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Abstract

The deep evolutionary history of MHC allelic lineages provides an opportunity to study
the accumulation of mutations over a long time scale. In the present study, a sequence analysis of
a fragment of an MHC class la gene was performed in four North American Morone species and
39 flanking region alleles was identified among 45 individuals. Furthermore, an analysis of the
evolutionary dynamics of these alleles along with two microsatellite loci (SB83 and SB84) in
this region provided evidence for gene duplications and extensive trans-species polymorphism.
Although high levels of polymorphism were detected in M. saxatilis (striped bass), M. americana
(white perch), and M. mississippiensis (yellow bass), extremely low levels of MHC diversity
were detected in M. chrysops (white bass), suggesting the possibility of a severe population
bottleneck for this species. The perfect microsatellite, SB83, showed extensive length variability
among alleles. Polarity of base substitutions within repeats of SB83 was also detected. The
structure of the short interrupted compound locus, SB84, also has evolved primarily by repeat
duplications. Unlike SB83, however, the alleles of SB84 correlate with the microsatellite

flanking region allelic lineages, indicating that SB84 has evolved more slowly than SB83.

Key words: MHC, Morone, microsatellite, trans-species polymorphism, gene duplication,

population bottleneck

Introduction

The major histocompatibility complex (MHC) of jawed vertebrates is a multigene family

involved in antigen presentation to immune system (Klein, 1986). A striking feature of MHC is
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the extensive allelic polymorphism found in many of its genes that is thought to be maintained
by pathogen-driven balancing selection (Hughes & Yeager, 1998). Allelic lineages of MHC can
persist over long periods of evolutionary time, even across multiple speciation events, resulting
in trans-species polymorphisms (Klein et al., 1998a). The deep evolutionary history of the MHC
allelic lineages provides an opportunity to study the historical accumulation of mutations over a
long time scale.

Microsatellites are short tandemly repeated sequence motifs (1-6 nucleotides) found
throughout the genomes of many higher organisms (Tautz, 1993; Schlétterer, 2000; Ellegren,
2004). Due to their hypervariablity and ubiquitous occurrence, microsatellites are widely used in
an impressive number of biological applications such as parentage analysis, gene mapping, and
assessments of population structure (Schldtterer & Pemberton, 1994; Goldstein & Schlétterer,
1999). In recent years, much has been learned about the complex mutational process of
microsatellites. DNA replication slippage has been described as the primary mechanism causing
variation in the repeat number of microsatellites (Schl6tterer & Tautz, 1992; Ellegren, 2000).
Base substitution has played an essential role in microsatellite contractions, by breaking long
repeat arrays into smaller units (Kruglyak et al., 1998), but few studies have elucidated the
nature of base substitutions (interruptions) in microsatellite evolution (Brohede & Ellegren, 1999;
Varela et al., 2008). Moreover, the genesis of microsatellites still remains a matter of debate
(Schlétterer, 2000; Buschiazzo & Gemmell, 2006). Microsatellites are assumed to arise via the
creation of a proto-microsatellite, i.e. a short intermediate stage with as few as 3 or 4 repeat units,
which is thought to be the substrate for further expansion (Schlétterer, 2000; Buschiazzo &
Gemmell, 2006). The mechanism underlying the genesis and length expansion of short proto-

microsatellites, however, is still not fully understood. Results of early studies indicated that short
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proto-microsatellites are highly stable and do not mutate by DNA replication slippage (Messier
et al., 1996; Rose & Falush, 1998). Further studies, however, concluded that microsatellites with
few repeats could gain and lose repeat units (Pupko & Graur, 1999; Zhu et al., 2000; Dieringer &
Schlétterer, 2003).

The genus Morone is comprised of four species found in North America, including a pair
of closely related species, Morone americana (Gmelin) and Morone mississippiensis Jordan &
Eigenmann, and their relatives Morone saxatilis (Walbaum) and Morone chrysops (Rafinesgue).
The Morone species supported valuable commercial and recreational fisheries. The diversity of
MHC is important in the immune diversity of populations. However, no analysis of MHC
diversity has been conducted in Morone species. In this study, a sequence analysis of a fragment
of an MHC class la gene was performed in the four Morone species. The fragment was from a
genomic clone of striped bass, initially developed as a marker for population genetic analysis
(Leclerc et al., 1996). When the sequence was subjected to a homology search against the five
available ENSEMBL teleost whole genome database, hits on 3* downstream sequences of
multiple MHC class la genes on groupX of the three-spined stickleback, Gasterosteus aculeatus
L. genome were detected. The sequence was then blasted against the NCBI EST database, it was
found that the whole fragment was transcripted, and the ESTs were from European seabass
Dicentrarchus labrax L. tissues infected with V. anguillarum or Nodavius. All evidence
demonstrated that the fragment was in the 3’ untranslated region of an Morone MHC class la
gene. Two microsatellite loci were identified in this region. One, designated SB83, is a perfect
microsatellite and the other, designated SB84, is a short interrupted compound repeat (Fig. 1).

The primary objectives of this study were: 1) to analyze the allelic variation of the MHC

class la fragment in the four Morone species; 2) to test whether there is trans-species evolution
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among the Morone species; 3) to investigate patterns of mutations of the two closely linked
microsatellite loci by superimposing the microsatellite sequence onto a phylogenetic tree

constructed from the microsatellite flanking regions (MFR).

Materials and methods

Sample collection and DNA extraction

Striped bass, M. saxatilis (n=17), were collected from the Congaree River in South
Carolina during the spawning season of 1994 and the Hudson River in New York in 1997. White
bass, M. chrysops (n=10), were sampled from North Carolina in 1992 and from the Ohio River in
Ohio in 2000. White perch, M. americana (n=13), were collected from North Carolina in 2000,
from the Choptank River in Maryland and from the Congaree River in South Carolina in 1992.
Yellow bass, M. mississippiensis (n=5) were obtained from Caddo Lake in Texas in 2008 and
from the Mississippi River in Louisiana during the spring of 1991. A specimen of European
Seabass, Dicentrarchus labrax, L. collected from Marseilles, France in 1995 was included as an
outgroup in the phylogenetic analysis. Genomic DNA was isolated from fin clips by DNAzol
Genomic DNA Isolation Reagent (DN 127, Molecular Research Center, Cincinnati, Ohio) after a

proteinase K digest.

SB83 microsatellite analysis
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Replication errors occurred during the amplification of perfect microsatellites due to
Slipped-Strand Mispairing. To assist defining of the alleles, a primer pair (FT38, 5’ -
TGGGCCTGATTGGAATCAAAA -3’ and FT36, 5 - GATAGGTTGTATCAATGTTGC - 3°)
was developed to amplify a fragment containing the SB83 microsatellite and 140 bp of the
flanking region (Fig. 1). Polymerase chain reaction (PCR) amplification was carried out in a 25
ML reaction containing 1.0 uL DNA, 2.5 pL 10x buffer (New England Biolabs, Beverly, MA),
1mM MgCly, 50 uM of each dNTP, 0.2 uM forward primer (FT38 with a 5” fluorescent FAM
label; Integrated DNA Technologies, Coralville, 1A), 0.2 uM reverse primer (FT36), and 1.0 U
Taq DNA polymerase (New England Biolabs, Beverly, MA). Thermal cycling parameters were:
95 °C for 3 min, then 35 cycles each at 94 °C for 20 s, 54 °C for 20 s and 72 °C for 30s, followed
by 1 cycle of final elongation at 72 °C for 10 min. Amplified products were run on an ABI
PRISM 3130 DNA analyzer with a CXR size standard (Promega, Madison, WI). Allele scoring
was performed using GENEMAPPER software version 4.0 (Applied Biosystems, Foster City,

CA).

Amplification, cloning and sequencing of the SB83/84 region

The entire region encompassing both microsatellite loci and their flanking regions was
amplified using primers FT38N 5’ - CCCAAGCTTGGGCCTGATTGGAATCAAAA - 3’ and
FT16N 5’- CCGGAATTCCGGCACTTCCTATACGTACATAGT - 3’, with restriction-sites for
EcoRlI or Hindlll (sequence underlined) near the 5’-ends (Fig. 1). The primers were designed
according to a striped bass genomic clone sequence (Leclerc et al., 1996). PCR was carried out

in 50uL reactions containing 1.0 uL DNA, 10.0 pL 5% Phusion HF buffer, 50 uM of each dNTP,
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0.2 uM forward and reverse primers, and 1.0 U Phusion high-fidelity DNA polymerase
(FINNZYMES, Espoo, Finland). The thermal cycling profile was 98 °C for 30 s, then 30 cycles
each at 98 °C for 10 s, 54 °C for 20 s and 72 °C for 20 s, plus a final extension step at 72 °C for 5
min. Amplification products were purified by GenElute PCR DNA Purification Kit (SIGMA, St.
Louis, MO) and double digested with EcoRI and HindlIl (New England Biolabs, Beverly, MA).
The double digest product was purified by GenElute PCR DNA Purification Kit and ligated into
pBluescript 11 SK + vector with T4 DNA ligase (New England Biolabs, Beverly, MA). Ligated
product was transformed into Escherichia coli strain XL1-Blue (Stratagene, La Jolla, CA) and
plated on LB agar containing 100 mg/L ampicillin, spread with 40 mL of 40 mg/mL X-gal and
40 mL of 100 mM IPTG. Eight to eighteen white clones were randomly picked for each sample
and grown in 2 mL LB medium at 37 °C for 24 hours. The plasmid DNA was isolated by
GenElute Plasmid Mini-Prep Kit (SIGMA, St. Louis, MO), and the insert was sequenced using
BigDye terminator Cycle Sequencing Kit with both M13 and M13 reverse primers on a 3730

DNA analyzer (Applied Biosystems, Foster City, CA).

Sequence analysis

Nucleotide sequences were aligned and edited using DNAStar software (DNAStar,
Madison, W1). Discrepancies in the number of repeat units in the SB83 microsatellite occurred
because of replication errors that occurred during amplification. Therefore, the result from the
prior SB83 microsatellite analysis was considered to be the correct number of repeats since no
cloning was involved in that analysis. The single base changes arising during PCR and the

products produced by PCR-mediated recombination were identified by repeating the cloning and
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sequencing experiments. Clones produced in each of the two independent experiments were
considered to represent true alleles. The nucleotide sequences of the 39 confirmed flanking
region alleles and the European seabass sequence have been deposited in GenBank (accession

numbers (GQ497674- GQ497713).

Phylogenetic trees were reconstructed using the neighbor-joining method implemented in
MEGA 4.0 software (Tamura et al., 2007). Since microsatellite loci are subject to recurrent
mutation, only the flanking region sequences were used to infer phylogenetic relationships
among alleles. The neighbor-joining tree was reconstructed based on Kimura’s two-parameter
distances and the pairwise deletion option. Bootstrap tests (2000 replicates) were performed to

establish the reliability of the inferred topologies.

Results

Molecular diversity of the SB83-SB84 region

A total of 547 clones derived from the genomic DNA of 45 individuals from the four
species of Morone were analyzed. A total of 39 microsatellite flanking region (MFR) alleles
were detected. Extensive sequence diversity was detected both within and among individuals in
the genera M. saxatilis, M. americana, and M. mississippiensis. The number of different alleles
per individual ranged from 1 to 4 in M. saxatilis and M. americana, and 2 to 3 in M.
mississippiensis suggesting that the locus might be duplicated in these species (Table I). In

contrast, the sequence diversity in M. chrysops was comparatively low with only two MFR
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alleles that differed at a single nucleotide position observed in ten individuals. Only one allele
was detected in the single specimen of D. labrax that was analyzed to provide an outgroup.
Phylogenetic analysis of the Morone MFR alleles indicated trans-species polymorphisms, with

both allelic lineages and alleles shared between species (Fig. 2).

Microsatellite evolution

The perfect microsatellite SB83 is highly polymorphic and mutates at a faster rate than
the associated MFR. SB83 showed extensive length variability both within MFR allelic lineages
and among individuals with the same MFR allele (Fig. 2). The number of uninterrupted repeat
units varied from 7 to 33. In addition to length variation, five distinct interrupted repeats
resulting from six different base substitutions were detected in 10 individuals among the Morone
species sampled (Fig. 2). A preference for base substitution of G residues compared to T residues
in the repeat was observed. Of the six base substitutions observed, five involved substitutions of

a G and only one involved a substitution of a T (Fig. 2).

Sequencing analysis revealed 15 alleles of the SB84 microsatellite that included four
variable parts: (GT)x, GCYY, (GT)y, and (AT)z. The number of repeat units in the (GT)x
component ranged from 3 to 6. An (AT—GT) mutation at the 5° flanking region resulted in the
addition of one repeat unit to the (GT)5 and (GT)6 alleles. The GCYY segment included two
different transitions in the last two nucleotides of the GCY'Y sequence resulting in 3 different 4-
base sequences. In addition, the GCY'Y segment was absent from the MFR MameMmis03 allele.

The number of uninterrupted repeat units in the (GT)y component of SB84 varied from 0 to 9.
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Interruptions resulting from base substitutions in (GT)y were detected in three SB84 alleles.
Similarly, the terminal (AT)z sequence contained 0 to 3 repeats. Three alleles of SB84 lacked
both the (GT)y and (AT)z segments entirely. Unlike SB83, the alleles of SB84 correlate with the
MFR allelic lineages (Fig. 2). Thus, SB84 has a slower mutation rate than the perfect SB83
repeat. The exception to the MFR lineage correlation was that three alleles of SB84 were found
in more than one MFR allelic lineage, perhaps due to recombination between alleles. The
number of alleles of SB84 was high in M. saxatilis (7), M. americana (10), and M.

mississippiensis (6). However, only one SB84 allele was detected in 10 M. chrysops individuals

(Fig. 2).

Discussion

The phylogenetic analysis of the SB83 and SB84 flanking region sequences revealed
extensive trans-species polymorphisms, which is a typical feature of MHC genes (Klein et al.,
1998a). Trans-species persistence of allelic lineages at the MHC loci has also been documented
in other teleost fishes, such as cichlids (Figueroa et al., 2000), cyprinids (Graser et al., 1996;
Ottova et al., 2005), and salmonids (Aguilar & Garza, 2007). In addition, gene duplication has
played a crucial role during the evolution of the MHC gene family. The MHC genes have been
subjected to repeated cycles of expansions and contractions during their evolution, and as a
consequence, a given region may harbor multiple highly related genes (Klein et al., 1993).
Furthermore, the number of genes in each MHC class and subclass has been shown to vary
considerably from species to species, and often within species (Klein et al., 1998b). Genomic

studies have demonstrated that the number of MHC class la genes varies considerably among

10
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teleost fish species (Clark et al., 2001). For example, in East African cichlid fishes, the number
of MHC class Il B loci per haplotype varies from individual to individual, ranging from 1 to 13
(Méalaga-Trillo et al., 1998). Similarly, more than two alleles per individual were detected in
some individuals of M. saxatilis, M. americana, and M. mississippiensis, indicating that this

locus was duplicated either in some individuals or in all individuals in these species.

Both striped bass and white bass have low levels of polymorphisms compared to other
species of fish (Rogier et al., 1985; Leclerc et al., 1996; Diaz et al., 1998; White, 2000; Han &
Ely, 2002). However, the level of polymorphism is five times lower in white bass than in striped
bass (Han & Ely, 2002). Similar results were obtained in this study where white bass had
extremely lower levels of polymorphism than any of the other Morone species. In most species, a
high level of genetic diversity has been maintained at the MHC locus by balancing selection
(Hughes & Yeager, 1998). The lower levels of polymorphism suggest that a dramatic population
bottleneck may have reduced the MHC diversity in white bass. Low levels of MHC
polymorphism have been reported among other species known to have gone through population
bottlenecks (Mikko & Andersson, 1995; Mikko et al., 1999; Miller & Lambert, 2004; Wan et al.,

2006; Mainguy et al., 2007).

Identical numbers of SB83 repeats were observed in different MFR allelic lineages both
in the same species and in different Morone species (Fig. 2). Thus, contemporary SB83 allele
sizes cannot be used to reconstruct the evolutionary history of this complex locus. Polarity of
base substitutions within the repeats of SB83 also was observed. Two substitutions occurred at a

terminal repeat and the other three substitutions occurred in the fourth or fifth repeat from an end.

11
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Similar results were reported in previous studies focusing on base substitution within
microsatellite repeat arrays. Through sequence analysis of 22 orthologous bovine and ovine
(CA)N loci, Brohede & Ellegren (1999) found that the substitution rate in the end of
microsatellites was significantly higher than that in the middle of repeat regions. These authors
proposed three models that could account for the relatively high mutation rate at the ends of the
arrays, all of which were associated with the inefficiency of the mismatch repair system during
either replication or recombination. Varela et al. (2008) explored the distribution of interruptions
in dinucleotide repeats from the human genome and found that the interruptions tended to be
towards the ends of microsatellites as well. Another feature of SB83 is that five of the six
observed base substitutions occurred at a G in the SB83 microsatellite. A similar result was
observed in dinucleotide repeats of human genome. Varela et al. (2008) found that mutations
involving the substitution of C were approximately 3 times more frequent than those involving

substitutions of A in (AC)10.

In contrast to SB83, SB84 is a compound system of repeats with a complex mutation
pattern and a slower rate of evolution. Several alleles of SB84 were found in more than one
species suggesting that the complexity at this locus predates speciation. Also, three SB84 alleles
were shared by distantly-related flanking region alleles suggesting that intragenic recombination

may play a role in generating diversity in the SB83/SB84 region as well.

In conclusion, high levels of allelic diversity and gene duplication were detected in the

MHC class la fragment of M. saxatilis, M. americana, and M. mississippiensis. Extremely low

levels of diversity were detected in M. chrysops, which could be the result of severe population

12
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bottleneck. Extensive trans-species polymorphisms were demonstrated among the Morone
species. Theses results suggested that patterns of allelic variation of the MHC class la fragment
in the Morone species were regulated by balancing selection. Both repeat duplications and
polarity of base substitutions were detected in the perfect microsatellite locus, SB83. However,
the short interrupted compound locus, SB84, evolved primarily by repeat duplications and more

slowly than SB83.
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382

383

384

385

386

Table I, List of samples analyzed in the present study. The number of clones sequenced, alleles,

and name of Microsatellite flanking region (MFR) alleles were also shown. The MFR sequence

designations were defined by their organism origins. Species are designated by four-letter

abbreviations of the Latin names (one from the first letter of genus name and three from the first

three letters of species name, e.g. Msax for Morone saxatilis).

Numb
er Numb
. Sample
Specimen locati clones erof Name of MFR alleles
ocation
sequen alleles
ced
M.
mississippiensis-  Mississippi River,
01 LA 12 3 Mmis04, Mmis01, MsaxMmis01
M.
mississippiensis-  Mississippi River,
02 LA 8 2 Mmis04
M.
mississippiensis- Mmis03, MameMmis01,
03 Caddo Lake, TX 12 3 MameMmis03
M.
mississippiensis- Mmis02 MameMmis01,
04 Caddo Lake, TX 10 3 MchrMmis01,
M.
mississippiensis- MameMmis01, MameMmis02,
05 Caddo Lake, TX 12 3 MchrMmis01,
M. chrysops-01 North Carolina 10 1 Mchr01
M. chrysops-02 North Carolina 8 1 Mchr01
M. chrysops-03 North Carolina 8 2 MchrMmis01, Mchr01
M. chrysops-04 North Carolina 8 1 MchrMmis01
M. chrysops-05 North Carolina 8 1 Mchr01
M. chrysops-06 North Carolina 8 2 Mchr01
M. chrysops-07 North Carolina 8 1 MchrMmis01
M. chrysops-08 Ohio River, OH 8 2 Mchr01
M. chrysops-09 Ohio River, OH 8 1 Mchr01
M. chrysops-10 Ohio River, OH 8 2 MchrMmis01
Congaree River,
M. americana-01 sC 12 2 Mamel, Mame16
Congaree River,
M. americana-02 sc 10 2 MameMmis01, Mamel1l
Congaree River,
M. americana-03 sC 8 1 Mame06
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. americana-04

. americana-05
. americana-06
. americana-07

. americana-08
. americana-09
. americana-10
. americana-11
. americana-12

. americana-13

. saxatilis-01
. saxatilis-02
. saxatilis-03
. saxatilis-04
. saxatilis-05
. saxatilis-06
. saxatilis-07
. saxatilis-08
. saxatilis-09
. saxatilis-10
. saxatilis-11
. saxatilis-12
. saxatilis-13
. saxatilis-14
. saxatilis-15
. saxatilis-16

. saxatilis-17
D. labrax-01

Congaree River,
SC
Congaree River,
SC
North Carolina
North Carolina

North Carolina
Choptank River,
MD
Choptank River,
MD
Choptank River,
MD
Choptank River,
MD
Choptank River,
MD
Congaree River,
SC
Congaree River,
SC
Congaree River,
SC
Congaree River,
SC
Congaree River,
SC
Congaree River,
SC
Congaree River,
SC
Congaree River,
SC
Congaree River,
SC
Hudson River,
NY
Hudson River,
NY
Hudson River,
NY
Hudson River,
NY
Hudson River,
NY
Hudson River,
NY
Hudson River,
NY
Hudson River,
NY

Marseilles, France

12

12
12
10
12

14

14

12

8

10

24

22

24

12

23

12

12

12

8

12

12

12

12

12

18

16

12

10
Total.
547

N W w b

Mame07, Mame08, MameMmis03
MameMmis01, Mame4, Mame5,
Mame9

Mame01, Mamel6
Mame02, Mamel2, Mamel5
Mame03, MameMmis03

Mamel10, Mamel6, MameMmis03
MameMmis02, Mamel3, Mamel4,
MameMmis03

MameMmis02, Mame16,
MameMmis03

MameMmis02, MameMmis03
Mame02, Mamel2, Mamel5
Msax08, Msax13

Msax04, Msax07, Msax09
Msax04, Msax13

Msax04, MsaxMmis01
Msax12, Msax13

Msax04, Msax13

Msax09, Msax11

Msax09, Msax11

Msax02, Msax03

Msax08, MsaxMmis01

Msax07, Msax08, MsaxMmis01
Msax05, Msax09

Msax09, Msax10

Msax01

Msax05, Msax07, Msax09

Msax06, Msax09, Msax10

Msax04, Msax09
Dlab01

20



388
389
390
391
392

393
394

395

396

397

398

Figures

FT38M/FT33 FT36 FT18H
—  SBES +— mBad +—

o —

Figure 1. Schematic of the two microsatellites and their flanking regions. The two sets of

primers, FT38N/FT16N and FT38/FT36, amplify the whole region and the SB83 region,

respectively.
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5883 SB84 # abserved
Mameld GTi (GTHGCCTIGT4AT 1
Mame 6 GT)19,22 (GT4GCCT 3
Mamei{? GTi18 (GT4GCCT 1
Mamei5 GTi20 (GTEGCCT 1
Mamelmis0? GT)18,21,249 (GTISGCCT S(540)
MamelMmisi? GT)18,20,24 (GTIBAT B(5/1)
Marme ik GTi14 (GT4GCCT 1
ap MamelMmia0z GTi15,20 (GTISGCCT a4
Marne {2 GTI4CTIGTIZE (GTIGCCTIGTIZCT(GTA(AT)Z 1
famef GTi (GTIEGCCT 1
armeld GTI7 (GTIEGCCT 1
Mamel& GT17 (GTIEGCCT 1
Marmel?- GT)22GC (GT4GCCT 3
Marme06 GTi18 (GT4GCCTETAT 1
MinisOdt GTH8,11 (G GCCTIGT4AT 3
498‘_&.0‘1905 GTi1213 (GT4GCCTIGTI4AT 3
a7 Marme(d GTi13 (GTI4GCCTIGTI4AT 1
Mamed? GTi10 (GT4GLCTIGTIBATIZ 1
Mo b GT)21 26 (GT4GCCTGTI2ZCTIGTIIAT)Z2 g
Mohrlfmisof GT)21,22,24, 26 (GTHGCCTIGTZCT(GTII(ATI2 B2
Mrnis03 GT)24 (GTGCCTIGT2ZCTGTIZATIZ 1
Mamel2 GT)18 (GTIEAGCCTIGTZCT(GTII(ATI2 1
Marmelfrmis0f GT13,2 (GTIAGCCTGMZCT(GTII(ATI2 {203
Mamel{ GTy22 (GTIIGCCTIGTIZCTIGTYI(AT,2 1
Mrris02. GTi20 (GTIIGCCTIGTI2CTIGTIATZ 1
Mirisif GTiT (GT4GCCTIGTI4AT 1
Maaxi3 GTi13 (GT4GCCTIGTI4AT 4
Maax 12 GT)21 (GTIGCCTGTI4AT 1
LsaxMimis0 GT)15,21 (GTHGCCTIGT4AT 32
MaaxMrmiaiT GT)23 (GTGCCTIGTIEATZ 10100y
] MagxOd GT)14,19,21,24 29 (GTGCCTIGT4AT el
Maaxdt GT)14 (GTGCCTIGT4AT 2
Maas{1 GTi24 (G4 GCCTIGT4AT 2
Maax0s GTi11,12 (GTIAGCCTIGTIB(AT,2 4
a9 Maax07 GTITOATIGTIZAT (GTGCCT(GTIBAT 3
ag MaaxQe GTITOATIGTIZAT (GTIGCCTIGTII(AT)2 1
Maax05 GT)I13,15,29 (GT4GCTT(GTIE(AT, 3
a9 Maax0d GT)29 (GTIGCTT{GTIB(AT)Z 5
Magx03 GTITTT{GTI (GTGCCTGTYATZ 1
Magx02 GTII3AT (GT4GCCCGTATTGT4TTAT)Z 1
q7 Maaxi | GTI17 (GTAGCCC{GTATT{GTIATT(ATI2 1
Diab0 TT{GTI4GCGTAT (GTIAGCGCCTGTIATTIGT2 1
400 0.005
401  Figure 2. Neighbor-joining tree based on 39 MFR sequences with both microsatellite sequences

402

403

404

numbers of MFR sequence in each species that shared that sequence.

superimposed. Observed instances of each flanking region sequence are shown. Nomenclature of

the flanking region alleles were designated as in Table I. Numbers in brackets indicates observed
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