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ABSTRACT

Lactobacillus plantarum is a species of considerable industrial and medical interest.
To date, the lack of reliable molecular methods for the definite identification at strain level
has hindered studies of the population biology of this organism. Here, a multilocus
sequence typing (MLST) system for this organism is described, which exploits the genetic
variation present in six housekeeping loci to determine the genetic relationship among
isolates. The MLST system was established using 16 L. plantarum strains that were also
characterized by ribotyping and restriction fragment length polymorphism (RFLP) analysis
of the PCR- amplified 16S-23S rDNA intergenic spacer region (ISR). Ribotyping grouped
the strains into four groups; however, the RFLP analysis of the ISRs showed no differences
in the strains analyzed. In contrast, MLST had a good discriminatory ability. The sequence
analysis of the six genes showed 14 different allelic combinations, with 12 of them
represented by only one strain. By using this MLST approach we were able to assume the
identity of two strains deposited in the Spanish Type Culture Collection as different strains.
Phylogenetic analyses indicated a panmictic population structure of L. plantarum. Split
decomposition analysis indicate that recombination plays a role in creating genetic
heterogeneity of L. plantarum. Because MLST allows a precise identification, and an easy
comparison and exchange of results obtained in different laboratories, the future application
of this new molecular method could be a useful tool for the identification of valuable L.

plantarum strains.
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INTRODUCTION

Food preserving and flavour development is often carried out by lactic acid bacteria
(LAB). The specific environmental conditions prevailing in a fermenting food substrate
promote the growth of certain of these bacteria. Lactobacillus plantarum is predominantly
found (also used as a starter) in fermented food and feed products. L. plantarum is
implicated in processed food for human consumption like sauerkraut, dry fermented
sausage, wine, green olive fermentations and cheese making (18, 20) as well as in animal
nutrition such as crop preservation (16), fish and crab waste fermentation (1), and poultry
by-product fermentation (22).

Identification of these bacteria is essential in both basic and applied research.
Intraspecific differentiation is an important preliminary step for the selection of starter
cultures, because technological, probiotic, antimicrobial, and sensorial attributes are strain
specific and it may help to distinguish strains with particular technological properties.
Currently, a great number of mostly molecular techniques are available for the
identification of LAB, for industrial processes and food products. For each specific type of
research or analysis, a well-considered choice has to be made of the methodology to be
applied, in relation to taxonomic resolution, workload and cost. It is important to realize
that every technique cannot be used for any purpose. In the course of safety assessments, it
is crucial to use techniques working on the strain level in order to obtain a detailed
fingerprint of individual isolates. The increasing interest in some L. plantarum properties,
e.g., probiotic activities of specific strains (10), contributes to the need for a reliable
molecular method for the definite identification of L. plantarum at strain level. The need for

positive identification of different isolates is also acknowledged by research workers in the
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field, since many strains from diverse origins are often exchanged between laboratories,
and no reliable phenotypic method for certifying their identities is available. The
identification of L. plantarum at strain level is also important for their industrial use. The
biotechnological industry needs tools for monitoring, e. g., the use of patented strains or to
distinguish probiotic strains from natural isolates in the host gastrointestinal tract.

Genotypic methods used for L. plantarum strain typing are typically PCR based
methods (e.g. ramdomly amplified polymorphic DNA (RAPD) (4, 12, 18)) or variation of
restriction enzyme analysis (e.g. ribotyping (19, 25), pulse-field gel electrophoresis (PFGE)
(21)). Multilocus sequence typing (MLST) has recently been shown to be a powerful
technique for bacterial typing. MLST makes use of automated DNA sequencing to
characterize the alleles present at different housekeeping genes. Because it is based on
nucleotide sequence, it is highly discriminatory and provides unambiguous results that are
directly comparable among laboratories. The MLST method was first described in 1998
and since then it has been applied to important bacterial pathogens including several food-
borne human pathogens such as Campylobacter jejuni (3), Vibrio cholerae (6), and Bacillus
cereus (9); recently, MLST was also applied to the nonpathogenic food production bacteria
Oenococcus oeni (2).

The present study was undertaken with three goals: (i) to develop an MLST method
for L. plantarum, (ii) to compare, the discriminatory power of ribotyping, RFLP of the 16S-
23S rDNA ISR, and MLST for this species, and (ii) to use MLST to analyze L. plantarum

population structure.
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MATERIALS AND METHODS

Bacterial strains. A total of 16 strains of L. plantarum were used in this study.
Seven were isolated from must grape or wine of different wine-producing areas of Spain
over the period from 1998 to 2001 (Table 1). Eight strains were provided by the Spanish
Type Culture Collection (CECT). L. plantarum strains were routinely growth in MRS
medium (Difco) at 30 °C without shaking. Chromosomal DNA was prepared as described

previously (23).

Ribotyping. Chromosomal DNA was digested with EcoRI (Roche), and the
products were separated by electrophoresis in 0.7% agarose gels in 1X Tris-acetate-EDTA
buffer. Digested DNA was transferred onto positively charged nylon membranes (Roche)
by Southern blot. Probe 16S rDNA was obtained from L. plantarum CECT 748" by PCR by
using the eubacterial universal pair of primers 63f and 1387r (14). The 16S rDNA probe
was digoxigenin labeled and detected by chemiluminescence by using a DIG-High Prime
DNA Labeling and Detection Starter Kit (Roche) according to the manufacturer’s

intructions.

RFLP of the PCR-amplified 16S-23S rDNA ISR. Restriction fragment length
polymorphism (RFLP) analysis of the IRSs was performed by using the primers 16S14f
and 23S1R based on conserved areas of aligned rRNA bacterial sequences (26). These
primers amplified a 550-bp fragment in all the L. plantarum strains tested. The PCR was
performed in a volume of 50 pl as described previously (26). The amplified 16S-23S ISRs

from L. plantarum strains were digested with the restriction enzymes Alul, Cfol, Ddel, and
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Taql (Roche). The digested products were separated by electrophoresis in 4.5% MS-8

agarose gels (Hispanlab).

Amplification and nucleotide sequencing. The following housekeeping genes
were chosen to be analyzed: phosphoglucomutase (pgm), D-alanine-D-alanine ligase (ddl),
B subunit of DNA gyrase (gyrB), ATPase subunit of phosphoribosylaminoimidazole
carboxylase (purK1), glutamate dehydrogenase (gdh), DNA mismatch repair protein
(mutS), and transketolase (tkt4). The DNA sequences of these candidate loci were available
from GenBank (Table 2). These genes were selected on the criterion that they are widely
separated on the chromosome, except purK1 and gdh genes that were only 28.5 kb apart.

PCR was performed to amplify gene fragments from chromosomal DNA of the L.
plantarum strains by using oligonucleotides described in Table 2. The conditions of PCR,

purification and sequencing of DNA fragments were described previously (2).

Data analysis. For each locus, the sequences obtained for all isolates were
compared and allele numbers were assigned to each unique sequence. Each isolate was
defined by the combination of numbers corresponding to the alleles at the loci analyzed,
which is an allele profile or sequence type (ST) (Table 1). Sequences different even at a
single nucleotide site were considered distinct alleles.

Sequence alignments and comparison were done with the program BioEdit

(http://jwbrown.mbio.ncsu.edu/BioEdit/bioedit.html) (8) and converted into MEGA and

NEXUS files with START [Sequence Type Analysis and Recombinatorial Tests;

(http://outbreak.ceid.ox.ac.uk/software.html)].
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The method of split decomposition was used to assess the degree of tree-like
structure present in the alleles found for each locus in the complete set of 16 isolates (11).
The sequence alignments were converted to NEXUS files, and the split decomposition was

performed with SPLITSTREE 2.0 (http://bibiserv.techfak.uni-bielefeld.de/splits/). Using

the START program we performed a recombination test, the index of association (/) (15),

and a test for selection, the dy/ds ratio (17).

Nucleotide sequence accession numbers. The nucleotide sequences of each allele
at the seven loci analyzed in the present work have been assigned the following GenBank
accession numbers: AJ966402 to AJ966404 (pgm), AJ966405 to AJ966409 (ddl),
AJ966364 to AJ966370 (gyrB), AJ966371 to AJ966378 (purKl), AJ966379 to AJ966388

(gdh), AJ966389-AJ966396 (mutS), and AJ966397-AJ966401 (tkt4).

RESULTS

Ribotyping and ISRs RFLP analysis. Ribopattern analysis with EcoRI revealed
four bands for all L. plantarum strains (Fig. 1A). Four different groups of strains were
defined on this basis. Ribotype 1, containing L. plantarum CECT 220, showed bands of ca.
2.5,3.4,3.7 and 7 kb; ribotype 2, including L. plantarum type strain (CECT 748")
presented bands of ca. 2.5, 3.7, 4.0 and 7 kb; ribotype 3, represented only by L. plantarum
RM40, showed bands of ca. 2.5, 2.9, 3.7 and 7 kb; and in ribotype 4, containing L.

plantarum CECT 4645 and RM35, bands of ca. 2.5, 3.7, 4.0 and 10 kb appeared. The
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assignment of ribotype groups to each strain is listed in Table 1. Eleven out 16 strains
belonged to ribotype group 1.

Primers 16S14F and 23S1R, complementary to target sequences at ca. 140
nucleotides from the 3’end of the 16S rRNA gene and at ca. 120 nucleotides from the 5 end
of the 23S rRNA gene (26), respectively, were used to amplify the ISR of the L. plantarum
strains. A PCR product of approximately 550 bp was obtained for each strain, indicating
that the ISR is highly similar in all strains analyzed (data not shown). PCR products of the
16S-23S rDNA ISR were digested with Alul, Cfol, Ndel and Taql. All the strains analyzed
showed identical RFLP patterns for each enzyme: one apparent band of 500 pb (Alul), two
bands of 120 and 430 pb (Cfol), two bands of 90 and 370 pb (Ddel), and two bands of 200

and 350 pb (Taql) (Fig. 1B).

Variation at the MLST loci. The sequences of the seven chosen loci were
determined for the 16 strains, with exception of #k74 locus which could not be amplified
from strains CECT 223, 224 and 4645. The alleles defined for the MLST scheme were
between 414 bp (gdh) and 704 bp (gyrB) in length, and between 3 (pgm) and 10 (gdh)
alleles were present per locus (Table 3, Figure 2). The proportion of variable sites present
in the MLST alleles ranged from 1.03% (ddl) to 7.72% (gdh). The average G+C contents of
the different gene fragments ranged from 42.7 (ddl) to 50.5% (gdh). The G+C content of
the L. plantarum chromosome was 44.5% (13), so the gdh allele sequences showed an
unexpected high G+C content.

The proportions of nucleotide alterations that changed the amino acid sequence
(nonsynonymous substitutions, dy) and the proportions of silent changes (synonymous

substitutions, ds) were calculated for each gene. With these data, the dy/ds ratios were
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calculated for all loci and were all <1, indicating that most of the sequence variability
identified is selectively neutral (Table 3).
The allele frequencies showed that for most of the loci one allele (in gyrB, mutS and

purK1) or two alleles ( in ddl and pgm) (Fig. 2, Table 1) were dominant in the population.

Relationship of L. plantarum strains by sequence analysis of housekeeping loci.
For all genes, multiple strains carried identical alleles. However, only two pairs of strains
had identical sequences for all fragments, and all other strains could be distinguished from
each other because they had unique combinations of alleles (Table 1). Allelic profiles (ST)
were assigned (Table 1). All STs differed in various loci, except ST-5 and ST-6 that differ
only in the gdh locus. Concatenated pgm, ddl, gyrB, purK1, gdh, and mutS gene sequences
fragments were analyzed and graphically displayed with SplitsTree (Fig. 3). The algorithm
used in this software is able to display conflicting results in the phylogenetic descent of
sequences. A tree-like structure is created when the descent is clonal, but an interconecting
network or a parallelogram will appear when recombination may have been involved in the
evolution of the analyzed gene. Figure 4 shows the split graphs for all alleles of the six
fragments analyzed. The fit parameter was 100, indicating that all phylogenetic information
in the sequences could be visualized in the graphs. We observed parallelograms for two of
the six genes examined. The purK1 and gdh loci present network-like or parallelograms
structures, indicating the presence of homoplasies, probably evolved by intergenic
recombination. The split graphs obtained with pgm, ddl, gyrB, and mutS loci showed no
evidence of network-like evolution.

Linkage disequilibrium between alleles was estimated with the standardized I, I,

an statistic that does not depend on the number of loci analyzed and is expected to be zero
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when the alleles are in linkage equilibrium (free recombination). The I, value was 0.139,
indicating that the genes investigated are close to linkage equilibrium. This low () value

is also indicative of extensive recombination.

DISCUSSION

The identification of strains belonging to the same species is still difficult. Until
now, a suitable and precise L. plantarum typing method is not available and it is urgent
since strain characterization is necessary prior to patenting and release of a valuable L.
plantarum strain for commercial applications.

Ribotyping is a both intra- and interspecific typing method that has been
successfully used for differentiation between strains of the same Lactobacillus species.
Yansanjav et al. (2003) (25) used ribotype on five L. plantarum strains. These five strains
formed two ribotype patterns, and they found that strains isolated from different breweries
shared the same ribotype. Other studies, based on their ribotypes, apparently identical pairs
of L. plantarum strains were isolated in very different settings: L. plantarum ATCC 14917"
(CECT 748") was purchased by the authors from ATCC, and L. plantarum UH 2153
isolated from the vagina of a woman in Ontario (27). In our study we found four different
ribotypes; however, most of strains, 11 out 15, belonged to the same ribotype 2. These
ribotype 2 strains are not time or geographically related, therefore, more specific
identification methods, such as the use of MLST method would be preferred.

In addition, the variation in length and sequence of the 16S-23S rDNA spacer

regions have been used to type strains. The ISRs usually show variations which made it

10
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possible to discriminate between strains within some species. As shown in Table 1 and Fig.
1, all the L. plantarum strains analyzed in this study shared the same RFLP-ISR pattern.
Therefore, the RFLP-ISR results support the idea about the necessity of a more
discriminating method able to differentiate between L. plantarum strains.

As a first step for developing a MLST typing method, we analyzed the sequence
diversity of seven housekeeping genes in order to know if they are sufficient to have
enough typing discrimination. The internal fragments of six loci that were selected (pgm,
ddl, gyrB, purK1, gdh, and mutS) could be amplified from all the strains examined. The
amplified internal fragments were sequenced, and from these sequences we were able to
use fragments between 414 and 704 bp for analysis (Table 3). However, internal tkt4
fragments, could not be amplified from strains CECT 223, 224, and 4645. From these
results, we can not exclude possibilities such as a tk74 gene deletion or the presence of a
non-homologous gene copy on these strains. In the strains where the k¢4 locus could be
amplified, we sequenced a 567 bp fragments having six polymorphic sites that generate 5
different alleles (data not shown). Since the tkt4 locus could not be amplified from all the L.
plantarum strains, the tkt4 locus was discarded from the MLST scheme typing.

The number of alleles from the six housekeeping loci ranged from 3 to 10 (Table 3).
Our results corroborates the previously described genetic heterogeneity of this species (21,
24). The six loci were polymorphic, and most of the types were represented by a single
strain. We only found two exceptions. One of them, are strains CECT 223 and 224 that
were deposited in the CECT by D. M. Alvarez Marques in 1987 and isolated in Pamplona,
Spain (Table 1). By the three typing methods used in this study, both strains are identical,
therefore, it is tempting to assume that both isolates could belong to the same original

strain. A similar situation was observed in strains RM71 and RM72, since both strains were

11
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isolated from the same winery in the same year, and they shared identical types by all the
typing methods used in this study.

However, the MLST method was able to discriminate between highly similar
strains. That is the case of strains CECT 748" and 749 that were identical at five out six
genes analyzed, differing only on the gdh locus (Table 1). Moreover, allele 1 (CECT 748")
and allele 3 (CECT 749) on the gdh locus showed multiple nucleotide differences (Fig. 2).
The significant nucleotide differences at the gdh locus (1 and 3 alleles) must be due to
recombination, as it seems inconceivable that mutation alone could give such level of
divergence while other genes did not diverge at all. All the genes analyzed encode proteins
involved in housekeeping functions, with no reason to expect differences in the level of
selection to account for the disparity in sequence variation in the different genes. Therefore,
the more likely explanation of these differences could be a recombinational exchange,
possible among isolates of the same species, e. g. with alleles 4, 5 or 6 in the gdh locus.
This example demonstrated the highly discriminating power showed by the MLST scheme
proposed.

Examination of the sequences of housekeeping genes from biosynthetic pathways
can provide evidence for the significance of recombination, since the variation within these
genes is likely to be selectively neutral. Recombination can be detected by, e. g., the
appearance of a network of relationships between sequences rather than a bifurcating tree-
like structure phylogeny. The split decomposition analysis of the L. plantarum strains (Fig.
4) reveals two uncentered edges, suggesting that the evolution of these strains has been
initiated by a couple of strains and from these two origins, single branches radiate.

The most simple method to detect recombination in the aligned sequences is the

detection of mosaic structures by eye. Significant mosaic structure is indicative of

12
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recombinatorial exchange, usually among isolates of the same species (7). In our study,
four possible examples of recombination events were found: allele 3 of gyrB, allele 6 (gdh),
allele 8 (purK1), and allele 3 of pgm. The mean divergence between allele 3 of gyrB
(3.97%) is much higher than the mean diversity within the other gyrB alleles (0.57%) (Fig.
2). This divergence is similar to the divergence observed previously in a possible example
of an intergenic recombinatorial event in the gdh gene between S. pneumoniae and S. mitis
)

The utility of MLST for the analysis of the genetic structure of bacterial populations
is mainly based on the characteristics of housekeeping genes to have a selectively neutral
variability. Analysis of synonymous and nonsynonymous changes in the allele sequences of
a locus can be used to determine if it is subject to positive selection, so a dy/ds ratio of
greater than 1 implies selection for amino acid changes. In our genetic analysis, the six
housekeeping loci had dy/ds ratios significantly lower than 1 (Table 3). Another important
characteristic in relation to this fact is that the location of loci on the chromosome, at
exception of the purK1 and gdh loci, was distant enough to make the joint horizontal
transfer of two loci unlikely.

Three types of populations structure are known in bacteria: clonal, panmictic and
epidemic. Panmictic populations may be so variable that identical strains are only found
among isolates from direct contacts. In our study, only strains isolated from the same
source, such as the strains CECT 223 and 224, and strains RM71 and 72 share the same ST.
The analysis of the L. plantarum population structure presented here suggested a panmictic,
non-clonal population structure with a substantial extend of recombination. The split
decomposition analysis give strong evidence that intraspecies recombination occurs

frequently in L. plantarum and plays a major role in generating genetic heterogeneity

13



10

11

12

13

14

15

16

17

18

19

20

21

22

23

between strains. A low I°; value (0.138) is indicative of a weakly clonal population and
also confirms the importance of recombination in L. plantarum and supports the estimation
that the genes investigated in L. plantarum are close to linkage equilibrium. The extension
of the present analysis to a higher number of isolates could contribute to a better knowledge

of the structure of the L. plantarum populations.

In conclusion, the MLST scheme presented here will be a useful new tool for the
precise and unambiguous characterization of L. plantarum isolates and appears to have
sufficient discriminatory power for population investigations and should allow comparison
of the isolates of this species by a means much easier and more precise than the typing

procedures used at present.
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Legends to Figures

FIG. 1. Typing analysis of the 16 L. plantarum strains examined in this study. (A)
Ribotyping patterns of EcoRI digest of L. plantarum chromosomal DNAs. Ribotype 1 (lane
1), ribotype 2 (lane 2), ribotype 3 (lane 3), and ribotype 4 (lane 4). The molecular sizes (in
kilobases) of the labeled fragments are indicated on the left. (B) 16S-23S rDNA ISR
patterns obtained after Alul (lane 1), Cfol (lane 2), Ddel (lane 3), and Taql (lane 4)
digestion of the 550-bp DNA fragment PCR amplified with primers 16S14f and 23S1R.
The molecular sizes (in kilobases) of some standards of the 50-bp leader marker are

indicated on the left.

FIG. 2. Polymorphic nucleotide sites in L. plantarum MLST genes. Only the variable sites
are shown. The nucleotide at each site is shown for a putative consensus sequence; only
those that differ from the nucleotide in the consensus sequence are shown for the alleles.
Nucleotide sites are numbered in vertical format from the first nucleotide position of the

corresponding gene. The number of strains possessing the allele is indicated in parentheses

FIG. 3. Split decomposition analysis based on the allelic profiles of the 16 L. plantarum

strains examined in this study. The numbering refers to strain numbers.

FIG. 4. Split decomposition analysis of alleles obtained from 16 L. plantarum strains for six

loci. The observation that in the purK1 and gdh graphs several alleles in the sample are

conected to each other by multiple pathways, forming parallelograms structures, is
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1  suggestive of recombination. All branch lengths are drawn to scale. The numbering refers

2 to allele numbers.
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TABLE 1. Properties of L. plantarum isolates

Allele no. at locus

Source of isolate

Strain no. Strain RT* ITS" ST° pgm ddl gywrB purKl gdh mutS  Country Year
1 WCFSI ND? ND 1 1 1 1 1 1 1 United Kingdom 1956
2 CECT 220 (ATCC 8014) 1 1 2 1 3 1 2 6 5 ND 1948
3 CECT 221 (ATCC 14431) 2 1 3 1 1 6 3 8 1 ND 1960
4 CECT 223 2 1 4 1 5 3 4 7 1 Pamplona, Spain 1987
5 CECT 224 2 1 4 1 5 3 4 7 1 Pamplona, Spain 1987
6 CECT 748" (ATCC 14917) 2 1 5 3 2 1 2 1 1 Denmark 1919
7 CECT 749 (ATCC 10241) 2 1 6 3 2 1 2 3 1 ND 1955
8 CECT 4185 (NCBF 1193) 2 1 7 3 1 2 1 5 1 ND 1958
9 CECT 4645 (NCBF 965) 4 1 8 2 4 7 8 10 4 ND 1958
10 RM28 2 1 9 1 2 1 7 7 3 Valladolid, Spain 2000
11 RM35 4 1 10 3 2 1 2 2 8 Toledo, Spain 1998
12 RM38 2 1 11 3 1 4 2 4 2 Toledo, Spain 1998
13 RM40 3 1 12 1 1 1 5 9 1 Toledo, Spain 1998
14 RM71 2 1 13 3 1 5 6 5 6 Valladolid, Spain 2001
15 RM72 2 1 13 3 1 5 6 5 6 Valladolid, Spain 2001
16 RM73 2 1 14 3 2 1 2 1 7 Madrid, Spain 2000

“RT, Ribotype

PITS, 16S-23S ISR Type
¢ ST, Sequence Type

d ND, no data available



TABLE 2. Primers used for MLST

Protein Accessionno.  Gene Primers Sequence 5'—3’ 5'start Accession no.
position

Phosphoglucomutase NP _784514.1  pgm PGM1-LP CTTGCGGCCAACCCCAGAAC 363 AJ966402-AJ966404
PGM2 CCGTAGGATTCTTCAAAACC 1226

D-alanine-D-alanine ligase NP_785815.1  ddI DDLI-LP AACATGATGTTTCGAAGCG 56 AJ966405-AJ966409
DDL2-LP GTTAGTAAAACCAGGTAACG 972

DNA gyrase, B subunit NP 783871.1 gyrB  GYRBI-LP GTGGTCTTCACGGGGTCG 368 AJ966364-A1966370
GYRB2-LP TTCGACAATGAACAACAC 1314

Phosphoribosylaminoimidazole NP 786114.1  purKl PURKI TGACCTACGAGTTTGAAAAC 230 AJ966371-AJ966378
carboxylase, ATPase subunit PURK2 GGTGACATGACCCATCTTGCG 1068

Glutamate dehydrogenase NP 784837.1  gdh GDHI1 CCTTACAAGGGCGGCTTACG 271 AJ966379-AJ966388
GDH2 ACGCCACCAGCATTGGCAGC 1130

DNA mismatch repair protein ~ NP_785757.1  mutS  MUTI AAGTACGTTCTCATCCCATATG 1170 AJ966389-AJ966396
MUT?2 ATAACGCACACCCCGCAGGTC 2157

Transketolase NP _786741.1  tht4 TKT41 GGTGATGGCGACTTAATGG 469 AJ966397-AJ966401
TKT42 CCCATCCTCGCCGACCGC 1410




TABLE 3. Sequence variation at six loci

Gene Fragment size Mean G+C No. of No. of polymorphic  No. of nucleotide substitutions  dy/ds’
(bp) content (%) alleles sites” per nucleotide site
pgm 558 433 3 6 (6) 0.0004 0
ddl 677 42.7 5 7 (6) 0.0008 4.78
gyrB 704 45.2 7 41 (41) 0.0056 0
purKl 525 48.1 8 12 (8) 0.0023 11.15
gdh 414 50.5 10 32 (29) 0.0072 2.07
mutS 594 47.0 8 7(5) 0.0010 8.72

* Number of silent polymorphic sites in parentheses

® Calculated by using the START program expressed as dy/ds ratio multiplied by 100



1 2 3 4
kb -
5.1_ —-——

-
3.5- -

* —

0.50-

0.25-

1 2 3 4




gyrB

consensus

allele
allele
allele
allele
allele
allele
allele

gdh

consensus

allele
allele
allele
allele
allele
allele
allele
allele
allele
allele

ddl

consensus

allele
allele
allele
allele
allele

1

<O U1 WIN

H W oo J0 Ul WP

o

1

(S VI V)

f\f\ﬂ\f\ﬂ\ﬂwﬁ
H R BPRNDNDRE®

ﬂ\ﬂ\f\ﬂ\f\,\,\,\ﬂuﬂ
PR R WR WR R PR

(5)

00000000000000000000000000011111111111111
66666777777777788899999999900000001111122
13366011256788914900336777800112486677802
83603217732769896737039058725479401836861
CGATCTTTCTGGTGATCCTTTTCCTCTGTCCTTGCTTAGGA

T..CTCCC.CAC.CGC.TG.CA.TATC.CTTCC. ...
D
D
B T T.
...... C.T C.oovvvvve T L AT..T

00000000000000000000000000000111
66667777777888888888889999999000
66890112568344566778893345568125
36485470383109245062840924568160
CAAGCTTTGTCCTCGCGCATCACATGTCGCCT

..... A.
..... A..
...... TTC
555556777789
022798444568
022798444568
GTCAGATTGCCT
T
....... cC..
C..... C..
....... CA..
...... GC....
..... GGC. . .G

.......... T......T
e e e e e e T...... T..T..
T.G..... AC.T..A...GC.G
T.G...C.AC.T..A.A.GC.G
T.G...C.AC.T..A. GC.G
T.G..C.CAC....A
............. A......T.T
G. .o iiiii. A...... T.T
T....... G..T. .. i
A........ G..T...... T
3356777 purKl
2647389
4363298
GAGCCGG consensus
....... allele 1 (2)
..... A. allele 2 (6)
...... A allele 3 (1)
CG..T allele 4 (2)
AT allele 5 (1)
allele 6 (2)
allele 7 (1)
allele 8 (1)

AC.GAGGC.TT

mutsS

consensus
allele
allele
allele
allele
allele
allele
allele
allele

o doy Ul WN R

pbgm

consensus
allele 1
allele 2
allele 3

(8)
(7) T.....
(1)

1111111
5677888
6101004
0159398

CATCGTG

566788
637829
460951
CACGTT



812 1415
7
1.6
16
11 13 3
10

0.001 —



pgm

dd/

— 0.001

2 0.001

gyrB

1,2,3

10




