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The first Citrus tristeza virus (CTV) genomes completely sequenced (19.3-kb positive-sense RNA), from four
biologically distinct isolates, are unexpectedly divergent in nucleotide sequence (up to 60% divergence).
Understanding of whether these large sequence differences resulted from recent evolution is important for the
design of disease management strategies, particularly the use of genetically engineered mild (essentially
symptomless)-strain cross protection and RNA-mediated transgenic resistance. The complete sequence of a
mild isolate (T30) which has been endemic in Florida for about a century was found to be nearly identical to
the genomic sequence of a mild isolate (T385) from Spain. Moreover, samples of sequences of other isolates
from distinct geographic locations, maintained in different citrus hosts and also separated in time (B252 from
Taiwan, B272 from Colombia, and B354 from California), were nearly identical to the T30 sequence. The
sequence differences between these isolates were within or near the range of variability of the T30 population.
A possible explanation for these results is that the parents of isolates T30, T385, B252, B272, and B354 have
a common origin, probably Asia, and have changed little since they were dispersed throughout the world by the
movement of citrus. Considering that the nucleotide divergence among the other known CTV genomes is much
greater than those expected for strains of the same virus, the remarkable similarity of these five isolates

indicates a high degree of evolutionary stasis in some CTV populations.

Citrus tristeza virus (CTV), a member of the Closteroviridae,
is one of the more economically important plant viruses, main-
ly because of the severity of the damage that it causes and the
high value of individual citrus trees, which have a productive
life that spans up to 100 years (4). CTV phenotypes have been
characterized based on symptoms produced in a range of hosts.
Generally, CTV induces two types of severe phenotypes in the
field: decline, which consists of the rapid death of sweet orange
[Citrus sinensis (L.) Osb.] trees on sour orange [C. aurantium
(L.)] rootstock, and stem pitting, which reduces vigor and yield
of sweet orange and grapefruit (C. paradisi Macf.) trees on any
rootstock (4). During the last century, CTV has destroyed
entire citrus industries in several countries, thus, the name
tristeza (Portuguese for sadness). However, some isolates are
mild, essentially symptomless, in citrus hosts (4). Historically,
when the efficient aphid vector (Toxoptera citricidus Kirkaldy)
is present, more damaging phenotypes of CTV tend to become
prevalent (37). It is not known whether this finding results from
an accumulation of mutations in the viral genomes or from
shifts in population structure. A better understanding of this
phenomenon would be valuable in the design of disease man-
agement strategies. Genetically engineered mild-strain cross
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protection and RNA-mediated transgenic resistance, two strat-
egies being considered, require targeting of specific CTV se-
quences. If the virus changes rapidly, these approaches could
lose effectiveness during the life expectancy of a citrus tree.
Little is known about the rates of evolution of closteroviruses.

It is well known that RNA viruses are capable of rapid evo-
lution (9). RNA replication is error prone (12). Thus, a strain
consists of a swarm of sequence variants around a consensus
sequence (i.e., quasispecies) (11). Additionally, recombination
can occur, producing defective RNAs (dRNAs) and possibly
chimeric genotypes (24, 41). While these two processes in-
crease population diversity, different selection pressures and
bottlenecks may reduce it (10). RNA viruses undergo substan-
tial changes through these processes. A major question for any
given virus is, what is the time scale? Some viral populations,
such as human immunodeficiency virus or influenza virus, are
notorious for sequence changes within short time periods (14,
18). However, the potential for variation does not necessar-
ily ensure rapid changes. Tobamoviruses and tymoviruses are
thought to have evolved much more slowly (5, 15, 17, 35, 36,
42). It has been argued that the time period of evolution of
these viruses has paralleled the evolution of the host plants
17).

CTV has a single-stranded, positive-sense RNA genome of
19.3 kb, encapsidated in filamentous flexuous particles that are
assembled with two coat proteins, of 25 and 27 kDa (4, 13).
The CTV genome consists of 12 open reading frames (ORFs),
in addition to a nontranslated region (NTR) at each terminus
(Fig. 1A). The 10 3’-proximal ORFs are translated from 3’
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FIG. 1. ¢cDNA cloning strategy for mild CTV isolate sequences. (A) Diagram of the organization of the CTV T30 genome (19,259 nt). PRO, papain protease-like
domain; MT, methyltransferase-like domain; HEL, helicase-like domain. (B, top panel) Schematic representation of the localization of the oligo(dT)-primed random
T30 cDNA clones, the naturally occurring dRNA in isolate T30 (DI) (M. Mawassi et al., unpublished data), and the cDNA clone T308 (20) used to design T30-specific
primers. (B, bottom panel) Schematic representation of the localization and size of the eight overlapping RT-PCR T30 cDNA clones used to determine the T30 genomic
sequence. (C) Schematic representation of the localization of RT-PCR CTV clones A and B and locations (solid boxes) of the four hypervariable regions sequenced
for comparing CTV isolates B252, B272, and B354 with T30 and T385. These CTV cDNA clones were obtained as indicated in Material and Methods.

coterminal subgenomic mRNAs. ORF 1 (replicase) is trans-
lated from the genomic RNA into a 349-kDa polyprotein
(OREF 1a) that is thought to occasionally continue through a
+1 ribosomal frameshift into the RNA-dependent RNA poly-
merase-like (RdRp) domain (ORF 1b) (22).

Most CTV isolates are mixed populations of numerous dif-
ferent genotypes (3) and dRNAs (1, 26, 28). However, some
CTV isolates consist principally of one genotype, having minor
concentrations of other genotypes (3). Complete genomic se-
quences of four CTV isolates from different geographic areas
and inducing different phenotypes in Citrus have been deter-
mined. These include one from a heterogeneous CTV isolate
(a sweet orange stem pitting and decline isolate, SY568, im-
ported into California [47]) and three from relatively homoge-
neous CTV isolates (a severe decline isolate, T36, from Florida
[22, 34, 40], a grapefruit stem pitting and decline isolate, VT,
from Israel [27], and an essentially symptomless isolate, T385,
from Spain [46]) (Table 1). These CTV genomic sequences
differ markedly, with as little as 50 to 80% nucleotide identity
in much of the genome (27, 46). In addition, while the identity
between some sequences is nearly uniform throughout the
genome, the identity of other sequences is asymmetrical and
progressively decreases toward the 5 terminus to as little as
42% within the 5" NTR (25, 27, 46). Additionally, recombina-
tion also may be frequent, based on the many dRNAs present
in most populations (28). Likewise, it has been suggested that

the asymmetrical diversity of the T36 genotype resulted from
recombination between CTV and a different closterovirus (27).
Thus, the products of evolution of CTV are among the most
diverse of the RNA viruses.

In this paper, we report that the complete genomic se-
quences of the major component of CTV isolates T30 from
Florida and T385 (46) from Spain, which have been main-
tained in isolation in different environments for at least 24
years and probably for more than 100 years, are essentially
identical. Additionally, sequence samples of hypervariable re-
gions of the CTV genome from three other isolates biologically
similar to T30 and T385 and also separated by time and space

TABLE 1. CTV isolates used for sequence comparisons

Isolate Origin Phenotype

T36 Florida Decline”

VT Israel Decline” and grapefruit stem pitting
SY568 California Decline” and sweet orange stem pitting
T385 Spain Symptomless

T30 Florida Symptomless

B252 Taiwan Symptomless

B272 Colombia Symptomless

B354 California Symptomless

“ Decline in sweet orange trees grafted on sour orange rootstock.
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TABLE 2. RT-PCR primers used to generate specific CTV ¢cDNA clones

Forward primer Location (nt) Cloning site

Reverse primer

Location (nt) Cloning site cDNA clone generated

C198 1-19 HindIIl C227
C226 2402-2430 Ndel C258
C257 5077-5097 Ndel C225
C229 8631-8654 HindIII C228
C213 9439-9457 BamHI C239
C240 12562-12584 BamHI C214
C215 14746-14766 HindIII C216
C217 17903-17922 Xhol C118
C326 1-28 Blunt C323
C295 8291-8310 Blunt C225

2427-2449 Ncol 6
5169-5193 Blunt 5b
8654-8677 Ncol 5a
9460-9492 BamHI 4
12625-12648 Xhol 3b
14766-14787 Xhol 3a
18079-18100 Xhol 2
19237-19259 Ncol 1
3686-3706 Notl A
8630-8654 Blunt B

(B252 [Taiwan], B272 [Colombia], and B354 [California]) are
nearly identical to the T30 sequence. The sequence variability
observed between these CTV isolates was near or within the
range of T30 population variability. The possibility that the
T30, T385, B252, B272, and B354 CTV isolates have a common
origin is discussed.

MATERIALS AND METHODS

Virus isolates. CTV T30 was isolated from a Valencia orange [C. sinensis (L.)
Osb.] tree in Polk County, Fla., in 1976. This tree was free of CTV when it was
planted; subsequently, it was naturally infected by aphids. T30 was sequentially
propagated in confinement in a greenhouse. First, it was aphid transmitted to
Mexican lime [C. aurantifolia (Christm) Swingle]; second, it was graft inoculated
to Madam Vinous sweet orange; and third, it was graft inoculated to Mexican
lime, Madam Vinous sweet orange, and Etrog citron (C. medica L.) plants, which
were used as a source of viral double-stranded RNA (dsRNA) for CTV cDNA
synthesis.

CTV isolates B252, B272, and B354 were obtained from a collection of exotic
citrus pathogens maintained at the quarantine facilities of the U.S. Department
of Agriculture in Beltsville, Md. Isolate B252 was collected by H. J. Su in 1990
from an originally virus-free Ponkan mandarin tree (C. reticulata Blanco) that
had been planted 2 years earlier in a commercial citrus region near Hsinchu
(Taiwan). Isolate B272 was collected from a 20-year-old sweet orange tree on a
sour orange rootstock from northern Colombia in 1991. Isolate B354 was col-
lected from a naturally infected tree from the central valley of California in 1993.
A pool of Mexican lime or sweet orange tissue infected with B252, B272, or B354
was used for CTV cDNA cloning purposes. The virus isolates used for sequence
comparisons are shown in Table 1.

CTV T30 genome cloning and seq ing. Random cDNA clones (Fig. 1B)
from CTV isolate T30 were obtained from viral dsSRNA purified from young bark
tissue (31). T30 dsRNA was separated by electrophoresis in a 5% polyacrylamide
gel, and the band containing the replicative form of the genomic RNA was
excised under UV light, extracted overnight with (1:1) 0.5X TBE (4.45 mM Tris,
4.45 mM boric acid, I mM EDTA [pH 8.0])-buffer-saturated phenol, ethanol
precipitated, and denatured by treatment with methylmercuric hydroxide (38).
Genomic T30 dsRNA was polyadenylated using yeast poly(A)-polymerase (U.S.
Biochemicals) and primed with an oligo(dT) primer containing an Xhol site
(M-111) (20). Single-stranded cDNAs of both polarities were synthesized using
avian myeloblastosis virus reverse transcriptase (Life Technologies) according to
the supplier’s instructions. For PCR amplification of T30 ¢cDNA, Tag DNA
polymerase (Promega Corporation) and the M-111 primer, which served as the
forward and reverse primer, were used under standard conditions. PCR-ampli-
fied cDNA was digested with Xhol and ligated into Xhol-digested pGEM-7fZ
(Promega). Sequencing of oligo(dT)-primed random cDNA clones was carried
out on both strands using universal forward and reverse primers and a T7
Sequenase sequencing kit (U.S. Biochemicals) according to the manufacturer’s
recommendations. The sequences obtained were mapped in the CTV genome by
comparison with T36 (22) and VT (27) sequences.

In order to obtain a set of overlapping reverse transcription (RT)-PCR ¢cDNA
clones covering the entire genome of T30 (Fig. 1B), T30-specific forward and
reverse primers were designed based on sequences obtained from the oligo(dT)-
primed random cDNA clones (Table 2). The forward primer and the reverse
primer containing the exact 5’ (C198) and 3’ (C118) terminal sequences (Table
2), respectively, were designed based on the sequence of a dRNA naturally
occurring in isolate T30 (M. Mawassi, unpublished data). Primers C257 and C258
(Table 2) were designed based on the sequence of the T30 clone T308 (20).
Genomic T30 dsRNA was denatured as indicated above and reverse transcribed
using Superscript IT reverse transcriptase (Life Technologies) and T30-specific
reverse primers (Table 2), following supplier recommendations. Eight overlap-
ping T30 cDNA fragments (Fig. 1B) were amplified using Vent DNA polymerase
(New England Biolabs) and T30-specific forward and reverse primers (Table 2).

Annealing and elongation times were standardized for each pair of primers and
specific DNA product. PCR products were cloned into pGEM-7fZ or pUC119
using the restriction sites indicated in Table 2 and standard cloning techniques
(38). Sequencing of cloned RT-PCR products was performed with an automatic
sequencer (Applied Biosystems model 373) at the Interdisciplinary Center for
Biotechnology Research DNA sequencing core facility of the University of Flor-
ida, Gainesville.

Cloning and sequencing of B252, B272, and B354 ¢cDNA fragments. dsSRNA
was extracted (31) from citrus bark tissue infected with isolate B252 from Tai-
wan, B272 from Colombia, or B354 from California. Two independent cDNA
clones (Fig. 1C) were synthesized by RT-PCR with Superscript II reverse tran-
scriptase and a proofreading thermostable polymerase (Pfu Turbo; Stratagene)
by using the primers listed in Table 2. The sequences for variable regions I, II,
and IIT were obtained from CTV c¢cDNA clone A, and those for variable region
IV were obtained from CTV c¢cDNA clone B (Fig. 1C). A and B cDNA fragments
were cloned in Notl/Smal-digested pUC119 and Smal-digested pGEM-7Z, re-
spectively. Sequencing of these cDNA clones was carried out using an automatic
sequencer as indicated above.

Nucleotide and amino acid sequence comparisons. The Genetics Computer
Group package (8) programs SEQED to edit sequences, GAP to compare
nucleotide and amino acid sequences, and TRANSLATE to obtain amino acid
sequences were used for sequence analysis. Multiple sequence alignments were
performed using the ClustalW program (45), and sequences were assembled
using the DNA STRIDER program.

Nucleotide sequence accession numbers. The complete nucleotide sequence of
CTV isolate T30 was deposited in the GenBank database under accession no.
AF260651. CTV nucleotide sequences for regions I, II, III, and IV of isolates
B354, B272, and B252 were deposited in the GenBank database under accession
numbers AF260652 to AF260663.

RESULTS

Comparison of the complete genomic sequences of CTV
isolates T30 (Florida) and T385 (Spain). It is not known
whether the symptoms induced by a CTV isolate in citrus
plants are induced by the predominant genomic sequence, the
viral population, a combination of genomic RNAs and dRNAs,
or other factors. The genomic sequences available at the mo-
ment correspond to isolates inducing different phenotypes. To
examine whether different isolates inducing similar phenotypes
might also have similar sequences, the complete sequence of
the mild CTV isolate T30 (from Florida) was determined and
compared to the sequence of the Spanish mild CTV isolate
T385 (46). Neither isolate induces noticeable symptoms in field
trees, and they cause only inconspicuous symptoms in sensi-
tive indicator plants (Mexican lime). T30 and T385 have been
separated from each other for a long time, as the T30 parental
strain was imported into Florida via infected budwood more
than 100 years ago and, to our knowledge, there was no citrus
trading between Spain and Florida. Presently, T30 is represen-
tative of one of the two predominant Florida CTV strains.
T30-like genotypes have been spread in the field by graft and
aphid transmission, thereby becoming endemic in most com-
mercial citrus groves. In addition, T30 and T385 were placed in
isolation in greenhouses in different countries in 1976 and
1982, respectively, and were exposed to different sequences of
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TABLE 3. Nucleotide and deduced amino acid sequence differences between the CTV genomic sequences from
T30 and isolate T385, VT, T36, or SY568*

T30 genome T385 (Spain) VT (Israel) T36 (Florida) SY568 (California)
Amino acid Amino acid Amino acid Amino acid

Region Size (nt)  Nucleotide I ; Nucleotide I ! Nucleotide I ; Nucleotide I ;
5' NTR 108 96.3 702 411 64.2
ORF la 9,348 99.2 99.6 99.1 89.6 93.8 89.0 72.4 88.7 70.1 90.7 96.0 92.0
RdRp 1,434 99.5 100 99.8 90.0 96.6 94.8 79.4 95.2 91.0 91.4 96.9 96.4
p33 912 99.2 99.3 99.3 84.6 90.5 85.2 84.1 92.4 86.1 99.4 99.7 99.3
po 156 100 100 100 90.9 98.1 92.3 88.4 94.2 92.3 100 100 100
pos 1,785 99.2 99.3 98.8 87.3 93.9 90.9 93.7 97.1 95.3 99.6 99.5 99.2
p61 1,608 99.4 99.1 98.7 87.9 94.6 90.7 94.8 97.4 95.3 99.4 99.3 99.0
p27 (CPm) 730 99.3 99.6 99.2 88.7 95.4 93.3 93.6 97.5 96.3 99.1 97.9 97.1
p25 (CP) 672 99.6 99.6 99.1 92.4 97.8 94.6 93.0 98.7 96.0 93.1 98.2 96.0
pl8 504 99.4 99.4 98.8 93.0 94.6 92.2 95.2 97.0 95.2 93.1 96.4 95.2
pl3 360 99.4 99.1 99.1 91.1 96.6 94.1 91.7 95.8 90.6 95.8 90.8
p20 549 99.6 100 100 90.3 96.2 93.4 88.8 96.7 93.4 93.1 98.9 97.7
p23 630 98.7 98.6 98.1 89.6 93.3 89.0 90.9 95.2 91.4 89.7 95.2 91.4
3" NTR 274 99.6 99.0 97.0 97.8

“1, percent identity; S, percent similarity. CP, major coat protein; CPm, minor coat protein. See text for explanation of boldface, italic, and underlined values.

host, graft, and aphid transmission passages (see Materials and
Methods and references 30 and 46).

The entire sequence of CTV T30 was determined from the
cDNA clones shown in Fig. 1B. Random ¢cDNA clones were
generated by polyadenylation of genomic dsSRNA and RT with
oligo(dT) as a primer (Fig. 1B). Sequences obtained from
these random cDNA clones were mapped in relation to the
T36 and VT genomes and were used to generate a set of
T30-specific primers (Table 2). These primers were used to
amplify eight overlapping RT-PCR c¢cDNA fragments that cov-
ered the entire T30 genome (Fig. 1B).

Analysis of the resulting complete T30 sequence revealed a
genome organization (Fig. 1A) identical to that reported for
the other CTV sequences (T36 [22], VT [27], T385 [46], and
SY568 [47]). Nucleotide sequence alignment (Table 3) of the
genome of T30 with those of T36, VT, SY568, and T385 re-
vealed that in contrast to the high sequence variability found
between the T30 and the T36, VT, and SY568 genomes, the
T30 genome was nearly identical to that of T385 (Table 3,
roman boldface values). The genomic RNAs of both isolates
were the same size (19,259 nucleotides [nt]), and their mean
nucleotide identity was 99.3%. The identities between the dif-
ferent ORFs ranged from 98.7% to 100%. Their 3’ NTRs were
99.6% identical, and their 5" NTRs were 96.3% identical (Ta-
ble 3, roman boldface values). Compared to T36, VT, and
SY568, T30 had the same nucleotide insertions and deletions
and similar patterns of nucleotide variability throughout the
genome as T385 (data not presented). Nucleotide differences
between T30 and T385 were constant throughout the genomes
(71 and 72 differences in the 3’ and 5’ halves of the genomes,
respectively), whereas sequence differences were greater in the
5" halves of the genomes of other CTV genotypes (Table 3).
The similarity between the predicted amino acid sequences of
T30 and T385 ranged from 98.6% (p23) to 100% (p20, p6, and
RdRp domain in ORF 1) (Table 3, roman boldface values).
Analysis of the amino acid sequences indicated that 52.9% of
the nucleotide changes were silent, 41.2% encoded similar
amino acids, and only 5.9% encoded dissimilar amino acids (in
p23, p33, and ORF la proteins).

Comparison of additional mild CTV sequences to the CTV
T30 sequence. The homology between the complete sequences
of CTV isolates T30 and T385 was greater than expected. To
examine whether there were other CTV isolates highly similar

to T30, we examined isolates B252, B272, and B354, which
induce the same phenotype as T30. These isolates originated
from different environments and were thought to have been
separated for a long time. B252 has its origins in the first
importation of Citrus and CTV isolates to Taiwan from main-
land China 100 to 500 years earlier. There has been no known
movement of citrus into or out of this area since that time.
B272 was collected in an area of Colombia where the citrus
bud wood is thought to have been imported from Spain more
than 20 years earlier. B354 was found in a Californian citrus
field into or out of which there has been no known movement
of citrus during the past 60 years.

Four hypervariable CTV genome regions, based on the T36,
T385, and VT sequences, were chosen for sequence compari-
son (Fig. 1C). These regions were cloned and sequenced from
dsRNA of isolates B252, B272, and B354 and compared with
those of T30, T385, VT, and T36 (Table 1 and Fig. 2).

Variable region I (108 nt), which comprised the 5 NTR
(Fig. 1C), is the most variable region among reported CTV se-
quences (25, 46) (Table 3, underlined values). T30 had 41.1%
identity (43 nucleotide differences, six gaps, and four inser-
tions) and 70.2% identity (23 nucleotide differences, four gaps,
and three insertions) with T36 and VT, respectively, in variable
region I (Fig. 2A). However, B252, B272, and B354 had two to
four nucleotide differences relative to the sequences of T30
and T385 (with identities ranging from 97.2% to 99.1%) (Fig.
2A). Moreover, the 5" NTR sequences of B354 (California)
and B252 (Taiwan) were identical (Fig. 2A).

Variable region II included the first 234 nt of ORF 1a (Fig.
1C). In this region, T30 had 72.24% identity (59 nucleotide
differences and one insertion) and 92.2% identity (18 nucleo-
tide differences and one insertion) with T36 and VT, respec-
tively (Fig. 2B). In contrast, the variable region II sequence of
B252 was identical to that of T30 and the variable region II
sequence of B272 was identical to that of B354. The single
nucleotide change observed between the T30 (or B252) and
B272 (or B354) sequences was silent. Maximum differences (2
nt) occurred between T385 (Spain) and T30 (Florida) or B252
(Taiwan) (Fig. 2B). One of these nucleotide changes was silent,
whereas the other resulted in a change to a codon for a dis-
similar amino acid.

Variable region III is located between nt 3324 and 3706 of
the T30 genome, consisting of part of the putative methyltrans-
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A
CTV variable region I (5’ NTR)
+ +
T30 AATTTCGATTCAAATTCACCCGTATC-TCCGGAGCTCGA-TCCGGACCCTGC-GGGACTTGGTGTAAATC 67
T385 ATTTTCGATTCAARATTCACCCGTACC~TCCGGAGCTCGA-TCCGGACCCTGC-GGGACTTGGTGTARATC 67
B252 AATTTCGATTCAAATTCACCCGTATC-TCCGGAGCTCGA-TCCGGACCCTGC-GGGACTTGGTGTARATC 67
B272 AATTTCGATTCAAATTCACCCGTACC-TCCGGAGCTCGA-TCCGGACCCTGC~GGGACTTGGTGTARATC 67
B354 AATTTCGATTCAAATTCACCCGTATC-TCCGGAGCTCGA-TCCGGACCCTGC-GGGACTTGGTGTARATC 67
T36 AATTTC---ACAAATTCAACCTGTTCGCCCAGAARATACGTCTGG-CACAACAGGGATCCGGARTAGGTC 66
VT  AATTTC---TCARATTCACCCGTACCCTCCGGAAATCACGTCCGGACGCTGC-GGGAATCGGTGTARATC 66
* * kkkk kK * dkokkokkok * * kk * * k¥ * %k * %
+ +
T30 CCAACCAGACGGTT--GTTC---TACGCCCATAATATCAA-TACAART 108
T385 CCAACCAGACGGTT--GCTC---TACGCCCATAATATCAAR-TACARC 108
B252 CCAACCAGACGGTT--GCTC---TACGCCCATAATATCAA-TACAAC 108
B272 CCAACCAGACGGTT--GCTC-~--TACGCCCATAATATCAA~TACAAC 108
B354 CCAACCAGACGGTT--GCTC---TACGCCCATAATATCAA-TACARC 108
T36 C-AGCCT-—--- TTAAGCTCTAATATTCCCACAACAAAAATTACACT 107
VT  CCGGCARA----TT-~GCCCAC-TACGCCCATACARACARATATAC- 105
*k kK *k kk kkk * %k * kdk ki * *
B
CTV variable region II (5'sequence of the replicase ORF)
+
T30 ATGTCGAAACTCGGAGCTAGCTTCAAGTCCTCGACTTTCGCTGTACGCAGCGATTACATAATTTCGCGCA 178
T385 ATGTCGBAACTCGGAGCTAGCTTCARGTCCTTGACTTTCGCTGTACGCAGCGATTACATAATTTCGCGCA 178
B252 ATGTCGAAACTCGGAGCTAGCTTCAAGTCCTCGACTTTCGCTGTACGCAGCGATTACATAATTTCGCGCA 178
B272 ATGTCGABACTCGGAGCTAGCTTCAAGTCCTCGACTTTCGCTGTACGCAGCGATTACATAATTTCGCGCA 178
B354 ATGTCGAAACTCGGAGCTAGCTTCAAGTCCTCGACTTTCGCTGTACGCAGCGATTACATAATTTCGCGCA 178
T36 ATGTCGAAACTCAGAGGAAGCTTCTGGTCTTCGGCCATCGCTGTTARACAGCGATTACACGATATCGCGCA 177
VT  ATGTCGARACTCGGAGCTCGCTTCAAGTCCTCGACTTTCGCTGTACGCAGGCATTACATCATCTCGCGCA 175
* ek *k * * Kk *kk * % ** *
T30 TCTGGCGCGCCTTTAATACCGTTGGAGTCCTGCACTTCTTCGGCACTGATACAACCACTACGGTGGTTAA 248
T385 TCTGGCGCGCCTTTAATACCGTTGGAGTCCTGCACTTCTTCGGCACTGATACAACCACTACGGTGGTTAA 248
B252 TCTGGCGCGCCTTTAATACCGTTGGAGTCCTGCACTTCTTCGGCACTGATACAACCACTACGGTGGTTAA 248
B272 TCTGGCGCGCCTTTAATACCGTTGGAGTCCTGCACTTCTTCGGCACTGATACAACCACTACGGTGGTTAR 248
B354 TCTGGCGCGCCTTTAATACCGTTGGAGTCCTGCACTTCTTCGGCACTGATACAACCACTACGGTGGTTAA 248
T36 TCTGGCGCARACTTAACACCATAGTAGTCCTGCACTACTTTGGTTTTGTTAGAATCACCARGGTGATTCG 247
YT  TCTGGCGC---TTTAACACCGTTGGAGTCCTGCACTTCTTCGGTACTGAAACAACCACCAAGGTGGTTAA 242
* k& * * Kk & * * * k& *%k * * * % * * %
+
T30 GGAGTTTTCGGCTGCTGGGCCGATCGTCCCTTTACGGAAATCCTGTTTTCCGTTCTCAGTTCGCGCTGCT 318
T385 GGAGTTTTCGGCTGCTGGGCCGATCGTCCCTTTACGGARATCCTGTTTITCCGTTCTCTGTTCGCGCTGCT 318
B252 GGAGTTTTCGGCTGCTGGGCCGATCGTCCCTTTACGGARATCCTGTTTTCCGTTCTCAGTTCGCGCTGCT 318
B272 GGAGTTTTCGGCTGCTGGGCCGATCGTCCCTTTACGGAAATCCTGITTTCCGTTCTCTGTTCGCGCTGCT 318
B354 GGAGTTTTCGGCTGCTGGGCCGATCGTCCCTTTACGGAAATCCTGTTTTCCGTTCTCTGTTCGCGCTGCT 318
T36 TGACAAATCGGCTGATATGCCGATAGTCCCTTTACGGAAATCTGTATTTCCGTTTTCTGTTCGCGCGGCT 317
VT  GGAATTTTCGGCTCCTCAGCCGATAGTCCCTCTACGGAAATCCTGTTTTCCGTTTTCTGTTCGCGCTGCT 312
* *hkkk *k kk * * * k& * * *
T30 TGTTCGCGCGATTAARAGCTGCCGGA 342
T385 TGTTCGCGCGATTARAGCTGCCGGA 342
B252 TGTTCGCGCGATTARAGCTGCCGG- 341
B272 TGTTCGCGCGATTARAGCTGCCGGA 342
B354 TGTTCGCGCG—————==———————— 327
T36 TGT-CACGAGCTTCGTGCTGCTGGEG 340
VT  TGTTCGCGCGATTARAGCTGCCGGA 336

* * * k& * *

FIG. 2. Nucleotide sequence alignments of CTV hypervariable genomic regions (ClustalW program alignments; see Materials and Methods). (A) Alignment of

variable region I (5’ NTR, 108 nt) sequences. (B) Alignment of variable region II (located from nt 109 to nt 324 of the T30 genome in the 5'-proximal region of the
replicase gene) sequences. (C) Alignment of variable region IIT (located from nt 3324 to nt 3706 of the T30 genome in the putative methyltransferase domain)
sequences. (D) Alignment of variable region IV (located from nt 8265 to nt 8627 of the T30 genome in the putative helicase domain of the replicase ORF) sequences.
In all panels, nucleotide differences in aligned sequences are showed in boldface. +, nucleotide differences between T30 and the mild CTV isolates T385, B252, B272,

and B354; *, nucleotide differences between T30 and severe isolates T36 and VT.

ferase domain (Fig. 1C). Nucleotide identities of T30 com-
pared to T36 and VT were 81.2% (74 nucleotide differences
and one deletion) and 90.3% (39 nucleotide differences), re-
spectively (Fig. 2C). Alignment of this region between paired
B252, B272, B354, T30, and T385 isolates showed identities of
98.3 to 99.7%. Maximum differences occurred between T30
(Florida) and the other four isolates, differing by 5 or 6 nt (Fig.

2C). Minimum differences were found between B354 (Califor-
nia), B252 (Taiwan), B272 (Colombia), and T385 (Spain), dif-
fering by 2 or 3 nt (Fig. 2C). Ten nucleotide differences were
found in total. Six of them were silent, two resulted in changes
to codons for similar amino acids, and two resulted in a change
to a codon for a dissimilar amino acid.

Variable region IV is located from nt 8265 to nt 8627 of the
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CTV genome variable region III (located in the putative methyl
transferase domain)

T30
T385
B252
B272
B354
T36
vT

T30
T385
B252
B272
B354
T36
vT

T30
T385
B252
B272
B354
T36
vT

T30
T385
B252
B272
B354
T36
vT

T30
T385
B252
B272
B354
T36
VT

T30
T385
B252
B272
B354
T36
VT

CCCTGTTCGCAAATATGCAGGCAGTGACTATTCGGACGTAGGTGGTTGCCCACTATTTCATTTGCGTGC
CCTCGTTCGCAAATATGCAGGCAGTGACTATTCGGACGTAGGTGGTTGCCCACTATTTCATTTGCGTGC
CCTCGTTCGCAAATATGCAGGCAGTGACTATTCGGACGTAGGTGGTTGCCCACTATTTCATTTGCGTGC
CCTCGTTCGCARATATGCAGGCAGTGACTATTCGGACGTAGGTGGTTGCCCACTATTTCATTTGCGTGC
CCTCGTTCGCAAATATGCAGGCAGTGACTATTCGGACGTAGGTGGTTGCCCACTATTTCATTTGCGTGC
PTCTCGTTCGTAAACACGCTGGTACCGATTATTCGGATGTGGGGGGTTGTCCGCTGTTTCATTTACGTGC
CCTTGTTCGTAAATACGCAGGTAGCGATTATTCGGACGTAGGTGGTTGCCCATTATTTCATTTACGTGC
* * * * * * * kk * * * * * *k *

+ o+ +
AGGCCACACAGGAATTCACGTTTGCAGACCGGTGTACGATGT TARAGACGCCCACCGTAGAGTCGTTCG
AGGCCACACAGGAGTTCACGTTTGCAGACCGGTGTACGATGTTARAGACGCCCACCGTAGAGTCGTTCG
AGGCCACACAGGAGTTCACGTTTGCAGACCGGTGTACGATGT TAAAGACGCCCACCGTAGAGTCGTTCG
AGGCCACACAGGAGTTCACGTTTGCAGACCGGTGTACGATGTTARAGACGCCCACCGTAGAGTCGTTCG
AGGCCACACGGGAGTTCACGTTTGCAGACCGGTGTACGATGT TARAAGACGCCCACAGTAGAGTCGTTCG
GGGTCACTCCGGCETTCACGTTTGTAGACCGGTGTACGATGTTAAAGACGCTCATCGTAGAGTAGTCCG
GGGTCATACAGGAGTTCACGTTTGCAGACCAGTGTACGATATTARAGACGCCCACCGTAGAGTCGTTCG
* * *k * *% * * * * * * *

+
TCATCATCAACTTGGTAAAGTAGCCTTCGATCATACTGACGGGTCTAAGCAGGTTG---GTGCTGTCAA
TCATCATCAACTTGGTAAAGTAGCTTTCGATCATACTGACGGGTCTARGCAGGTTG-—-GTGCTGTCAA
TCATCATCAACTTGGTARAGTAGCTTTCGATCATACTGACGGGTCTAAGCAGGTTG---GTGCTGTCAR
TCATCATCAACTTGGTAAAGTAGCTTTCGATCATACTGACGGGTCTAAGCAGGTTG--~GTGCTGTCAA
TCATCATCAACTTGGTAAAGTAGCTTTCGATCATACTGACGGGTCTAAGCAGGTTG---GTGCTGTCAA
TCATCACCAACTTAGTAAGGTTTCGCTAGATCAGAGTGACGGTGTTAAACAAGTTGGCTGGACCGTAAA
TCATCATCAACTTAGTAAAGTAGCTTTTGATCACACTGACGGGTCTARGCAGGTTG-~~GTGCTGTCAR

* * * *k kk Kk * * *hk * * *dkk kk & *

+ o+ + +
TACGAATACTGTGTGCGGCAACATTTTAGGGGAGTGTTTTCATGCGTCTGAAGCGATTGTTATGGTACA
TACGAACACTGTGTGCGGCAACGTTTTAGGGGAGTGTTTTCATGCGTCTGAAGCGATTGTTATGGTGCA
TACTAATACTGTGTGCGGCARACATTTTAGGGGAGTGTTTTCATGCGTCTGAAGCGATTGTTATGGTGCA
TACGAATACTGTGTGCGGCAACGTTTTAGGGGAGTGTTTTCATGCGTCTGAAGCGATTGTTATGGTGCA
TACGAATACTGTGTGCGGCAACGTTTTAGGGGAGTGTTTTCATGCGTCTGAAGCGATTGTTATGGTGCA
CACGAATTCTGTATGCGGTAACATTTTGGGAGAGTGTTATCATGCATCGGAGGCGATGGTTATGGTTCA
TACGAACACCGTGTGTGGTAACGTTTTAGGGGAGTGTTTTCATGCGTCTGATGCGATTGTTATGGTGCA
* *k Kk * * * * * * * * * * * *

+ +
GGTTTACGATGTGCCCCTGCGAGAGTTGTGTAGAGCTATGGTAAACAAGARAACTTCGGTGTGTTATAT
GGTTTACGATGTGCCACTGCGAGAGTTGTGTAGAGCTATGGTAAACAAGAARACTTCGGTGTGTTATAT
GGTTTACGATGTGCCACTGCGAGAGTTGTGTAGAGCTATGGTAAACAAGARAACTTCGGTGTGTTATAT
GGTTTACGATGTGCCACTGCTAGAGTTGTGTAGAGCTATGGTARACAAGAARACTTCGGTGTGTTATAT
GGTTTACGATGTGCCACTGCGAGAGTTGTGTAGAGCTATGGTAAACAAGAAAACTTCGGTGTGTTATAT
AGTTTATGACGTACCGCTACGTGAGTTGTGTAGGGCTATGATAARACAAGARAACTTCCGTGTGTTATAT

AGTTTATGACGTGCCATTGCGAGAGTTGTGTAGAGCTATGGTGAACARGAAAGCTTCGGTGTGCTATAT
* k ok Kk kk Kk %k * * % * * *

GACCATGGTCACACCTGGCGAGTTGTTGGACGCTCGTGAGT
GACCATGGTCACACCTGGCGAGTTGTTGGACGCTCGTGAGT
GACCATGGTCACACCTGGCGAGTTGTTGGACGCTCGTGAGT
GACCATGGTCACACCTGGCGAGTTGTTGGACGCTCGTGAGT
GACCATGGTCACACCTGGCGAGTTGTTGGACGCTCGTGAGT
GACCATGGTTACACCTGGTGAGTTGTTGGACGCCCGCGAGT
GACCGTGGTTACGCCTGGTGAGCTGTTGGACGCCTGTGAGT
* * ok * * *k *

FIG. 2—Continued.

3706
3706
3706
3706
3706
3729
3685

3392
3392
3392
3392
3392
3412
3372

3461
3461
3461
3461
3461
3482
3440

3527
3527
3527
3527
3527
3550
3506

3596
3596
3596
3596
3596
3619
3575

T30 genome, in the helicase-like domain (Fig. 1D). In this
region, nucleotide identities between T30 and T36 or VT were
75.5% (85 nucleotide differences, one deletion, and one in-
sertion) and 93.9% (22 nucleotide differences), respectively
(Fig. 2D). Region 1V also was the area of lowest nucleotide
identity between T30 and T385 (97.5% identity). Yet, only two
of the nine nucleotide changes resulted in dissimilar amino
acid changes, and the other seven were silent. Variable region
IV sequences from B252, B272, and B235 cDNA clones were
identical to the T30 sequence (Fig. 2D).

Total nucleotide identities of variable CTV genome regions
I to IV among B354 (California), B252 (Taiwan), B272 (Co-
lombia), and T30 (Florida) ranged from 98.3% to 100%, dem-
onstrating genomic variability in the same range as that for T30
and T385 (97.5 to 98.4% identity).

T30 viral quasispecies variation and comparison with T30,
T385, B252, B272, and B354 sequence variability. T30 and
T385 complete sequences and B354, B252, and B272 sequence
samples were nearly identical. To assess whether the level of
divergence between these mild isolates was within the range
of variation present in a CTV quasispecies, we examined the
population variability of isolate T30.

The sequences of 22 oligo(dT)-primed random cDNA clones
which mapped to nine different regions in the CTV genome
and the T30 cDNA clone (T308) previously obtained (20)
(Table 4) were compared with the homologous sequence in the
eight RT-PCR cDNA clones that comprised the T30 genomic
sequence (Fig. 1B) (Table 4). The random cDNA clones plus
the T308 cDNA clone covered 3,704 nt, corresponding to 19%
of the CTV genome. These comparisons revealed nucleotide
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D
CTV genome variable region IV (located in the putative helicase domain)
-+
T30 GCCTAGTGGTGACCGCTAACARGRATTCGCAAGCGGAGATTTCTCARAGGATCTCTAGAGAGTTARTGG 8359
T385 GCCTAGTGGTGACCGCTAACAAGAATTCGCRAGCGGAGATTTCTCARAGGATCTCTAGAGAGTTTATGG 8359
B252 GCCTAGTGGTGACCGCTAACAAGAATTCGCAAGCGGAGATTTCTCAARAGGATCTCTAGAGAGTTAATGG 8359
B272 GCCTAGTGGTGACCGCTAACAAGAATTCGCAAGCGGAGATTTCTCAAAGGATCTCTAGAGAGTTARTGG 83593
B354 GCCTAGTGGTGACCGCTAACAAGAATTCGCAAGCGGAGATTTCTCARAGGATCTCTAGAGAGTTAATGG 8359
T36 GTTTAGTAGTGACCGCTAACAAGAATTCTCAAACCGAGATATCTCAGCGCATATCTAATGAATTGATGG 8386
vT GCTTGGTGGTGACCGCTAACAAAAATTGTCAAGCGGAGATTTCTCAAAGAATCTCTAGAGAGTTAATGG 8332
*k * * * * %k * * **x * * *x * *
+
T30 ATAGAAARATGCTTGCTAAACATGTTATTAARACCGCCGGTAGAGTGTTCACCGTGGACTCTTATTTGA 8428
T385 ATAGAAAAATGCTTGCTAAACATGTTGTTAARACCGCCGGTAGAGTGTTCACCGTGGACTCTTATTTGA 8428
B252 ATAGARARATGCTTGCTAAACATGTTATTAAAACCGCCGGTAGAGTGTTCACCGTGGACTCTTATTIGA 8428
B272 ATAGAARAATGCTTGCTAAACATGTTATTAAAACCGCCGGTAGAGIGTTCACCGTGGACTCTTATTTGA 8428
B354 ATAGARAAATGCTTGCTAAACATGTTATTAARAACCGCCGGTAGAGTGTTCACCGTGGACTCTTATTTGA 8428
T36 GCAGGAAGCTAGCTGCTAAGTATGTTACCGATGCAGCTTCCAGAGTGTTCACTGTAGATTCTTACTTAR 8454
VT  ATAGAAAGATGCTTGCTARACACGTTGITAAAACCGCCGGTAGAGTGTTCACTGTGGACTCTTATCTGA 8402
* % * k% kkk kK dkkk khkkk *hkkk * * * *k *
+  ++ o+ +
T30 TGARCCATATTCGACTTAAGACTGACTTGTTGITTGTCGATGAGTGTTTTATGGTTCATGCTGGAGCAR 8497
T385 TGAATCACTTGCGACTTACGACTGACTTGTTGTTTGTCGATGAGTGTTTTATGGTTCATGCTGGAGCAR 8457
B252 TGAACCATATTCGACTTAAGACTGACTTGTTGTTTGTCGATGAGTGTTTTATGGTTCATGCTGGAGCAA 8497
B272 TGAACCATATTCGACTTAAGACTGACTTGTTGTTTGTCGATGAGTGTTTTATGGTTCATGCTGGAGCAR 8497
B354 TGAACCATATTCGACTTAAGACTGACTTGTTGTTTGTCGATGAGTGTTTTATGGTTCATGCTGGAGCAA 8497
T36 TGAATCACTTGCGACTTACGACTCAACTGCTGTTTATCGACGAGTGCTTCATGGTTCATGCTGGGGCAR 8523
vT TGAACCATATTCGACTCAAGACTGACTTGTTGTTTGTCGATGRGTGTTTTATGGTTCATGCTGGAGCAA 8470
* *k * * * * kK * * * * * * *
+
T30 TCGGAGCAGTTGTTGAATTCACTTCATGTAAGGCCGTGGTTTTCTTCGGTGATAGTAGACARATTCATT 8566
T385 TCGGAGCAGTTGTTGAATTCACTTCATGTAAGGCCGTGGTTTTCTTCGGCGATAGTAGACARATTCATT 8566
B252 TCGGAGCAGTTGTTGAATTCACTTCATGTAAGGCCGTGGTTTTCTTCGGTGATAGTAGACABATTCATT 8566
B272 TCGGAGCAGTTGTTGAATTCACTTCATGTAAGGCCGTGGTTTTCTTCGGTGATAGTAGACRBATTCATT 8566
B354 TCGGAGCAGTTGTTGAATTCACTTCATGTAAGGCCGTGGTTTTCTTCGGTGATAGTAGACARATTCATT 8566
T36 TTGGAGCCGTGGTTGAGTTCACGTCTTGTARAGCGGTGGTTTTCTTTGGTGATAGTARGCAAATCCATT 8592
vT TCGGAGCGGTTGTTGAGTTCACTTCACGTAAGGCTGTGGTTTTCTTCGGTGATAGTAGACABATTCATT 8539
* * * * * * %k * * * *k *
+
T30 ACATTCACCGGAACGATCTTGGTGTTTCGTT-GTTACATGACATAGACGCATTTATAGAACCACAGCAC 8634
T385 ACATTCACCGGAACGATCTTGGTGTTTCGTT-GTTACATGACATAGACGCATTCATAGAACCACAGCAC 8634
B252 ACATTCACCGGAACGATCTTGGTGTTTCGTT~GTTACATGACATAGACGCATTCATAGAACCACAGCAC 8634
B272 ACATTCACCGGAACGATCTTGGTGTTTCGTT-GTTACATGACATAGACGCATTCATAGAACCACAGCAC 8634
B354 ACATTCACCGGAACGATCTTGGTGTTTCGIT~GTTACATGACATAGACGCATTCATAGRAACCACAGCAC 8634
T36 ACATTCACCGAAACGATCTCGGGGTTTCCTTTGTTGCA~GATATTGATGCGTTTATTCAACCGGAACAT 8660
VT  ATATTCACCGGAACGATTTTGGTGTTTCATT-GTTGCATGACATAGACGCATTTATAGAGCCACAGCAC 8607
* * * & * * * * * * * * *k * *k * *
T30 CGCATTTACGGTGAGGTGT 8653
T385 CGCATTTACGGTGAGGTGT 8653
B252 CGCATTTACGGTGAGGTGT 8653
B272 CGCATTTACGGTGAGGTGT 8653
B354 CGCATTTACGGTGAGGTGT 8653
T36 CGTATTTACGGCGAAGTGT 8679
VT  CGCATTTACGGTGAGGTGT 8626

* * *

FIG. 2—Continued.

identities of 98.6 to 100% (Table 4). Most of the nucleotide
changes were silent (30%) or encoded similar amino acids (60%).
Additionally, overlapping sequences of oligo(dT)-primed cDNA
clones (B10 and B18F; R3, R10, and R11; and R20 and R6)
(Table 4) were 98 to 100% identical (data not shown). Likewise,
overlapping regions between neighboring RT-PCR cDNA clones
(between 30 and 100 nt) were also identical (data not shown).
The small amount of sequence divergence between paired T30
cDNA clones indicated that the T30 population is principally
composed of one genotype.

The number of samples used to examine the sequence vari-
ability within the viral variants of the T30 population was small
but sufficient to provide an estimate of 0.5% nucleotide vari-
ability. A comparison of the T30 and T385 genome sequences
yielded 0.7% nucleotide variability. Comparisons between T30,
B252, B272, and B354 sequences in the most divergent regions
of the CTV genome (Fig. 2) yielded 0.4 to 0.8% nucleotide

variability. These data show that the variation between the
complete sequences of T30 and T385 and the sequence sam-
ples of B252, B272, and B354 (less than 1% nucleotide vari-
ability) was similar to the sequence variation for the genomic
variants of isolate T30.

DISCUSSION

The high degree of variability found between CTV geno-
types, up to 20 to 60% nucleotide differences throughout the 5’
half of the genome plus a large number of deletions and in-
sertions (27, 46), demonstrates that sequence divergence of the
CTV genome has been extensive. Furthermore, CTV popula-
tion structures are complex, and the apparent prevalence of
recombination based on the omnipresence of multiple dRNAs
(1, 26, 28) provides more opportunity for change. Surprisingly,
we found that the consensus sequence of CTV T30 from Flor-
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TABLE 4. Nucleotide differences between the T30
oligo(dT)-primed random cDNA clone sequences
and the T30 genomic sequence

T30 cDNA  Size % Nucleotide  No. of nucleotide

clone (nt) Location identity differences
R36 139 658, Replicase 98.6 2
R8 100 1861, Replicase 100

R38 198 2378, Replicase 99.5 1
T308" 339 4885, Replicase 99.4 2
R9 163 8598, Replicase 99.4 1
R27 134 8951, Replicase 100

R15 120 9576, RdRp 100

R19 225 9783, RdRp 99.1 1
B18R 133 13911, pé6l 99.5 1
B30 105 14271, p6l 100

Al2 181 14635, p6l 100

B14 134 15497, p27 100

B24 149 15705, p27 100

B10 155 15976, p27-p25 99.4 1
B18F 154 15977, p27-p25 100

R31 187 17148, p18 100

R3 143 17850, p20 100

R10 178 17877, p20 98.9 2
R11 187 17940, p20 99.5 1
R2 113 18050, p20 100

A9 173 18364, p23 99.4 1
R20 152 19107, 3' NTR 99.3 2
R6 142 19120, 3" NTR 99.3 2

“ Nucleotide position of the 5’ end of the T30 oligo(dT)-primed random
c¢DNA clone sequence in the T30 genome.
> T30 ¢DNA clone previously obtained by Hilf et al. (20).

ida was nearly identical to that of CTV T385 from Spain. This
result was not expected, since T30 and T385 were geographi-
cally isolated in different environments for at least 24 years and
likely for more than 100 years, with aphids mixing different
local populations of CTV variants. This striking similarity be-
tween distant CTV genotypes was extended by sampling hy-
pervariable regions within the genomes of CTV isolates from
Taiwan, Colombia, and California, which also were almost
identical to the T30 genome. Another example of remarkable
similarity between CTV isolates was recently reported (46) for
a portion of the sequence of isolate SY568 (47). This virus was
introduced into the citrus variety collection at the University of
California, Riverside. A 6-kb central region of the SY568 ge-
nome, between the RdARp domain in ORF 1 and the p27 ORF,
was 99.1 to 100% identical to the T30 genome (Table 3, italic
values), although the rest of the sequence was more divergent
from the T30 sequence; these findings support the hypothesis
of Vives et al. (46) that SY568 probably resulted from recom-
bination between two different genotypes. Furthermore, these
data indicate the presence of a genotype almost identical to
that of T30 and T385 in the original citrus host.

It should be noted that all of these isolates were chosen
because of their similar mild phenotypes. However, it is likely
that there are other strains of CTV with similar mild pheno-
types but with divergent sequences, and there is evidence that
there are isolates with similar predominant genotypes but with
severe phenotypes (M. E. Hilf, unpublished results).

The absence of proofreading in the viral RNA polymerases
(12) is thought to generate mutant genomes making up the
viral quasispecies distribution (11). Pairwise comparisons be-
tween independent cDNA sequences from the T30 population
provided an estimate of 0.5% nucleotide variability. This de-
gree of nucleotide variability was supported by similar mea-
surements within other CTV populations (3) and between
CTV dRNAs and their helper (26). It also falls within the
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range of nucleotide variability of the quasispecies distribution
in other RNA viruses (2, 6, 14, 19, 39, 44). Comparisons of the
genomic sequence of T30 with those of four other mild isolates
revealed that in spite of these isolates being separated in time
and space, the nucleotide sequence variability was less than 1%
and within or near the range of variability in the T30 popula-
tion. Thus, the exceptional similarity of these five mild isolates
suggests that they could be considered variants of the same
CTV genotype.

Although a great capacity for rapid evolution is a common
feature of RNA viruses (9), there are examples of genetic
stability in viral RNA populations (19, 21, 23). Some of the
more stable examples are the putative “rapidly evolving” vi-
ruses, such as vesicular stomatitis rhabdovirus (33, 44) and a
strain of HIN1 influenza A orthomyxovirus (32) that were
nearly identical after 500 passages and 27 years, respectively.
Other examples of high genetic stability are found within the
plant viruses tobacco mild green mosaic tobamovirus (16) and
turnip yellow mosaic tymovirus (5, 42), which were reported to
be nearly identical after 100 years and 13,000 to 14,000 years,
respectively. This genetic stability has been explained as a
consequence of strong selection and competition between the
mutants that arise in each replication cycle, creating an equi-
librium in the viral quasispecies distribution (11). However,
viral populations are dynamic. Founder effects or bottlenecks
can allow newly arising mutants to shift the quasispecies dis-
tribution, promoting rapid evolution (7, 43). CTV genotypes
were dispersed to different environments around the world by
vegetative propagation of citrus. Additionally, different CTV
genotypes were further spread and mixed by graft and aphid
transmission, which may create bottlenecks (1, 29) allowing
minority viral variants (sometimes, the most virulent ones [30])
to become prevalent in CTV populations (37). These contin-
uous changes in selective pressures probably have accounted
for much of the variation between and within other CTV iso-
lates.

The remarkable sequence similarity of these five CTV iso-
lates could have resulted from any of a number of possibilities.
One is that all five isolates converged to a similar sequence as
a result of host selection. However, several studies of CTV
populations have indicated that unrelated CTV sequences can
coexist in the same areca, same host, and same environment.
For example, T30- and T36-like genotypes are endemic in the
same citrus areas in Florida and differ greatly in symptoms
induced and genome sequences. In fact, most CTV isolates
contain minor components of disparate sequences (3, 30).
Thus, it appears unlikely that selection was sufficiently strong
to cause convergence of these five CTV isolates within rela-
tively short periods of time. Since the only natural host for
CTV is citrus, a more likely possibility is that these isolates
evolved in one of the native citrus parents at its point of origin
in Asia and were dispersed around the world with citrus bud-
wood within the last 200 years. The fact that all five isolates are
essentially invisible (nonsymptomatic) in infected trees would
have aided this spread. This hypothesis is supported by the fact
that most of the nucleotide changes in the five CTV isolates
were silent or resulted in changes to codons for similar amino
acids, suggesting that this CTV genotype is well adapted to the
citrus environment and perhaps has changed little since expor-
tation from its origin in the last several hundred years. Since
there are at least four progenitor species that are thought to be
the origin of all of the current varieties in agriculture, it is
possible that the divergent CTV strains evolved in different
progenitors prior to citrus agriculture. If other CTV genotypes
have remained stable over time, it should be possible to trace
isolates with similar sequences to their original sources. From
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a standpoint of management, if CTV sequences tend to remain
relatively stable over periods of years, sequence-based control
strategies, such as transgenic plants with posttranscriptional
gene silencing directed against specific viral sequences or cross
protection based on mild strains excluding superinfection by
severe strains with similar sequences, have a higher probability
of success.
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