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ABSTRACT. Citrus tristeza closterovirus (CTV) causes economically important diseases of cit-
rus throughout the world. CTV has a genome size of about 20 kb, the largest known for a plant
RNA virus. The virus particles are long and flexuous and consist of two capsid proteins. The major
capsid protein (CP), p25, encapsidates about 95% of the virion while the minor CP (CPm), p27,
represents the other 5% and is present at one end of the virus particle. The complexity of the virus
and the biology of the diseases it causes have been well studied through symptomatology, graft
and aphid transmissions, and double-stranded RNA patterns. The work on the molecular biology
of the virus has progressed rapidly in the last few years. Sequences of four CTV isolates are now
available and partial sequences of several other isolates have been obtained. The viral genome
contains 11 open reading frames, and the virus employs several strategies for expression of its
mature proteins including the polyprotein processing by proteases, a +1 ribosomal frameshift and
subgenomic RNAs. Functions of many of the viral proteins are not known at present. Many CTV
isolates have also been found to be associated with one or several defective RNAs, ranging in size
from 1.5 to 10 kb. The sequences of CTV genomes appear to be relatively conserved at the 3’ half
with about 10% variability among the isolates. However, the 5’ half shows about 30% sequence
divergence among some isolates. The maximum sequence variability of up to 45% was observed in
5’ untranslated regions of some isolates, but RNA secondary structure appears to be conserved in
all the isolates. The complexity of virus populations is analyzed by molecular techniques such as
sequencing, hybridization and single-stranded conformational polymorphism analysis. Their use
in understanding the virus strains, the quasispecies nature of the virus, and strain differentiation
are discussed. Development of new experimental systems for replication of CTV in protoplasts
and also in citrus plants provides powerful tools for the development of a better understanding of
the biology of the virus.

 

Citrus tristeza virus (CTV), a
member of the family Closteroviri-
dae, causes some of the most eco-
nomically important diseases of
citrus (5, 50). Introduction of new
strains of the virus and its efficient
vector, 

 

Toxoptera citricida

 

 Kirkaldy,
has resulted in severe losses in many
countries (51). The most important
diseases caused by CTV are: i) de-
cline of most citrus cultivars on sour
orange rootstock, ii) stem pitting of
different scions irrespective of the
rootstocks and iii) seedling yellows
symptoms on sour orange and grape-
fruit seedlings. CTV is associated
mainly with the phloem tissue and
produces a unique cytopathology of
membrane-associated vesicles in in-
fected cells (11).

The flexuous virus particles of
CTV are about 2000 

 

×

 

 11 nm in size
and consist of an unsegmented, pos-

itive sense, single stranded RNA
genome of about 20 kb (5) encapsi-
dated by two capsid proteins (CP)
(17). The major CP species, p25, en-
capsidates about 95% of the virion
while the minor capsid protein
(CPm), p27, is present at one end of
the virion (17).

The biology and characterization
of CTV isolates has been well docu-
mented (5, 50). Mixtures of several
genotypes of CTV and the complex
nature of viral RNAs which include
single-stranded (ssRNA), double-
stranded (dsRNA) and defective
(dRNA) RNAs in infected plants
present problems in understanding
the basis of pathogenesis, “strain”
differentiation and in devising con-
trol measures. Variability in the vi-
rus populations has been studied by
analysis of dsRNA patterns from in-
fected plants (10, 20, 25, 36) and
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characterization of aphid transmit-
ted subisolates (6). The genetic anal-
ysis of CTV has progressed rapidly
since the first report of the sequence
of the complete genome of CTV iso-
late T36 from Florida (24, 32, 55).
The current understanding of the
molecular biology of CTV with refer-
ence to the genome sequences,
“strain” mixtures and strain inter-
actions is discussed.

 

The CTV genome

 

. The unusual-
ly large genomes of closteroviruses
are proposed to have evolved from
ancestral tobamo-like viruses via
complex shuffling of genome ele-
ments, gene duplication and diver-
gence, acquisition of genes from host
cells and/or other viruses and devel-
opment of new mechanisms of gene
expression (11). The genomes of
closteroviruses can be tentatively
divided into four modules. These in-
clude: i) domains of methyl trans-
ferase, helicase and polymerase
which are conserved throughout the
alphavirus subgroup; ii) a leader pa-
pain-like protease domain, iii) a
chaperone module of a small mem-

brane-associated protein, a heat
shock protein homolog (HSP70h)
and another protein of about 60
kDa; and iv) a fourth module con-
sisting of CPs and several additional
3’ proteins. A protein of about 30
kDa is found between the first two
modules of CTV and some other
closteroviruses.

The genome of a quick decline
causing isolate of CTV (isolate T36
from Florida) was sequenced first
(24, 43) and contains 19,296 bases
with 11 open reading frames (ORF)
(Fig. 1). It is predicted to produce at
least 17 proteins ranging from 6
kDa to 401 kDa (24). Untranslatable
regions (UTR) of 107 and 275 nucle-
otides are present at the 5’ and 3’
termini, respectively (24, 43). Com-
puter analysis of the first ORF (1a)
encoding a 349 kDa protein revealed
the presence of two protease do-
mains at the amino-terminal end,
followed by methyl transferase and
helicase domains. The latter two do-
mains are separated by a region of
unknown function (24). A +1 riboso-
mal frameshift at the end of ORF 1a

Fig. 1. Schematic representation of the genome organization and gene expression
strategies of citrus tristeza virus. Panel (A) shows open reading frames as boxes. Puta-
tive domains in the ORF 1a are separated by lines. The bottom panel (B) shows
genomic and subgenomic RNAs. The putative proteins translated from each RNA are
shown as solid boxes.
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is proposed to be involved in the
translation of ORF 1b encoding a 57
kDa protein, with sequence hom-
ology to RNA dependent RNA poly-
merase (RdRp) (24). ORF 2 encodes
a 33 kDa protein of unknown func-
tion. This is followed by a five-gene
block unique to closteroviruses: a 6
kDa membrane-associated protein,
a 65 kDa protein with a HSP70-like
domain, a 61 kDa protein of un-
known function, and two CPs. In
beet yellows virus (BYV), another
closterovirus, this gene quintet has
been proposed to be involved in vi-
rus movement (48). At the 3’ end
there are four ORFs potentially en-
coding p18, p13, p20 and p23, the
functions of which are not clear (24). 

Development of a protoplast sys-
tem for CTV replication (38) and a
full length cDNA clone of CTV which
replicates in 

 

Nicotiana benthamiana

 

protoplasts (54) have facilitated the
genetic analysis of CTV genome. Ex-
periments using deletions of differ-
ent regions of the CTV genome
showed that only the first ORF and
the UTRs at the genome termini are
required for its replication in proto-
plasts (54).

Besides T36, the genomes of
three other CTV isolates, varying in
size from 19,226 to 19,296 nucle-
otides, have also been sequenced:
VT, a stem pitting and seedling yel-
lows isolate from Israel (30); T385, a
mild isolate from Spain (63) and SY
568, a stem pitting and seedling yel-
lows isolate from California (66).
The sequences were most conserved
among all the isolates at the 3’
UTRs (above 97% identity) and least
conserved at the 5’ UTRs (below
50% identity among some isolates)
(26). Three of the CTV isolates, VT,
T385 and SY 568, exhibit only about
10% or lower diversity throughout
the genome. Their relationship with
T36 was asynchronous with the 3’-
half of the genome of T36 showing
only about 10% diversity from other
isolates, while the 5’-half exhibited
about 30% diversity from the other

three isolates. The sequences in the
5’-half of the genome of two popula-
tions, designated T2K and T38K,
from a grapefruit stem pitting iso-
late (UF3800), showed an interest-
ing relationship with others (Fig. 2).
The sequence of T2K showed about
10% diversity from T36, while T38K
showed about 30% diversity from
both the T36-like group and the VT-
like group, thus forming a third
group (29). Based on the comparison
of 5’ UTR sequences from several
isolates, Lopez et al. (26) classified
the isolates into three groups: T36,
VT and T317-8-like. Although the
primary sequence varies significant-
ly in the 5’ UTR region, a secondary
structure consisting of two stem
loops that may have functional sig-
nificance is predicted to be present
in all the isolates (26).

 

The viral proteins

 

. Expression
of CTV proteins occurs through sev-
eral mechanisms including subge-
nomic RNAs (sgRNAs), ribosomal
frameshifting and proteolysis by vi-
ral and possibly host-encoded pro-
teases resulting in at least 17
proteins (Fig. 1A). A series of 3’ co-
terminal sgRNAs (Fig. 1B) are
present in infected plants (21) and

Fig. 2. An unrooted tree based on the
sequences of the ORF 1a of different cit-
rus tristeza virus isolates. The tree was
generated by using Clustal W (61) and
TreeView (42) sequence analysis pro-
grams. The scale at the bottom repre-
sents a unit of branch length representing
0.1 nucleotide substitutions per site.
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allow translation of their respective
5’-proximal ORFs. The sgRNAs vary
in infected plants with those of p20
and p23 being expressed at higher
levels, followed by the two CP genes
(21, 45). The aforementioned sgR-
NAs were expressed at higher levels
in infected protoplasts as well (38).
The sgRNAs of p20 and p23 were
shown to have a 5’ UTR of 48 and 38
nucleotides respectively, and were
colinear with the respective up-
stream sequences of the genome
(23). The sgRNAs are found as dsR-
NAs in abundant quantities in
plants, and have also been detected
from virion preparations indicating
their encapsidation (21).

Based on computer analysis and
results from 

 

in vitro

 

 translation and
serological detection of proteins of
CTV and other related closterovi-
ruses, at least five proteolytic prod-
ucts (Fig. 1) are predicted to be
processed in CTV infected plants
from ORF 1a (14, 24, and J. Vázqu-
ez, pers. comm.). The putative RdRp
has been detected in infected citrus
plants, which is expressed from the
ORF 1b through a +1 ribosomal
frameshift (8). A 125 base overlap
region between the helicase domain
at the terminus of ORF 1a and the
RdRp domains was sufficient for the
frameshift in transient expression
studies using a reporter gene (8).

Antibodies developed against
bacterial expressed proteins of CP
(28, 39), CPm (15), p20 (16, 49), p65
(M. Rosales, pers. comm.) and p23
(45) were used to detect the corre-
sponding proteins in infected plants.
The first ORF and the UTRs at both
the termini of the genome are re-
quired for the replication of CTV in
the protoplasts (54). The HSP70h of
the related closterovirus, BYV has
been shown to be involved in the cell
to cell movement of the virus (1, 35,
48). Other than the above, and the
two CPs which encapsidate the viri-
on RNA, limited information is
available about the functions of oth-
er viral proteins.

 

Defective RNAs.

 

 CTV infected
plants were found to contain a se-
ries of dRNAs ranging in size from
ca. 1.5 kb to over 10 kb (3, 30, 31, 33,
64). Available dRNA sequences sug-
gest that they originate by a single
internal deletion of the genomic
RNA and contain varying lengths of
the 5’ and 3’ termini of the genome.
Since these dRNAs lack complete
replicase genes, their replication in
cells must be assisted in trans by
the replication-associated proteins
translated from the full length gen-
omic RNA (helper). Usually one or a
few species of defective RNAs are
predominant in an infected tissue.
The seedling yellows symptoms
caused by the VT isolate from Israel
were found to be associated with a
smaller dRNA of either 2.4 or 2.7 kb,
while the non-symptomatic and re-
covered plants showed a dRNA of
4.5 kb (65). Even though, their 5’
termini differ widely, it has been
demonstrated that helper RNAs
(from partially purified virus) can
replicate dRNAs of heterologous ori-
gin (33). A minus strand jumping
model and a role for sgRNAs was
proposed by Yang et al. (64) since
most of the dRNAs analyzed in this
study had varying lengths of 5’ ter-
minal sequences from the helper
and the complete sequence from the
sgRNA of ORF 11 at the 3’ termini.
Ayllón et al. (3) found a direct repeat
of four to five nucleotides in the
flanking region or close vicinity of
the junction regions of the dRNAs.
Sequence analysis of encapsidated
dRNAs suggests that the origin of CP
assembly must reside within about
1,200 bases in the 5’ and/or 450 bases
in the 3’ termini of the genome (31).

A short 0.8 kb positive sense ssR-
NA, corresponding to the 5’ terminal
part of the genome, designated LMT
5’-RNA, of unknown function was
found in several CTV isolates of di-
verse geographical origin (31, 33).

 

Virus populations in infected
plants

 

. The perennial nature of

 

Citrus

 

 and multiple infections by
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aphids over the years results in a
mixture of several CTV genotypes in
plants. Infected plants contain both
ssRNAs and dsRNAs of gRNAs,
sgRNAs and dRNAs of several CTV
genotypes. In addition, each of these
genotypes may be present as quasi-
species, and recombination between
the genotypes resulting in either
functional or dRNAs is possible. The
virus population also is known to
change with host, temperature, aphid
transmission and several other fac-
tors. The dynamic composition of
CTV populations in plants presents
problems in taxonomy, in under-
standing the mechanisms of disease,
strain differentiation, strain interac-
tions, and in designing effective con-
trol measures.

Considering the complexity of
viral RNA populations in infected
plants, a brief review of the current
understanding of the concept of
virus species, genotypes and quasi-
species is appropriate. Genotype and
quasispecies refer to relatedness at
the molecular and/or genetic level.
Differences between genotypes are
relatively large, but quasispecies
represent minor molecular variants,
usually with only 1% or 2% nucle-
otide heterogeneity (9). The related-
ness of genotypes is studied by
phylogenetic analysis, which uses a
variety of mathematical and statis-
tical models to define genotype dif-
ferences based on predicted changes
within nucleotides. For example,
hepatitis C virus (HCV) is classified
into six genotypes and at least 80
subtypes, with some genotypes show-
ing less than 70% nucleotide identi-
ty among themselves (56). The
concept of species in viruses is much
different than for other living
groups. A virus species is defined as
‘a polythetic class of viruses that
constitutes a replicating lineage and
occupies a particular ecological niche’
(62). The criteria considered for
grouping a virus into species and
strains are not the same for all
groups (34). The range of variability

in nucleotide sequence of the gen-
ome within a virus species ranges
from about 10% in potyviruses, 15%
in geminiviruses (62) to over 30% in
HCV (57). The variability in CTV se-
quences is comparable to that de-
scribed in HCV. Despite such vast
differences among different CTV
isolates, similarities in the genome
organization, host range, serology
and aphid transmission indicate re-
latedness of these isolates and justi-
fy their grouping as a single species.

Virus quasispecies are closely re-
lated, but not identical, mutant and
recombinant viral genomes subject-
ed to continuous genetic variation,
competition and selection (12). This
concept was proposed to describe
populations that replicate with high
error rate. Description of a plant vi-
rus as a single sequence (e.g., from a
cDNA clone) is useful for laboratory
evaluations. Infectious cDNA clones
are powerful tools for genetic analy-
sis of viruses. However, in nature,
the virus population of an infected
plant is not a single sequence, but a
swarm of mutants that vary around
a consensus sequence (52). The con-
sensus sequence of a virus can be
obtained by direct sequencing of the
viral RNA and their variability by
comparing the sequences of several
clones (41). This variation in the vi-
ral sequences within an individual
is generated by RNA polymerase er-
rors estimated to range from less

 

than 2.1 

 

×

 

 10

 

-6

 

/nt/replication cycle
(46) to more than 10

 

-4

 

 in vesicular
stomatitis virus (59). Not all mu-
tants of a quasispecies population
are infectious, and they exhibit a
range of replication efficacy among
quasispecies (60). The relationship
between mutation rate and muta-
tion frequency depends on the viral
polymerase and the direction and
strength of selection (12). Most mu-
tations are probably lethal or pos-
sess lower fitness because of the
sequence and structural require-
ments in the virus life cycle in a par-
ticular environment. The swarm of
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mutants in an infected plant will
center around one or a few fitness
peaks. Fitness is defined as the rela-
tive reproductive ability in a defined
environment. A major shift in the
swarm would be predicted to occur
when the environment changes.
Such environmental changes may in-
clude vector populations, host vari-
eties, temperature, etc. Changes in
quasispecies population have been
recorded with environmental chang-
es (12, 27). There is increasing evi-
dence to show that quasispecies
evolution may lead to the emergence
of new virulent genotypes and new
viral pathogens (13). Confusingly,
‘quasispecies’ has sometimes been
used to distinguish an isolate from
that present in other infected indi-
viduals or to describe the variants in
an individual infected from multiple
sources (see references in 58). Since
CTV-infected plants often contain a
mixture of several genotypes and
probably each of these exists as quasi-
species, careful analysis is necessary
to differentiate between genotypes
and quasispecies.

The presence of mixtures of CTV
genotypes in infected plants has
been demonstrated earlier by sever-
al methods including single aphid
transmission studies (6), symptoma-
tology and dsRNA patterns of graft-
subinoculations (37). Sequencing (29),
hybridization with sequence specific
probes (7, 22), single-stranded con-
formational polymorphism SSCP (4,
53), PCR colony hybridization tech-
niques (18) and other techniques
have shown the presence of this
variability in infected plants. Dra-
matic shifts in complexity of stably
maintained CTV populations upon
transfer to a different host or aphid
transmission have been observed (2).

How does CTV show sequence
conservation of about 90% at one
half of the genome and diversity up
to about 30% or higher at the other
half? Did these diverse genotypes
evolve from a common ancestor un-
der different selection pres-sures?

What is the role of recombination in
generating either defective or chi-
meric full-length replication-compe-
tent RNAs? These are important
considerations in understanding the
biology of the virus, designing molec-
ular tools for strain differentiation
and understanding the phenomenon
of cross protection.

The relationship of the sequence
of T36 with three other isolates
showing about 90% identity at the
3’-half and less than 70% at the 5’-
half suggested that the T36 isolate
probably originated by a recombina-
tion event between the 3’-half of the
major genotype and the 5’-half of an
unknown virus type (30). Two dis-
tinct consensus sequences (T2K and
T38K) from isolate UF3800 showed
about 10% and 30% divergence, re-
spectively, from T36 in the 5’-half of
the genome. T38K showed about
30% sequence divergence from both
T36 and the VT groups (29). These
observations indicate that the 3’-
half of the genome is probably more
conserved and that the 5’-half of the
genome has evolved into highly di-
vergent sequences, probably under
different selection pressures. About
10% or higher diversity, as seen
among most of the genomic sequenc-
es, would be sufficient to classify
them as distinct genotypes. It is pos-
sible that recombination occurs be-
tween different genotypes in the 3’-
half of the genome resulting in repli-
cation-competent new isolates. Be-
cause of higher levels of identity in
the 3’-half of the genome, analysis of
possible recombination in this re-
gion should be done with genotype
specific cDNAs. The presence of
dRNAs (23, 33) suggests strand
jumping ability of the CTV replica-
tion complex. It has also been dem-
onstrated that certain CTV isolates
can recognize heterologous termini
for generation of dRNAs (33).
Whether such recombination can
also result in full length chimeric
and functional sequences remain to
be investigated.
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Initially, molecular characteriza-
tion of CTV isolates was done using
mostly CP gene sequences from
clones of different isolates, (28, 32,
44). Analysis of populations as op-
posed to individual clones of CTV
has been emphasized in later stud-
ies. In addition to the CP gene, sev-
eral other genes at the 3’-end of the
genome and partial sequences from
the 5’-end have been studied. Seq-
uencing, restriction analysis of PCR
products of CP gene (19), SSCP of
several 3’-end genes (4, 53) and hy-
bridization with group or genotype-
specific probes (7, 18, 22) have been
used in such studies.

Phylogenetic analysis of CP se-
quences from several CTV isolates
placed the mild, quick decline and
stem pitting isolates into distinct
groups (Fig. 3). Cevik (7) used short
biotinylated and group specific oli-
gonucleotide probes to detect mix-
tures of CTV by hybridization to

PCR amplified CP genes. A serologi-
cal assay has been developed to de-
tect grapefruit stem pitting isolates
(40). Gillings et al. (19) used PCR,
restriction analysis and sequencing
of CP genes to demonstrate mix-
tures of CTV genotypes and their
segregation by aphid transmis-
sions. Restriction analysis of the
PCR products of CP gene and se-
quencing have been used to demon-
strate mixtures of two genotypes,
probably belonging to mild and sev-
ere (Capão Bonito) isolates of CTV
in Brazil (M. L. P. N. Targon, pers.
comm.). Genc (18) screened several
clones of CP genes from biologically
distinct isolates by hybridization
with group-specific oligo-nucleotide
probes, followed by sequencing and
detected heterogeneous genotypes
occurring in low levels in plants that
are otherwise not easily detectable.
For example, “PCR-cloning-colony
hybridization” (PCCH) of the B23

Fig. 3. An unrooted tree based on the coat protein gene sequences of several CTV
isolates showing the association of different groups with biological activity. The tree
was constructed using the neighbor-joining method from the PHYLIP package (evolu-
tion.genetics.washington.edu/phylip.html) and TreeView (42) computer programs.
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isolate of CTV from Israel showed a
mixture of three genotypes includ-
ing T36 and T30-like populations
(18). The presence of these geno-
types was confirmed by sequencing.
In an earlier study, aphid transmis-
sions of B23, a severe isolate (reacts
strongly to MCA-13, a monoclonal
antibody) yielded subisolates that
were mild and MCA-13 negative,
characteristics similar to T30 isolate
(S. Garnsey, pers. comm.).

Sequencing, hybridization with
genotype specific probes (7) and
PCCH (18) have shown the presence
of Florida T30 and T36-like sequenc-
es (CP gene) in samples from Mexi-
co, Colombia, Spain, Israel, and
South Africa (19, 47, L. Marais, pers.
comm.). Two of the mild strains,
T385 and T30 exhibiting similar
genomic sequences (63) were ob-
tained from two geographically dif-
ferent regions of Spain and the USA
respectively, and are separated from
each other by at least several de-
cades. Widespread occurrence of
these CTV genotypes indicates that
probably they have spread along
with the movement of 

 

Citrus

 

. The

dominance or suppression of a geno-
type in a virus population in any re-
gion is probably determined by the
complexity of local CTV population,
hosts (rootstocks and scion variet-
ies), vector population and environ-
mental factors. Any change in one of
these factors may lead an altered
situation. As an example, introduc-
tion of 

 

T. citricida

 

 has led to several
tristeza epidemics (50).

A great deal of information on
the molecular biology of CTV was
generated in the last 5 to 6 yr.
Progress has been made in our un-
derstanding of genome structure, or-
ganization and expression. Potential
breakthroughs in the areas of re-
verse genetics using the infectious
cDNA clone, development of highly
sensitive strain specific probes and
control methods by either improved
cross protection or development of
resistant transgenic plants are like-
ly to occur in the near future.
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