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Abstract In this study, we examined the population structure
and genetic diversity of Citrus psorosis virus (CPsV) in Mo-
rocco. Analysis of the coat protein partial sequences of 34
isolates collected in the three main citrus-growing areas of
Morocco showed that CPsV grouped in three major groups,
with low within-group nucleotide diversity. Analyses indicat-
ed that CPsV genetic diversity is not structured by the geo-
graphic origin of the CPsV isolates. The genetic variation
resulting from mutations depends on evolutionary forces that
have contributed to the shaping of the genetic structure and
diversity of the CPsV populations analyzed here: negative
selective pressure for amino acid variation, recombination

between variants or mixed infection, genetic drift induced by
the founder effect associated with the transmission process,
and migration explained by the exchange of infected propa-
gative plant material.
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Findings

Citrus psorosis virus (CPsV) is the presumed causal agent of
psorosis disease (Martín et al. 2004), an important graft trans-
missible disease of citrus worldwide. CPsV, the type species
of the genus Ophiovirus, has a genome consisting of three
single-stranded RNAs of negative polarity that have been
totally sequenced (Martín et al. 2005).

Genomes of RNAviruses are expected to rapidly accumu-
late mutations due to the error-prone nature of RNA polymer-
ases (Domingo and Holland 1994). Such diversification may
lead to loss of fitness, due to the build up of deleterious
mutations or to rapid and unpredictable fitness gains (Clarke
et al. 1993; Roossinck 1997). Genetic variation can occur in
CPsV, being that the virus is transmissible by grafting to
different citrus hosts. However, other evolutionary factors
affecting this variability include genetic recombination, ge-
nome reassortment, natural selection, genetic drift and migra-
tion (Roossinck 1997; Moya et al. 2004). The relative contri-
bution of these evolutionary forces can be studied by analyz-
ing the genetic structure of virus populations.

In this work, we studied the genetic structure and diversity
of a natural population of Citrus psorosis virus (CPsV), using
sequence analysis of region R3 located on genomic RNA3 of
34 CPsV isolates collected from different citrus areas of Mo-
rocco. This study provides new insights into the population
structure and genetic diversity within CPsVisolates, which are
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relevant for designing alternative control strategies against this
widespread citrus virus.

Thirty-four isolates of CPsV were collected in a field
survey in 2011 and 2012 in three main citrus-growing areas
of Morocco: the Gharb region (Northwest Morocco), the
Moulouya region (Northeast; 469 km from the Gharb region)
and the Tadla region (Central Morocco; 703 km from
Moulouya, 419 km from the Gharb region). Isolates are de-
noted as follows: first letter, citrus geographic region (G,
Gharb; M, Moulouya, and T, Tadla); different numbers from
the same geographic region correspond to different isolates,
including 31 from sweet orange plants [C. sinensis (L.) Osb.]
of different varieties and three from Clementine plants
(C. clementina Hort. ex Tan.) (isolates M17, M18 and M19).

Sequencing data associated with the 34 CPsV isolates
analyzed in this study included: 11 from the Gharb region
(GenBank accessions nos KF857180−KF857190), 11 from
the Tadla region (GenBank accessions nos KF857191
−KF857201) and 12 from the Moulouya region (GenBank
accessions nos KF857202−KF857213). Other CPsV CP nu-
cleotides sequences used in our analyses were from the fol-
lowing GenBank entries: strain 90-1-1 (AR, FJ495195) from
Argentina, isolates CA1 and CA2 (CA1, AM235980; CA2,
AM235981) from California, isolate CPV-4 (FL, AF036338)
from Florida, isolates IT1 and IT2 (IT1, AM159538; IT2,
AM409317) from Italy. Isolate P-121 (SP, NC_006316) from
Spain (Martín et al. 2005) was used as sequence reference in
this study.

Total RNA was extracted from healthy or CPsV-infected
leaf tissue with the RNeasy Plant Mini Kit (QIAGEN, Hilden,
Germany) according to the manufacturer’s protocol, and used
as template for reverse transcription and PCR amplification
(RT-PCR) using the QIAGEN® One Step RT-PCR Kit
(QIAGEN, Hilden, Germany). The thermocycling conditions
included 30 min at 50 °C for RT, 15 min at 95 °C as heating
step of HotStar Taq DNA polymerase, 40 cycles consisting of
30 s at 94 °C, 1 min at 58 °C and 1 min at 72 °C, and a final
elongation step of 10 min at 72 °C. Region R3 was amplified
with primers Ps66 (5’-TCGAAGCTGTATGATGGTGA, po-
sitions 768–787 on RNA 3) and Ps65 (5’-TGCCATCTGGAG
TGAGGCT, positions 1182–1200 on RNA3) (Martín et al.
2004). All CPsV isolates yielded PCR products of 430 bp,
which corresponded to the size expected for the region R3,
whereas no amplification was obtained using equivalent tis-
sues from healthy plants.

The purified RT-PCR products were sequenced on both
strands in an automatic sequencer (Applied Biosystems
3130XL sequencer) by priming the sequencing reactions with
the same oligonucleotides used for cDNA synthesis. Se-
quences were analyzed using the BioEdit program (Hall
1999). Ambiguous (heterozygous) sites were coded using
the standard IUPAC codes for combinations of two or more
bases. Multiple alignment was performed with the algorithm

CLUSTALW program (Larkin et al. 2007), implemented in
the program BioEdit.

The software DARwin v5 (Perrier and Jacquemoud-Collet
2006) was used to calculate dissimilarity from allelic data, and
to build a phylogenetic tree applying a weighted neighbor-
joining topology method (Saitou and Nei 1987) to visualize
genetic relationships among the analyzed isolates. The signif-
icance of each node was evaluated with bootstrapping data for
500 replications of the original matrix. Phylogenetic relation-
ships were also determined with the maximum-likelihood
(ML) algorithm of MEGA 5.05 (Tamura et al. 2011). The
substitution model of Tamura and Nei (1993) was used and
the shape parameters, including the transition to transversion
ratio with an eight category gamma distribution, were estimat-
ed during tree reconstruction.

The program MEGA 5.05 (Tamura et al. 2011) was used
for: (1) estimation of nucleotide distances between sequences
pairs and diversities (mean nucleotide distances) using
Kimura-two-parameter as the nucleotide substitution model
(Kimura 1980); (2) estimation of nucleotides diversities
within-population and between populations from genetic dis-
tances, as described by Nei (1987); (3) estimation of the ratio
between nonsynonymous and synonymous substitution
(dN/dS) by the Kumar’s method using P distance (Nei and
Kumar 2000) to study the role of natural selection at the
protein level. dN/dS≈0 indicates neutral evolution, dN/dS < 1
negative or purifying selection, and dN/dS > 1 positive or
adaptive selection.

The program DnaSP 5.10 (Librado and Rozas 2009) was
used to assess genetic differentiation and the gene flow level
between different countries or geographic areas with the sta-
tistic Fst (Weir and Cockerham 1984). Fst can assume values
from 0, no genetic differentiation and complete gene flow, to
1, complete genetic differentiation as a consequence of null
gene flow. Only countries or geographical areas with more
than four isolates of the virus were taken into account. DnaSP
5.10 was also used to estimate the minimum number of
recombination events (Rm) in the history of the sample using
the four-gamete test (Hudson and Kaplan 1985).

To assess the diversity within Moroccan CPsV isolates,
nucleotide sequences corresponding to region R3 located on
genomic RNA3 were aligned with respect to the CPsV refer-
ence sequence (Martín et al. 2005). The number of polymor-
phic sites for the 34 isolates was 62 (15 %). The nucleotide
diversity between Moroccan isolates was 0.020±0.003
(Table 1). No correlation was observed between the genetic
distance and the geographic origin or the host species from
which the isolates were obtained.

Four isolates revealed double peaks in the chromatograms
of both fragments sequenced. The presence of ambiguous
sites and possible parental alleles among the isolates strongly
suggests real heterozygosis and also the occurrence of some
level of recombination. Ambiguous sites were encountered in
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seven positions in the sequences analyzed, and putative het-
erozygous parental were observed. Heterozygosis can be
caused by mutation in one allele, but it can also be due to
genetic exchange within isolate population of virus variants.
Mutation is likely to occur in single heterozygous sites, but
recombination is more likely to be associated to two or more
sites (Cuervo et al. 2010). Three isolates presented two am-
biguous sites; an exception was encountered in one isolate
(T20) with just one ambiguous site. This observation rein-
forces that real recombination might be occurring, because in
sequence alignments, at least two ambiguous sites were ob-
served in three isolates. Moreover, after determination of the
minimum number of recombination events by using DnaSP,
eight recombinations events between sites were detected and
involved regions between nucleotides 54–87, 87–179, 183–
200, 200–210, 210–281, 281–282, 282–291, and 291–393
(Table 1).

Recombinant sites should be confirmed through biological
cloning of isolates, to distinguish betweenmixed infection and
quasispecies, and other possible causes such as disparate
secondary structures that could bias certain nucleotide
positions.

RNA viruses are known to have a high variation potential,
because of their high mutation and recombination rates, and
since no proofreading correction mechanism is associated
with their RNA-dependent RNA polymerase. Consequently,
each viral isolate is expected to consist of a population of
genetically related variants, termed quasispecies (García-
Arenal et al. 2001). Analysis of nucleotide sequences of
clones obtained from RT-PCR products showed that most
viral isolates had populations composed of a predominant
sequence variant and some minor variants that are genetically
close (Martín et al. 2006). Thus, CPsV isolates seem to devel-
op more quasispecies than mixed infections in this case.

Phylogenetic relationships were inferred using the NJ and
ML methods for the 34 sequences, together with seven se-
quences available in GenBank. Trees calculated with the NJ
and ML methods were closely similar, with the 41 CPsV CP
partial sequences falling into four divergent genetic groups,
designated I–IV. Branch lengths were generally short, al-
though they were supported by low bootstrap values
(Fig. 1). The Moroccan isolates clustered into three of these

groups (I – II and III), with group I diverging much more than
the other three groups, but each group being very homoge-
neous, with a maximum nucleotide distance between isolates
of 0.052 (Table 1). Isolates from group II were closely related
at the nucleotide level to isolates from Spain (P-121) (95–98%
identity) and Italy (IT1) (96–99 % identity). The isolates from
Argentina, California, Florida and Italy fell into group IV.
There was no association between the group and the geo-
graphic origin of CPsV isolates. Genetically distant groups

Table 1 Genetic diversity and population genetic parameters of Moroccan CPsV isolates

Population parametersa Diversity within genetic groups

M D dN dS dN/dS Rm Fst I II III IV

0.052 0.020±0.003 0.009±0.002 0.044±0.009 0.204 8 0.108 0.007±0.002 0.020±0.006 0.021±0.008 0.106±0.017

a Population parameters: M, maximum nucleotide distance between isolate pairs; D, diversity (mean nucleotide distance between isolates pairs); dN,
average number of nonsynonymous substitutions per nonsynonymous site; dS, average number of synonymous substitutions per synonymous site; dN/dS,
average ratio between nonsynonymous and synonymous substitutions for each pair of comparisons; Rm, minimum number of recombination events; Fst,
measure of gene flow

Fig. 1 Dendrogram representing the genetic relationships between the
studied isolates generated by cluster analysis using the NJ method (Gharb
isolates: red, Moulouya isolates: blue, Tadla isolates: green, Argentina
isolate: magenta, California isolates: orange, Florida isolate: black, Italy
isolates: light blue and Spain isolate: purple). Bootstrap probabilities are
shown above the branch
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of isolates were also observed in the same country (Callaghan
and Dietzgen 2005). In addition, there was no apparent cor-
relation between the geographic origin of the CPsV isolates
and their nucleotide distance. For example, isolate SP from
Spain and isolate IT1 from Italy fell in with isolates from
Morocco in phylogenetic group II (Fig. 1), isolate FL from
Florida fell in with isolates AR fromArgentina, CA1 and CA2
from California, and IT2 from Italy in phylogenetic group IV
(Fig. 1). Interestingly, a lack of correlation between genetic
and geographic proximity was also reported for the
closterovirus CTV (Rubio et al. 2001), the citrivirus CLBV
(Vives et al. 2002), and another ophiovirus, MiLBVV
(Navarro et al. 2005).

Phylogenetic groups of CPsV isolates from Morocco can
be distinguished by informative changes (data not shown).
Sequences from group I are characterized by two of these
changes. Six specific point mutations are present in isolates
M17 andM18 of group II and five specific point mutations are
also present in isolates T20, T21 and T23 of group II, whereas
six other changes are detected in the sequences of this group.
Finally, other nucleotides variations are present in sequences
of group III.

In order to confirm genetic structure and relationships
between the studied isolates, nucleotide diversity values were
estimated between and within CPsV subpopulations, consid-
ering a subpopulation as a group of isolates that were origi-
nally collected from the same geographical region. Between-
subpopulation diversity values were smaller or similar in their
order of magnitude to those corresponding to within-
subpopulation diversity values (Table 2). This indicates that
there is no differentiation of the population according to
geographic origin. The genetic structure described here sug-
gests a displacement of some CPsV isolates among geograph-
ically isolated subpopulations, since isolates from various
regions separated by several hundreds of kilometers showed
identical genetic structure. The same range of diversity was
obtained among isolates from the Gharb region and other
citrus regions in Morocco (Table 1). These findings can prob-
ably be explained by the intense exchange of citrus

propagation material, including CPsV-infected material, be-
tween distant geographic regions of Morocco, and lead us to
question the interpretation of genetic differentiation (Fst) esti-
mates, in terms of effective dispersal.

The statistic Fst was calculated. The global gene flow was
moderate (Table 1), and a more detailed analysis was per-
formed by comparing virus subpopulations of different areas
that did not correspond to geographic proximity, two by two
(data not shown). A high gene flow occurred between the
Moulouya and Tadla regions, whereas other subpopulations
showed moderate gene flow.

Gene flow could have also contributed to shaping the
genetic structure of population, and could also be responsible
for the low genetic variability observed for the CPsV popula-
tion analyzed here.

The selective constraint for amino acid change was esti-
mated by computing nonsynonymous and synonymous sub-
stitutions. The number of synonymous substitutions per syn-
onymous site (dS) was 0.044±0.009 (Table 1), whereas the
number of nonsynonymous substitutions per nonsynonymous
site (dN) was 0.009±0.002, smaller than dS (Table 1). The
ratio (dN/dS) was low, suggesting a negative selective pressure
for amino acid changes (Nei 1987), and indicating functional
or structural constraints for amino acid changes. Indeed, 12
out of the 136 amino acid positions (8.82 %) were polymor-
phic, but only five of them potentially altered amino acid
polarity; particularly, Gly2 was changed to Cys2 in isolate
G6, Ser7 was changed to Pro7 in isolate M2, Pro17 was
changed to Gln17 in isolate M14, Gly72 was changed to
Ser72 in isolate M8 and in isolate M22, and Asn107 was
changed to His107 in isolate T20, T21 and in isolate T23 (data
not shown).

The observed genetic stability of CPsV population could
be due to the apparent absence of a natural vector, which
might have prevented population changes induced by the
founder effect often associated with the transmission process,
as reported for CLBV (Vives et al. 2002). Indeed, no evidence
of the natural vector of CPsV exists so far.

Taking all the above data together, a low degree of genetic
variability depends on evolutionary forces, recombination
between variants or mixed infections, selection pressure, foun-
der effect and gene flow. The relative contributions of these
evolutionary forces play a critical role in shaping virus evolu-
tion and the ensuing virus population (Grenfell et al. 2004).
This knowledge will help us to understand the molecu-
lar structure of CPsV populations in order to use pathogen-
mediated strategies for CPsV protection purposes, since
these methods use virus sequences homologous to their
targets.
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Table 2 Within-population and between-populations nucleotide diversity
in region R3 of RNA3 for CPsV subpopulations grouped by geographic
origin

Subpopulation Gharb Moulouya Tadla

Gharb 0.013±0.003 0.019±0.003 0.019±0.003

Moulouya 0.023±0.004 0.023±0.004

Tadla 0.022±0.004

A subpopulation was considered here as the set of isolates from the same
geographic region (Gharb, Moulouya or Tadla). Nucleotide diversities
were computed by using the Kimura two-parameter method (Kimura
1980)
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