an active virus-controlled function. It is a pow-
erful process that is capable of completely preventing infection by
a challenging virus. It apparently involves a precise interaction
between a virus-encoded p33 protein and other unknown factors.
At this point, its effectiveness is limited to related viruses. How-
ever, with further understanding, it could possibly be decon-
structed and reconstructed into a process to manage viruses in
unforeseen ways. It is believed that this phenomenon can be fur-
ther utilized for the development of new effective strategies for
controlling diseases caused by this group of viruses and possibly
by viruses from other taxonomic groups, including the develop-
ment of new virus-based therapeutics to reduce the effect of viral
diseases in the fields of medicine and agriculture.
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