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ABSTRACT

Mitochondrial DNA sequences were used to determine the phylogenetic
relationships of the Lampropeltis mexicana complex to other taxa of the
Lampropeltis genus. Several major nodes were consistently recovered, though
the relationships of these nodes to each other was not fully resolved. Results
revealed two polyphyletic clades with taxa from the mexicana and triangulum
groups in both clades, referred to as a “northern” and a “southern” clade. There
was very little sequence divergence among taxa of the northern clade. The
concept of reticulate evolution and the genealogical species concept were used
to interpret the historical biogeography of these two groups. During the eastward
radiation of these two groups from a common ancestor on the Mexican Plateau,
a geographic bottleneck in the Sierra Madre Oriental may have induced gene
flow between the two groups and subsequent lineage sorting may have occurred.
Additionally, contact between these two groups in southern refugia during
Pleistocene glaciations may have again resulted in gene flow. This possibility,
combined with the strong morphological and ecological differences between the
mexicana and triangulum groups, suggests the gene trees derived from the
mtDNA analyses in this study may not be congruent with the species tree that

represents the true evolutionary history of these two groups.
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INTRODUCTION

The use of molecular techniques, specifically mitochondrial DNA (mtDNA),
to estimate phylogenetic relationships has dramatically increased in popularity in
the past few decades. Consequently, debates over molecules versus morphology
have ensued (Patterson et al., 1993). Some have argued that morphological
characters are weak or misleading (Kluge, 1983; Frelin and Vuilleumier, 1979;
Sibley and Ahlquist, 1987; Lamboy, 1994) or that morphological data have less
utility in systematic studies than do molecular data (Hedges and Maxson, 1996;
Givnish and Sytsma, 1997). Though homology and homoplasy (convergence,
parallelism, and reversals of character states) can be problematic when using
morphology (Hedges and Maxson, 1996), this can be true for molecular data sets
as well (Weins and Hillis, citation). Baker et al. (1998) found that morphology is
generally less homoplasious than molecular data. In truth, both approaches have
distinct advantages and disadvantages (Moritz and Hillis, 1996).

Often, morphological and molecular data are in agreement. On some
occasions, though, the relationships resulting from molecular approaches differ
from those proposed by previous studies based on morphology (e.g., Sites et al.,
1996; Zamudio and Greene, 1997; Zamudio et al., 1997; Rodriguez-Robles et
al., 1999; Pook et al., 2000; RodrigueZ-Robles and Jésus-Escobar, 2000; Alfaro
and Armold, 2001; Puerto et al., 2001; Douglas et al., in press). Baker et al.
(1998) found that of 25 studies they examined, 12 showed significant
incongruence between the morphological and the molecular data partitions.

Determining the source of conflict is imperative in order to fully understand




phylogenetic relationships. Potential errors in molecular inferences exist, such as
lineage sorting and introgressive hybridization (Moore, 1995). Gene trees
resolved from molecular analyses may also not be representative of species
trees (Pamilo and Nei, 1988; Moore, 1995).

The phylogenetic relations_hips of the polytypic species allied to
Lampropeltis mexicana Garman, 1883 to other taxa in the genus Lampropeltis
are unresolved. Distributed in disjunct populations from extreme southeast New
México and western Texas in the United States south through the Sierra Madre
Oriental and Mexican Plateau to the Cordillera Volcanica of México (Gartska,
1982; Painter et al., 1992), this species complex has received little attention
since Garstka (1982). Various phylogenies and taxonomic arrangements have
been proposed. Gelbach and Baker (1962) stated that the mexicana group was
composed of five subspecies of L. mexicana (L. m. mexicana, L. m. altemna, L. m.
blairi, L. m. thayeri, and L. m. greeri) and L. leonis. Gartska (1982) considered
the mexicana group be composed of a monotypic L. mexicana, L. alterna, and L.
ruthveni. Smith (1942, 1944) proposed a phylogeny for Mexican Lampropeltis
that placed the mexicana group (mexicana, leonis, thayeri, and alterna) as being
derived from a member of the triangulum group. Webb (1962) instead suggested
that three distinct lineages have evolved from mexicana: greeri, blairi, and
alterna; leonis and the calligaster-getulus group; and thayeri and the triangulum
group. Garstka (1982) later hypothesized that the mexicana group was derived
from triangulum based on shared derived characters. Under all proposed

phylogenies, however, both the mexicana and triangulum groups are considered




monophyletic, and the divergence of these two groups into independent
monophyletic lineages has not been disputed.

The currently accepted monophyly of the mexicana and triangulum groups
is well supported by morphological characteristics and general ecology. Taxa of
the mexicana group have a widened temporal region rendering the head very
distinct from the neck (Gelbach and Baker, 1962; Garstka, 1982). The head is
“very slightly distinct to distinct” in the triangulum group (Williams, 1988). A clinal
variation in ventral scales is present in both groups (Garstka, 1982). There is a
general increase in the number of ventrals in the trianguium group from north to
south (Williams, 1988), while the reverse is true for the mexicana group, as
ventral counts are highest in the north and lowest in the south (Garstka, 1982). In
areas of sympatry, these counts rarely overlap (Garstka, 1982). The color and
patterning of the head and body between these two groups differ as well (Smith,
1942: Garstka, 1982), and only in the mexicana group are alternating markings
between the bands evident (Garstka, 1982). Collectively, these morphological
characters adequately diagnose these two groups, though within-group
relationships remain problematic.

Ecologically, the mexicana and triangulum groups also differ. Members of
the mexicana group have a rather limited distribution confined to mountainous
regions of central México and the southwestern United States The triangulum
group, however, is wide spread, ranging from southern Canada to South
America, and occupies incredibly diverse habitats (Williams, 1988). Members of

the triangulum group are also found sympatrically throughout most of the range



of the mexicana group (Garstka, 1982), but no hybrids have been reported,
suggesting reproductive isolation. In captivity, taxa from the mexicana group are
reported to breed freely with each other but not with any of the triangulum group
(Garstka, 1982), furthering this hypothesis.

The divergence of the mexicana and triangulum groups is perhaps best
illustrated in the forms of these groups found in western Texas and adjacent
northern México. Lampropeltis alterna is found sympatrically with L. {. celaenops
and L. t. annulata throughout this area. Morphologically, L. alterna have 211-230
ventral scales, 56-67 subcaudal scales, 9-32 body rings, variable head color
(primarily grey), and a significantly triangular-shaped head (Garstka, 1982). In
contrast, L. t. celaenops have 170-194 ventrals, 40-53 subcaudals, 17-25 body
rings, and a primarily black head that is slightly distinct from the neck (Williams,
1988). Additionally, L. t. annulata have 181-207 ventrals, 39-56 subcaudals, 14-
20 body rings, and a black head that is slightly distinct from the neck (Williams,
1988).

There is a general agreement that the triangulum and mexicana groups
(or their common ancestor) originated in central or southern México (Tanner,
1953; Williams, 1988). Tanner (1953) proposed a dispersal route for these two
groups, suggesting a radiation of the triangulum group from the Mexican Plateau
along an east-west axis to the coastal areas and then north and south. He further

hypothesized that the mexicana group radiated eastward from the pyromelana

group.




The purpose of the present study was multifaceted. First, mtDNA was
utilized to assess the phylogenetic relationships of the L. mexicana complex to
other members of the Lampropeltis genus. The genealogical species concept
was then used to explain the phylogeography of the two main clades resolved
containing taxa from both the mexicana and triangulum groups. Shortcomings of
molecular approaches are discussed, and the conflict between previous
phylogenetic relationships of the mexicana and triangulum groups based on

morphology and the mtDNA topologies derived in this study are analyzed.
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MATERIALS AND METHODS

Taxon Sampling and Laboratory Methods

Samples of the genus Lampropeltis, with emphasis on those representing
the mexicana complex, were obtained from institutional and private collections.
Care was taken to restrict all samples to vouchered specimens of precise locality
(Fig. 1). Additional sequence data from several species representing ingroup and
outgroup taxa were retrieved from GenBank and used in the analyses (Table 1).
Two taxa, Pituophis catenifer and Elaphe gutatta, were used as outgroups based
on previously hypothesized close relationships with the genus Lampropeltis
(Keogh, 1996; Rodriguez-Robles and Jesus-Escobar, 1999). All unique samples

utilized in this study are listed in Table 2.

Total genomic DNA was extracted from shed skin, ventral scale clippings,
or tissue samples using standard SDS-proteinase K digestion and a modified
protocol of the Puregene® DNA Isolation Kit (Gentra Systems, Minneapolis, MN).
This modified protocol can be found in the Appendix. An 868 bp region of the
mitochondrial DNA was amplified in this study, encompassing a 697 bp section of
the NADH-dehydrogenase subunit 4 (ND4) gene and a 169 bp section of the
adjacent tRNA™ tRNA%® and tRNA"® genes. Primers used for amplification
can be found in Table 3. The template DNA was amplified in 100 pl reactions
using 0.06 M Tris, 0.015 M (NH,)2S0y4, 0.0015 M MgCl,, 0.78 M dimethyl
sulfoxide, 0.025 mM each dNTP, 1 mM each primer, and 2.5 U Taq polymerase
in a Geneamp® PCR System 9700 thermal cycler. Amplification conditions

consisted of 35 cycles of denaturing at 95°C for 30 s, primer annealing at 50°C
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Figure 1. Map of the United States and México depicting the iocalities of individual specimens of

the Lampropeltis mexicana (circles) and L. triangulum (triangles) groups used in this study.
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for 60 s, and an extension at 72°C for 60 s, followed by a final extension at 72°C
for 5 min. PCR products were verified in agarose minigels and then prepared for
sequencing using QlAquick PCR Purification Kit (QIAGEN, Valencia, CA) and
Concert™ Rapid PCR Purification System (Life Technologies, Carlsbad, CA).
The cleaned products were electrophoresed alongside pGEM-3Zf(+) sequencing
standard (Applied Biosystems, Norwalk, CT) in an agarose minigel to estimate
final template concentration. The sequencing reactions were performed with the
original primers using BigDye Terminator Cycle Sequencing Ready Reaction Kit
(Applied Biosystems, Norwalk, CT). Cycling parameters were 25 cycles of 96°C
for 30 s, 50°C for 60 s, and 60°C for 4 min. The completed sequencing reactions
were cleaned of excess dyes by Sephadex G-50 in CENTRI-SEP Columns
(Princeton Separations, Inc., Adelphia, NJ). The reactions were electrophoresed
and analyzed on an ABI Prism 377 DNA Sequencer (Applied Biosystems,

Norwalk, CT).

Phylogenetic Analyses

The sequences generated were entered into PAUP* 4.0b8a (Swofford,
1999). Sequences from the light and heavy strands were aligned by eye to each
other and to published GenBank sequences of related taxa, and edited for
correct peak calls by the ABI software. Structural confirmation in the alignments
of each of the tRNA genes was checked closely.

The aligned sequences were analyzed using three methods: maximum
parsimony (MP; Swofford et al., 1996), neighbor-joining (NJ; Saitou and Nei,

1987), and maximum likelihood (ML; Felsenstein, 1981). Each method attempts

12




to infer the phylogeny of the taxa in the data set by searching for trees with the
best score (MP, ML) or by defining a specific sequence of steps resulting in a
tree (NJ). Assumptions about the data set are made by each method and as
such resultant topologies may differ. Additionally, depending on the amount of
taxa being analyzed, three different search algorithms can be employed which
may or may not discover the exact optimal trees. For data sets of less than 20
taxa, exhaustive (11 or fewer taxa) and branch-and-bound searching methods
can be used to generate all optimal trees. Larger data sets (typically 20 or more
taxa) require a heuristic approach to be used. This algorithm seeks to recover
optimal trees by approximate methods, sacrificing the guarantee of finding the
global optimum in favor of reduced computational time. The number of taxa
utilized in this study (34) necessitated the use of heuristic searches in MP and
ML analyses.

MP analyses were conducted using heuristic searches with starting trees
obtained via stepwise addition with 2,500 random addition sequences,
accelerated character transformation (ACCTRAN), and tree-bisection-
reconnection (TBR) branch swapping. All characters were treated as unordered.
To judge the levels of saturation, uncorrected p distances (pairwise sequence
divergence) were plotted against total uncorrected p distances for transitions (Ti)
and transversions (Tv) at each codon position in the coding region of ND4. MP
analyses were then performed using unweighted and weighted schemes to

assess the effects of saturation.
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ML analyses were performed using heuristic searches. Data were input
into Modeltest 3.06 (Posada and Crandall, 1998) to determine the best model of
sequence evolution. Starting trees were obtained from the most-parsimonious
tree derived in MP analyses. The initial model parameters estimated by
Modeltest were input into PAUP* and successive interations run. When a tree of
higher likelihood was found, the parameters were reoptimized and the search run
again. This was repeated until the same tree was found in successive interations
to ensure that the result was a global and not a local optimum (Swofford et al.,
1996). Stability of the internal branches in ML analyses were determined by
quartet puzzling (QP) analyses (Strimmer and von Haeseler, 1996) of 2,500
steps.

Corrections for nucleotide sequence data suggested by Kimura (1980)
were used for distance measures in NJ analyses. Gaps were considered as
missing data in MP and NJ analyses. For MP and NJ methods, nonparametric
bootstrap (BP) analyses (Felsenstein, 1985) of 2,500 psuedoreplicates and 10
random addition sequence replicates were performed to examine the relative
support of each relationship in the resultant topologies. Values of 70% or greater
are believed to represent a strongly supported clade (Hillis and Bull, 1993). Tree
length, consistency index, retention index, and the number of transitions and
transversions were obtained from MacClade (Maddison and Maddison, 1992)

using the most parsimonious tree topologies.
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RESULTS

Sequence Variation

The nucleotide sequences for ND4 and the adjacent tRNAs span a total of
868 bp. Of these, 217 were phylogenetically informative with a
transition:transversion ratio of 8:1. Scatter plots of uncorrected sequence
divergences (not shown) revealed slight sequence saturation at third position
transitions. Therefore, third position transition changes were downweighted by a
factor of five for MP analyses. Uncorrected sequence divergences are presented
in Table 4, and ranged between 0 and 11.0% in the ingroup taxa, between 10.4%
and 13.6% between Lampropeltis and Pituophis catenifer, and between 11.2%

and 13.9% between Lampropeltis and Elaphe guttata.

Phylogenetic Relationships

The unweighted MP analyses utilizing Pituophis catenifer and Elaphe
guttata as outgroups resulted in 10 trees each 705 steps in length with a
consistency index (Cl) of 0.4752 and a retention index (RI) of 0.7049 (Fig. 2).
The weighted MP analyses resulted in four trees (tree length = 707, Cl = 0.4738,
Rl =0.7033) (Fig. 3). The results of the ML analyses (Fig. 4) yielded a final log-
likelihood score of - In L = 4439.87199 obtained by inputting into PAUP* the
model HKY+I+G suggested by Modeltest. The ML phylogram presented in Fig. 5
maintains branch lengths proportional to the number of changes. The distance

matrices constructed using Kimura 2-parameter corrections (Table 4) were
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Table 4. Kimura two-parameter distance (above the diagonal) and uncorrected p distance (under

the diagonal) matrices derived from the 868-bp sequence data set of the mitochondrial ND4 and

tRNA genes.

Lmt Lmt L.a. L.a. La. Ltc L.te. L.tg.

(8LM) (45LM) (12LM) (17LM) (44LM) (18LM) (47LM) (53LM)
L. m. thayeri (8LM) - 0002 0.011 0011 0011 0.015 0.015 0.015
L. m. thayeri (45LM) 0.002 - 0013 0013 0.013 0.018 0.018 0.018
L. alterna (12LM) 0.010 0.013 - 0014 0014 0.016 0.016 0.019
L. alterna (17LM) 0.010 0.013 0.014 - 0 0005 0.005 0.014
L. alterna (44LM) 0.010 0.013 0.014 o - 0.005 0.005 0.014
L. t. celaenops (18L.M) 0.015 0.017 0.016 0.005 0.005 - 0 0.018
L. t. celaenops (471.M) 0.016 0.017 0.016 0.005 0.005 0 - 0.018
L. t. gentilis (53LM) 0.015 0017 0019 0014 0014 0.019 0.019 -
L. alterna (15LM) 0.021 0.023 0.024 0015 0015 0.017 0.017 0.019
L. alterna (16LM) 0.021 0.023 0.024 0015 0015 0.017 0.017 0.016
L. g. californiae 0.067 0069 0.067 0.066 0.066 0.068 0.068 0.067

L. g. splendida (50LM) 0.062 0065 0.061 0059 0059 0061 0.061 0.061
Stilosoma extenuatum 0.067 0.069 0.066 0.066 0066 0.068 0.068 0.088

L. m. mexicana (51LM)  0.074 0.074 0.070 0.072 0.072 0.077 0.077 0.078
L. m. mexicana (SLM) 0.074 0.074 0.069 0072 0.072 0.076 0.076 0.078
L. m. greeri (41LM) 0.087 0.089 0.088 0.088 0088 0.090 0.090 0.090
L. m. greeri (43LM) 0.087 0.089 0088 0.088 0088 0.090 0.090 0.090
L. ruthveni (42LM) 0.088 0.080 0.088 0.087 0.087 0.089 0.089 0.092
L. ruthveni (48LM) 0.086 0.088 0.087 0085 0085 0.087 0.087 0.089
L. ruthveni (58LM) 0.086 0.088 0.087 0.085 (0.085 0.087 0.087 0.089
L. t arcifera (55LM) 0.083 0.086 0.083 0.082 0.082 0.085 0.085 0.087
L. t. campbelli (56LM) 0.088 0.090 0.086 0.084 0084 0.089 0.089 0.087
L. t. conanti (57LM) 0.080 0093 0.088 0089 0089 0.094 0.004 0.098
L. c. calligaster (52LM) 0.092 0094 0089 0089 0089 0.089 0.089 0.095
L. z. multicincta 8 0.099 0102 0099 0.094 0094 0.097 0.097 0.101
L. z. multicincta 9 0102 0102 0102 0.097 0097 0.098¢ 0.099 0.103
L. z. multifasciata 14 0101 0101 0101 0.096 0096 0.088 0.099 0.101
L. z. parvirubra 21 0.098 0.098 0098 0.091 0091 0.093 0.093 0.096
L. z. pulchra 24 0.097 0.097 0097 0089 0089 0.092 0.092 0.096
L. sp. (TLM) 0.086 0088 0.081 0.080 0080 0.082 0.082 0.085
L. p. pyromelana 0.086 0.088 0.081 0081 0.081 0.081 0.081 0.082
L. p. knoblochi (46LM) 0082 0085 0078 0.078 0078 0.078 0.078 0.082
Pituophis catenifer 0.111 0.113 0.104 0.108 0.108 0.108 0.108 0.110
Elaphe guttata 0118 0120 0114 0112 0112 0.114 0.114 0.116
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Table 4. Continued.

La. L.a. Lgec Lgs. Se. Lmm Lmm. Lmg

(15LM) (16LM) (50LM) (51LM)  (9LM) (41LM)
L. m. thayeri (8LM) 0.021 0.021 0.071 0.066 0072 0.079 0079 0.094
L. m. thayeri (45LM) 0.024 0.024 0.074 0.069 0074 0079 0.079 0.097
L. alterna (12LM) 0.025 0.025 0.071 0.065 0.070 0.074 0074 0.095
L. alterna (17LLM) 0.015 0.015 0.070 0.062 0070 0077 0076 0.095
L. alterna (44LM) 0015 0.015 0070 0.062 0070 0.077 0.076 0.095
L. t celaenops (18LM) 0.018 0.018 0.073 0.065 0.073 0082 0.082 0.098
L. t celaenops (47LM) 0.018 0.018 0.073 0.065 0073 008 0082 0.098
L. t. gentilis (53LM) 0.018 0.016 0071 0.065 0073 0.083 0083 0.098
L. alterna (15LM) - 0002 0.073 0.062 0073 0.087 0.087 0.092
L. alterna (16L.M) 0.002 - 0070 0083 0076 0.090 0.090 0.092
L. g. californiae 0.068 0.066 - 0048 0076 0.091 0.094 0.105
L. g. splendida (50LM) 0.059 0.060 0.046 - 0072 0098 0100 0.105
Stilosoma extenuatum 0.068 0.071 0.071 0.067 - 0102 0102 0114
L. m. mexicana (51LM) 0.081 0.084 0.085 0.090 0.094 - 0,005 0.068
L. m. mexicana (9LM) 0.081 0.083 0087 0.093 0.094 0.005 - 0.071
L. m. greeri (41LM) 0.086 0.086 0096 0.096 0.103 0.064 0.067 -
L. m. greeri (43LM) 0.086 0.086 0.096 0.096 0.103 0.064 0.067 0
L. ruthveni (42LM) 0.091 0.091 009 0101 0104 0.059 0.060 0.038
L. ruthveni (48LM) 0.087 0.087 0.094 0.098 0102 0056 0.057 0.037
L. ruthveni (58LLM) 0.087 0.087 0.094 0.098 0.102 0.056 0.057 0.037
L. t. arcifera (55LM) 0.083 0.086 0.103 0.100 0109 0.056 0.060 0.064
L. t. campbelli (56LM) 0.086 0.088 0.091 0.100 0107 0.058 0.058 0.064
L. t conanti (57LM) 0.096 0.098 0.099 0102 0110 0.070 0.070 0.070
L. ¢. calligaster (52L.M) 0.094 0094 0090 0094 0099 0099 0101 0.105
L. z. multicincta 8 0.093 0093 0106 0102 0104 0.088 0.091 0.104
L. z. multicincta 9 0.095 0.095 0110 0.108 0.107 0.088 0.091 0.103
L. z. multifasciata 14 0.095 0.095 0.101 0.104 0104 0.077 0.082 0.092
L. z. parvirubra 21 0.088 0.089 0103 0.103 0103 0.082 0.082 0.088
L. z. pulchra 24 0.088 0.088 0.107 0.102 0.102 0.083 0.083 0.089
L. sp. (7TLM) 0.084 0084 0093 0096 0094 0073 0.075 0.089
L. p. pyromelana 0.083 0083 009 0094 0099 0084 0.083 0.095
L. p. knoblochi (46L.M) 0.082 0082 0093 0094 0.093 0.084 0.083 0.096
Pituophis catenifer 0.108 0110 0120 0119 0122 0.116 0.116 0.136
Elaphe guttata 0.114 0.116 0.119 0122 0123 0.120 0.117 0.138
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Table 4. Continued.

L.m.g. L.r L.r Lr Lta. L.te Ltc Lc.c.

(43LM) (42LM) (48LM) (58LM) (55LM) (56LM) (57LM) (52LM)
L. m. thayeri (8LM) 0.094 0.085 0.092 0092 0090 0.095 0.098 0.099
L. m. thayeri (45LM) 0.087 0.098 0.095 0095 0093 0.098 0.104 0.102
L. alterna (12LM) 0.095 0.097 0.094 0094 0090 0.093 0.095 0.096
L. alterna (17LM) 0.095 0.094 0.091 0.091 0089 0.091 0096 0.096
L. alterna (44LM) 0.095 0.094 0.091 0.091 0089 0.091 0.096 0.096
L.t celaenops (18LM) 0.098 0.097 0.094 0.094 0091 0.097 0102 0.096
L. t. celaenops (47LM) 0.098 0.097 0.094 0.094 0091 0.097 0.102 0.096
L. t gentilis (53LM) 0.098 0.099 0.097 0.097 0094 0094 0107 0.103
L. alterna (15LM) 0.092 0.099 0.094 0.094 0080 0.093 0104 0.102
L. alterna (16LM) 0.092 0.099 0.094 0.094 0093 0.095 0107 0.102
L. g. califomiae 0.105 0.105 0.102 0.102 0113 0.099 0.109 0.098
L. g. splendida (50LM) 0.105 0.111 0108 0.108 0.109 0109 0.111 0.102
Stilosoma extenuatum 0.114 0115 0.112 0112 0121 0118 0.122 0.108
L. m. mexicana (51LM)  0.068 0.062 0.058 0.058 0.059 0.061 0.074 0.107
L. m. mexicana (SLM) 0071 0.064 0060 0.060 0064 0.061 0074 0.110
L. m. greeri (41LM) 0O 0040 0.038 0.038 0.068 0068 0.074 0116
L. m. greeri (43LM) - 0.040 0.038 0.038 0068 0.068 0.074 0116
L. ruthveni (42LLM) 0.038 - 0008 0008 0061 0.069 0082 0122
L. ruthveni (48LM) 0.037 0.008 - 0 0.060 0.065 0.077 0.116
L. ruthveni (58LM) 0.037 0.008 0 - 0.060 0065 0077 0.1186
L. t. arcifera (55LM) 0.064 0.058 0.057 0.057 - 0.040 0.073 0117
L. t campbelli (56LM) 0.064 0.065 0.061 0.061 0038 - 0073 0113
L. t conanti (57LM) 0070 0.076 0072 0.072 0068 0.068 - 0121
L. c. calligaster (52L.M) 0.105 0.110 0.105 0.105 0.107 0.103 0.110 -
L. z. multicincta 8 0.104 0100 0.097 0.097 0.098 0.102 0.107 0103
L. z. multicincta 9 0.103 0.100 0.097 0.097 0.096 0.097 0.110 0.109
L. z. multifasciata 14 0092 0.094 0.091 0.091 0087 0.094 0.097 0.102
L. z. parvirubra 21 0.088 0.092 0.090 0090 0088 0.084 0.098 0.103
L. z. pulchra 24 0.089 0091 0088 0.088 0089 008 0.101 0.097
L. sp. (7LM) 0.089 0.086 0.082 0082 0083 0.083 0092 0.096
L. p. pyromelana 0.095 0089 0.087 0.087 0089 0089 0093 0094
L. p. knoblochi (46LM) 0.096 0090 0.088 0089 008 0090 0.095 0.100
Pituophis catenifer 0136 0130 0.123 0123 0132 0124 0.129 0.125
Elaphe guttata 0138 0.139 0139 0.139 0129 0128 0.124 0.129
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Table 4. Continued.

Lzm. Lzm. Lzm. Lzp Lzp. Lsp. Lpp Lpk

8 9 14 21 24 (7LM) (46L.M)
L. m. thayeri (8LM) 0109 0.112 0111 0107 0106 0.093 0.092 0.089
L. m. thayeri (45LM) 0112 0112 0111 0.107 0106 0.095 0.085 0.091
L. alterna (12LM) 0109 0112 0111 0107 01068 0.087 0.087 0.083
L. alterna (17LM) 0103 0106 0105 0098 0097 0.086 0087 0.083
L. alterna (44LM) 0103 0.106 0105 0098 0097 0.086 0.087 0.083
L t celaenops (18LM)  0.106 0.109 0108 0.101 0100 0.089 0.087 0.083
L.t celaenops (47LM)  0.106 0.109 0.108 0.101 0100 0.089 0.087 0.083
L. t. gentilis (53LM) 0411 0114 0111 0105 0104 0.091 0.089 0.089
L. alterna (15LM) 0101 0104 0103 0096 0095 0.091 0.090 0.089
L. alterna (16LM) 0101 0104 0103 0096 0095 0.091 0.090 0.089
L. g. californiae 0117 0122 0111 0114 0118 0.101 0105 0.101
L

. g. splendida (50LM) 0112 0120 0114 0114 0112 0.105 0.102 0.103
Stilosoma extenuatum 0114 0.119 0115 0.114 0112 0.103 0.108 0.102

L. m. mexicana (51LM)  0.095 0.095 0082 0088 0089 0.078 0.080 0.090
L. m. mexicana (SLM) 0.098 0.098 0.088 0.088 0089 0080 0.080 0.080
L. m. greeri (41LM) 0.114 0.114 0100 0.095 0.097 0.097 0.104 0.106
L. m. greeri (43LM) 0.114 0.114 0100 0.085 0.097 0.097 0.104 0.106
L. ruthveni (42LM) 0.110 0.110 0102 0.100 0.099 0.093 0.097 0.099
L. ruthveni (48LM) 0.106 0.106 0.099 0.097 0.095 0.089 0.094 0.097
L. ruthveni (58LM) 0.106 0.106 0.099 0.097 0.095 0.089 0.094 0.097
L. t. arcifera (55LM) 0108 0.105 0.094 0.095 0.097 0.090 0.097 0.093
L. t. campbelli (66LM) 0.113 0.107 0.102 0091 0092 0.090 0.097 0.099
L. t. conanti (57LM) 0118 0.122 0106 0.107 0110 0.100 0.101 0.104
L. c. calligaster (52LM) 0113 0.121 0112 0113 0105 0105 0.102 0.109
L. z. multicincta 8 - 0.012 0.047 0052 0050 0.094 0084 0.095
L. z. multicincta 9 0.011 - 0044 0.048 0046 0.090 0.082 0.090
L. z. multifasciata 14 0.045 0.042 - 0033 0033 0.084 0.078 0.083
L. z. parvirubra 21 0.050 0.046 0.032 - 0010 0.085 0.084 0.085
L. z pulchra 24 0.048 0045 0.032 0.010 - 0.081 0.085 0.087
L. sp. (TLM) 0.087 0.083 0078 0.079 0.076 - 0.052 0.056
L. p. pyromelana 0.078 0.077 0073 0.078 0079 0.050 - 0038
L. p. knoblochi (46|.M) 0.087 0.083 0.077 0080 0081 0.053 0.037 -
Pituophis catenifer 0124 0120 0117 0120 0116 0111 0112 0117
Elaphe guttata 0130 0125 0134 0124 0.127 0115 0.116 0.116
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Table 4. Continued.

Pc. Eg.
L. m. thayeri (8LM) 0.123 0.131
L. m. thayeri (45L.M) 0.125 0.134
L. alterna (12LM) 0.114 0.125
L. alterna (17LM) 0.118 0.124
L. alterna (44LM) 0.118 0.124
L. t celaenops (18LM) 0.118 0.125
L. t. celaenops (47\.M) 0.118 0.125
L. t. gentilis (53LM) 0.122 0.128
L. alterna (15LM) 0.118 0.125
L. alterna (16LM) 0121 0.128
L. g. californiae 0.134 0.132
L. g. splendida (50LM) 0.133 0.135

Stilosoma extenuatum 0.136 0.137

L. m. mexicana (51LM) 0.128 0.132
L. m. mexicana (9LM) 0.128 0.129
L. m. greeri (41LM) 0.154 0.156
L. m. greeri (43LM) 0.154 0.156
L. ruthveni (42LLM) 0.146 0.158
L. ruthveni (48LM) 0.137 0.158
L. ruthveni (58LM) 0.137 0.158
L. t arcifera (55LM) 0.149 0.144
L. t. campbelli (561.M) 0.139 0.143
L. t. conanti (57LM) 0.144 0.138
L. c. calligaster (52LM) 0.141 0.144
L. z. multicincta 8 0.139 0.147
L. z. multicincta 9 0.134 0.140
L. z. multifasciata 14 0.130 0.151
L. z. parvirubra 21 0.134 0.138
L. z. pulchra 24 0.129 0.142
L. sp. (7LM) 0.123 0.127
L. p. pyromelana 0.124 0.128
L. p. knoblochi (46LM) 0.130 0.128
Pituophis catenifer - 0120

Elaphe guttata 0.109 -
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Figure 2. Unweighted maximum parsimony tree based on the sequences of part of the

mitochondrial ND4 gene and the adjacent tRNA™® tRNAS®", and partial tRNA"®". Numbers at

nodes represent percentage of bootstrap replicates supporting that node, with nodes retained by

less than 50% not shown.
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Figure 3. Weighted maximum parsimony tree based on the sequences of part of the

mitochondrial ND4 gene and the adjacent tRNA™® tRNAS®, and partial tRNA"*". Third codon

transition changes downweighted by a factor of five. Numbers at nodes represent percentage of

bootstrap replicates supporting that node, with nodes retained by less than 50% not shown.
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Figure 4. Maximum likelihood quartet puzzling tree based on the sequences of part of the

mitochondrial ND4 gene and the adjacent tRNA™ tRNA®, and partial tRNA"*. Numbers at

nodes represent as a percentage how often the corresponding cluster was found among the

2,500 intermediate trees. Nodes retained by less than 50% not shown.
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Figure 5. Maximum likelihood phylogram based on the sequences of part of the mitochondrial
ND4 gene and the adjacent tRNA™ tRNA, and partial tRNA™. Branch lengths drawn in

proportion to the amount of changes.
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Figure 6. Neighbor-joining tree using Kimura 2-parameter distance correction based on the
sequences of part of the mitochondrial ND4 gene and the adjacent tRNA™, tRNA%®', and partial
tRNA"". Numbers at nodes represent percentage of bootstrap replicates supporting that node,

with nodes retained by less than 50% not shown.
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Figure 7. Neighbor-joining phylogram using Kimura 2-parameter distance correction based on the
sequences of part of the mitochondrial ND4 gene and the adjacent tRNA™® {RNAS®" and partial

tRNA"®"_ Branch lengths drawn in proportion to the amount of changes.

26




analyzed by NJ and presented in Fig. 6. The NJ phylogram with proportional
branch lengths is shown in Fig. 7.

All methods (MP unweighted and weighted, NJ, and ML) recovered the
same major nodes and were well supported by bootstrap (MP and NJ) and
quartet puzzling (ML) values. The mexicana and triangulum groups were
polyphyletic, with taxa from each group falling out into a “northern” and
“southern” clade. Five other nodes were consistently recovered: Lampropeltis
getula (“getula” clade), L. pyromelana and L. sp. (“pyromelana” clade), L. zonata
(“zonata” clade), L. c. calligaster, and Stilosoma extenuatum. The relationships of
these seven nodes to each other, however, remain largely unresolved. ML and
NJ analyses strongly support (>90%) the position of the getula clade and
Stilosoma extenuatum as the sister group to the northern clade. Relationships
among the remaining nodes are more problematic. ML and NJ analyses place
the zonata and pyromelana clades as sister groups (ML, 57%; NJ, 84%), and
weakly suggest they are the sister group to the southern clade (ML, <50%; NJ,
52%). MP analyses align these three groups into an unresolved trichotomy
(55%). However, the ML phylogram positions the southern clade as the sister
group to the pyromelana clade, though the connecting branch length is short.
The position of L. ¢. calligaster remains unresolved. While supported MP, ML,
and NJ trees place this taxon separate from all other Lampropeltis groups, both
ML and NJ phylograms place this taxon as the sister group to the getula,
Stilosoma extenuatum, and northern clades. The branch leading to L. c.

calligaster is relatively long suggesting numerous substitutions, so it is possible
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that long branch attraction (LBA; Felsenstein, 1978: Huelsenbeck, 1997) is

responsible for its topological variation.
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DiISCUSSION

Polyphyly in L. mexicana and L. triangulum

The topologies derived from the mtDNA sequences analyzed in this study
suggest that both the mexicana and triangulum groups are polyphyletic, in
obvious confiict with previously hypothesized phylogenies (Smith 1942, 1944;
Webb, 1962; Garstka, 1982). Though not all currently recognized subspecies of
the triangulum group were sampled in the current study, it is clear that this group
is composed of at least two divergent mtDNA lineages, as evidenced by the
northern and southern clades resolved in all analyses. These two clades contain
taxa from both the mexicana and triangulum groups; L. alterna, L. m. thayer, L. {.
celaenops, and L. t. gentilis in the northern clade, and L. m. greeri, L. ruthveni, L.
t. arcifera, L. t. campbelli, and L. t. conanti in the southern clade. Additionally, it
appears that the getula clade and Stilosoma extenuatum are the sister groups to
the northern clade. Although weakly supported, the pyromelana and zonata
clades seem to form the sister groups to the southern clade. These relationships
further demonstrate the divergence of the mexicana and triangulum groups into

genetically distinct polyphyletic lineages.

Rates of Divergence and the Fossil Record
Between the northern and southern clades resolved by the mtDNA data
set presented in this study, the percent sequence divergence found by utilizing
the formula proposed by Avise et al. (1992) to correct for within-lineage variation

(Pcor=Ppxy — 0.5(px+p,) where py, is the mean pairwise genetic distance between
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individuals in populations x and y, and p,and py are nucleotide diversities within
regions or populations) is 5.2%. If a molecular clock is imposed on these values
with the mtDNA clock rate estimated by Zamudio and Greene (1997) for small to
medium-sized ectotherms (0.47 to 1.32% per million years), the northem and
southern clades diverged approximately 11.0-3.9 million years ago (MYA). This
places the time of divergence in the late Miocene to middle Pliocene. Rodriguez-
Robles et al. (1999) estimated a similar time of divergence between L. zonata
and L. pyromelana using the same molecular clock (middle to late Miocene). The
mean sequence divergence among taxa within the northern clade is 1.41%,
suggesting a recent expansion dating back 3.0-1 .0 MYA (late Pliocene to early
Pleistocene), in agreement with the fossil record for L. tnangulum. Mean
sequence divergence within the southern clade is 5.27% (11.2-3.9 MYA),
suggesting a much earlier divergence in the late Miocene to middie Pliocene.
Several Pliocene records of L. friangulum exist from Kansas and
Oklahoma (Brattstrom, 1967), though most records are from the Pleistocene
(Guilday, 1962; Auffenberg, 1963, Holman, 1963; Holman, 1964, Brattsrom,
1965: Holman 1966; Brattstrom, 1967; Holman, 1967; Holman, 1969; Meylan,
1982). A single record of L. triangulum from the late Miocene of Nebraska
(Parmiey and Holman, 1995) may be referable to L. similis, an extinct species of
Lampropeltis with a similar vertebral morphology to L. triangulum (Parmiey,
1994) (see below). Van Devender (pers. comm., cited in Miller, 1979) recorded

fossil records for L altemna in western Texas from the late Pleistocene.
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Species Concepts and Biogeographical Implications

Since the advent of the Linnaean classification system, the formal
definition of a species has proven to be problematic and the source of a long-
standing debate. Any set of statements about relationships must be logically
consistent with the recovered history of evolution. The long entrenched Biological
Species Concept (BSC) has been challenged in the past few decades by the
proponents of the Evolutionary Species Concept (ESC), the Phylogenetic
Species Concept (PSC), and other species concepts. Since the BSC emphasizes
reproductive compatibility rather than evolutionary descent, it is argued that as
such it is essentially flawed and obstructs the recovery of the history of evolution
(Hennig, 1966; Rosen, 1978; Wiley, 1978; Cracraft, 1983; Donoghue, 1985; Frost
and Hillis, 1990). The ESC, as proposed by Simpson (1961) and later modified
by Wiley (1978), defines a species as a lineage from a common ancestral
descent separate from other such lineages with its own evolutionary future. This
view is problematic since predictions must be made as to how lineages will
evolve in the future; thus, though in part based on the evolutionary past, the ESC
is dependent on the future (Cracraft, 1983; Donoghue, 1985 Frost and Hillis,
1990). Cracraft (1983) defined the PSC as “the smallest diagnosable cluster of
individual organisms within which there is a parental pattern of ancestry and
descent.” Frost and Hillis (1990) criticized this view, arguing that the criteria used
to detect the smaliest detectable lineages (one or more synapomorphies) may

instead recover ephemeral units or local demes.
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All species concepts, as stated by Frost and Hillis (1990), suffer from
“operational difficulties.” Comparable to different phylogenetic methodologies
used to obtain optimal trees, assumptions must be made about the data set. The
BSC is unable to resolve relationships within a genealogical relationship since it
is based on the assumption of reproductive compatibility. The ESC makes the
assumption that a population is on an independent phylogenetic trajectory. The
genealogical species concept as proposed by Baeum and Shaw (1995) is similar
to the PSC and draws on the coalescence theory. Futuyma (1998:452) provided
the following summation of this species concept: “At first, gene copies in each
population will often be genealogically more closely related to some gene copies
in the other population than to some gene copies in their own population. Due to
genetic drift and natural selection, however, all copies will eventually be more
closely related to each other within their own population to those in the other
population—that is, each population will acquire a monophyletic gene tree.”
Drawing on the biogeographic evolution of the mexicana and triangulum groups
as proposed by Tanner (1953) and this study (see below), this genealogical
approach can be used to hypothesize the phylogeny of the northern and
southern clades and help explain the polyphyly in these two groups.

The mexicana and triangulum groups diverged from a common ancestor
in central México in the late Miocene to early Pliocene. This period was marked
by increased volcanic activity and mountain formation along the Mexican Plateau
and the formation of the Sierra Madre Oriental (Morafka, 1977). Both groups

radiated out to the east, west, and south. To the north, the xeric habitat of the
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Mojavia Desert (Axelrod, 1958; Morafka, 1977) may have acted as a barrier to
dispersal, thus effectively funneling the mexicana and triangulum groups that had
dispersed to the east up through the newly formed Sierra Madre Oriental and
adjacent mesic foothills and northward. Three alternative hypotheses can explain
the eastward radiations of these two groups to the Sierra Madre Oriental. If the
origin of dispersal was south or southeast of Durango, as hypothesized by
Tanner (1953), then an eastern radiation of the mexicana and trianguium groups
may have been through the Trans-Plateau Corridor and Anticlinorium (Anticline)
of Arteaga (Martin, 1958; Morafka, 1977) to the Sierra Madre Oriental. The
Anticline of Arteaga is a narrow belt of mountains that subdivides the Mapimian
subprovidence of the modern Chihuahuan Desert in the north from the Saladan
portion to the south (Morafka, 1977). Alternatively, the mexicana group may have
passed through this corridor, and the triangulum group may have radiated out to
the east along the southern edges of the desert and then north upon reaching the
Sierra Madre Oriental (as proposed by Tanner, 1952), coming back in contact
with the mexicana group. Finally, both the mexicana and triangulum groups may
have dispersed to the east aiong the southern periphery of the Mojavia Desert
and then up the Sierra Madre Oriental together. Regardless of the route, both
eastward radiations were in contact with each other along the narrow belt of the
Sierra Madre Oriental and surrounding foothills. The newly formed modern
Chihuahuan Desert (late Pliocene; Morafka, 1977) prevented dispersal to the

west and continued to funnel both groups northward.
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Consistent with the genealogical approach summarized by Futuyma
(1998:452), as these two groups became isolated, “the reticulating pattern of
ancestral population gave way to a divergent population of ancestry and decent.”
Though still closely related genetically to ancestors of the mexicana and
triangulum groups, gene flow between the two groups in this geographic
bottleneck increased their relatedness to each other. Smith (1942), Gelbach and
Baker (1982),and Gartska (1988) all remarked that hemipenal characteristics
were very similar in the mexicana and triangulum groups. Once entering the
United States, the triangulum group radiated further out to the north and east,
probably in the Pliocene as indicated by the earliest fossil records (Brattstrom,
1967). As with other North American herpetofauna (reviewed in Avise et al.,
1998), Pleistocene glaciations probably affected the expansion of this group.
Indeed, most of the fossil records for the trianguium group date back to
Pleistocene, especially for the eastern United States. Glaciation events that
disrupted the Gulf Circumferential Corridor between the southeastern United
States and northeastern México (Auffenberg and Milstead, 1965) forced many
organisms into southern glacial refugia and probably subdivided the triangulum
group. Future molecular studies including taxa from these areas may show this
genetic separation. There may have also been additional gene flow between
northern mexicana and triangulum in their southern glacial refugia. The
remaining two species of the mexicana group in the northern clade (L. alterna
and L. m. thayeri), or their common ancestor, remained along the northern Sierra

Madre Oriental. The Chihuahuan Desert was more mesic during the Pleistocene
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as indicated by packrat (Neotoma spp.) middens (Van Devender, 1990).
Lampropeltis alterna may have invaded this area during this time and
subsequently adapted to the more xeric conditions of the present day
Chihuahuan Desert. Garstka (1982) considered L. alterna to be the most derived
species of the mexicana group based on head shape and eye color, but Van
Devender et al. (1992) suggested these characters may be an adaptation to
subterranean crevice dwelling and nocturnal activity. Van Devender et al. (1992)
also suggested possible gene flow between L. alterna and L. m. thayeri based on
color pattérn similarities between the groups. As mentioned previously, mean
sequence divergence within the northern clade is 1.41%, suggesting a rapid
recent radiation. The development of the Cerritos-Arista Filter Barrier (Morafka,
1977), a narrow xeric valley subdividing the Sierra Madre Oriental in northemn
San Luis Potosi, may have prevented northern mexicana and triangulum from a
re-invasion south, thus isolating these groups from their southern ancestors.

As members from the mexicana and triangulum groups radiated east to
the Sierra Madre Oriental in the late Miocene to early Pliocene, these groups
also moved south and southeast along the Mexican Plateau. Morafka
(1977:175), in reference to the Mexican Plateau, stated, “The immense size of
the plateau, its continued stability, both tectonic and climactic, since Neogene
[Miocene through Middle Pleistocene], and its geographical accessibility, all
combine to make the region an excellent stage for speciation, radiation, and the
survival of relict stocks.” As such, taxa from the mexicana and triangulum groups

both remained on the Mexican Plateau and continued to disperse. The Cordillera
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Volcanica of México formed during the Pliocene and may have acted as a barrier
to gene flow between populations that had previously radiated out to the south.
The Cerritos-Arista Filter Barrier in the Sierra Madre Oriental prevented the
northern expansion of these groups up through the Sierra Madre Oriental and
into subsequent contact with taxa of the northern clade. Duellman (1965)
suggested that the geologic changes prior to the Pleistocene were not significant
in affecting animal dispersal routes in southwestern México. However, high rates
of sequence divergence among taxa in the southern clade suggest pre-

Pleistocene isolation.

Failures of Molecular Hypotheses: Gene Trees vs. Species Trees

Vast numbers of systematic studies in the past decade have utilized

molecular markers (specifically mtDNA) to infer the evolutionary history and
phylogenetic relationships of a wide array of organisms. Indeed, mtDNA has
properties that make it an eminently desirable choice to investigate inter- and
intraspecific relationships, especially at the lower taxonomic level. Mitochondrial
DNA evolves 5-10 times faster than nuclear DNA (Brown et al., 1979) and thus
has a relatively rapid rate of sequence evolution. Universal primers that amplify a
wide range of gene regions within mtDNA are also readily available and results
are easily interpreted (Avise et al., 1987). Additionally, mtDNA is maternally
inherited and nonrecombinant. While this may reduce the number of taxa needed
to asséss populational variability, male-mediated gene flow is not represented.

Since all 37 different genes of the animal mtDNA are then only inherited as a
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single linkage group, resultant topologies (gene trees) provide only one estimate
of an organism’s evolutionary history (species tree).

It has been suggested that topologies derived from DNA sequences may
not be congruent with actual species trees due to lineage sorting (Tajima, 1983;
Takahata and Nei, 1985; Neigel and Avise, 1986: Nei, 1987; Pamilo and Nei,
1988; Avise, 1989; Avise and Ball, 1990; Wu, 1991 Hudson, 1992: Moore,
1995). Hence, a monophyletic lineage is the result of several descendent species
acquiring a single lineage through genetic drift and the retention of ancestral
polymorphisms (reflective of the coalescent theory). As indicated by Neigel and
Avise (1986) and Pamilo and Nei (1988), this process is accelerated by smaller
effective population sizes (Ng). The problem of lineage sorting is compounded
when periods of internodes (periods of shared ancestry) are short. Muttiple
substitutions may have destroyed earlier synapomorphies, making inferences
about relationships impossible (Lanyon, 1988). One alternative approach to this
conflict is to include both nDNA gene trees and mtDNA gene trees when
estimating phylogenetic relationships, thus increasing the probability of gene tree
and species tree congruence (Pamilo and Nei, 1988; Wu, 1991). Moore (1995),
however, suggested that since the effective population size of a mtDNA gene is
less than that of a nDNA gene, mtDNA gene trees have a better chance of
tracking the species tree. Even with the inclusion of nDNA and mtDNA gene
trees, if the internodes are short, whether relatively modern or ancient, lineage
sorting can obscure the relationship between gene trees and species trees

(Moore, 1995).
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Conclusions

The data derived from the mtDNA sequences in the present study suggest
that the mexicana and triangulum groups are polyphyletic, with taxa sequenced
from both groups comprising a northern and southern clade. Under the
genealogical species concept, the northern clade would be considered a species
as it consists of a monophyletic lineage with little sequence divergence.
However, examination of the probable biogeography of the northern clade
suggests a reticulate evolution during which lineage sorting may have occurred
due to a geographic bottleneck. The general morphology and ecology of
mexicana and triangulum indicate these two groups are independent
monophyletic lineages. The two sympatric taxa L. altemma and L. t. celaenops,
which are significantly distinct morphologically, demonstrate little sequence
divergence. Thus, the gene trees presented in the current study may not be
congruent with the species tree that represents the true evolutionary history of
the mexicana and triangulum groups.

Future studies might help to resolve this conflict in a number of ways. A
large number of morphological characters need to be examined and cladisticly
analyzed from large sample sets of both groups. In addition to mtDNA, nuclear
genes capable of resolving relationships at the species level need to be
employed to provide characters that are independent of the linked mtDNA
sequences. However, as pointed out by Moore (1995), mtDNA is more likely to

resolve discordance between gene and species trees than nDNA.
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APPENDIX

Modified Protocol for DNA Isolation”

1. Place tissue sample in a 1.5 m| microfuge tube containing 500 yl of 1X
STE.

2. Add 25 pl of a 20 mg/ml stock solution of proteinase K in STE to the

microfuge tube.

Add 25 pl of 20% SDS and vortex thoroughly.

Incubate the mixture at 55°C overnight. Mix occasionally during the

incubation to keep the tissue suspended.

Following the incubation, cool the sample to room temperature.

Add 150 pl of Protein Precipitation Solution (Gentra Systems, Inc.) to the

microcentrifuge tube and vortex at high speed for 20 s.

Incubate the sample on ice for 5 min.

Vortex again at high speed for 20 s.

Centrifuge the sample at 13,000-16,000 x g for 3 min. A tight protein peliet

should be visible.

10.  Pour the supernatant containing the DNA (leaving behind the protein
pellet) into a clean 1.5 m| microfuge tube containing 500 Hl of ice-cold
100% isopropanol. Throw the old tube away.

1. Invert the sample gently approximately 50 times to mix the solution. At this
point precipitated DNA typically will be visible, although in some sampies
where the yield is low, no precipitate will be visible.

12. Centrifuge the sample at 13,000-16,000 x g for 5 min.

13.  Pour the supernatant off and drain any excess isopropanol on to clean,
absorbent paper.

14. Add 300 pl of 70% ethanol to the tube and invert several times to wash the
pellet.

15. Centrifuge the sample for 1 min at 13,000-16,000 x g, and then carefully
pour the ethanol off. Caution should be taken when pouring off the ethanol
since the pellet may have become dislodged from the microfuge tube
during the washing step.

16.  Drain any excess ethanol on to clean, absorbent paper and allow the DNA
pellet to air dry for 15 min to overnight.

17. Hydrate the DNA in 50 pl of TE buffer overnight. Periodically tap the tube
to aid in dispersing the DNA. )

18.  Store DNA at 4°C for short term storage, or at -20 C or -80°C for long
term storage.

SRS N

© oo~

" Modified from the Puregene® DNA Isolation Kit (Gentra Systems, Minneapolis, MN)
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