Phytopathologia Mediterranea

The international journal of the
Mediterranean Phytopathological Union

OPEN ACCESS

Citation: S. Cerni, Z. Satovié, J.
Rusgié, G. Nolasco, D. Skorié (2020)
Determining intra-host genetic diver-
sity of Citrus tristeza virus. What is the
minimal sample size?. Phytopatholo-
gia Mediterranea 59(2): 295-302. DOI:
10.14601/Phyto-11276

Accepted: June 4, 2020
Published: August 31, 2020

Copyright: © 2020 S. Cerni, Z.
Satovié, J. Rusg&i¢, G. Nolasco, D.
Skori¢. This is an open access, peer-
reviewed article published by Firenze
University Press (http://www.fupress.
com/pm) and distributed under the
terms of the Creative Commons Attri-
bution License, which permits unre-
stricted use, distribution, and reproduc-
tion in any medium, provided the origi-
nal author and source are credited.

Data Availability Statement: All rel-
evant data are within the paper and its
Supporting Information files.

Competing Interests: The Author(s)
declare(s) no conflict of interest.

Editor: Anna Maria D’Onghia,
CIHEAM/Mediterranean Agronomic
Institute of Bari, Italy.

Firenze University Press
www.fupress.com/pm

Research Papers

Determining intra-host genetic diversity of
Citrus tristeza virus. What is the minimal
sample size?

Sitvja CERNIY, Zratko SATOVIC?3, JeLeNa RUSCICY Gustavo NOLAS-
CO?3, Dyjana SKORIC!

! University of Zagreb, Faculty of Science, Department of Biology, Division of Microbiol-
o0gy, Marulicev trg 9a, 10000 Zagreb, Croatia

2 University of Zagreb, Faculty of Agriculture, Department for Seed Science and Technol-
ogy, SvetoSimunska 25, 10000 Zagreb, Croatia

3 Centre of Excellence for Biodiversity and Molecular Plant Breeding (CoE CroP-BioDiv),
SvetoSimunska cesta 25, 10000 Zagreb, Croatia

* Autolus Therapeutics plc, Forest House, 58 Wood Lane, White City, London, W12 7RZ
® Universidade do Algarve, Campus de Gambelas, Building 8, DCBB, 8005-139 Faro, Por-
tugal (retired)

*Corresponding author: silvija.cerni@biol.pmf.hr

Summary. Intra-host populations of plant RNA viruses are genetically diverse. Due
to frequent reinfections, these populations often include phylogenetically distant vari-
ants that may have different biological properties. Random selection of variants, which
occurs during host-to-host virus transmission, may affect isolate pathogenicity. Accu-
rate characterization of genetic variants in intra-host virus populations is therefore
epidemiologically important. In routine molecular characterization of Citrus tristeza
virus (CTV) isolates, common practice is to analyze only a few cDNA clones per iso-
late. In the present study, based on the characterization of CTV populations displaying
different levels of genetic diversity, we evaluated if analyzing large numbers of clones
increased diversity parameters. A sequential sampling approach, based on analysis
of genetic richness. is proposed for determining the minimal sample size required to
obtain reliable information on levels of CTV genetic diversity.

Keywords. Cloning, CTV, population structure, sequencing, SSCP.

INTRODUCTION

High error rate of RNA dependent RNA polymerases is the main contribu-
tor in generating heterogenic populations of genetically related variants, attrib-
uted to all RNA viruses (Ojosnegros et al., 2011; Domingo et al., 2012). While
this benefits virus populations, enabling adaptation to variable environmental
conditions and different selective regimes (Domingo et al., 1997; Schneider and
Roossinck, 2001), the variation complicates study of virus isolate genetic struc-
ture and understanding of effects on the symptom expression. All evidence
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suggests that mutant spectra can hide components that
in isolation would display dissimilar biological properties
(Domingo et al., 2012). Due to frequent reinfections, some
long-living hosts can also accumulate highly heterogenic
virus variants, some of which are phylogenetically distant.
As a result of repeated genetic bottlenecks occurring dur-
ing virus host-to-host transmission events (Li and Rooss-
inck, 2004; Ali et al., 2006), virus populations are subject-
ed to fitness reduction and biological alterations (Domin-
go et al., 2012). Minor population variants may influence
the symptom expression (Domingo et al., 2006; Cerni et
al., 2008), so it is important to have an efficient tool for
accurate characterization of virus isolates, both for gain-
ing insights into isolate epidemiology, and for under-
standing virus pathogenicity.

For isolates of Citrus tristeza virus (CTV), the most
important virus pathogen of citrus, the relationships
between population structure of an isolate and its bio-
logical expression remain neither well documented nor
understood. This is also the case for many other virus-
es. Based on coat protein (CP) gene sequences, CTV
variants are grouped into seven phylogenetic clusters
between which the representatives of at least four clus-
ters clearly differ in pathogenic potential (Nolasco et al.,
2009; Hancevié et al., 2013). Several authors have not
fully characterized the extent of CTV variants compos-
ing individual isolates. Consequently, there are inconsist-
encies between phylogenetic data and isolate biological
characteristics. Much understanding of viral pathogen-
esis derives from studies of single viral clones, which may
not reveal many of the most important aspects of natural
infections (Lauring and Andino, 2011). Gao et al. (2005)
proposed the hypothesis that the level of intra-host virus
population diversity can easily be missed. They showed
that for obtaining good population structure of Hepa-
titis virus C isolates, it was necessary to analyze up to
40 separated genomic variants (clones). As CTV infects
long-living hosts subjected to frequent reinfections, with
genetic bottlenecks often occurring during virus trans-
mission by the aphid vectors or grafting (Nolasco et al.,
2008; Cerni et al., 2008), CTV variants belonging to
diverse phylogenetic lineages are expected to coexist.

The probability of sampling at least one sequence of
genomic variant x is given by the formula Pr = 1-(1-p)",
where p is the frequency of the genetic variant x, and n
is the sample size. Thus, the minimal sample size can be
calculated as: n = log(1-Pr)/log(1-p) (Ott, 1992). There-
fore, the sample size of n = 59 should be adequate to
detect a genetic variant whose frequency in the popula-
tion is greater than 5%, with the probability of 95%. Fur-
ther, if k variants present at frequency p are to be detect-
ed with a probability of Pr, the equation becomes: n =
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log(1-Pr'/®/log(1-p), and, similarly, the sample size of n =
72 would be needed to detect two genetic variants with
frequencies greater than 5%.

Bulk virus clone analysis is time consuming and
expensive, and not always required. Our goal was to
investigate to what extent analysis of increased num-
bers of clones, based on a range of diversity parameters,
enhanced information quality on CTV genomic vari-
ants within a virus population. We also assessed if an
approach based on analyses of genetic richness could
determine optimum sample size.

MATERIALS AND METHODS
Citrus tristeza virus isolates

All samples used in this study were previously con-
firmed to be CTV positive, by DAS-ELISA (Loewe).
Samples were taken randomly from seven citrus hosts
including: the Citrus unshiu Mac. Mark. varieties Aoshi-
ma, Chahara and Zorica Rana (isolates AO, CH and ZR),
C. sinensis (L.) Osbeck variety Fukumoto Navel (isolate
EN), and three C. wilsonii Tanaka plants (isolates CwSl,
CwS2, CwS3). Two additional samples were created by
pooling tissue of isolates AO, CH and ZR (sample P1)
and isolates CwS1, CwS2 and CwS3 (sample P2), to cre-
ate samples having high genetic diversity. Total RNA
was extracted from each sample of infected tissue col-
lected from different plant sections (Cerni et al., 2008),
using the RNeasy Plant Mini Kit (Qiagen).

Separation and characterization of Citrus tristeza virus
variants

Coat protein (CP) genes of CTV variants present in
the sample populations were amplified by one-step RT-
PCR (Cerni et al., 2008), using primers corresponding to
both ends of the CP gene (Gillings et al., 1993). Result-
ing products (672 bp) were separated by electrophore-
sis in 1% agarose gel, and visualized in UV-light after
ethidium bromide staining. To separate different CTV
variants, amplicons were TA-cloned into the pTZ57R/T
vector, followed by the transformation of competent
Escherichia coli INVaF’ cells, as described by the manu-
facturer (Fermentas). Transformed colonies were selected
by a-complementation, and the presence of the insert
was confirmed by PCR using the same primers and PCR
reaction conditions as described above.

Identification of different genomic variants was per-
formed by Single-Strand Conformation Polymorphism
(SSCP) analysis (Rubio et al., 1996). For each virus iso-
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late, the PCR products from 40 transformed colonies
were analyzed sequentially in groups of ten, and differ-
ent patterns were visualized by silver staining (Beidler
et al., 1982). PCR products displaying different SSCP
patterns were considered different genomic variants
(Kong et al., 2000), and these were chosen for sequenc-
ing. Plasmids containing different genomic variants of
each isolate were purified using a PureLink™ Quick
Plasmid Miniprep Kit (Invitrogen), and were sequenced
in both directions (Macrogen Inc.) using a pair of M13-
pUC universal primers. Different genomic variants and
their phylogenetic clustering were determined by using
MEGA 5.5 (Tamura et al., 2011), applying the neighbour-
joining method and Kimura 2-parameter evolutionary
model. The sequences of reference isolates were the same
as those described in a previous study (Cerni et al., 2009).

Data analyses

Genetic diversity of CTV isolates was assessed at
genomic variant and phylogenetic group levels.

For each isolate the following parameters were cal-
culated: (1) the total numbers (N, of genomic vari-
ants and phylogenetic groups detected; (2) the equiva-
lent numbers (Ng) of genomic variants/phylogenetic
groups; (3) genomic variant/phylogenetic group diver-
sity, as measured by Shannon’s information index (H)
(Lewontin, 1972); (4) genomic variant/phylogenetic group
diversity, expressed as a maximum diversity (Hy,,) for a
given number of genomic variants/phylogenetic groups
achieved in the case of equal frequencies of all genomic
variants/phylogenetic groups in a sample (isofrequency
situation); (5) the proportion of genomic variant/phy-
logenetic group diversity within and among four sets of
ten clones (H,yy/Hro,);s and (6) the statistical significance
(Fisher’s exact test) for differences in number of clones
per genomic variant/phylogenetic group among four sets
of ten clones (P). All the parameters are explained below
in terms of genomic variants. The same approach was
used in the assessment of phylogenetic group diversity.

Equivalent number of genomic variants (Ng) repre-
sents the number of equally frequent genomic variants
for a given level of diversity, thus allowing compari-
son of isolates where the numbers and distributions of
genomic variants differ greatly. Ny was calculated as:

1

N, =

~

where, p; is the frequency of the i" genomic variant, and
I is the total number of genomic variants of the isolate.
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The proportion of genomic variant diversity within
and among four sets of ten clones was calculated based
on Shannon’s information index. This was calculated as:

I

H = _Z (pi log, pi)

i=l1

where, p; is the frequency of the ih genomic variant, and
I is the total number of genomic variants of the isolate.

Shannon’s information index was used to measure
the total genomic variant diversity (Hrp,,;) of a complete
set of 40 clones, as well as the average diversity (Hy,),
over four sets of ten clones. The proportions of diversity
within (H ye/Hro) and among sets [(Hor—H avg)/ Hporall
were calculated.

Fisher’s exact test in SAS (SAS Institute Inc., 2004)
was used to test for differences in number of clones in
each genomic variant among four sets of ten clones. The
number of genomic variants detected in a first set of ten
clones and the number of additional genomic variants
detected in incremental sets of ten clones were deter-
mined for each permutation of four sets of clones (n! =
4! = 24 possible orders), and averaged.

An approach for determining the optimum sam-
ple size to obtain the maximum information on CTV
genomic variants present in an isolate was based on the
formula proposed by Hurlbert (1971) for the assessment
of species richness. In this method, the expected num-
ber of species (species richness) is calculated for the col-
lection to be compared after all collections are scaled
down to the same number of individuals, namely that of
the smallest collection. This scaling is necessary because
large collections would have more species than small
ones, even if they were drawn from the same commu-
nity (Heck et al., 1975). This approach, called rarefaction,
has been adopted (Hughes et al., 2001) for estimation
and comparison of species richness among sites, treat-
ments, or habitats that have been unequally sampled. The
same formula was introduced by Petit et al. (2008) for
the calculation of haplotype richness, as the measure of
the number of haplotypes per population independent of
sample size, while the modified version, described by El
Mousadik and Petit (1996), estimates allelic richness, i.e.
the number of alleles per population comprised of diploid
organisms.

In the present case, Hurlbert’s formula was used to
calculate genomic variant richness (N,) as:

g )
N,:ZI:l—i
1 ()
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where, N is the sample size, n is the subsample size, N; is
the count of genomic variant i, and I is the total number
of genomic variants.

The approach used in the present study included
sequential sampling coupled with calculation of genom-
ic variant richness for increasing numbers of samples.
The principle was to estimate the expected number of
genomic variants in a subsample of n individuals (n <
N), given that N individuals were sampled. As explained
above, genomic variant richness is a measure of genom-
ic variant numbers independent of sample size. This
allows comparison of this quantity between different
sample sizes. In the present case, the genomic variant
richness of samples of N = 20, 30 and 40 was equal to
the expected number of genomic variants that a sam-
ple would have had if the sample size had been n indi-
viduals instead of N, n being equal to N - 10. Genomic
variant richness (N;; n = N - 10) was compared to the
observed number of genomic variants in a sample of size
n, and the difference (AI) between these two parameters
was calculated. The procedure was repeated for all pos-
sible sampling orders, and the differences (AI) between
genomic variant richness (N,) and the observed number
of genomic variants in a sample of size n were averaged.
This approach can be applied for any number of individ-
uals given that n > 1.

RESULTS
Molecular characterization of Citrus tristeza virus isolates

RT-PCR gave strong amplification signals corre-
sponding to 672 bp length products of the CTV coat
protein gene in all isolates. After the separation of differ-
ent genomic variants by TA-cloning, 40 PCR products,
representing separated variants of each isolate, were
subjected to SSCP analysis in groups of ten. For each
isolate, clones displaying different SSCP patterns were
sequenced in a number approximately proportional to
its frequency in the population. It was verified that the
sequenced clones of each isolate displaying the same
SSCP pattern had no significant nucleotide differences,
validating the assumption that each SSCP pattern cor-
responded to a single genomic variant as suggested by
Kong et al. (2000). For each isolate, all clones displaying
distinct SSCP patterns had different nucleotide sequenc-
es. The phylogenetic analysis (results not presented) of
the obtained sequences showed that all analyzed vari-
ants of isolates CH and ZR clustered into one phyloge-
netic group, while for all the other isolates, a mixture of
genomic variants were detected, belonging to different
phylogenetic groups (Supplementary Table 1). Variants of
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isolates AO, CwS2 and in sample P1 clustered into two
different phylogenetic groups, and variants of isolates
FN, CwS1, CwS3 and in sample P2 clustered into three
different phylogenetic groups.

Genomic variant diversity

Total number of genomic variants (Nr,,) detected
across isolates varied from three to ten, but the equiva-
lent number (Ng) was much smaller, exceeding three
variants per isolate in case of three out of nine isolates
(Table 1). The most frequent genomic variant (f;,,) had
a frequency greater than 75% in five out of nine isolates;
in only two cases (isolates AO and sample P1) the fre-
quency of the most frequent variant did not exceed 50%.
Variant diversity (Hr,,) was generally low; in seven out
of nine isolates Hr,,, was less than 75% of the H,,,, and
frequencies of the variants were far from being equal.
Generally, the greatest diversity (H,y,/Hro) Was attrib-
utable to within-sample diversity. Different sets of ten
clones were not significantly different (P > 0.05) in num-
ber of clones per variant, except in the case of sample P1.

Table 1. Genomic variant diversity of nine Citrus tristeza virus iso-
lates, based on SSCP analyses.

lolite N Ne Nuwg o i %Ha " P
AO 4 3.00 3-4 425 1.679 8394 0.951 0.971
CH 3 1.29 1-3 87.5 0.634 39.99 0.833 0.726
CwS1 7 1.74 2-5 75.0 1.442 51.36 0.749 0.500
CwS2 5 1.30  2-3 87.5 0.784 33.76 0.743 1.000
CwS3 6 1.73  2-5 75.0 1342 5191 0.842 0.958
FN 5 240 2-4 575 1570 67.60 0.824 0.269
ZR 4 1.17 1-2 925 0.503 25.16 0.699 1.000
P1 7 3.60 3-5 40.0 2.156 76.81 0.652 <0.001
P2 10 3.45 3-7 50.0 2454 73.88 0.761 0.196

Ny Total number of genomic variants detected.

Ng, Equivalent number of genomic variants.

Nrange Range of genomic variants detected in sets of ten clones.
fuao Frequency of the most frequent variant.

Hrya» Genetic diversity, as measured by Shannon’s information
index.

%H)p, Genetic diversity expressed as percent of the maximum
diversity for a given number of variants achieved in case of equal
frequencies of all the variants in an isolate (isofrequency situation).
Havg/Hrora Proportion of genomic variant diversity within four sets
of ten clones.

P, Probability (Fisher’s exact test) of differences in number of clones
per variant among four sets of ten clones.
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The average number of genomic variants detected in
the first set of ten clones ranged from 1.75 (ZR) to 4.75
(P2), as obtained by permutations (Figure 1). Thus, the
proportion (%) of variants detected in the first set var-
ied between 43.75% (isolate ZR) to 82.25% (isolate AO).
The analysis of an additional set of ten clones (second)
yielded on average more than a quarter of the total num-
ber of variants in only one case (isolate CwS1), while in
both third and fourth sets of ten clones, the number of
additional variants detected did not exceed a fifth of the
total number of variants.

Analyses of Al values in relation to increasing num-
bers of sampled clones (Figure 2) showed that ten clones
would represent the existing CTV diversity of isolates
AO, CH, CwS2, CwS3 and ZR, so additional sets did not

3

~ o ©

No. of genomic variants
L‘# -~ w o

~

[
|
|
Cws3 FN ZR P1 P2
CTVisolate
01 @2% @3 mam
set of 10 clones

. T
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Figure 1. The number of genomic variants detected in a 1% set of
10 clones of nine Citrus tristeza virus isolates based on the results
of the SSCP analysis and the number of additional variants detected
in incremental sets of ten clones averaged over 24 possible sampling
orders of four sets.

0.50

Al

203040 203040 203040 203040 203040 203040 203040 203040 203040
AOD CH Ccwsi Cws2 Cws3 FN ZR P1 P2
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Figure 2. Al values of genomic variant richness in relation to
increasing number of sampled clones averaged over 24 possible
sampling orders of four sets based on the results of the SSCP analy-
sis of nine Citrus tristeza virus isolates.

299

increase the genetic richness over the number of variants
already detected in a first set of ten clones. Additional
sets (second, third or fourth) of ten clones yielding high-
er genetic richness (N,) over the number of variants (n)
detected in the first set of ten clones (i.e. AI > 0; Figure 2
indicated in red) were needed in case of four out of nine
isolates. In the case of samples of isolates CwS1, FN and
sample P1, at least three sets were needed, but for sam-
ple P2, the analysis of the fourth set still increased the
genetic richness over the number of variants detected in
previous three sets, so more sets should be analysed.

Phylogenetic group diversity

Total numbers of phylogenetic groups (N,,) detect-
ed across isolates varied from 1 to 3, but the equivalent
numbers (N;) were below two in all the cases (Table 2).
The most frequent (f,,) phylogenetic group had a fre-
quency greater than 75% in five out of seven isolates in

Table 2. Phylogenetic group diversity of nine Citrus tristeza virus
isolates based on the results of the SSCP analysis and the classifica-
tion, as proposed by Nolasco et al. (2009).

Isolatt Npyu  Ng  Neange  fux  Hrow %Hpya Ef;f/l P
AO 2 172 22 700 0881 8813 0.980 0.963
CH* 1 - - - - - - -
CwSl 3123 12 900 0569 3590 0.729 0.408
CwS2 2 105 12 975 0.169 16.87 0.695 1.000
CwS3 3 136 23 850 0748 47.17 0.930 1.000
FN 3 183 23 675 1.037 6542 0872 0.266
ZR* 1 - - - - - - -
P1 2 134 22 850 0610 60.98 0938 0.684
P2 3 159 23 775 0976 61.57 0.879 0.456

Ny Total number of phylogenetic groups detected.

N, Equivalent number of phylogenetic groups.

Nranger Range of phylogenetic groups detected in sets of ten clones.
fyo Frequency of the most frequent phylogenetic group.

Hypup Genetic diversity, as measured by Shannon’s information
index.

%Hy,, Genetic diversity, expressed as percent of the maximum
diversity for a given number of phylogenetic groups achieved in the
case of equal frequencies of all the groups in an isolate (isofrequen-
cy situation).

H,yo/Hrora» Proportion of phylogenetic group variant diversity with-
in four sets of ten clones.

P, Probability (Fisher’s exact test) for differences in number of
clones in each phylogenetic group among four sets of ten clones.

* For samples CH and ZR, all the clones belonged to the same phy-
logenetic group.
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Figure 3. Number of phylogenetic groups detected in a first set of
ten clones of seven Citrus tristeza virus isolates, based on the clas-
sification proposed by Nolasco et al. (2009), and number of addi-
tional variants detected in incremental sets of ten clones, averaged
over 24 possible sampling orders of four sets.
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Figure 4. Al values of phylogenetic group richness in relation to
increasing number of sampled clones averaged over 24 possible
sampling orders of four sets based on the results of the classification
proposed by Nolasco et al. (2009).

which more than one phylogenetic group was detected.
Phylogenetic group diversity (Hr,,) was generally low;
in six out of seven isolates this was less than 75% of the
Hynys frequencies of the phylogenetic groups were far
from being equal. Generally, the isolates tended to be
comprised of genomic variants belonging predominantly
to the same phylogenetic group. Most of the phyloge-
netic group diversity was attributable to within-sample
diversity. The among-sample component was greater
than 0.30 in just one case (isolate CwS2). Different sets
of ten clones were not significantly different in number
of clones per phylogenetic group.

The average number of phylogenetic groups (Fig-
ure 3) detected in the first set of ten clones ranged from
58.33% (isolate CwSl1) to 100.00% (isolate AO and sam-
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ple P1), as obtained by permutations. In the second,
third and fourth sets of ten clones, the numbers of addi-
tional phylogenetic groups detected did not exceed a
fifth of the total number of phylogenetic groups.

Analyses of Al values in relation to increasing num-
ber of sampled clones (Figure 4) showed that ten clones
adequately represented the existing CTV diversity of
isolates AO, CwS2, CwS3, and FN, and sample P1. Addi-
tional sets did not increase the genetic richness over
the number of phylogenetic groups already detected in
the first set of ten clones. Additional sets (up to four) of
ten clones yielding greater phylogenetic group richness
than the number of phylogenetic groups (n) detected in
the first set (i.e. AI > 0; Figure 4 marked in red), were
required for isolate CwS1 and sample P2.

DISCUSSION

Accurate characterization and systemic monitoring of
intra-host virus population diversity is important, as dem-
onstrated from increasing numbers of studies (Domingo
et al., 2012). In epidemiological research, this information
is essential for identification of risk factors and surveil-
lance of diseases. In evolutionary studies characterization
aids understanding of how evolutionary forces shape virus
populations, and in the studies of virus pathogenesis it
improves understanding of how genetically different vari-
ants contribute to particular viral phenotypes.

Cloning and sequencing are the standard molecular
procedures used for the detection and quantification of
genetic variants present in virus quasispecies. Although
sampling theory gives strict guidelines for numbers of
clones that should be analyzed to detect genetic variants
having particular population frequencies, extensive clone
analyses are often unnecessary. Cloning and sequencing
are time consuming and expensive, and genetic diversity of
virus isolates may range from very low to high. Therefore,
our aim was to develop an approach that could be applied
to individual samples, regardless of their diversity levels,
and to provide the information of adequate sample size.

In the case of CTV (Nolasco et al., 2009) and Grape-
vine leafroll associated virus -3 (Gouveia et al., 2011),
PCR-ELISA based typing tool (APET) has been devel-
oped, which allows rapid identification of the phyloge-
netic groups present in a sample, without the need for
cloning. Use of this tool for initial analyses would allow
identifying a priori how many groups are present, and
would provide indication of when to stop cloning and
sequencing. Nevertheless, for quantification and identi-
fication of variants from the same phylogenetic groups,
cloning and sequencing remains the only suitable tool.



CTYV genetic diversity analysis

There is an increasing number of reports using next-
generation sequencing for virus quasispecies characteri-
sation (Barbezange et al., 2018, Yu et al., 2018). Although
promising, next-generation sequencing approaches that
enable rapid detection of single-nucleotide polymor-
phisms within different haplotypes is still challenging
for virus quasispecies reconstruction. This requires bio-
informatics support, and tools are not always well adapt-
ed, especially when sequence divergence is low or rare
haplotypes are present (Schirmer et al., 2012). Therefore,
cloning-based approaches may serve as good alterna-
tives, and also as biological controls in results obtained
after next-generation sequencing.

The present study, based on comprehensive charac-
terization of genetic diversity of nine intra-host CTV
populations displaying different diversity levels, revealed
the following at genomic variant and phylogenetic group
levels: (i) the equivalent number of genetic variants was
much smaller than the total number of genetic variants
detected; (ii) the most frequent genetic variant had fre-
quency greater than 50% in almost all cases; (iii) variant
diversity was generally low and frequencies of the vari-
ants were far from being equal; (iv) most of the diversity
was attributed to within-sample variation; and (v) there
were no significant differences between sets of clones.
These results are similar to those of Chare and Holmes
(2004) and Garcia-Arenal et al. (2001), who reported
that pairwise nucleotide sequence diversity among plant
virus populations is usually low. Garcia-Arenal et al.
(2001) also reported that the most common composition
of plant virus populations was differing numbers of hap-
lotypes, separated only by small genetic distances that
exhibit L-shaped rank-abundance curves; that is, one or
a few major haplotypes plus many minor haplotypes.

Although the most abundant variants of CTV would
most probably be detected in the first set of ten clones,
the question still remains of “How many clones should
be analyzed to adequately provide new information
on population diversity?”. The answer is given by an
approach based on the calculation of genetic richness.
Sequential sampling based on genetic richness gives
the optimal sample size, and enables termination of the
analysis when sufficient information regarding genetic
diversity of the population is reached. Sequential sam-
pling, as proposed, is suitable for genomic variant and
phylogenetic group analyses, and consists of the follow-
ing steps: (i) analyze two sets of ten clones each; (ii) cal-
culate allelic richness (N,) of a sample of N = 20, equal
to the expected number of genetic variants that a sam-
ple would have had if the sample size had been ten; (iii)
compare the genetic variant richness (N,) to the average
number of genetic variants detected in two sets of ten

301

clones, and calculate the difference (Al); (iv) if AI < 0,
the number of sequenced clones is sufficient to represent
the genetic variant diversity of the isolate; and (v) if Al
> 0, there is need for sequencing an additional set of ten
clones, and for the procedure to be repeated.

The proposed approach is advantageous especially in
cases when multiple factors influencing the structure of
plant virus populations are to be assessed, such as geo-
graphic locations, hosts or duration of infections. While in
such cases hierarchical sampling and/or randomized com-
plete block studies are required (D’Urso et al., 2003; Moury
et al., 2006), sequential sampling could be useful. This can
provide information about the unexplored diversity at each
sampling stage, and can aid comparisons of diversity in
populations (or strata) with unequal sampling effort.

The experimental system proposed here is readily appli-
cable to other host/virus systems, independently of popula-
tion diversity, and can be used to track virus variants.
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