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Abstract

:

Citrus Tristeza Virus (CTV) is the most economically important virus of citrus worldwide. Genetic diversity and population structure of CTV isolates from all citrus growing areas from Uruguay were analyzed by RT-PCR and cloning of the three RNA silencing suppressor genes (p25, p20 and p23). Bayesian phylogenetic analysis revealed the circulation of three known genotypes (VT, T3, T36) in the country, and the presence of a new genetic lineage composed by isolates from around the world, mainly from South America. Nucleotide and amino acid identity values for this new genetic lineage were both higher than 97% for the three analyzed regions. Due to incongruent phylogenetic relationships, recombination analysis was performed using Genetic Algorithms for Recombination Detection (GARD) and SimPlot software. Recombination events between previously described CTV isolates were detected. High intra-sample variation was found, confirming the co-existence of different genotypes into the same plant. This is the first report describing: (1) the genetic diversity of Uruguayan CTV isolates circulating in the country and (2) the circulation of a novel CTV genetic lineage, highly present in the South American region. This information may provide assistance to develop an effective cross-protection program.
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1. Introduction


Citrus is one of the most important commercial fruit crop worldwide. Citrus Tristeza Virus (CTV) is the most serious viral pathogen of citrus and has been responsible for the loss of over 100 million trees in the past 70 years [1]. CTV is semi-persistently transmitted by several aphid species, specially Toxoptera citricida and Aphis gossypii, the former being the most efficient in virus transmission [2]. It is also graft transmitted and is limited to the phloem of infected plants species of Rutaceae [3]. Isolates of CTV are traditionally distinguished by the production of three different symptoms: (i) decline of citrus species grafted on sour orange rootstock; (ii) stunting, stem pitting and poor yield of different citrus varieties regardless of the rootstock used; and (iii) yellowing and growth cessation of sour orange, lemon or grapefruit seedlings, of which the first two are significant problems for the industry [1].



CTV virions (Closteroviridae, Closterovirus) are flexuous filaments of 2000 × 11 nanometers in size, with a helical nucleocapsid architecture consisting of two coat proteins. One of these proteins is a 25 kDa major capsid protein (CP), which forms a long virion body covering 95% of the particle length and is encoded by the p25 gene [4,5,6]. The positive sense, single stranded RNA genome of 19.3 kb in size, the largest reported for plant viruses so far, contains 12 open reading frames (ORFs) encoding at least 19 proteins [5,7]. The two 5′-proximal ORFs encoding components of the replicase complex are translated directly from the genomic RNA, while the remaining ORFs expressed via ten 3′ co-terminal subgenomic RNAs (sgRNAs) and differ in their accumulation and time course appearance during the infection process [8,9]. ORF1 expresses one large polyprotein (ORF1a), as well as the RNA-dependent RNA-polymerase (ORF1b) via +1 frameshift [4]. The ten other ORFs encode the major and minor coat proteins (p25 and p27), three suppressors of RNA silencing (p25, p20 and p23), two genes expressing a heat shock protein homolog (p65) and a protein with a diverged coat protein motif, both required for virion assembly, and three proposed host range genes (p33, p13, and p18) [10,11,12]. Additionally, p20 accumulates in amorphous inclusion bodies and p23, an RNA-binding protein, controls asymmetrical accumulation of plus and minus strands during RNA replication and is involved in symptom expression [13,14,15,16].



As a result of error-prone replication, recombination events, and repeated vector-mediated transmission, naturally occurring CTV isolates exist as a population of related sequence variants displaying different biological characteristics [17,18]. In this matter, studies of CTV population genetic diversity may be highly relevant to develop viral control strategies, such as cross protection programs, which have been successfully developed in countries, such as Brazil, South Africa, or Peru [19]. The recipe for cross-protection to work is, first, identify the severe isolates that need to be controlled, and then find mild isolates of these genotypes to cross-protect the plants [20].



During the last few years, CTV genetic diversity was studied using different molecular techniques, including RT-PCR and phylogenetic analysis. Nevertheless, there has been no consensus among researchers to analyze the same regions of the genome, and this led to different classifications systems [8,21,22,23,24,25]. Recently, Harper proposed a new typing system based on phylogenetic relationships using complete genomes that groups CTV isolates in six distinct genotypes [26]. The author also proposes an alternative way, based on the amplification of segments from the 5′ half region of the genome, with the aim to standardize a CTV typing criteria [26].



Few studies describing CTV genetic diversity circulating in South America have been carried out [27,28,29]. Iglesias and co-workers described the genetic variation of three genomic regions from CTV isolates circulating in the two main citrus growing areas of Argentina [30]. Based on the typing system available at that time, they found isolates grouping with the VT severe strain, as well as isolates similar to the mild reference strain, T30, showing a high genetic diversity of CTV isolates present in the country [30]. Nevertheless, CTV genetic diversity has been growing in the last few years, as well as the typing systems [24,25,26].



In Uruguay, citrus is one of the main fruit crops and it is distributed throughout the country on about 17,000 Ha with a total annual production of 270,000 tons. The most representative species are sweet oranges (Navel and Valencia groups), followed by mandarins and lemons. Almost 90% of the trees in the country are grafted onto Poncirus trifoliata rootstock. The majority of the citrus orchards are located in the northwestern region (Salto and Paysandú provinces). It should be noted that Salto and Concordia are the main soft citrus growing areas of Uruguay and Argentina, respectively, and they are located 10 km away from each other, separated by the Uruguay River. Studies performed in 1955, showed that CTV is endemic and its most efficient vector, T. citricida, is present in the country and the region [31].



Considering that the Uruguayan citrus industry is experiencing a great expansion, looking for better productivity and fruit quality for fresh fruit markets, and taking into account that there is no data about the genetic diversity of CTV in Uruguay, it is necessary to generate this information with the aim to perform a long term cross protection program in the country. With this aim, we analyzed the genetic diversity of CTV isolates obtained from different geographic regions of the country using RT-PCR and the cloning of the three RNA silencing suppressor genes, p25, p20, and p23. Next, in order to characterize the genetic variability of CTV, we performed an extensive Bayesian phylogenetic analysis, comparing the Uruguayan sequences with isolates from all over the world. We also analyzed the presence of recombinant strains. In summary, our study demonstrates the presence of severe genotypes VT and T3, and the intermediate genotype T36, in Uruguay. Surprisingly, we found a new genetic lineage tentatively named NC (New Clade), formed by isolates from the countries of five continents, mainly South America. To our knowledge, this is the first study, which describes the genetic variability and population structure of CTV isolates circulating in Uruguay, based on molecular phylogenetic analysis of the three RNA silencing suppressor genes and also the first report describing the existence of a new genetic lineage of CTV, strongly present in the South American region.




2. Results


2.1. Population Structure and Geographical Distribution of CTV Isolates in Uruguay


Given the co-circulation of different CTV genotypes and the possibility of re-infection caused by the virus vector, we analyze the DNA clones obtained from the Uruguayan isolates, in order to know a detailed composition of the population structure. To achieve this, we evaluate 331 DNA clones of three genome regions of thirteen CTV isolates, establishing phylogenetic relationships between them.



Phylogenetic analysis of the three regions sequenced in this study indicated the presence of a new genetic lineage (named NC by the authors), different from all major extant CTV genotypes, VT, T36, T30, RB, T68, and T3, and supported by high aLRT values (Figure 1). This new genetic lineage is formed by sequences from Uruguay and other geographic regions from all over the world. On the other hand, genotypes VT, T3, T30, T36, and RB are clearly defined in the phylogenies made for the three regions under study. Nevertheless, genotype T68 was not observed as a monophyletic lineage at any case, using the three regions analyzed in the present study.
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Figure 1. Phylogenetic trees for CTV p25 (A); p20 (B) and p23 (C) genes. Colored and highlighted branches represent genotypes: T30 (green), RB (blue), T36 (violet), VT (red), T3 (yellow) and NC (turquoise). Principal node aLRT values are indicated. Reference strains are marked in grey. Uruguayan samples composed by heterogeneous populations are differentially colored. 
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In order to provide geographical information on the distribution of the different CTV genotypes in Uruguay, the variations of the p20 gene were calculated for both citrus growing areas of the country (Figure S1. Genotype geographic distribution of p20 gene). VT genotype was prevalent in the southern region, while T3 was predominant in the north region of the country. The VT genotype was present in 28% of the sequenced DNA clones and the NC genotype was represented by 15% of the DNA clones in the northern region of the country Whereas T3, NC, and T36 genotypes were present by 27%, 7%, and 6% of DNA clones, respectively, in the southern citrus growing area of Uruguay.



To build p25 gene phylogenetic tree, a total of 214 sequences of 604 bp in length were used. The dataset was composed by 86 Uruguayan isolates obtained in the present study, plus 12 reference sequences (see Materials and Methods), 31 Argentinean isolates and 85 isolates obtained from GenBank by BLAST for comparing purposes [30]. Tree topology shows six well defined groups (Figure 1A). Uruguayan isolates were grouped with genotypes VT (54%), T3 (17%) and T36 (2%). Surprisingly, 27% of the isolates obtained in this work grouped into the NC clade together with isolates from Argentina, Brazil, Colombia, Venezuela, Portugal, India, China, Angola, Greece, Taiwan, and USA. None of the Uruguayan isolates grouped within the T30 or RB genotypes.



In the case of the p20 gene phylogenetic tree, the dataset had an amount of 182 sequences of 427 bp in length. In this case, 130 Uruguayan isolates from this study, as well as 12 reference strains, 10 Argentinean isolates, and 30 sequences retrieved from GenBank by BLAST, were used (Figure 1B) [32]. As for the p25 gene, VT (48%), T3 (38%), and T36 (4%) genotypes were observed within the Uruguayan isolates, and the NC clade grouped 10% of the Uruguayan sequences and isolates from Argentina, Greece, Spain, China, Thailand, Taiwan, and USA.



Finally, the phylogenetic analysis of the p23 gene showed the Uruguayan isolates grouping into the same genotypes as for the other two genes with frequencies of 60% for VT, 22% for T3, 3% for T36, and 15% for NC clade, which, in this case, was composed by isolates from Uruguay, Argentina, USA, Mexico, and Taiwan (Figure 1C). In this analysis we use a dataset of 174 sequences of 557 bp in length, with 115 DNA clones sequences from Uruguayan isolates, 42 Argentinean isolates from Iglesias and co-workers, 5 sequences retrieved from GenBank by BLAST, as well as the 12 reference strains [30,32].



For the three regions analyzed, heterogeneous populations were found in different Uruguayan samples, such as 120, 122, 164, 165, 166, and MIL, which means that clones analyzed for each sample grouped into different genotypes (Figure 1). Samples 120, 164, and 165 presented sequences of at least two genotypes for the three regions analyzed. The most variable region, or the region with more heterogeneous sequence variants, was p20, in which we found clones grouping into the four described genotypes in half of the samples (Figure 1). Interestingly, field sample MIL was composed of clones of genotypes VT, T36, and NC in the p20 region (Figure 1B), as well as sample 164 in region p23, composed by clones of genotypes T3, VT, and T36 (Figure 1C).



Inversely, samples 119, 123, 124, 125, and 167 were shown to be homogeneous, which means that all the clones examined for the three analyzed genes were from the same genotype, being the first four of the VT genotype and the last one of the T3 genotype. In the case of sample 168, it was only possible to clone the p20 fragment, and all the analyzed clones correspond to the T3 genotype.




2.2. Genetic Divergence Analysis


In order to know the nucleotidic and amino acidic identities of the new monophyletic NC genetic lineage, and the differences compared to extant genotypes as well, intra- and inter-genotype mean distances were estimated using MEGA 6 based on the Kimura 2 parameter model [33]. In general, genetic identities between NC genetic lineage and different genotypes (inter-genotype nucleotide diversity) were lower than the NC average (intra-genotype diversity) (Table 1). Nucleotidic identity values for the NC genetic lineage ranged from 98.7% to 98.9% for the p25 gene, 98.7% to 99.1% for the p20 gene and 97.2% to 97.8% for the p23 gene, showing the latter at the lowest values (Table 1). Regarding amino acidic identity values, which were similar to the nucleotidic ones, they ranged from 98.6% to 99.0%, 98.2% to 99.4% and 96.2% to 97.6% for p25, p20 and p23, respectively. The lowest identity intra-NC clade value was observed in the p23 gene, both at the nucleotide and amino acid level (Table 1). Finally, the NC genetic lineage shows a closer relationship with some specific genotypes in two of the studied genomic regions. In the p25 gene, the NC genetic lineage was more similar to the RB genotype at the nucleotide level, and to the T3 genotype at the aminoacid level. In the case of the p20 region, NC genetic lineage shows similarity with the T36 genotype at both levels, whereas the p23 region was T3-like and T30-like at the nucleotide and aminoacid levels, respectively (Table 1).
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Table 1. Averaged nucleotide and amino acid identities for each region of the NC lineage and the comparison with other extant genotypes.







Table 1. Averaged nucleotide and amino acid identities for each region of the NC lineage and the comparison with other extant genotypes.







	
Region

	
NC average

	
RB

	
T3

	
T30

	
T36

	
VT




	
nt

	
aa

	
nt

	
aa

	
nt

	
aa

	
nt

	
aa

	
nt

	
aa

	
nt

	
aa






	
p25

	
98.8 ± 0.1

	
98.8 ± 0.2

	
90.6 ± 1.3

	
95.2 ± 1.2

	
89.4 ± 1.5

	
96.4 ± 1.2

	
89.1 ± 1.5

	
94.4 ± 1.5

	
89.1 ± 1.5

	
93.6 ± 1.6

	
90.2 ± 1.4

	
95.4 ± 1.2




	
p20

	
98.9 ± 0.2

	
99.1 ± 0.3

	
84.4 ± 2.5

	
93.9 ± 2.1

	
82.1 ± 2.7

	
92.6 ± 2.2

	
81.8 ± 2.9

	
92.2 ± 2.4

	
88.6± 1.8

	
95.3 ± 1.8

	
84.1 ± 2.4

	
93.1 ± 2.2




	
p20

	
97.5 ± 0.3

	
96.9 ± 0.7

	
87.3 ± 1.5

	
88.2 ± 2.2

	
90.5 ± 1.2

	
89.9 ± 2.0

	
89.9 ± 1.2

	
90.9 ± 2.0

	
89.3 ± 1.3

	
88.5 ± 2.3

	
89.3 ± 1.3

	
88.7 ± 2.1








Bold numbers indicates the genotype with greatest identity for each region.








2.3. Recombination Analysis


Due to the incongruities shown by sample 164 on the p25 gene phylogenetic tree, we decided to perform recombination studies on this sample. We conducted the analysis on the three genes using Simplot and GARD programs [34,35]. No evidence of recombination in the p20 and p23 analyzed regions was found. However, as shown in Figure 2, evidence of recombination in clones 4 and 6 of this sample was found in the p25 gene. Simplot analysis showed that the recombination event was produced between NZ-M16-like and T36-like strains, and the recombination point, determined by GARD, was at position 274 of the fragment corresponding to position 16484 of the genome, based on strain U16304 (Figure 2).
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Figure 2. Evidence of recombination of clone 6 from sample 164 on p25 region between NZ-M16 and T36 isolates (A); Recombination point location detected by GARD tool (B). 
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3. Discussion


3.1. Composition of Viral Populations and Geographical Information


In the matter of sequence variants in the composition of the viral populations, the presence of genomes from different genotypes in the same plant reinforces the fact that one tree could be co-infected by more than one genotype. This is explained by the high frequency of vector-mediated re-infections during tree life, which is expected to occur over several decades, and the presence of the most efficient vector, T. citricida, which is endemic in the country [30,36]. This fact could also explain the great variability observed in the MIL sample, which was collected almost ten years after the rest of the samples, thus tree exposure to the vector was higher. Nevertheless, this result, derived from an individual sample, remains insufficient to draw a conclusive statement. Henceforth, we propose the analysis of a greater number of field samples, collected up until recently.



Taking into account that both citrus growing areas in Uruguay are represented in our sampling, the distribution of genotypes reported in the present work, despite the small amount of samples, are representative and present a larger picture of the genotypes present in the country. This is the first report of CTV genetic variation in the country and this information could be used as a baseline of future temporal and spatial spreads of CTV isolates in Uruguay.




3.2. Phylogenetic Relationships among the Isolates


The genomic sequences indicate that the Uruguayan isolates are members of three extant CTV phylogenetic lineages, VT, T3, and T36. Additionally, 10% to 27% of these isolates were found in the NC monophyletic group. This genetic lineage was previously described by other authors, although with different names, such as group 5 based on Nolasco’s classification system or group 7 in Wang and co-workers’ article [24,37,38,39,40,41]. Because of its high genetic conservation, all of the aforementioned reports are based on the study of the p25 gene, which is widely used to classify CTV [42]. Two aspects deserve to be highlighted. First, many of the sequences retrieved from GenBank by BLAST and clustering within the NC genetic lineage are the same as those found in group 5 or group 7, revealing that a divergent group exists compared with the rest of the extant CTV genotypes. Second, isolate HA16-5, which was not included into any of the existing genotypes, and suggested by Harper as a future possible new genotype, interestingly grouped into this NC genetic lineage for the three analyzed regions in the present work [26].



Another sequence that supports the topologies of the phylogenetic trees obtained in this work, for all three analyzed regions, is the recently sequenced complete genome of a Taiwanese strain (JX266713). We performed complete genomes phylogenies with Maximum Likelihood (ML) and Maximum Parsimony (MP) methods and this sequence from Taiwan grouped with the HA16-5 isolate from Hawaii, suggesting a new genotype for CTV (Figure S2. Complete genomes phylogenetic trees). Furthermore, the analysis of the three regions, separately, shows HA16-5 and Taiwan clustering together, forming this NC monophyletic group. Although no complete genomes were used in the present work, the consistency of information between the three analyzed regions is clear.



It is worth noticing that genotype T68 does not appear in the p25, p20, and p23 genes phylogenies. This could be explained by the fact that isolates from this lineage are recombinant, showing a VT-like 3′half part in their genomes [26]. Nevertheless, the robustness of the results presented here has been probed by means of phylogenetic trees topologies. For all analyzed regions, the phylogenetic relationships between genotypes remain similar and every single node is supported by high aLRT values. Although it has been suggested the amplification of multiple sites of ORF1a/1b to type CTV, it will take time for researchers from different parts of the world to accept and apply this methodology to reach uniformity in CTV typing criteria [26].



According to data reported in Brazil, Argentina, and other parts of the world, the VT genotype was predominant within CTV variants circulating in Uruguay, supporting the prevalent status of the genotype worldwide and reinforcing results obtained in the present work [30,32,42,43,44]. Previous phylogenetic studies performed with Argentinean isolates showed the circulation of different CTV genotypes in the country [30]. However, based on the typing system used, some of the isolates could not be clearly assigned to a specific genotype [30]. Nevertheless, using the new typing system proposed by Harper [26], we could assign genotypes to all these Argentinean isolates and, surprisingly, it turned out that many of these sequences grouped into the NC genetic lineage reported here. These results confirm that the NC genetic lineage has been present in the South American region for some decades.




3.3. Genetic Divergence of CTV Populations in Uruguay


Comparative analyses of the p25, p20, and p23 regions of CTV-NC genetic lineage members with other CTV genotypes isolates provided evidence that this monophyletic group is different from the previously known and very well described genotypes. The three regions analyzed showed less than 92% sequence identity with other reported CTV genotypes, whereas, on the other hand, sequence identity within the NC monophyletic group was considerably higher, with values up to 99%. As was expected, the p23 region shows the lowest identity values within and between groups. This gene is not only responsible for RNA interference silencing suppression, but also controls negative strand accumulation, thus, diversification of p23 is predictable, as both host antiviral RNAi genes and viral suppressors of silencing are known to rapidly evolve [45].




3.4. Evidence of Recombination


Recombination has played a significant role in the evolution of all the known CTV genotypes [18,46]. Evidence of multiple recombination events has been widely described through CTV evolutionary history [18,43]. This is to be expected due to the frequent mixtures of two or more strains in the same plant, and also because of the efficient vector transmission. The fact that only two clones of the eight analyzed for sample 164 on the p25 region were recombinant shows the co-existence of recombinant and non-recombinant isolates in the plant at the same time. Nevertheless, we could not find the parental sequences involved in the recombination event, suggesting the divergence of the recombinant over the years.





4. Materials and Methods


4.1. Virus Isolates


Thirteen CTV isolates were collected almost 20 years ago from naturally-infected field trees in different citrus-growing areas of Uruguay, and were maintained in rough lemon (Citrus jambhiri) plants in insect-proof greenhouses (Table 2). CTV and T. citricida are endemic in these regions since at least 1955, thus, the plants were probably infected since their introduction in the field. Symptom evaluation was performed for these isolates in graft-inoculated Mexican lime (Citrus aurantifolia) plants. After a year from inoculation, the bark from every branch was peeled off looking for stem pitting symptoms (SP). In 1999, serological analysis, such as ELISA, was performed on the isolates. Geographical distribution, presence or absence of SP in Mexican lime, collection date, and ELISA test result are summarized in Table 1. These isolates belong to the collection of the National Institute of Agricultural Research (INIA), Salto Grande, Uruguay.



The sample named MIL was collected from the field in 2012 and no ELISA test or any symptom evaluation analysis was performed (Table 2). After collection, it was immediately processed in the same way as the other samples.
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Table 2. Characteristics of the Uruguayan isolates used in the present study.
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Isolate

	
Host

	
Origin

	
Collection date

	
Aspect of the tree in the field

	
Stem Pitting

	
ELISA

	
Number of clones




	
p25

	
p20

	
p23






	
119

	
Lemon

	
San José

	
1993

	
Stunted

	
NA

	
+

	
12

	
9

	
11




	
120

	
Washington Navel sweet orange

	
Paysandú

	
2006

	
Stunted

	
NA

	
+

	
8

	
4

	
14




	
121

	
Star Ruby grapefruit

	
Salto

	
1997

	
Stunted

	
+

	
-

	
3

	
6

	
NC




	
122

	
Star Ruby grapefruit

	
Salto

	
1997

	
Stunted

	
+

	
+

	
8

	
12

	
12




	
123

	
Lemon

	
San José

	
1998

	
Normal

	
++

	
+

	
12

	
5

	
10




	
124

	
Lemon

	
San José

	
1998

	
Normal

	
++

	
UND

	
11

	
11

	
12




	
125

	
Lemon

	
San José

	
1998

	
Stunted

	
+++

	
-

	
1

	
14

	
8




	
164

	
Lemon

	
San José

	
1998

	
Stunted

	
+++

	
+

	
8

	
12

	
11




	
165

	
Valencia sweet orange

	
San José

	
1998

	
Stunted

	
-

	
+

	
3

	
13

	
8




	
166

	
Lemon

	
Canelones

	
1998

	
Stunted

	
+++

	
-

	
9

	
9

	
10




	
167

	
Lemon

	
Canelones

	
1998

	
Normal

	
++

	
+

	
11

	
11

	
10




	
168

	
Star Ruby grapefruit

	
Salto

	
1998

	
Stunted

	
-

	
UND

	
NC

	
12

	
NC




	
MIL

	
Satsuma Owari mandarin

	
Salto

	
2012

	
Normal

	
NA

	
NA

	
NC

	
12

	
9








References: + mild; ++ intermediate; +++ severe; NA Not Apply; NC Not Cloned; UND Undetermined.








4.2. RNA Extraction, cDNA Synthesis, and PCR Amplification


Bark and young leaves of CTV-infected plants were minced into small pieces, frozen at −160 °C for1 h and pulverized in a mortar. Total RNA was extracted using the RNeasy Plant Mini Kit (QIAGEN®, Hilden, Germany) following the manufacturer’s instructions. Between 1 ng–5 μg of dsRNA were used as template for cDNA synthesis, and was heat denatured at 65 °C for 5 min in presence of 2 pmol of p25, p20, or p23 gene-specific reverse primer and 1 μL of dNTP Mix (10 mM each) [18,30]. The mixture was transferred to ice for 5 min, and 1 μL of 5× First-strand buffer plus 2 μL of 0.1M DTT was added. After incubation at 42 °C for 2 min was performed, and 200U of SuperScript ™ II Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA) was added. The retrotranscription was performed by incubation at 42 °C for 50 min and an inactivation step at 70 °C for 15 min. For the amplification of the three regions studied, 5 μL of cDNA was PCR amplified in a final volume reaction of 50 μL, with a reaction mix containing 5 μL of 10× Taq Buffer with (NH4)2SO4 (750 mM Tris-HCl (pH 8.8 at 25 °C), 200 mM (NH4)2SO4, 0.1% (v/v) Tween 20), 5 μL of dNTP mix (2mM each), 1 μL of each gene-specific primers p25, p20, and p23 (10 μM each) (Table 3), 1.6 μL MgCl2 (25 mM), 1.25 U Taq DNA Polymerase Recombinant (Thermo Scientific Inc., Hanover, MD, USA), and nuclease-free water up to 50 μL. The thermal cycling conditions for p20 and p25 genes were as follow: An initial denaturation at 95 °C for 4 min; 35 cycles of 30 s at 95 °C, 30 s at 50 °C, 30 s at 72 °C; and a final extension of 2 min at 72 °C. For the p23 gene, the annealing temperature was 54 °C with the rest of the cycling the same. The resulting amplification products were visualized by GoodView™ (SBS Genetech Co., Beijing, China) staining after electrophoresis in 2% agarose gel. The amplicons were purified using the AxyPrep DNA Gel Extraction kit (Axygen, Corning, NY, USA) following manufacturer’s instructions.
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Table 3. List of primers used in this work. Nucleotide sequence, genome position, expected size and author reference are described.
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Name

	
Sequence

	
Genome Position*

	
Expected Size (bp)

	
Reference






	
p20F

	
5' ACAATATGCGAGCTTACTTTA 3'

	
17691–17710

	
555

	
[18]




	
p20R

	
5' AACCTACACGCAAGATGGA 3'

	
18229–18246




	
p23F

	
5' GTCTCTCCATCTTGCGGTGTAG 3'

	
18224–18244

	
733

	
[30]




	
p23R

	
5' CAATCAGATGAAGTGGTG3'

	
18941–18957




	
p25F

	
5' TGAATTATGGACGACGAAAC 3'

	
16079–16097

	
676




	
p25R

	
5' TCAACGTGTGTTGAATTTCCC 3'

	
16736–16755








* Respect VT strain (U56902)








4.3. Cloning


In order to separate the different genomic variants presumably present in each CTV isolate, RT-PCR purified fragments were cloned with the CloneJET™PCR Cloning kit (Thermo Scientific Inc., Hanover, MD, USA), according to manufacturer’s instructions, followed by transformation of competent E. coli NEB5-α cells (New England BioLabs, Hertfordshire, UK). At least ten colonies for sample and gene, containing recombinant plasmids, were examined by PCR. The inserts of the recombinant clones were sequenced in both directions using the pJET1.2 universal primers in an ABI3130 sequencer (Applied Biosystems®, Foster City, CA, USA).




4.4. Nucleotide Sequences and Phylogenetic Analysis


Consensus sequences were obtained by edition and assembling of both sequenced strands (sense and antisense) for each clone obtained using the SeqMan program from the DNASTAR package [47].



Datasets for each gene were composed of reference strains, Argentinean isolates published by Iglesias and coworkers, different sequences obtained by BLAST from the NCBI database and Uruguayan isolates obtained in this work [30,32]. Based on Harper’s classification system, reference strains for each genotype were retrieved from the GenBank database: U56902 (VT), EU937519 (FS02-2-VT), EU857538 (NZ-M16), JQ965169 (T68), EU076703 (B165), KC525952 (T3), FJ525431 (NZRB-M12), FJ525434 (NZRB-TH30), AF260651 (T30), Y18420 (T385) U16304 (T36), and AY340974 (Qaha) [48]. Datasets were aligned with the MEGA6 software package [33].



The model of nucleotide substitution that best fit each dataset, evaluated by the Akaike Information Criterion (AIC), was selected by jModelTest program [49,50]. The maximum likelihood (ML) method and the GTR model of nucleotide substitution were selected and phylogenies were reconstructed with PhyML in an online web server [51]. Support of the branches was estimated with the approximate likelihood-ratio test (aLRT) with SH-like support. Based on this methodology, three phylogenetic trees were made.



In order to estimate the average distance intra and between genotypes for the three genes, the arithmetic mean of all pairwise distances between two groups in an inter-group comparison was made using MEGA6.




4.5. Recombination Analysis


To test whether a recombination event had occurred in any of the sequences included in these studies, a sliding window analysis of distance approach, implemented in the SimPlot program, was used. To find the recombination break points, if necessary, the GARD method from a web server was used.




4.6. Nucleotide Sequence Accession Number


All sequences obtained in this work were submitted to the GenBank database under accession numbers KP268157–KP268286 for the p20 gene, KP268287–KP268401 for the p23 gene and KP268402–KP268487 for the p25 gene.





5. Conclusions


This study will contribute to a better understanding of CTV population structure in order to perform accurate cross protection programs in our geographic region. The data presented here shows the different genotypes of CTV isolates circulating in Uruguay. The presence of a new genetic lineage reflects the continuous diversification of the virus, reinforcing the importance of deeper genomic studies. Further analysis will be needed, such as biological indexing and full genome sequencing, in order to fully characterize this possible new genotype. The present study intends to open discussion and promote debate in order to achieve a better understanding of the generation and establishment of new CTV genetic variants. Continuous surveillance is important to detect the presence of new CTV genotypes that may cause problems to citrus industries.








Supplementary Files

Supplementary File 1



Acknowledgments


This research was supported by INIA FPTA 310; Polo de Desarrollo Universitario, Universidad de la República, Uruguay; ANII FMV_3_2011_1_7022 projects. MJ Benítez-Galeano was recipient of a Master fellowship from Agencia Nacional de Investigación e Innovación (ANII), Uruguay (POS_2011_1_3393).




Author Contributions


M.J.B-G and R.C. designed the study, developed the methodology, performed the analysis and wrote the article. A.B., L.R., D.M., and F.R. collected the samples, performed biological indexing and immunoassays, and contributed with valuable technical assistance and critical reading.




Conflicts of Interests


The authors declare no conflicts of interest.




References


	



Moreno, P.; Ambros, S.; Albiach-Marti, M.R.; Guerri, J.; Peña, L. Plant diseases that changed the world Citrus tristeza virus: A pathogen that changed the course of the citrus industry. Mol. Plant Pathol. 2008, 9, 251–268. [Google Scholar] [CrossRef] [PubMed]

	



Brlansky, R.H.; Damsteegt, V.D.; Howd, D.S.; Roy, A. Molecular analyses of citrus tristeza virus subisolates separated by aphid transmission. Plant Dis. 2003, 87, 397–401. [Google Scholar] [CrossRef]

	



Bar-Joseph, M.; Marcus, R.; Lee, R.F. The continuous challenge of citrus tristeza virus control. Annu. Rev. Phytopathol. 1989, 27, 291–316. [Google Scholar] [CrossRef]

	



Karasev, A.V.; Boyko, V.P.; Gowda, S.; Nikolaeva, O.V.; Hilf, M.E.; Koonin, E.V.; Niblett, C.L.; Cline, K.; Gumpf, D.J.; Lee, R.F.; et al. Complete Sequence of the Citrus Tristeza Virus RNA Genome. Virology 1995, 208, 511–520. [Google Scholar] [CrossRef] [PubMed]

	



Febres, V.J.; Ashoulin, L.; Mawassi, M.; Frank, A.; Bar-Joseph, M.; Manjunath, K.L.; Lee, R.F.; Niblett, C.L. The p27 protein is present at one end of citrus tristeza virus particles. Phytopathology 1996, 86, 1331–1335. [Google Scholar]

	



Satyanarayana, T.; Gowda, S.; Ayllon, M.A.; Dawson, W.O. Closterovirus bipolar virion: Evidence for initiation of assembly by minor coat protein and its restriction to the genomic RNA 5′ region. Proc. Natl. Acad. Sci. USA 2004, 101, 799–804. [Google Scholar] [CrossRef] [PubMed]

	



Agranovsky, A.A. Principles of molecular organization, expression and evolution of closterovirus: Over the barriers. Adv. Virus Res. 1996, 17, 119–158. [Google Scholar]

	



Hilf, M.; Karasev, A.; Pappu, H.; Gumpf, D.; Niblett, C.; Garnsey, S. Characterization of Citrus Tristeza Virus subgenomic RNAs in infected tissue. Virology 1995, 208, 576–582. [Google Scholar] [CrossRef] [PubMed]

	



Navas-Castillo, J.; Albiachi-Martí, M.; Gowda, S.; Hilf, M.; Garnsey, S.; Dawson, W. Kinetics of accumulation of citrus tristeza virus RNAs. Virology 1997, 228, 92–97. [Google Scholar] [CrossRef] [PubMed]

	



Satyanarayana, T.; Gowda, S.; Mawassi, M.; Albiach-Martí, M.R.; Ayllón, M.A.; Robertson, C.; Garnsey, S.M.; Dawson, W.O. Closterovirus encoded HSP70 homolog and p61 in addition to both coat proteins function in efficient virion assembly. Virology 2000, 278, 253–265. [Google Scholar] [CrossRef] [PubMed]

	



Lu, R.; Folimonov, A.; Shintaku, M.; Wan-Xiang, L.; Falk, B.W.; Dawson, W.O.; Ding, S. Three distinct suppressors of RNA silencing encoded by a 20-kb viral RNA genome. Proc. Natl. Acad. Sci. USA 2004, 101, 15742–15747. [Google Scholar] [CrossRef] [PubMed]

	



Tatineni, S.; Robertson, C.J.; Garnsey, S.M.; Dawson, W.O. A plant virus evolved by acquiring multiple nonconserved genes to extend its host range. Proc. Natl. Acad. Sci. USA 2011, 108, 17366–17371. [Google Scholar] [CrossRef] [PubMed]

	



Gowda, S.; Satyanarayana, T.; Davis, C.; Navas-Castillo, J.; Albiachi-Martí, M.; Mawassi, M.; Valkov, N.; Bar-Joseph, M.; Moreno, P.; Dawson, W. The p20 gene product of Citrus tristeza virus accumulates in the amorphous inclusion bodies. Virology 2000, 272, 246–254. [Google Scholar] [CrossRef] [PubMed]

	



López, C.; Navas-Castillo, J.; Gowda, S.; Moreno, P.; Flores, R. The 23-kDa Protein Coded by the 3′-Terminal Gene of Citrus Tristeza Virus Is an RNA-Binding Protein. Virology 2000, 269, 462–470. [Google Scholar] [CrossRef] [PubMed]

	



Satyanarayana, T.; Gowda, S.; Ayllon, M.A.; Albiach-Marti, M.R.; Rabindram, R.; Dawson, W.O. The p23 protein of Citrus tristeza virus controls asymmetrical RNA accumulation. J. Virol. 2002, 76, 473–483. [Google Scholar] [CrossRef] [PubMed]

	



Fagoaga, C.; López, C.; Moreno, P.; Navarro, L.; Flores, R.; Peña, L. Viral-Like Symptoms Induced by the Ectopic Expression of the p23 Gene of Citrus tristeza virus Are Citrus Specific and Do Not Correlate with the Pathogencity of the Virus Strain. Mol. Plant Microbe Interact. 2005, 18, 435–445. [Google Scholar] [CrossRef] [PubMed]

	



Kong, P.; Rubio, L.; Polek, M.; Falk, B. Population structure and genetic diversity within California Citrus tristeza virus (CTV) isolates. Virus Genes 2000, 21, 139–145. [Google Scholar] [CrossRef] [PubMed]

	



Rubio, L.; Ayllon, M.A.; Kong, P.; Fernandez, A.; Polek, M.L.; Guerri, J.; Moreno, P.; Falk, B.W. Genetic variation of Citrus tristeza virus isolates from California and Spain: Evidence for mixed infections and recombination. J. Virol. 2001, 75, 8054–8062. [Google Scholar] [CrossRef] [PubMed]

	



Roistacher, C.N.; da Graça, J.V.; Müller, G.W. Cross Protection Against Citrus Tristeza Virus a Review. In Proceedings of the 17th Conference of the International Organization of Citrus Virologists, 2010; Brlansky, R.H., Lee, R.F., Timmer, L.W., Eds.; IOCV: Riverside, CA, USA, 2010; pp. 1–27. [Google Scholar]

	



Folimonova, S.Y. Developing an understanding of cross-protection by Citrus tristeza virus. Front. Microbiol. 2013, 4, e76. [Google Scholar] [CrossRef] [PubMed]

	



Niblett, C.; Genc, H.; Cevik, B.; Halbert, S.; Brown, L.; Nolasco, G.; Bonacalza, B.; Manjunath, K.; Febres, V.; Pappu, H.; et al. Progress on strain differentiation of Citrus Tristeza Virus and its application to the epidemiology of citrus tristeza disease. Virus Res. 2000, 71, 97–106. [Google Scholar] [CrossRef]

	



Hilf, M.E.; Garnsey, S.M. Characterization and classification of Citrus tristeza virus isolates by amplification of multiple molecular markers. In Proceedings of the 14th IOCV Conference, 2000; IOCV: Riverside, CA, USA, 2000; pp. 18–27. [Google Scholar]

	



Ayllon, M.A.; Lopez, C.; Navas-Castillo, J.; Garnsey, S.M.; Guerri, J.; Flores, R.; Moreno, P. Polymorphism of the 5′ terminal region of Citrus tristeza virus (CTV) RNA: Incidence of three sequence types in isolates of different origin and pathogenicity. Arch. Virol. 2001, 146, 27–40. [Google Scholar] [PubMed]

	



Nolasco, G.; Santos, C.; Silva, G.; Fonseca, F. Development of an asymmetric PCR-ELISA typing method for citrus tristeza virus based on the coat protein gene. J. Virol. Methods 2009, 155, 97–108. [Google Scholar] [CrossRef] [PubMed]

	



Melzer, M.J.; Borth, W.B.; Sether, D.M.; Ferreira, S.; Gonsalves, D.; Hu, J.S. Genetic diversity and evidence for recent modular recombination in Hawaiian Citrus tristeza virus. Virus Genes 2010, 40, 111–118. [Google Scholar] [CrossRef] [PubMed]

	



Harper, S.J. Citrus tristeza virus: Evolution of complex and varied genotypic groups. Front. Microbiol. 2013, 4, e93. [Google Scholar] [CrossRef] [PubMed]

	



Gomes, C.P.; Nagata, T.; de Jesus, W.C., Jr.; Neto, C.R.; Pappas, G.J., Jr.; Martin, D.P. Genetic variation and recombination of RdRp and HSP 70h genes of Citrus Tristeza Virus isolates from orange trees showing symptoms of citrus sudden death disease. Virol. J. 2008, 16, 5–9. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Oliveros-Garay, O.; Martinez-Salazar, N.; Torres-Ruiz, Y.; Acosta, O. CPm gene diversity in field isolates of Citrus tristez virus from Colombia. Arch. Virol. 2009, 154, 1933–1937. [Google Scholar] [CrossRef] [PubMed]

	



Peroni, L.; Lorencini, M.; Ribeiro dos Reis, J.; Machado, M.; Stach-Machado, D. Differential diagnosis of Brazilian strains of Citrus tristeza virus by epitope mapping of coat protein using monoclonal antibodies. Virus Res. 2009, 145, 18–25. [Google Scholar] [CrossRef] [PubMed]

	



Iglesias, N.G.; Gago-Zachert, S.P.; Robledo, G.; Costa, N.; Plata, M.I.; Vera, O.; Grau, O.; Semorile, L.C. Population structure of Citrus tristeza virus from field Argentinean isolates. Virus Genes 2008, 36, 199–207. [Google Scholar] [CrossRef] [PubMed]

	



Koch de Brotos, L.; Boasso, C. Lista de las Enfermedades de los Vegetalesen el Uruguay; Ministerio de Ganadería y Agricultura, Dirección de Agronomía, Laboratorio de Fisiología y Patología Vegetal: Montevideo, Uruguay, 1955; p. 65. [Google Scholar]

	



Iglesias, N.; Marengo, J.; Riquelme, K.; Costa, N.; Plata, M.; Semorile, L. Characterization of the population structure of a grapefruit isolate of Citrus tristeza virus (CTV) selected for pre-immunization assays in Argentina. In Proceedings of the 16th Conference of the International Organization of Citrus Virologists, 2005; Hilf, M.E., Duran-Vila, N., Rocha-Peña, M.A., Eds.; IOCV: Riverside, CA, USA, 2005; pp. 150–158. [Google Scholar]

	



Tamura, K.; Stecher, G.; Peterson, D.; Filipski, A.; Kumar, S. MEGA6: Molecular Evolutionary Genetics Analysis Version 6.0. Mol. Biol. Evol. 2013, 30, 2725–2729. [Google Scholar] [CrossRef] [PubMed]

	



Lole, K.S.; Bollinger, R.C.; Paranjape, R.S.; Gadkari, D.; Kulkarni, S.S.; Novak, N.G.; Ingersoll, R.; Sheppard, H.W.; Ray, S.C. Full-length human immunodeficiency virus type 1 genomes from subtype C-infected seroconverters in India, with evidence of intersubtype recombination. J. Virol. 1999, 73, 152–160. [Google Scholar] [PubMed]

	



Kosakovsky Pond, S.; Posada, D.; Gravenor, M.; Woelk, H.; Frost, S. Automated Phylogenetic Detection of Recombination Using a Genetic Algorithm. Mol. Biol. Evol. 2006, 23, 1891–1901. [Google Scholar] [CrossRef] [PubMed]

	



Hilf, M.; Karasev, A.; Albiach-Martí, M.; Dawson, W.; Garnsey, S. Two paths of sequence divergence in the Citrus Tristeza Virus complex. Phytopathology 1999, 89, 336–342. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Bozan, O.; Kwon, S.J.; Dang, T.; Rucker, T.; Yokomi, R.; Lee, R.; Folimonova, S.; Krueger, R.; Bash, J.; et al. Past and future of a century old Citrus tristeza virus collection: A California citrus germplasm tale. Front. Microbiol. 2013, 4, e366. [Google Scholar] [CrossRef] [PubMed]

	



Hančević, K.; Černi, S.; Nolasco, G.; Radić, T.; Djelouah, K.; Škorić, D. Biological characterization of Citrus tristeza virus monophyletic isolates with respect to p25 gene. Physiol. Mol. Plant Pathol. 2013, 81, 45–53. [Google Scholar] [CrossRef]

	



Černi, S.; Ruščić, J.; Nolasco, G.; Gatin, Ž.; Krajačić, M.; Škorić, 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. [Google Scholar] [CrossRef] [PubMed]

	



Černi, S.; Škorić, D.; Ruščić, J.; Krajačić, M.; Papic, T.; Djelouah, K.; Nolasco, G. East Adriatic: A reservoir region of severe Citrus tristeza virus strains. Eur. J. Plant Pathol. 2009, 124, 701–706. [Google Scholar] [CrossRef]

	



Papayiannis, L.; Santos, C.; Kyriakou, A.; Kapari, T.; Nolasco, G. Molecular characterization of Citrus tristeza virus isolates from Cyprus on the basis of the coat protein gene. J. Plant Pathol. 2007, 89, 291–295. [Google Scholar]

	



Hilf, M.E.; Mavrodieva, V.A.; Garnsey, S.M. Genetic marker analysis of a global collection of isolates of Citrus tristeza virus: Characterization and distribution of CTV genotypes and association with symptoms. Phytopathology 2005, 95, 909–917. [Google Scholar] [CrossRef] [PubMed]

	



Martin, S.; Sambade, A.; Rubio, L.; Vives, M.C.; Moya, P.; Guerri, J.; Elena, S.F.; Moreno, P. Contribution of recombination and selection to molecular evolution of Citrus tristeza virus. J. Gen. Virol. 2009, 90, 1527–1538. [Google Scholar] [CrossRef] [PubMed]

	



Harper, S.J.; Dawson, T.E.; Pearson, M.N. Isolates of Citrus tristeza virus that overcome Poncirus trifoliata resistance comprise a novel strain. Arch. Virol. 2010, 155, 471–480. [Google Scholar] [CrossRef] [PubMed]

	



Obbard, D.J.; Gordon, K.H.J.; Buck, A.H.; Jiggins, F.M. The evolution of RNAi as a defense against viruses and transposable elements. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2009, 364, 99–115. [Google Scholar] [CrossRef] [PubMed]

	



Weng, Z.; Barthelson, R.; Gowda, S.; Hilf, M.E.; Dawson, W.O.; Galbraith, D.W.; Xiong, Z. Persistent infection and promiscuous recombination of multiple genotypes of an RNA virus within a single host generate extensive diversity. PLoS ONE 2007, 2, e917. [Google Scholar] [CrossRef] [PubMed]

	



Swindell, S.; Plasterer, T. SEQMAN. Contig assembly. Methods Mol. Biol. 1997, 70, 75–89. [Google Scholar] [PubMed]

	



National Center for Biotechnology Information. Available online: http://www.ncbi.nlm.nih.gov/genbank (accessed on 17 February 2015).

	



Akaike, H. A new look at the statistical model identification. IEEE Trans. Autom. Control 1974, 19, 716–723. [Google Scholar] [CrossRef]

	



Posada, D. jModelTest: Phylogenetic Model Averaging. Mol. Biol. Evol. 2008, 25, 1253–1256. [Google Scholar] [CrossRef] [PubMed]

	



Guindon, S.; Dufayard, J.; Lefort, V.; Anisimova, M.; Hordijk, W.; Gascuel, O. New algorithms and methods to estimate maximum-likelihood phylogenies: 3.0. Syst. Biol. 2010, 59, 307–321. [Google Scholar] [CrossRef] [PubMed]





© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  viruses-07-02814


  
    		
      viruses-07-02814
    


  




  





media/file5.png
Model averaged support.

D © 0 @

o @ e

o 0 7 0 M 3 %0 3 20 %0 %0
Fostn
Vindow: 200 bp, Ste: 205, GapSirp:On, Kirrs (2 parameer) TA 20

(A)

P TR
100






media/file3.png
]
-

™ ' .%%
1SS EER 20 JMSG et ..% axrl_ﬁ
. u,-n..mmm ] m.tr#\%%wwhu.%
BRERIL5E mmm%w» 5 y 3 > &
Uit e,
W, AT SRS,
- ' -
oi¢ \ SR PSSR
X 5%%% ol AR PSS el
kizaitt LR LT DIRGRE o e X0 EE S
RS e g, R B e
RS SO ,ww%_ PR AR Ty 5, 1 s S
& g fﬂ“&z.ﬂ .%W\ ! r.-.. iy % .t@%ﬁ r?n..\.:w:n.. ﬁv sﬂ*ﬂ%ﬁ\%uum_v
b %J_Wwﬁ . 2 %ﬁ%i@ 1% et J Nt
£ ) -% \tmphiv \J%ﬁ% h@ﬁv @_YM b.n- ﬂﬂv L un-......ﬁﬁ_.fv aﬁ‘
2, *M#, SN o Lo ; o e
a % ) o %f%\% - L5 ..ﬂé.. Mg Wy
o ﬁm:.wf 1,.#. .:;.3&..&. 1 wx...eﬁ_ g.ffrn_-ﬂ .V .%..%..u&a@u At
nﬁn!acaﬁqry,#’ r...ﬁv%o Ju® g Fag, , ob..:‘ B et i
% - i ) - .-.p fff < A X erH. - \.—
e R o s N 1 e
Q_Pv f _‘9&#,&. .—.ﬁ.ﬂﬂ‘g ._H...__..L\\_‘# n_-awr,;wd_h g h_....!u.Au-n‘__w....:qm._ \._._cw.._
#&.._e F WP 0k® g 1...mﬂ$ 0 Mg T %%Hun..i_u 1993
ol e s e
L gy, ¥, g B B %i.\im o8 o ,g,.wumw#! O sy, 193
=y ] 7CL s Fr 2303
R T e e |
:..w;mﬂﬂ.&u”.*h‘ f.wﬁa.ﬁiﬂ.ﬁdﬂ 851 FSA Loz dgg, MM".EE,_.HEE.’
o Ve o grss o iy co-ra ket
aﬁﬂ;gj 36y 12592003 US40 PR A ol sor-TSAN 3czdg,,
& wﬂ&uﬁdﬂﬂ-ﬁ%.h“ “ wmiuénuu-nl““ﬁﬂ._ﬂauw B %gmlj”ﬁ ] -ha.nh.“. gr””ﬂaﬂh
82 49 0o g, itbnbandl P e 120237 X o0e Pl QM.__H
U 00095 5myy o SU6L rSUncedeedy | S 120p23C WAoo g, -Vl
za.-m_h_m_uid Hn.hwﬁ ,ﬁw.:_ ,_s._uunﬁmﬁ___rﬂﬁ a5, Youp, h.k«ash
e A X S, -ty ey,
HLOE WD ZE9E96 e .uk_e.:rﬂ?.: 12003 5 P 008 ) -y
12292005 UVISA_1987 / zogigrsn a.__%un.% E._HM__. by X A hﬂfﬂ% g
20_GR_20 ' WSl 7 gt T,
i 5 2% o e e, ‘ e
Kmen ARG o 3 far P oo e Sk, e
o P R T s ot L e gy iy
#..Saﬂﬂ}ﬁ._._ﬂ%w «MM&; —ES., _Gﬂ..# e iraw - sl a_pm_; g, iy
s = ey by ,Qﬂﬂa LS R Y - by i e,
s AN : e o e, S
e , T STy, RN
B My a0 by SRS _ o A
_miu._.wuﬁx_-ﬁ.% NS h.ou.\m.x&v nﬁuﬁ, . nﬁuu el 1@% ...nd.\ A«.uﬁvﬁv«
W SN SES I ey OPCIASORN
’A&%v S .#\:z @b\*ﬁ\r ;Kuﬁ. f N ﬂ*\ﬂﬁ‘% )ﬁ% ﬂr\ \%% o ﬁl@- v 4 Wﬁ; 45 ]
o ak MRS AT PP LN,
,WMVM,N,%%M_@% R o R M@Mﬁm L TP _ammwmmw ,M@wﬂ%w >
T O S ES 0y ﬁwuﬁﬁﬁﬁ@ﬁ ¥§ %m. %%w%.%m Sy sse5<4 22330983 LRL
,Euﬁﬁw&@wmwfw?» PPN Sant €8S % Bk w §888s g IR S wwm 2
SR el - EAPEE RS NCEFF AN b
G «%@ﬁw@%ﬁmmm s S HIHTHL
&‘_pl__ﬁg.sh b.__w. %%WM& m_ I _L:...._:.ﬂ._#.ﬂ.l\ & Wﬁﬂﬁim
& " ¥e' 3 fwsnnm et m.,m. BR®
h,%ﬂ%wm I FEEREL Y 3%
?mwmmm“mmm piet

(C)





media/file0.png
S

B fos
Pt e
R

il
35355

g

165,
1229300

12






media/file1.png





media/file2.png
"'I-ll-.,-___h

ﬁ# E*g
ARuAiEia2aag022054 88,
s g .-%.%5. g,r%g‘-gjg“‘ *";ﬁ?_ﬁh

S g _ 8
[ % A G ﬁ it r..f‘rgg '\f?f
NNSLE ‘_??‘-:'_;:;‘_'J 5 33333888000sS § gf_& ,{aé; ; ""f'fﬁ?f b

AR SR o
It S S0l
4, R S \ e WP e -
%’gﬁhﬁtﬁ - e oot o
%r 7y #}*‘%‘ ' ' : “’s""gﬁ.ﬁw‘%ﬁ no
o N SofnisGio e,
By g,
’-._.h b '\‘ 1—#.‘!{& k-t -
hﬁ‘ﬁ?‘ﬂ?‘“’% A
r - P Ll 1—‘" \ﬁd | 3
I v VS St s
e n L S e
i 'qh',’ ﬁ"ﬁ[—‘r “‘.‘_A"\
con ST » ke
“.3‘-51_ MG 1#15 r A
75036 g - Jag 2 120p25C - yepn 2000
Fuzggygy 19% ® OPEIE
FU2isnz7 - HESZSS5E s 1098
Em?i_}q: rT50761_A
U258065 "y - FU5254 31 INZRE M2
EUZ28060 _Hi 0.0 FJ5254 34 NZRE-TH3D
ELZER0TE_HR_ = AYTSOTED_RAR 2008
EUGENS12_HR_ ELZRR0R, |
EUZEB081_HR_ EF517336 cn_
EUZBE0TS_HR_ Eusmysy
nmm.u:m_ rg‘_g:ﬁ -
WCRATEZD mﬁl_ﬁﬁ E‘Iru?s;:“'s.:“;
2508 an 199 EF g5y 92_AR
PSR Eky, k?ﬂqwm
ﬂwﬁcﬂﬁg‘!g-ﬁq‘ F H ;&L o
1B a1 £t9 1480y
\ﬁh,‘gﬂ £ty J’k}"c‘:
W0 a3 etk y iz~
a2 s S
WA Ta%, : e
7 AR D s
RN S e e P ™
LRI G e
%:;g;f%sw%ﬁ S
A S h._ . ) {’;' Ty
& #-&f‘?&ﬂ Ry PRae %g@ﬁ,’a%@
& i@-u%i?@é_ &é‘lé-‘w 4 *}"ﬁ% h.ﬁg $
I:"' & Fa) 'ﬁ. t o \‘
RO L ST W e T eete i
) T E H s;gr-z MMI'EE_%%, sla ,_;ﬁ& (‘é‘;‘ “d %
CEEETTsn AL S 3?"33-‘:535 55:&555:&3 Bt T i
-é'#'“ & " ,gigé’,., ol Eé;!'ﬁaﬂﬁ ; T ﬁ“%‘--&"
TeLes 53 ggﬂg' SBNeR) n“‘a‘a‘ﬁg‘:‘* rr
Sy RES85 5555050083250 &)
N R F ke - L IE ' B ]
EEE {






media/file6.png
1,0

0,595
0,54 4
0,52

0,5

0,51
0,58 4
0,56 |
0,54 1
0,52 4

0,5

Hodel averaged support

e
&0

T LI L L L L L L BN B
100 120 140 160 180 200 220 240 260 2

L L L L L L LN B BN B B N
380 400 420 440 450 480 500 520 540 5S60 580

——— NZ-M16_(New_Zealand)
———— T36_(Florida_EEUU)

A S A B
300 320 340 38 600
ition
Window: 200 bp, Step: 20 bp, GapStrip: On, Kimura (2-parameter), Tit: 2,0
I 1 ] ] I I
. | | JIII| | | ]lh [ B | by s A TR TR T NI il
a 188 288 388 488 588 688

Breakpoint location

(B)

i)





