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Systemic Infection
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A Carnation ringspot virus (CRSYV) variant (1.26) was identified that accumulates virions but is incapable of
forming a systemic infection. The 1.26 capsid protein gene possesses a Ser—Pro mutation at amino acid 282.
Conversion of 1.26 amino acid 282 to Ser restored systemic infection, while the reciprocal mutation in wild-type
CRSYV abolished systemic infection. Similar mutations introduced into the related Red clover necrotic mosaic
virus capsid protein gene failed to induce the packaging but nonsystemic movement phenotype. These results
provide additional support for the theory that virion formation is necessary but not sufficient for systemic

movement with the dianthoviruses.

Carnation ringspot virus (CRSV) is the type species of the
Dianthovirus genus of plant viruses (6). The CRSV genome is
composed of two nonhomologous, positive-sense single-
stranded RNAs of 3.9 and 1.5 kb that are encapsidated into 30-
to 32-nm T=3 icosahedral virions by 180 copies of the 37-kDa
capsid protein (CP) (6, 7, 11). The larger genomic RNA-1
carries two open reading frames (ORFs). The 5’ proximal
OREF, interrupted by a —1 ribosomal frameshifting signal, pro-
duces a prereadthrough 27-kDa protein and an 88-kDa
polypeptide which is predicted to be the virally encoded rep-
licase (8, 9, 16, 19) (Fig. 1A). The CP is expressed from a
subgenomic RNA in vivo (20). RNA-2 is monocistronic and
encodes the 35-kDa movement protein (MP) that directs cell-
to-cell movement and long-distance transport of the viral in-
fection (7). Like the plant tobamoviruses (1, 3), the diantho-
viruses do not require the CP for cell-to-cell movement but do
require it for systemic infection in all-systemic hosts (16, 18,
19). It is hypothesized that the CP in the form of a virion
interacts with MP and possibly with host factors to transport
the infection across the plasmodesmata between phloem pa-
renchyma and the sieve element to facilitate long-distance
transport and systemic infection (17).

In this study, the movement phenotypes of three indepen-
dent cDNA constructs of CRSV RNA-1 (CRSV 1.26, 1.30, and
1.33) were examined. All three constructs were wild type for
virion formation and symptoms on the inoculated leaves. But
CRSV RNA-1 clone 1.26 could not form a systemic infection.
A single amino acid sequence polymorphism in CRSV 1.26
determined the localized infection phenotype. Comparable
mutations in the red clover necrotic mosaic virus (RCNMV)
CP were unable to duplicate the uncoupling of virion forma-
tion from systemic movement, suggesting the requirement for
a distinct, compatible CP-MP interaction that facilitates the
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systemic movement of the various dianthoviruses. These re-
sults provide additional support that virion formation is nec-
essary but not sufficient for systemic movement.

CRSV cDNA clones were created by reverse transcribing
CRSYV virion RNA followed by amplification with Tag DNA
polymerase and ligation of the amplification products into the
pGEM-T Vector (Promega Corp., Madison, Wis.) (T. L. Sit
and S. A. Lommel, unpublished data). Several independent
full-length cDNA clones of CRSV RNA-1 (CRSV 1.26, 1.30,
and 1.33) and RNA-2 (CRSV 2.4) were isolated and linearized
with HindIII prior to in vitro transcription with T7 RNA poly-
merase (10). Five microliters of each infectious RNA-1 and
RNA-2 transcript was combined with 100 wl of 10 mM sodium
phosphate buffer, pH 7.2, and then rub inoculated onto car-
borundum-dusted Nicotiana benthamiana leaves. The inocu-
lated plants were placed in a glasshouse at 20 to 25°C under
ambient light conditions. Plants were monitored for symptom
development up to 20 days postinoculation (dpi). Each inocu-
lation was repeated at least three times.

N. benthamiana plants inoculated with CRSV RNA-2 and
either CRSV 1.30 or CRSV 1.33 displayed typical necrotic
ringspot and wilting symptoms on the inoculated leaves 4 to 5
dpi. Systemic symptoms were observed 7 to 8 dpi and consisted
of mild chlorosis and ringspots. Virions and virion RNA were
isolated from inoculated and noninoculated leaves 4 to 20 dpi
and were visualized by transmission electron microscopy (mag-
nification, X50,000) after negative staining with 2% uranyl
acetate (16). Virus particles with wild-type morphology were
abundant in both inoculated and systemically infected leaves
(Fig. 2). Inoculation with CRSV 1.26 plus CRSV RNA-2 also
yielded typical symptoms and virions (Fig. 2) on the inoculated
leaves. However, no symptoms of infection were ever observed
on the noninoculated upper leaves of these plants up to 20 dpi.
Furthermore, virions could not be detected from the upper
leaves (Fig. 2).

Passaging of sap from the upper noninoculated leaves of
plants infected with CRSV 1.30 plus CRSV RNA-2 by rub
inoculation with an autoclaved sponge in a 1:1 dilution of
potassium phosphate buffer, pH 7.2, to carborundum-dusted
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CRSV 1.26 Ser Val Tyr Ser Pro + -
CRSV 1.30 Phe Phe Tyr Pro Ser + +
CRSV1.33 Ser Val Cys Ser Ser + +
CR-1.26/30 Ser Val Tyr Ser Ser + +
CR-1.30/26 Phe Phe Tyr Pro Pro + -

FIG. 1. CRSV genome, location of CP amino acid polymorphisms,
and corresponding assembly and systemic movement phenotypes. (A)
Genome organization. RNA-1 contains ORFs (denoted by open
boxes) for p27 and the CP. Occasionally, translation of p27 is extended
by a —1 ribosomal frameshift (FS) event to produce p88. RNA-2 codes
for the MP. (B) CRSV RNA-1 constructs. Schematic diagram display-
ing the relative positions of amino acid polymorphisms in the 339-
amino acid CP (denoted by numbers below the CP ORF). Locations of
restriction sites used for the construction and differentiation of amino
acid exchanges are indicated above and to the right of the CP ORF.
The Agel site is unique to CRSV 1.26. The detection of virions in the
inoculated leaves and systemic movement to the upper, noninoculated
leaves is displayed to the right of the various RNA-1 constructs.

uninfected plants led to local and systemic symptom develop-
ment on N. benthamiana plants. However, the same passaging
experiment with N. benthamiana plants inoculated with CRSV
1.26 plus CRSV RNA-2 did not lead to symptom development
(Table 1).

Total RNA was extracted from the upper, noninoculated
leaves of plants coinoculated with CRSV RNA-2 and either
CRSV 1.26 or 1.30. Virion RNA was detected by reverse tran-
scription (RT)-PCR by priming cDNA synthesis with either
CRSV RNA-1 primer (5'-ATAAGCTTaggggccegggggttatac-
3") or CRSV RNA-2 primer (5’ ATTCtaGAttgtaccaacctcac-
ccgttg-3") and PCR amplification with the same initial primers
in combination with a second upstream primer (RNA-1, 5'-gc
caacaaagttgcaagage-3'; RNA-2, 5'-TACCatggcagttcatgtagataa
cg-3') using standard protocols (12). Upper-case letters in the
primer sequences indicate nucleotides differing from wild-type
viral sequences. Both RNA-1 and RNA-2 could be detected by
RT-PCR in the upper leaves of N. benthamiana plants coin-
oculated with CRSV 1.30 plus CRSV RNA-2 (Fig. 2). In the
upper leaves of the CRSV 1.26 plus CRSV RNA-2 coinocula-
tions, no viral RNA could be detected. Consequently, neither
virus particles nor viral RNA were detectable in the upper
noninoculated leaves of plants inoculated with CRSV 1.26 plus
CRSV RNA-2. Together with the electron microscopy and
bioassay observations, these findings show that CRSV 1.26 is
incapable of systemic movement either as free RNA or as
virions.

To eliminate a disassembly defect as the cause for the lack of
symptoms in the upper noninoculated leaves of plants infected
with CRSV 1.26 plus CRSV RNA-2, virions purified from the
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initially inoculated leaves were used to inoculate N. benthami-
ana plants. The addition of 1 pl of RNase A (1 mg/ml) ensured
that any unencapsidated viral RNA would not affect infectivity.
CRSV 1.26 plus CRSV RNA-2 inoculations led to symptom
development only on the inoculated leaves (Table 1). Total
RNA was harvested from inoculated tissue 8 dpi and was
subjected to RT-PCR analysis. Again, viral RNA was detected
from tissue inoculated with virions of CRSV 1.26 plus CRSV
RNA-2, indicating that disassembly and replication does occur
for this construct (data not shown). Furthermore, the CRSV
1.26 movement phenotype was maintained after both passag-
ing experiments, suggesting that progeny virions retained their
variant sequence.

The CP sequences of the three CRSV RNA-1 clones were
determined by the University of Georgia Molecular Genetics
Facility (Athens, Ga.). Four deduced amino acid polymor-
phisms were detected between CRSV 1.30 and 1.26 (Fig. 1B)
at residue number 6 (Phe versus Ser), 38 (Phe versus Val), 217
(Pro versus Ser), and 282 (Ser versus Pro). Ser 282 is conserved
between CRSV 1.30 and 1.33. A comparison of the CRSV 1.33
and 1.26 CP sequences revealed only two amino acid polymor-
phisms: Cys versus Tyr at amino acid (aa) 182 and Ser versus
Pro at aa 282. Because aa 282 is the only amino acid change
unique to CRSV 1.26 among the three CRSV CP genes exam-
ined, it was further investigated. To determine whether the Pro
282 in CRSV 1.26 CP is responsible for the arrest of systemic
movement, a sequence fragment was exchanged between
CRSV 1.26 and 1.30 containing the codon for aa 282. CRSV
1.26 and 1.30 were digested at unique Avrll and Nhel restric-
tion sites, resulting in a 362-nucleotide fragment. Both frag-
ments and the resultant CRSV 1.26 and CRSV 1.30 vector
backbones were gel purified (Qiagen Inc., Valencia, Calif.) and
exchanged between CRSV 1.30 and CRSV 1.26 in reciprocal
ligations. A unique Agel site found only in the CRSV 1.26
fragment was used to differentiate the resultant clones. Clones
CR-1.26/30 1 and 3 (CRSV 1.26 backbone with the CRSV 1.30
fragment) and clones CR-1.30/26 3 and 5 (CRSV 1.30 back-
bone with the CRSV 1.26 fragment) were isolated and inocu-
lated to plants.

At 4 dpi, typical local symptoms appeared on plants coin-
oculated with CRSV RNA-2 and all recombinant or parental
(CRSV 1.26 or 1.30) RNA-1 constructs. At 7 dpi, systemic
symptoms on the upper leaves could be observed on plants
inoculated with CRSV 1.30 plus CRSV RNA-2. No symptoms
were observed on upper leaves of N. benthamiana plants inoc-
ulated with CRSV 1.26 plus CRSV RNA-2. Virion purifica-
tions performed on both inoculated and upper noninoculated
leaves followed by electron microscopy and RT-PCR analysis
(Fig. 2 and 3) confirmed the presence of virions from both
locations for plants inoculated with CRSV 1.30 plus CRSV
RNA-2 but only in the inoculated leaves of plants inoculated
with CRSV 1.26 plus CRSV RNA-2.

On plants coinoculated with CR-1.30/26 plus CRSV RNA-2,
no systemic symptoms could be observed, and virion purifica-
tion from inoculated and upper tissue revealed the presence of
virions from only the initially inoculated leaves (Fig. 2). These
data strongly suggest that the movement phenotype of CRSV
1.26 is due to the single Ser-to-Pro amino acid substitution at
aa 282.

N. benthamiana plants coinoculated with CR-1.26/30 plus
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FIG. 2. Detection of CRSV particles. Representative electron micrographs are shown for negatively stained virion preparations from the
various CRSV inoculations listed to the left. Images in the left column represent preparations from inoculated tissue, while those on the right are

from upper, noninoculated tissue. Scale bar, 50 nm.

CRSV RNA-2 exhibited systemic symptoms at 7 dpi, much like
those observed for CRSV 1.30 plus CRSV RNA-2. Virion
purification and RT-PCR analysis from both inoculated and
upper noninoculated leaves of plants infected with CR-1.26/30
plus CRSV RNA-2 revealed the presence of virions from both
locations (Fig. 2 and 3). Therefore, restoration of systemic
movement in CRSV 1.26 was accomplished by the reversion of
aa 282 from Pro to Ser.

To determine if the apparent uncoupling of virion assembly
from subsequent systemic movement observed in CRSV 1.26
could be mimicked by similar mutations in the related RCNMV
CP gene, site-directed mutagenesis of the RCNMV CP was
performed based on the results of a ClustalW alignment (15)
between the CRSV and RCNMV CP sequences. The align-
ment indicated that the CRSV CP Ser 282 is present at a
similar position in the RCNMV CP (Fig. 4). However, because
a neighboring Thr 280 residue in the RCNMV CP aligns with
CRSV Ser 282, and because Thr has structural properties

similar to those of Ser, RCNMYV Thr 280 was also considered
a residue potentially corresponding to CRSV Ser 282. Thus,
mutations in the RCNMYV CP gene were introduced, resulting
in single amino acid substitutions of Ser 279 to Pro (pCPS2P)
and Thr 280 to Pro (pCPT2P). Additionally, a double mutant
was constructed with Pro at both locations (pST2PP).

The mutations were introduced into the RCNMV CP ORF
by long-inverse PCR mutagenesis (2) of an RCNMV RNA-1
infectious cDNA clone (pRC169) (13). RCNMV Ser 279 was
mutated to a proline codon by using the forward primer
RCPS2PF (5'-tCcaactctggttggcgacagtagg-3") to make pRCPS2P.
After sequence confirmation of the mutated region, the Bg/Il/
Mlul fragment from pRCPS2P was reinserted into pRC169 to
generate pCPS2P. Similarly, the threonine codon at aa 280 was
changed to proline with the forward primer RCPT2PF (5'-ttc
aCcCTtAgttggcgacagtagggeg-3') to make pRCPT2P. The se-
quence-verified region containing the amino acid substitution
was transferred back into pRC169 to make pCPT2P. The for-
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TABLE 1. Serial passage of CRSV virion preparations to examine
defects in systemic movement and disassembly

Leaf Trcgltmcnt Symptom
Inoculum tissuce  Prior to , -
passaging” Inoculated Noninoculated

Mock inoculated NI — - -
CRSV 1.26 plus RNA-2 NI — - -
CRSV 1.30 plus RNA-2 NI — + +
Mock inoculated I — - -
Mock inoculated I RNase A - -
CRSV 1.26 plus RNA-2 1 — + -
CRSV 1.26 plus RNA-2 1 RNase A + —
CRSV 1.30 plus RNA-2 1 — + +
CRSV 1.30 plus RNA-2 1 RNase A + +

“ Leaf tissue source of virion preparation. NI, upper, noninoculated tissue; I,
inoculated tissue.

> Treatment of virion preparations performed to prevent infection by unen-
capsidated viral RNA. —, no treatment; RNase A, 1 pg of RNase A for 10 min
at 25°C.

ward primer ST2PPF (5'-tCcaCcCctggttggcgacagtagggcg-3')
was used to change both Ser 279 and Thr 280 to proline codons
in clone pST2PP, which was used as a template for transcrip-
tion reactions after sequence verification of the mutated re-
gion. In all cases, the reverse primer in the amplification reac-
tion was RCPsubPR (5'-tttcctectactgtgacgetaccag-3'). Upper-
case letters in the primer sequences indicate nucleotides
differing from wild-type viral sequences.

The resultant wild-type and mutant RCNMYV plasmids were
linearized with Smal prior to T7 transcription and inoculation.
Typical ringspot symptoms were observed on inoculated leaves
2 to 4 dpi for wild-type RCNMYV and all three CP mutants on
cowpea, Nicotiana clevelandii, and N. benthamiana. Symptoms
on noninoculated leaves appeared 2 days afterwards on N.
benthamiana and N. clevelandii plants inoculated with wild-
type RCNMYV but did not appear on plants inoculated with any
of the CP mutants. Virus particles were not detectable by
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transmission electron microscopy of virion preparations from
inoculated leaves 7 dpi (Fig. 4). RT-PCR analysis of RCNMV
RNA-1 from these virion preparations, using a primer com-
plementary to the extreme 3’ end for first-strand synthesis and
nested amplification primers (forward primer, 5’-gctcccaagaaa
tccaaacaacggtcce-3'; reverse primer, 5'-CGGGTACCttaaccaa
gtatgaaagtgttcce-3'), did not detect the presence of viral RNA
that may have been packaged into virus particles (data not
shown). Thus, all three-substitution mutations blocked the sys-
temic movement of RCNMYV in a manner similar to that ob-
served with CRSV 1.26. However, unlike CRSV 1.26, none of
the three RCNMV CP mutants tested were able to form viri-
ons.

The ability of viruses to move systemically is necessary for
the spread of the infection within a susceptible host plant. We
have shown that CP, likely in the form of a virion, and possibly
MP and host factors are required for the long-distance trans-
port of RCNMV (16, 17). Here we demonstrate with CRSV
that virion formation alone does not confer the ability for
systemic movement. These findings reaffirm that virion forma-
tion in dianthoviruses is necessary for systemic infection of a
susceptible host, but it is not sufficient on its own to facilitate
this type of movement. The lack of systemic infection may be
caused by an altered interaction between the CP and other
proteins, specifically the viral MP and/or host factors, which
would normally allow virion binding to plasmodesmatal targets
at the phloem parenchyma and companion cell-sieve element
complex. Previously, RCNMV MP mutants were isolated
which allowed cell-to-cell movement but inhibited long-dis-
tance transport, suggesting that MP may interact directly with
virions to facilitate the crossing of this cellular barrier (4).
Conversely, the stability of CRSV 1.26 virions may be reduced
compared to that of wild-type virions such that they can survive
treatment with RNase A (see Table 1) but may not withstand
translocation into and/or long-distance transport within the
plant vasculature.

CRSV 1.26 CR-1.26/30 CR-1.30/26 CRSV 1.30

N | N | N DNA MW

FIG. 3. Detection of CRSV virion RNA. Representative agarose gel images are shown for RT-PCRs specific for either CRSV RNA-1 (A) or
CRSV RNA-2 (B) from purified virion RNA. Each inoculation involved virion purification and subsequent RNA extraction from inoculated (I)
and upper, noninoculated (N) leaves. An amplification control reaction (lane denoted DNA) was also performed on a control viral cDNA template
of either CRSV RNA-1 or RNA-2. MW denotes the 100-bp DNA ladder (New England Biolabs, Beverly, Mass.), with the 500-bp fragment marked

with an arrow to the right of the image.
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FIG. 4. Schematic of RCNMV CP mutants based on the CRSV
1.26 CP sequence. The local alignment of the CRSV CP with that from
RCNMYV is depicted. Identical residues are indicated by a double dot,
while similar residues are designated with a single dot. The positions of
the residues within their respective CPs are indicated above and below
the sequences. The altered residues of the RCNMV CP mutants are
indicated below the RCNMYV sequence, while the altered CRSV 1.26
residue is shown above the CRSV 1.30 sequence. The detection of
virions in the inoculated leaves and systemic movement to the upper,
noninoculated leaves is displayed to the right of the mutants.

Our refined model for the systemic movement of dianthovi-
ruses involves the binding of MP and/or host factors to the
surface of the virus particle, presumably on the P domain,
involving aa 282. This interaction may determine a virion’s
ability to reach a vascular plasmodesmatal channel or, alter-
natively, to traverse through it. The requirement for a cognate
CP-MP interaction to facilitate long-distance movement has
been demonstrated for cucumoviruses and tobamoviruses,
among others (5, 14).
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