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Abstract Citrus tristeza virus (CTV) represents one
of the major threats to citrus production worldwide. In
the East Adriatic region, CTV symptoms are mostly
absent due to traditional citrus grafting on trifoliate
orange (Poncirus trifoliata), a CTV-tolerant rootstock.
Therefore, the virus has been continuously spreading
by the propagation of infected material. The genetic
variability of CTV was studied on nineteen citrus
samples, collected from orchards in the coastal region
of Croatia, Montenegro and Albania, that previously
tested positive by ELISA and immunocapture RT-
PCR. Single-strand conformation polymorphism of
the amplified coat protein gene demonstrated the
presence of different CTV variants in each amplicon,
while sequence analysis of cloned CP gene variants
confirmed their clustering into six out of the seven
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phylogenetic groups so far delineated. Four of these
groups include sequences of severe quick decline,
seedling yellows and stem-pitting (SP) isolates,
thought to be found only rarely in the Mediterranean
region. Regardless of the lack of symptoms in the
field, CTV isolates from the East Adriatic displayed
high genetic variability and pathogenic potential,
additionally confirmed by biological characterisation.
The high percentage of mixed infections suggest the
potential for further diversification and a greater risk
of severe variants spreading into new areas.

Keywords CP gene - CTV - Phylogenetic analysis -
SSCP

One of the factors adversely affecting the development
of modern citrus production worldwide is the high
incidence of Citrus tristeza virus (CTV), a pathogen that
causes the most prevalent and the most destructive
virosis of citrus (Moreno et al. 2008). This filamentous
(2,000x11 nm) RNA virus from the Closteroviridae
family (Dolja et al. 1994) is locally transmitted by
several aphid species (Hermoso de Mendoza et al.
1984), while its long-distance spread mainly occurs
through the propagation of infected material. Depending
on virus strains and on scion cultivar-rootstock combi-
nations, CTV may cause three severe syndromes: the
decline of different citrus species grafted onto sour
orange, seedling yellows characterised by stunting and
leaf yellowing, and stem-pitting (SP) syndrome, named
after the appearance of elongated pits in the infected
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branches, but also characterised by lower yield and
diminished fruit quality, independently of the rootstock
(Niblett et al. 2000). Due to the traditional use of
trifoliate orange (Poncirus trifoliata) rootstock, tolerant
for decline symptoms, CTV is continuously spreading
by the propagation of infected material making the East
Adriatic a reservoir region of diverse CTV genotypes.
The basis of current CTV classification is mainly
biological indexing on different indicator plants,
although many authors support the existence of a
relationship between virus phenotype and coat protein
(CP) gene sequences (Pappu et al. 1993; Rubio et al.
2001; Zemzami et al. 2002; Nolasco et al. 2009). As a
result of error-prone replication, recombination
events, and repeated vector-mediated transmission,
naturally occurring CTV isolates exist mostly as
populations of genetic variants (Kong et al. 2000)
that can be distinguished by the analysis of single-
strand conformation polymorphism (SSCP) profiles

(Rubio et al. 1996). It is often found that a field
isolate is a mix of genomic variants displaying
different biological characteristics.

Published reports, based mostly on the analysis of few
samples, indicate the presence of severe CTV isolates in
the East Adriatic region (Cemi et al. 2005; Papic et al.
2005; Stamo et al. 2000). In this study, we determined
the population variability of 19 CTV Adriatic isolates.
High pathogenic potential of severe CTV variants was
confirmed by biological characterisation.

Citrus samples of different varieties were randomly
collected from the commercial orchards scattered
throughout the East Adriatic coast (Table 1). Most
of these were grafted onto P. trifoliata and displayed
no tristeza symptoms in the field, although all tested
positive by ELISA (Loewe). Using ELISA extracts
prepared from the bark tissue of field samples,
Immunocapture/Reverse Transcription-Polymerase Chain
Reaction (IC/RT-PCR) using primers corresponding to

Table 1 Description of Citrus tristeza virus (CTV) samples and the incidence of coat protein (CP) gene sequence types

CTV isolate Origin Plant variety

Symptoms on  Phylogenetic grouping of sequenced CP
Madam Vinous genes®
indicator plant

1 2 3a 4 5 M

437 Croatia (the island of Vis)  C. sinensis ‘W. navel’ SP °

438 Croatia (the island of Vis)  C. unshiu ‘Kuno’ 0 °
440 Croatia (the island of Vis)  C. unshiu ‘Kuno’ 0 °

435 Croatia (Kastela region) C. unshiu ‘Zorica Rana’ 0 °

13 Croatia (Kastela region) C. unshiu ‘Zorica Rana’ 0 °

444 Croatia (Kastela region) C. unshiu ‘Chahara’ 0 °

445 Croatia (Kastela region) C. unshiu ‘Chahara’ 0 °

446 Croatia (Kastela region) C. unshiu ‘Ichimaru’ SP ° °

447 Croatia (Kastela region) C. unshiu ‘Ichimaru’ SP °

FN Croatia (Kastela region) C. sinensis ‘Fukumoto’ SP ° ° °

42] Croatia (Kastela region) C. unshiu ‘Ichimaru’ NT °

43] Croatia (Kastela region) C. unshiu ‘Seto’ NT °
44] Croatia (Kastela region) C. unshiu ‘Aoshima’ SP ° °

45] Croatia (Kastela region) C. unshiu ‘Ootsu’ SP ° °

6] Croatia (Neretva Valley) C. unshiu ‘Kawano Wase” NT °
16J Croatia (Neretva Valley) C. limon ‘Lisbon’ NT °

T3M Montenegro (coastal region) C. unshiu NT ° °

ToM Montenegro (coastal region) C. unshiu NT °
Q8 Albania C. limon ‘Meyer’ 0 °

0 no symptoms were observed, SP stem-pitting symptoms, N7 not tested

#Phylogenetic groups are defined according to classification published by Nolasco et al. (2009)
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both ends of the CP gene was performed according to
the procedure described by Nolasco et al. (2002). To
separate different virus variants presumably present in
sample populations, amplicons were cloned into
pTZS7R/T vector (Fermentas) according to the manu-
facturer’s instructions. The transformation of compe-
tent Escherichia coli INVaF' cells (Invitrogen) was
done according to the standard procedure (Sambrook et
al. 1989). Transformed colonies were selected by oc-
complementation, and the presence of the insert was
confirmed by PCR using the same primers and PCR
reaction conditions as above.

Different CTV variants were identified by SSCP
analysis as described by Rubio et al. (1996) using
PCR products from approximately ten clones per
sample. All products displaying different SSCP
patterns were considered different genomic variants
(Kong et al. 2000) and plasmids harbouring selected
variants were purified using Wizard™ Plus Minipreps
DNA Purification System (Promega). Sequencing was
performed in both directions (Macrogen Inc.) using
the M13-pUC universal primer pair. CP reference
gene sequences of biologically well-characterised iso-
lates were retrieved from GenBank: 13C (AF184113),
NUaga (AB046398), T318A (DQI151548), 28C
(AF184118), VT (U56902), T385 (Y18420), T30
(AF260651), T36 (AY170468), 19-121 (AF184114),
Qaha (AY340974), SY568 (AF001623), B165
(EU076703), and Bangalore (AF501867), or were
kindly provided by C.L. Niblett (B249, T3). Sequences
were aligned using ClustalX 1.8 (Thompson et al.
1994) and analysed by MEGA 3.1 (Kumar et al. 2004)
using the neighbour-joining method and applying the
Kimura 2-parameter evolutionary model. The tree
topology was evaluated by bootstrap analysis based
on 1,000 repetitions. All sequences obtained in this
work were submitted to GenBank under accession
numbers: EU66095-EU660932, EUS579412—
EUS579428, EU288060-EU288064, and AY764154.
With the aim of biological confirmation of the obtained
results, bark patches taken from 13 samples were graft-
inoculated onto Madam Vinous sweet orange indicator
and symptoms were evaluated throughout a 2-year
period.

ELISA results were corroborated by IC/RT-PCR
confirming the presence of CTV in all tested samples.
The SSCP analysis of separated CP variants confirmed
the coexistence of different genomic variants in all
isolates suggesting the possibility of mixed infections

with variants displaying different biological character-
istics. Most isolates had a population structure consist-
ing of one predominant SSCP haplotype whose
frequency ranged from 42% to 83%. To estimate the
virus variability within analysed populations, we
applied Nei’s formula (Nei 1987) for the heterozygos-
ity calculation. The heterozygosity value can range
from 0 (if all clones are represented by the same
haplotype) to 1 (if all clones are represented by
different haplotypes). The average heterozygosity
value for our isolates was 0.63. This is almost twice
the value calculated for Californian isolates (Kong et
al. 2000) and similar to the heterozygosity level of the
Argentinean isolates (Iglesias et al. 2008). High
sequence variability among the latter is explained by
the high frequency of vector-mediated re-infections
and the presence of the most efficient vector Toxoptera
citricida (Iglesias et al. 2008). Since no significant rate
of vector-mediated CTV transmission has been
reported in the East Adriatic region, the only plausible
explanation of such high sequence variability in this
region may be the high variability among the CTV
isolates initially introduced with infected plant material
from different citrus-growing countries in the last
century, mostly from Japan, former USSR, and
Turkey (Gatin 1992; Stamo et al. 2000). Based on
previous reports from Cyprus (Papayiannis et al.
2007) and Iran (Barzegar et al. 2005), we suggest
that a high CTV diversity may also be correlated
with the type of citrus growing practice. In countries
where many different varieties are grown in smaller
scattered plots, a high CTV diversity is usually found,
while in regions with a highly developed citrus
industry, the prevalence of a few major varieties
probably leads to the uniformity of the virus variants
present in the field.

The phylogenetic relationship analysis of CTV
isolates showed a clear categorisation of analysed CP-
CTV sequences, including the reference sequences,
into seven well-defined clusters (Fig. 1). The classi-
fication obtained supports that published by Nolasco
et al. (2009) grouping isolates with similar biological
characteristics. All virus groups were supported by
high bootstrap values (Fig. 1). The sequences from
the East Adriatic clustered into six out of the seven
groups. Two of these groups (2 and M) harbour mild
CTV isolates, while four of them (1, 3a, 4, and 5)
harbour CP sequences of isolates that cause severe
CTV symptoms of quick decline (groups 1, 3a, 4 and
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Fig. 1 Neighbour-joining
phylogenetic tree obtained
by the analysis of Citrus
tristeza virus coat protein
gene sequences. Sequences
are named after the CTV
isolate followed by the
clone number and isolate
origin (Alb-Albania, Cro-
Croatia, Mont-Montenegro).
Reference sequences of
isolates with known
biological characteristics are
included in the analysis
(bold). Bootstrap values are
presented next to tree nodes.
The bar represents 0.01
nucleotide substitution per
site
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5), SP (groups 3a and 5), and seedling yellows
(Nolasco et al. 2009). Surprisingly, sequences of
almost half of our isolates clustered into one of the
severe groups (Table 1) with the highest occurrence of
sequences in group 3a. Since the appearance of SP
symptoms is independent of the rootstock type
(Niblett et al. 2000), these variants probably present
the major threat for plants grafted onto P. trifoliata
rootstock. In five samples, we detected a mixture of
genomic variants belonging to different phylogenetic
groups. The results of phylogenetic analysis were
further corroborated biologically. In all Madam
Vinous plants inoculated with samples infected with
group 3a variants, we found clear symptoms of SP
(Table 1). Although Zemzami et al. (2002) reported the
appearance of SP symptoms in plants infected with
group 5 variants, new results indicate that it is not
necessarily the case (Cerni et al. 2008). In accordance
with the latter report, we have not found SP symptoms
in Madam Vinous inoculated with samples infected
with group 5 variants exclusively.

Regardless of the lack of symptoms in field trees,
severe CTV variants appear to be widespread and
long-present in the East Adriatic region. This genet-
ically heterogeneous population with a high percent-
age of mixed infections, which also implies a high
recombination potential, presents a stumbling-block
for the development of a modern citrus industry in
this area. Bearing in mind that severe CTV variants
show higher fitness levels and become predominant in
co-infected plants (Moreno et al. 2008), and that the
spread of the most efficient CTV vector T. citricida
have all been recently reported in the north of Spain
and Portugal (Ilharco et al. 2005), we believe that the
dispersal of severe variants from the specific niche of
the East Adriatic to new regions and scion/rootstock
combinations could represent a significant risk to
citrus production in the wider region.
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