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Abstract: Sixteen grapevine cultivars from Mediterranean Croatia were surveyed for the presence of
10 of the most economically important grapevine viruses. The presence of Grapevine fanleaf virus
(GFLV), Arabis mosaic virus (ArMV), Grapevine leafroll associated virus-1, -2, and -3 (GLRaV-1;
GLRaV-2 and GLRaV-3), Grapevine virus A (GVA) and B (GVB), Grapevine fleck virus (GFkV),
Grapevine rupestris stem pitting associated virus (GRSPaV), and Grapevine Pinot gris virus (GPGV)
were tested by reverse transcription polymerase chain reaction (RT-PCR) and enzyme-linked im-
munosorbent assay (ELISA). All 71 analyzed clones were positive for the presence of one or more
viruses. The most abundant one, detected in almost 95% of samples was GLRaV-3. In most of cases it
was reported in mixed infections with GVA, GRSPaV, and GPGV. Virus genomes of GLRaV-3 infected
vines were further characterized molecularly in order to determine their genetic diversity. Different
genomic variants of heat shock 70 protein homologue (HSP70h) were identified by single-strand
conformation polymorphism (SSCP) and sequenced. Sequence analysis confirmed their clustering
into phylogenetic group I and/or phylogenetic group II. This study emphasizes the wide virus
heterogenicity in Mediterranean vines and the predominant presence of GLRaV-3 phylogenetic
groups I and I, either individually or in combination.
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1. Introduction

In comparison to other cultivated crops, grapevines are amongst those infected with
the greatest number of viruses. About 80 virus species have so far been identified in this
species. The most damaging and widespread grapevine viruses are those causing four
major diseases: leafroll disease complex, rugose wood complex, infectious degeneration
and decline, and fleck [1].

Grapevine leafroll-associated virus 3 (GLRaV-3), the main causal agent of leafroll dis-
ease, is one of the most important virus pathogens worldwide. It is a positive-stranded RNA
virus, belonging to the genus Ampelovirus, family Closteroviridae [2]. While symptomless
and unrecognized in rootstocks, thus contributing to its spread, important economic losses
are reported in Vitis vinifera infected with GLRaV-3 [3]. When strongly expressed, GLRaV-3
pathogenicity is evident via leaf downward rolling typical symptoms in red vine variety,
delayed ripening, reduced berry sugar content, and a spectrum of disturbed physiological
processes, mainly photosynthesis and those related to carbohydrate metabolisms [4].

Grapevine plants are potentially subjected to repeated infections through the mealy-
bugs’ vectors (Pseudoccocus spp.; Planococcus spp.) and soft scale insects (Pulvinaria vitis; [5])
which transmit the GLRaV-3 in semi-persistent manner [3]. Repeated infections together
with the error-prone nature of viral RNA-dependent RNA polymerase (RdRps) lead to
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the accumulation of different GLRaV-3 genetic variants forming complex populations
that could easily become a reservoir for events of recombination generating new variants.
The knowledge of evolving sequence polymorphisms is essential to fully understand the
disease and to ensure the appropriate detection protocol and reliable identification of all
significant virus variants. In this way, the estimation of eventual losses and management
strategy to prevent vineyard deterioration could be planned and implemented.

Since the first report on GLRaV-3 population structure [6], genetic variability has been
brought to the wider attention, so new divergent variants are continuously discovering all
around the globe. Phylogenetic classification of GLRaV-3 is mainly based on the nucleotide
sequences encoding coat protein (CP), 70 kDa heat shock protein homologue (HSP70h)
and RdRp [6-9]. One of the latest studies based on the genetic diversity of the 3’ terminal
region suggests the existence of ten different groups and the majority of genomic variants
identified so far could univocally be ascertained to one of the clades proposed by Diaz-Lara
et al. [10].

Once infected, symptom expression within each plant depends on virus genotype,
environmental conditions and in some minor extant, agrotechnical measures. Some native
varieties were found to stand out by their good sanitary status as they were grown in
isolation and particularly, not grafted on rootstocks that, although infected, do not show
symptoms [11]. Similarly, wild grapevine differs in sanitary status compares to cultivated
grapevine [4,12]. With more and more efforts put into preservation of ancient grapevine
germplasm, autochthonous varieties represent valuable resources for breeding as well as
for diversification in grapevine-derived products. It is expected that some native varieties
adequately adapted to a particular environment will adapt easier to the climate changes
compared to wide distributed European varieties [13]. In addition to this, comparative
status of viral infections of native varieties might give valuable information for the future
selection purposes in viticulture.

In this study, 16 most widespread native grapevine varieties from Croatian Adriatic
coast were analyzed for the presence and distribution of 10 most important grapevine
viruses by both RT-PCR and ELISA. For the most significant pathogen, GLRaV-3, different
genomic variants were characterized after their molecular analysis.

2. Results
2.1. RT-PCR and ELISA Virus Detection

In each of 71 analyzed plants, the presence of at least one of the ten tested viruses
was confirmed by both molecular and serological assays. The most abundant virus was
GLRaV-3, which was detected in 94.37% of plants (Figure 1). Only 4 vines, 3 belonging to
cv Posip crni and one to cv Plavina were found GLRaV-3 free, although infected with other
viruses. A high prevalence was also recorded for GRSPaV (81.69%), GVA (80.28%) and
GPGV (61.97%), while prevalence of GLRaV-1, GFkV, GVB, GFLV, GLRaV-2, and especially
ArMV were much lower (Figure 1).
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Figure 1. Prevalence of 10 analyzed viruses in 71 samples of autochthonous grapevine varieties at
the Croatian Adriatic coast.

Only two samples of cv Plavac mali were single infected with GLRaV-3, while all
other samples had multiple infections. The most common combination (16.42%) comprised
GLRaV-3, GVA, GRSPaV, and GPGV (Figure 2).
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Figure 2. Percentages of different virus combinations infecting tested grapevine samples.

The majority of the samples (26.76%) were infected with four different viruses (Figure 3),
while the highest number of different viruses, seven, was detected in one sample of cv
Vugava. When looking at the average number of viruses infecting different cultivars, the
highest value was recorded in cv Babi¢ and the smallest in cv Plavac mali (Figure 4). A
higher sensitivity in diagnostics was accomplished using multiplex PCR in comparison
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to ELISA test only in the case of three viruses. With GLRaV-2 8.5% of the tested vines
were positive using multiplex in comparison to 4.25% gained by using ELISA, in case of
ArMV 1.4% of tested vines were positive with multiplex PCR in comparison to 0% using
ELISA and finally with GFkV 16.9% of tested vines were positive using multiplex PCR in
comparison to 15.49% positive vines using ELISA.

30,00%

26,76%
25,00% 23,94%
20,00%
16,90%
15,49%
15,00%
12,68%
10,00%
5,00%
2,82%
. 1,41%
0,00% -
1viruses 2 viruses 3 viruses 4 viruses 5 viruses 6 viruses 7 viruses

Figure 3. Percentages of single and mixed infections in tested grapevine samples.
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Figure 4. Average number of different viruses detected per grapevine cultivar.

2.2. SSCP Analysis and Molecular Diversity of GLRaV-3

Thirty-three (33) selected GLRaV-3 positive samples were further analyzed in order
to identify and characterize different virus variants present within each isolate. The SSCP
analysis of 20 clones per sample whenever possible (in total 586 clones) revealed the
existence of more than one genomic variant in tested samples (Figure 5).
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Figure 5. An example of different GLRaV-3-HSP70h haplotypes (marked with letters A, B, C)
identified by single-strand conformation polymorphism (SSCP) in monophyletic isolate infecting
plants of cv Posip Bijeli 5 (a) and polyphyletic GLRaV-3 isolate infecting plant of cv Vugava 7 (b).
Different SSCP patterns of variants belonging to group I and II are shown in (c).

Different genomic variants were sequenced in a number roughly proportional to its
population frequency as suggested by the SSCP results. Not all clones exhibiting different
SSCP patterns, showed affiliation to different phylogenic groups (Figure 5). As shown
in Figure 5a, two haplotypes were identified. However, sequence analysis confirmed
the clustering of both haplotypes into phylogenetic group II. Out of three haplotypes
presented on Figure 5b, one clustered into group I (haplotype C), while two clustered into
group II (haplotypes A and B). The phylogenetic analysis of all 139 sequenced variants
obtained from 33 samples showed clustering into GLRaV-3 phylogenetic groups I and/or
II supported by high bootstrap values (>78%). Genomic variants from 55% of the analyzed
samples clustered into phylogenetic group II, while those from 27% of the analyzed samples
clustered into phylogenetic group I. Approximately one fifth of samples, 18%, were mixed
infected with both variants clustering into both phylogenetic groups I and II. Due to the
high number of obtained sequences, only highly represented population sequences of each
sample are presented in the phylogenetic tree (Figure 6). The phylogenetic affiliation of
each isolate is presented in Table 1.
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Figure 6. Neighbor-joining phylogenetic tree obtained by the analysis of GLRaV-3 heat shock 70
protein homologue (HSP70h) nucleotide sequences of tested field isolates. Phylogenetic analysis was
performed by MEGA 5. The bar represents 0.02 nucleotide substitutions per site. Reference sequences
included in the analysis are in bold. Clusters are determined in accordance with the phylogenetic

groups published by Diaz-Lara et al. [10].
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Table 1. The vine-growing area of grapevine cultivars, the genetic affiliation of GLRaV-3 isolates found, co-occurrence of other viruses,
and the presence of leafroll disease symptoms.

. Vm?- Isolate GLRaV—S. Co-Occurrence of Other Leafroll
Cultivar Growing Phylogenetic . Symptoms
Name Viruses
Area Group Presence
Babica crna Kastela BC1 I GVA,GVB,GFkV,GRSPaV —
Babica crna Kastela BC3 1 GVA,GVB,GFkV,GPGV,GRSPaV -
Babié Primosten Bab5 I+1I GLRaV-2,GVA,GFkV,GPGV,GRSPaV +
Babi¢ Primosten Bab6 I+1I GLRaV-2,GVA,GFkV,GPGV,GRSPaV +
kfsrtlé'f;‘rfkl Kastela 1 000 CK 0932 I+1I GVA,GFLV,ArMV,GFkV,GRSPaV +
Crljenak Kastela I GVA,GPGV,GRSPaV +
kastelanski
Dobricié Solta Dobé6 II GLRaV-1,GVA,GRSPaV +
Dobricié Solta Dob7 I GLRaV-1,GVA,GRSPaV +
Glavinusa Kastela Glal 1I GVA,GPGV,GRSPaV +
Glavinusa Kastela Gla5 II GVA,GPGV,GRSPaV +
Grk Korc¢ula Grk1 II GRSPaV +
Grk Korcula Grk4 1I GPGV,GRSPaV +
Kujundusa Imotski K3 1I GLRaV-2,GVA,GRSPaV +
Kujundusa Imotski K4 I GVA,GRSPaV +
Malvasia dubr. Konavle Mal2 I+ GLRaV-1,GVA,GVB,GPGV,GRSPaV +
Malvasia dubr. Konavle Mal4 I GLRaV-1,GVA,GVB,GRSPaV +
Malvasia dubr. Konavle Mal6 I+I1 GLRaV-1,GVA,GVB,GPGV,GRSPaV +
Plavac mali Vis 217/1 1I —
Plavac mali Vis 217/2 1I -
Plavac mali Vis 217/3 1I GPGV -
Plavina Drnis Plal I GVA,GPGV,GRSPaV +
Posip bijeli Korcula PB1 I GLRaV-1,GVA,GPGV,GRSPaV —
Posip bijeli Korc¢ula PB5 I GLRaV-1,GVA,GPGV,GRSPaV -
Posip crni Korcula PC4 I GLRaV-1,GPGV,GRSPaV —
Pré Hvar Prch I GLRaV-1,GVA —
Pr¢ Hvar Prc6 II GVA,GRSPaV -
Rukatac Korc¢ula Ruk4 1I GVA +
Rukatac Korcula Ruké 1I GLRaV-1,GVA,GRSPaV +
Vugava Vis Vub 1II GLRaV-1,GVA,GFLV +
Vugava Vis Vub 11 GLRaV-1,GVA,GFLV,GRSPaV +
Vugava Vis Vu?7 I+1I GLRaV1,GVA,GFLV,GFkV,GPGV,GRSPaV +
Zlatarica Vrgorac zv2 11 GVA,GPGV,GRSPaV -
vrgorska
Zlatarica Vrgorac Zv3 1l GVA,GRSPaV -
vrgorska

+ indicates the presence of symptoms that are associated with leafroll disease; — the absence of any visible symptom:s.

3. Discussion
3.1. Virus Distribution

Available results of viral distribution in Croatian vines mostly rely on serological
detection tools [14-16] so in this study, beside exploiting ELISA, we used RT-PCR for
routine detection purposes. Multiplex PCR versus ELISA displayed better sensibility,
therefore offering more reliable diagnostic outcomes and accurate assessment of virus pres-
ence. Furthermore, the genetic variability of the most widespread virus in autochthonous
vines (GLRaV-3) was analyzed by the SSCP method and HSP70h-gene sequencing for the
first time.

This research has elucidated GLRaV-3 as the most common virus in native grapevine
cultivars from Mediterranean Croatia, highlighting its vast presence in 95% of analyzed
vines. GLRaV-3 was mainly detected in mixed infections with GVA, GPGV and RSPaV
(Figure 2). Previously, Voncina et al. [17] found a GLRaV-3 high prevalence in the eastern
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Adriatic vineyards on a limited number of grapevine varieties, mainly using ELISA [14-16]
and NGS [17].

The damage caused by GLRaV-3 in Croatian vineyards has not been systematically
documented, but available data [3] indicate that leafroll diseases could decrease grapevine
yield by 15-20% on average, with peaks up to 40%. From the first record on leafroll
occurrence in this area, in former Yugoslavia [18], it has been evident that GLRaV-3 is a
ubiquitous virus with potentially negative effects on vines. Inspections of viral symptoms
in the collection vineyard under study in early autumn showed typical symptoms of
leafroll disease in most of the plants, which were not perfectly correlated with the virus
composition (Table 1). Leaves redness between green midribs and down rolling were
the most obvious symptoms, but for some cultivars (Crljenak kastelanski and Vugava),
severe chlorosis was recorded in the spring, which can be attributed to nepovirus infections.
Sporadically, symptoms of leaf mottling and deformation, associated with GPGV, were
also recorded. Therefore, these data confirm the harmfulness of GLRaV-3, GLRaV-1, ArMV,
GFLV, and GFkV as prescribed by the European Commission directive 2005/43/EC that
requires their exemption from certified grapevine plant materials and their inclusion in
national certification programs. With no cure for virus-infected plants, only preventive
measures are available, consisting of the production and use of clonally selected and
sanitized propagation material and vector control.

Beside the confirmed presence of GLRaV-3, as in the case of the other Mediterranean
countries [19-24], other viruses included in certification programs were not seriously
represented in Mediterranean Croatian vines. Fortunately, GLRaV-1 and GFkV were found
in lower incidence than some other less harmful viruses (Figure 1). Previous studies based
on serological virus detection in Croatian grapevines emphasized GLRaV-1 and GFkV as
one of the most frequent viruses [14,16,25] but it referred mainly to continental viticultural
regions. Similar findings were reported in Italy [20] leading us to the conclusion that the
prevalence of GLRaV-1 in continental viticulture regions is more evident than in coastal
Mediterranean part. The incidence of GFkV in our study was also lower (16.9%) than
reported for Mediterranean countries [23]

The prevalence of nepoviruses which are considered the most dangerous grapevine
viruses was much lower than others (Figure 1). The least represented virus in this study
was ArMV with only 1.4%.

After GLRaV-3, the second and the third most abundant viruses in the present study
were GRSPaV and GVA associated with the rugose wood complex disease. Confirming data
from surveys carried out in the Mediterranean basin [26,27] as well as worldwide [28,29]
GRSPaV was found in 81.69% of tested samples. However, although wide-spread, GRSPaV
infection has no significant impact on growth and yields and potentially may be even bene-
ficial to the grapevine host [30]. GVA persistently has a high prevalence in Mediterranean
countries [23], confirmed here by our study.

GPGYV, an emerging virus that is not yet included into viticulture certification programs
in Europe, appears to be widely distributed in Croatia. RT-PCR detection revealed its high
occurrence in Croatian autochthonous vine cultivars (Figure 1). According to the newest
data from European Plant Protection Organization, GPGV is nowadays present worldwide
in Asia, Africa, North America, South America, Europe, and Australia. The virus is
widely spread in the neighboring Slovenia [31], as in one survey 40 out of 42 symptomatic
vines were infected. From 2012 onward, it has been detected in most countries of the
Mediterranean basin [3,32,33], United States [34], Germany [35], Canada [28], Lebanon and
Middle East [36], China [37] and South Korea [38] and its first report in Croatia comes from
Bertazzon et al. [39]. The frequency of GPGV in our study was 61.97% (Figure 1), infecting
all cultivars except Pr¢, which is significantly increased than previously reported [17]. As
the analyzed cultivars belong to a germplasm collection and are supposedly not subjected
to frequent agronomical (i.e., grafting, propagation) activities, this wide GPGV prevalence
is likely due to the presence of a vector, previously showed to be the mite Colomerus
vitis [40].
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Significant differences in virus distribution were found among cultivars. These may
be due to their original vine-growing area, exposure to infection, and/or to their specific
susceptibility to different viruses. Plavac mali is the main local cultivar of Mediterranean
Croatia, representing 9.1% (1697.3 ha) of the total vineyard acreages in the Country, and
considered the second rated cultivar [41]. This cultivar was the only one for which we found
replicates infected with solely GLRaV-3 and, in general, it hosted the smallest number of
viruses. The reason likely relies on small populations of local varieties that are traditionally
propagated in relatively isolated vine-growing areas at Croatian islands like Vis, which
allowed the preservation of a good sanitary status (Figure 4). The traditional maintenance
of vineyards at Adriatic islands is still characterized by a low intensity of the introduction
of propagation materials; some of early rootstocks introduced at the beginning of 20th
century are still in use for vineyard establishing. A similar sanitary status was found in old
cultivars originated from the islands of Korc¢ula (Grk) and Hvar (Pr¢; Figure 4) that were
infected by the lowest number of viruses. However, the presence of many different viruses
has previously been serologically detected in Plavac mali, [16] indicating that the extent of
infections does not depend on specific resistance traits. Eight out of 16 cultivars analyzed,
originated from islands located along the coast. In comparison to grapevines originated
from coastal Adriatic their sanitary status was more superior (average 3.6 viruses per plant
vs 4.3 in coastal sites). Babica crna and Babi¢, the cultivars with the biggest number of
viruses, are located in coastal Mediterranean Croatia (Figure 4) with a long tradition of
grapevine cultivation

Not only were the differences in viral distribution between cultivars found, but occa-
sionally also between clones of the same cultivar. Further surveys should be conducted
to confirm whether some cultivars such as Plavac mali, Grk, or Pr¢ are generally charac-
terized with the lower susceptibility to certain viruses by taking into consideration their
complete area of distribution. There are some findings that native varieties stand out for
their good sanitary status [11] similar as wild grapevine [12], so the comparative status
of viral infections of autochthonous varieties might give valuable information for future
selection purposes in viticulture.

No plants were found without viruses, so the deteriorated sanitary status of valuable
Croatian cultivars calls for a strategy to ensure virus-free planting material.

3.2. Study of GLRaV-3 Natural Population

Due to the highest prevalence, GLRaV-3 was further explored in order to identify
and molecularly characterize the different genetic variants present in the tested samples.
The obtained sequences clustered into two (groups I and II) out of the ten phylogenetic
groups already described [10]. Since this virus was mostly accompanied with other viruses
within the analyzed plants, and distributed in different cultivars, the typical expression
of symptoms of these variants was difficult to interpret in the field. Combining different
methods and genetic regions for variant typing, combination of group I and II in the
local grapevines was also reported in Portugal [42] and China [43], with the prevalence
of group I in both cases. Along with the variants from other groups, a combination of
variants from groups I and II was found in Napa Valley [44]. In 73% of our tested samples
a clear predominance of group II variant was detected either alone or in coinfection with
variants from group I. Among these, 55% were pure Il isolates. On the contrary, only 27%
of samples were found to belong to group I. In most of the countries, variants from groups
I and II are accompanied with variants from other phylogenetic groups but based on the
number of sequences deposited in GenBank, one could conclude that the predominant
GLRaV-3 genotype is genotype from group I followed by group II and group III. However,
the predominance of variants from group II reported in our study has been described in
Spain [45], Algeria [8] and South Africa [46] as well.

Looking at the distribution of individual viruses in the studied germplasm collection
and taking into consideration the mode of their spreading, we can speculate about horizon-
tal virus transmission happened at some point. At the present time, the visual inspection of
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known viral vectors gave negative results and the collection vineyard is regularly treated
against the insect vectors or nematode. Therefore, the correlation of the presented results
with the natural incidence of viral infections and their molecular characteristics present in
the field cultivars should be explored more cautiously.

4. Materials and Methods
4.1. Viral Source

The samples were collected from a germplasm collection vineyard located at the
Institute for Adriatic Crops in Split, Croatia. The collection was established during the
long-term identification and conservation program of old native grapevine varieties, en-
compassing all main autochthonous cultivars from Mediterranean Croatia collected along
the coastal area, more than 350 km long. We selected 16 cultivars belonging to the eastern
Adriatic autochthonous set of grapevine cultivars: Babica, Babi¢, Crljenak, Dobri¢i¢, Glav-
inusa, Grk, Kujundusa, Malvasia dubrovacka, Plavac mali, Plavina, PoSip bijeli, Posip crni,
Pr¢, Rukatac, Vugava, and Zlatarica vrgorska. Whenever possible, 5 clone of each culti-
var, 71 samples in total, were tested for the presence of ten major grapevine viruses both
serologically and molecularly. Both reactions were performed on dormant canes collected
in the late winter. Fresh tissue was grinded in liquid nitrogen and proceed further for
the screening of Grapevine fanleaf virus (GFKV), Arabis mosaic virus (ArMV), Grapevine
leafroll associated virus-1, -2, and -3 (GLRaV-1; GLRaV-2, and GLRaV-3), Grapevine virus
A, (GVA) and B (GVB), Grapevine fleck virus (GFkV), Grapevine rupestris stem pitting
associated virus (GRSPaV) and Grapevine Pinot gris virus (GPGV). Selected samples that
tested positive for GLRaV-3 were further analyzed based on the nucleotide sequence of
HSP70h gene.

4.2. ELISA Virus Detection

To gain a preliminary insight into the sanitary status of cultivars in the experiment,
all 71 samples were tested by available DAS-ELISA (Double antibody sandwich-ELISA)
diagnostic tests [47] for: ArMV, GFLV, GLRaV-1, GLRaV-2, GLRaV-3, GVA, GVB, and GFkV
(Agritest, Italy). GRSPaV and GPGV were omitted from DAS-ELISA testing due to the
unavailability of reliable serological reagents.

After grinding in liquid nitrogen, samples were diluted in 2 mL of extraction buffer,
prepared according to the manufacturer instructions. The samples were incubated with
capture antibody at 4 °C overnight, followed by the incubation with conjugate antibody
next day, for 2 h on 37 °C. Two hours after adding substrate p-nitrophenylphosphate,
asorbance was recorded at 405 nm using an automatic microplate reader.

4.3. RNA Extractions, cDNA Synthesis and PCR Virus Detection

The total RNA was extracted from 250 mg of cortical scrapings using RNeasy Plant
Mini Kit (Qiagen, Hilden, Germany) applying an improved RNA extraction procedure
as described by MacKenzie et al. [48]. Reverse transcription [49] was performed using
200 units of MMLYV reverse transcriptase (Invitrogen, Waltham, MA, USA), 100 units of
RNase inhibitor (Invitrogen, USA), 0.5 mM dNTPs and 2.5 uM random nonamers (Sigma
Aldrich, St Louis, MO, USA) in the reaction mixture of 22 L that contained 12 pL of
extracted RNA. The reaction mixture was incubated for 10 min at 25 °C and 60 min at 37 °C
followed by 15 min at 70 °C.

The detection of relevant grapevine viruses associated with leafroll (GLRaV-1, -2, and
-3), rugose wood (GVA and GVB), infectious degeneration (GFLV and ArMV), and GFkV,
was performed by multiplex PCR as reported by Gambino and Gribaudo [49], whereas the
detection of GRSPaV was performed as individual reaction using primers described by
Meng et al. [50]. In both cases the cycling conditions were initial denaturation at 94° C for
2 min, followed by 35 amplification cycles (30 s at 94 °C, 60 s at 55 °C and 90 s at 72 °C), and
final extension of 10 min at 72 °C. The presence of GPGV was determined by separate PCR
reaction as described by Saldarelli et al. [51] using specific primer pairs [52]. As indicators
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of RNA quality and RT-PCR effectiveness, primes for Vitis 185 rRNA were used. Reaction
products were analyzed by agarose gel electrophoresis ascertaining the following amplicon
sizes: 185 rRNA (844 bp), GPGV (588 bp) GLRaV-2 (543 bp), GVB (460 bp), ArMV (402 bp),
GLRaV-3 (336 bp), GVA (272 bp), GLRAV-1 (232 bp), GFkV (179 bp), GRSPaV (155 bp) and
GFLV (118 bp.)

4.4. Cloning and Single Stranded Conformational Polymorphism Analysis

At least two plants of each of the 16 GLRaV-3-positive cultivars, 33 samples in total,
were selected for further molecular characterization. A fragment (545 bp) of the HSP70h
gene was amplified using LC1F and LC2R primer pairs [6]. The PCR conditions were
as reported by Turturo et al. [6] except for the final extension, which in our case was
prolonged to 15 min in order to increase further cloning efficiency. The amplified products
were purified using the Wizard Genomic DNA Purification Kit (Promega, Madison, WI,
USA). To separate different genomic variants presumably present in each isolate, ampli-
cons were cloned in the pGEM-T Easy Vector Sistem I (Promega, Madison, WI, USA) and
ligation mixtures were transformed in Escherichia coli J]M109-High-Efficiency Competence
cells (Promega, Madison, WI, USA) according to the manufacturer’s instructions. The
presence of the insert was confirmed by PCR using the same primers and PCR conditions
as mentioned above. To identify different variants and determine their population fre-
quency, whenever possible, 20 transformed colonies per sample were randomly selected
and analyzed by single-stranded conformational polymorphism (SSCP) analysis. Aliquots
of the amplified products (2 pL) were denatured and separated by native polyacrylamide
gel electrophoresis as described by Cerni et al. [53]. Different SSCP profiles were visual-
ized after silver staining [54]. DNA fragments displaying different SSCP patterns were
considered diverse genomic variants and were selected for sequencing.

4.5. Nucleotide Sequence Analysis

Selected amplicons were sequenced in both directions by Macrogen Europe (Ams-
terdam, Netherland) using primer pair LC1F/LC2R. Representative sequences of each
cultivar were deposited in GenBank under the accession numbers: MW316065-MW316084
Reference sequences from different GLRaV-3 phylogenetic groups were selected from
Diaz-Lara et al. [10] and retrieved from the GenBank: MH796135 (Gpl), MH521115 (Gpll),
MH521104 (GplII), MH521102 (GpV), JQ655296 (GpVI), KM058745 (GpVII), MH521091
(GpIX) and MH521094 (GpX). Sequences were aligned using ClustalX 2.1 [55] and analyzed
by MEGA version 5 [56] using the neighbor-joining method and applying the Tamura-Nei
evolutionary model. The tree topology was evaluated by bootstrap analysis based on 1000
repetitions.

5. Conclusions

These are the first results on screening of 10 different viruses in Croatian East Adriatic
native grapevines by applying RT-PCR diagnostic tools and on investigating GLRaV-3
genetic variability using SSCP method in Croatia. The study confirmed the dominance
of GLRaV-3 and revealed its relatively low genetic variability. The results contribute
to the understanding of the global distribution of the virus, the biological significance
of coinfections and the potential dangers for the wider region in case of their potential
spreading.

Author Contributions: The individual authors contributions are as follows: conceptualization, K.-H.
and T.R.; methodology, K.H., S.C., G.Z. and PS.; investigation, M.C., AM., T.R. and K.H.; result
analysis: K.H., M.C.and S.C.; writing, K.H.; editing, S.C., PS., G.Z., and T.R. All authors have read
and agreed to the published version of the manuscript.

Funding: This research has been funded by the Croatian Science Foundation under the project:
IP-2018-01-9622 “Pathogenic potential of Grapevine leafroll-associated virus 3 and its interaction
with grapevine hosts”.



Plants 2021, 10, 17 12 of 14

Data Availability Statement: Representative sequences were deposited in GenBank under the
accession numbers: MW316065-MW316084.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

S

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

Martelli, G.P. An Overview on Grapevine Viruses, Viroids and the Diseases They Cause. In Grapevine Viruses: Molecular Biology,
Diagnostics and Management; Meng, B., Martelli, G.P., Golino, D.A., Fuchs, M., Eds.; Springer: Cham, Switzerland, 2017; pp. 31-46.
ISBN 9783319577067.

Martelli, G.P.; Sabanadzovic, S.; Ghanem-Sabanadzovic, N.A.; Saldarelli, P. Maculavirus, a new genus of plant viruses. Arch. Virol.
2002, 147, 1847-1853. [CrossRef] [PubMed]

Martelli, G. Directory of virus and virus-like diseases of the grapevine and their agents. ]. Plant Pathol. 2014.

Naidu, R.; Rowhani, A.; Fuchs, M.; Golino, D.; Martelli, G.P. Grapevine Leafroll: A complex viral disease affecting a high-value
fruit crop. Plant Dis. 2014, 98, 1172-1185. [CrossRef] [PubMed]

Gugerli, P. Grapevine leafroll and related viruses. In Proceedings of the Extended Abstracts 14th Meeting of ICVG, Locorotondo,
Italy, 12-17 September 2003; pp. 25-31.

Turturo, C.; Saldarelli, P,; Yafeng, D.; Digiaro, M.; Minafra, A.; Savino, V.; Martelli, G.P. Genetic variability and population
structure of Grapevine leafroll-associated virus 3 isolates. J. Gen. Virol. 2005, 86, 217-224. [CrossRef] [PubMed]

Maree, H.J.; Almeida, R.PP; Bester, R.; Chooi, K.M.; Cohen, D.; Dolja, V.V.; Fuchs, M.F.; Golino, D.A.; Jooste, A.E.C.; Martelli, G.P;
et al. Grapevine leafroll-associated virus 3. Front. Microbiol. 2013, 4, 1-21. [CrossRef] [PubMed]

Lehad, A.; Selmi, I.; Louanchi, M.; Aitouada, M.; Mahfoudhi, N. Genetic diversity of grapevine leafroll-associated virus 3 in
Algeria. J. Plant Pathol. 2015, 97, 203-207. [CrossRef]

Burger, ].T.; Maree, H.].; Gouveia, P.; Naidu, R.A. Grapevine leafroll-associated virus 3. In Grapevine Viruses: Molecular Biology,
Diagnostics and Management; Springer: Cham, Switzerland, 2017; pp. 167-194. ISBN 9783319577067 .

Diaz-Lara, A.; Klaassen, V.; Stevens, K.; Sudarshana, M.R.; Rowhani, A.; Maree, H.]J.; Chooi, K.M.; Blouin, A.G.; Habili, N.; Song,
Y.; et al. Characterization of grapevine leafroll-associated virus 3 genetic variants and application towards RT-qPCR assay design.
PLoS ONE 2018, 13. [CrossRef]

Rahali, M.; Migliaro, D.; Laiadi, Z.; Bertazzon, N.; Angelini, E.; Crespan, M. Genetic identification, origin and sanitary status of
grapevine cultivars (Vitis vinifera L.) grown in Babar, Algeria. Vitis 2019, 58, 153-158.

Regner, F; Hack, R.; Gangl, H.; Leitner, G.; Mandl, K.; Tiefenbrunner, W. Genetic variability and incidence of systemic diseases in
wild vines (Vitis vinifera ssp. silvestris) along the Danube. Vitis |. Grapevine Res. 2004, 43, 123-130.

Gisbert, C.; Peir6, R.; San Pedro, T.; Olmos, A.; Jiménez, C.; Garcia, J. Recovering ancient Grapevine varieties: from genetic
variability to in vitro conservation, a case study. In Grapes Wines Advances in Production, Processing, Analysis and Valorization;
InTech: Rijeka, Croatia, 2018; p. 1.

Karoglan Konti¢, J.; Preiner, D.; Simon, S.; Zduni¢, G.; Poljuha, D.; Maleti¢, E. Sanitary status of Croatian native grapevine
varieties. Agric. Conspec. Sci. 2009, 74, 99-103.

Poljuha, D.; Sladonja, B.; Bubola, M. Incidence of viruses infecting grapevine varieties in Istria (Croatia). J. Food, Agric. Environ.
2010, 8, 166-169.

Vonéina, D.; Preiner, D.; Simon, S.; Cvjetkovi¢, B.; Maleti¢, E.; Peji¢, I.; Konti¢, J. Distribution of nine viruses in croatian
autochthonous grapevine (Vitis vinifera L.) cultivars from dalmatian region included in clonal selection. J. Cent. Eur. Agric. 2019,
20, 262-273. [CrossRef]

Voncina, D.; Al Rwahnih, M.; Rowhani, A.; Gouran, M.; Almeida, R.P.P. Viral diversity in autochthonous croatian grapevine
cultivars. Plant Dis. 2017, 101, 1230-1235. [CrossRef] [PubMed]

Dimitrijevic, B. The occurrence of leafroll of grapevine in Yugoslavia. Zastita Bilja 1970, 21, 373-378.

Bertolini, E.; Garcia, J.; Yuste, A.; Olmos, A. High prevalence of viruses in table grape from Spain detected by real-time RT-PCR.
Eur. J. Plant Pathol. 2010, 128, 283-287. [CrossRef]

Savino, V.; La Notte, P,; Bottalico, G.; Martelli, G.P. Situazione sanitaria della vite in Italia centro-meridionale. Quad. della Sc. di
Spec. Sci. Vitic. ed Enol. 2001, 25, 67-76.

Zindovi¢, J.; Virs¢ek Marn, M.; Mavri¢ Plesko, I. Phytosanitary status of grapevine in Montenegro. EPPO Bull. 2014, 44, 60-64.
[CrossRef]

Ahmed, HM.H.; Digiaro, M.; Martelli, G.P. Viruses and virus diseases of grapevine in Egypt. EPPO Bull. 2004, 34, 395-398.
[CrossRef]

Digiaro, M.; Martelli, G.P.; Savino, V. Phloem-limited viruses of the grapevine in the Mediterranean and Near East: a synopsis.
Opt. Méditerrranéennes Ser. B Stud. Res. 1999, 29, 83-92.

Mahfoudhi, N.; Digiaro, M.; Savino, V.; Di Terlizzi, B.; Ahmed, HM.H.; Digiaro, M.; Martelli, G.P. Viruses and virus diseases of
grapevine in Tunisia. EPPO Bull. 1998, 28, 197-204. [CrossRef]

Voncina, D.; Badurina, D.; Preiner, D.; Vjetkovic, B.; Maletic, E.; Kontic, J.K. Incidence of virus infections in grapevines from
Croatian collection plantations. Phytopathol. Mediterr. 2011, 50, 316-326. [CrossRef]

Afechtal, M.; Mounir, M.; Minafra, A.; Saldarelli, P.; Kubaa, R.A. First report on the occurence of grapevine rupestris stem
pitting-associated virus in Moroccan grapevines. J. Plant Pathol. 2019, 101, 405. [CrossRef]


http://dx.doi.org/10.1007/s007050200046
http://www.ncbi.nlm.nih.gov/pubmed/12209323
http://dx.doi.org/10.1094/PDIS-08-13-0880-FE
http://www.ncbi.nlm.nih.gov/pubmed/30699617
http://dx.doi.org/10.1099/vir.0.80395-0
http://www.ncbi.nlm.nih.gov/pubmed/15604449
http://dx.doi.org/10.3389/fmicb.2013.00082
http://www.ncbi.nlm.nih.gov/pubmed/23596440
http://dx.doi.org/10.4454/JPP.V97I1.019
http://dx.doi.org/10.1371/journal.pone.0208862
http://dx.doi.org/10.5513/JCEA01/20.1.2008
http://dx.doi.org/10.1094/PDIS-10-16-1543-RE
http://www.ncbi.nlm.nih.gov/pubmed/30682947
http://dx.doi.org/10.1007/s10658-010-9663-4
http://dx.doi.org/10.1111/epp.12084
http://dx.doi.org/10.1111/j.1365-2338.2004.00759.x
http://dx.doi.org/10.1111/j.1365-2338.1998.tb00721.x
http://dx.doi.org/10.14601/Phytopathol_Mediterr-8641
http://dx.doi.org/10.1007/s42161-018-0167-y

Plants 2021, 10, 17 13 of 14

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Montero, R.; El aou ouad, H.; Pacifico, D.; Marzachi, C.; Castillo, N.; Garcia, E.; Del Saz, N.E,; Florez-Sarasa, I.; Flexas, ].; Bota, J.
Effects of Grapevine leafroll-associated virus 3 on the physiology in asymptomatic plants of Vitis vinifera. Ann. Appl. Biol. 2017,
171, 155-171. [CrossRef]

Xiao, H.; Shabanian, M.; Moore, C.; Li, C.; Meng, B. Survey for major viruses in commercial Vitis vinifera wine grapes in Ontario.
Virol. ]. 2018, 15, 127. [CrossRef]

Meng, B.; Martelli, G.P.; Golino, D.A.; Fuchs, M. (Eds.) Grapevine viruses: Molecular biology, diagnostics and management. In
Grapevine Viruses: Molecular Biology, Diagnostics and Management; Springer: Cham, Switzerland, 2017; pp. 1-698. [CrossRef]
Gambino, G.; Cuozzo, D.; Fasoli, M.; Pagliarani, C.; Vitali, M.; Boccacci, P.; Pezzotti, M.; Mannini, F. Co-evolution between
Grapevine rupestris stem pitting-associated virus and Vitis vinifera L. leads to decreased defence responses and increased
transcription of genes related to photosynthesis. J. Exp. Bot. 2012, 63, 5919-5933. [CrossRef]

Plegko, LM.; Marn, M.V;; Seljak, G.; ZeZlina, L. First report of Grapevine Pinot gris virus infecting grapevine in Slovenia. Plant Dis.
2014, 98, 1014. [CrossRef]

Beuve, M.; Candresse, T.; Tannieres, M.; Lemaire, O. First report of Grapevine Pinot gris virus (GPGV) in grapevine in France.
Plant Dis. 2015, 99, 293. [CrossRef]

Saldarelli, P; Beber, R.; Covelli, L.; Bianchedi, P.; Credi, R.; Giampetruzzi, A.; Malossini, U.; Pirolo, C.; Poggi Pollini, C.; Ratti, C.
Studies on a new grapevine disease in Trentino vineyards. J. Plant Pathol. 2013, 95, 60.

Al Rwahnih, M.; Golino, D.; Rowhani, A. First report of Grapevine Pinot gris virus infecting grapevine in the United States. Plant
Dis. 2016, 100, 1030. [CrossRef]

Reynard, J.-S.; Schumacher, S.; Menzel, W.; Fuchs, J.; Bohnert, P.; Glasa, M.; Wetzel, T.; Fuchs, R. First report of Grapevine pinot
gris virus in German vineyards. Plant Dis. 2016, 100, 2545. [CrossRef]

Abou Kubaa, R.; Choueiri, E.; Jreijiri, F.; E1 Khoury, Y.; Saldarelli, P. First report of grapevine Pinot gris virus in Lebanon and the
Middle East. . Plant Pathol. 2019, 1. [CrossRef]

Fan, X.D.; Dong, Y.F.; Zhang, Z.P,; Ren, F.; Hu, G.J.; Li, Z.N.; Zhou, ]. First report of Grapevine Pinot gris virus in grapevines in
China. Plant Dis. 2016, 100, 540. [CrossRef]

Cho, L.S.; Jung, S.M.; Cho, ].D.; Choi, G.S.; Lim, H.S. First report of Grapevine pinot gris virus infecting grapevine in Korea. New
Dis Rep 2013, 27, 588-2044. [CrossRef]

Bertazzon, N.; Filippin, L.; Forte, V.; Angelini, E. Grapevine Pinot gris virus seems to have recently been introduced to vineyards
in Veneto, Italy. Arch. Virol. 2016, 161, 711-714. [CrossRef]

Malagnini, V.; de Lillo, E.; Saldarelli, P; Beber, R.; Duso, C.; Raiola, A.; Zanotelli, L.; Valenzano, D.; Giampetruzzi, A.; Morelli, M.;
et al. Transmission of grapevine Pinot gris virus by Colomerus vitis (Acari: Eriophyidae) to grapevine. Arch. Virol. 2016, 161,
2595-2599. [CrossRef]

Croatian Bureau of Statistics: Basic Survey on Vineyard Structure. 2015. Available online: https://www.dzs.hr/Hrv_Eng/
publication/2016/01-01-33_01_2016.htm (accessed on 11 September 2020).

Gouveia, P; Santos, M.T.; Eiras-Dias, ].E.; Nolasco, G. Five phylogenetic groups identified in the coat protein gene of grapevine
leafroll-associated virus 3 obtained from Portuguese grapevine varieties. Arch. Virol. 2011, 156, 413-420. [CrossRef]

Farooq, A.B.U.; Ma, Y.; Wang, Z.; Zhuo, N.; Wenxing, X.; Wang, G.; Hong, N. Genetic diversity analyses reveal novel recombination
events in Grapevine leafroll-associated virus 3 in China. Virus Res. 2013, 171, 15-21. [CrossRef]

Sharma, A.M.; Wang, J.; Duffy, S.; Zhang, S.; Wong, M.K_; Rashed, A.; Cooper, M.L.; Daane, K.M.; Almeida, R.P.P. Occurrence of
grapevine leafroll-associated virus complex in Napa Valley. PLoS ONE 2011, 6, 4-10. [CrossRef]

Pesqueira, A.M.; Cabaleiro, C.; Velasco, L. Genetic analysis of Grapevine leafroll-associated virus 3 population from Galicia,
Spain. Plant Pathol. 2016, 65, 310-321. [CrossRef]

Jooste, A.E.C.; Pietersen, G.; Burger, ].T. Distribution of grapevine leafroll associated virus-3 variants in South African vineyards.
Eur. J. Plant Pathol. 2011, 131, 371-381. [CrossRef]

Clark, M.F,; Adams, A.N. Characteristics of the microplate method of enzyme linked immunosorbent assay for the detection of
plant viruses. J. Gen. Virol. 1977, 34, 475-483. [CrossRef] [PubMed]

MacKenzie, D.J.; McLean, M.A.; Mukertji, S.; Green, M. Improved RNA extraction from woody plants for the detection of viral
pathogens by reverse transcription-polymerase chain reaction. Plant Dis. 1997, 81, 222-226. [CrossRef] [PubMed]

Gambino, G.; Gribaudo, I. Simultaneous detection of nine grapevine viruses by multiplex reverse transcription-polymerase chain
reaction with coamplification of a plant RNA as internal control. Phytopathology 2006, 96, 1223-1229. [CrossRef] [PubMed]
Meng, B.; Johnson, R.; Peressini, S.; Forsline, P.L.; Gonsalves, D. Rupestris stem pitting associated virus-1 is consistently detected
in grapevines that are infected with rupestris stem pitting. Eur. J. Plant Pathol. 1999, 105, 191-199. [CrossRef]

Saldarelli, P.; Giampetruzzi, A.; Morelli, M.; Malossini, U.; Pirolo, C.; Bianchedi, P.; Gualandri, V. Genetic variability of Grapevine
Pinot gris virus and its association with Grapevine leaf mottling and deformation. Phytopathology 2015, 105, 555-563. [CrossRef]
[PubMed]

Morelli, M.; de Catarino, A.M.; Susca, L.; Saldarelli, P.; Gualandri, V.; Martelli, G.P. First report of Grapevine pinot gris virus from
table grapes in southern Italy. J. Plant Pathol. 2014, 96.

Cerni, S.; Rusgi¢, J.; Nolasco, G.; Gatin, 7. Krajaci¢, M.; Skori¢, D. Stem pitting and seedling yellows symptoms of Citrus tristeza
virus infection may be determined by minor sequence variants. Virus Genes 2008, 36, 241-249. [CrossRef]


http://dx.doi.org/10.1111/aab.12356
http://dx.doi.org/10.1186/s12985-018-1036-1
http://dx.doi.org/10.1007/978-3-319-57706-7
http://dx.doi.org/10.1093/jxb/ers244
http://dx.doi.org/10.1094/PDIS-11-13-1137-PDN
http://dx.doi.org/10.1094/PDIS-10-14-1008-PDN
http://dx.doi.org/10.1094/PDIS-10-15-1235-PDN
http://dx.doi.org/10.1094/PDIS-07-16-0966-PDN
http://dx.doi.org/10.1007/s42161-019-00453-w
http://dx.doi.org/10.1094/PDIS-08-15-0913-PDN
http://dx.doi.org/10.5197/j.2044-0588.2013.027.010
http://dx.doi.org/10.1007/s00705-015-2718-2
http://dx.doi.org/10.1007/s00705-016-2935-3
https://www.dzs.hr/Hrv_Eng/publication/2016/01-01-33_01_2016.htm
https://www.dzs.hr/Hrv_Eng/publication/2016/01-01-33_01_2016.htm
http://dx.doi.org/10.1007/s00705-010-0878-7
http://dx.doi.org/10.1016/j.virusres.2012.10.014
http://dx.doi.org/10.1371/journal.pone.0026227
http://dx.doi.org/10.1111/ppa.12413
http://dx.doi.org/10.1007/s10658-011-9814-2
http://dx.doi.org/10.1099/0022-1317-34-3-475
http://www.ncbi.nlm.nih.gov/pubmed/323416
http://dx.doi.org/10.1094/PDIS.1997.81.2.222
http://www.ncbi.nlm.nih.gov/pubmed/30870901
http://dx.doi.org/10.1094/PHYTO-96-1223
http://www.ncbi.nlm.nih.gov/pubmed/18943959
http://dx.doi.org/10.1023/A:1008771713839
http://dx.doi.org/10.1094/PHYTO-09-14-0241-R
http://www.ncbi.nlm.nih.gov/pubmed/25423070
http://dx.doi.org/10.1007/s11262-007-0183-z

Plants 2021, 10, 17 14 of 14

54. Beidler, J.L.; Hilliard, PR.; Rill, R.L. Ultrasensitive staining of nucleic acids with silver. Anal. Biochem. 1982, 126, 374-380.
[CrossRef]

55.  Thompson, ].D.; Gibson, T.].; Plewniak, E; Jeanmougin, F.; Higgins, D.G. The CLUSTAL_X windows interface: flexible strategies
for multiple sequence alignment aided by quality analysis tools. Nucleic Acids Res. 1997, 25, 4876-4882. [CrossRef]

56. Tamura, K.; Peterson, D.; Peterson, N.; Stecher, G.; Nei, M.; Kumar, S. MEGA5: molecular evolutionary genetics analysis using
maximum likelihood, evolutionary distance, and maximum parsimony methods. Mol. Biol. Evol. 2011, 28, 2731-2739. [CrossRef]


http://dx.doi.org/10.1016/0003-2697(82)90530-9
http://dx.doi.org/10.1093/nar/25.24.4876
http://dx.doi.org/10.1093/molbev/msr121

	Introduction 
	Results 
	RT-PCR and ELISA Virus Detection 
	SSCP Analysis and Molecular Diversity of GLRaV-3 

	Discussion 
	Virus Distribution 
	Study of GLRaV-3 Natural Population 

	Materials and Methods 
	Viral Source 
	ELISA Virus Detection 
	RNA Extractions, cDNA Synthesis and PCR Virus Detection 
	Cloning and Single Stranded Conformational Polymorphism Analysis 
	Nucleotide Sequence Analysis 

	Conclusions 
	References

