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Abstract
Polymorphic pigmentation in natural populations has served as a model for

understanding diversity and evolutionary change among populations. Melanism is a rare
phenotype in garter snake populations that is used to study the adaptation of color and

evolutionary processes associated with change in pigmentation among populations.
Additionally, melanistic phenotypes can complicate species identification in situations of

conservation interest. This study examined the association between phenotype and
species of garter snakes found along the Missouri River near Townsend, MT by
analyzing Cytochrome b mitochondrial DNA sequences of Thamnophis elegans (Western
Terrestrial Garter Snake), T. sirtalis (Common Garter Snake), and melanistic individuals.

Morphological evidence from a previous study suggests a close relationship between T.
elegans and melanistic individuals. Taxon sampling and DNA extraction were conducted

on the two known species and the melanistic individual. Maximum parsimony heuristic
and bootstrap analyses and Neighbor-joining analyses were performed. The results

showed that the melanistic snake sequences are more similar to sequences of T. elegans
than to those of T. sirtalis and the melanistic snakes group with T. elegans in

phylogenetic analyses. This study corroborates the findings from the morphological
studies and contributes greatly to the understanding of Montana garter snake populations

by confirming the species identification of melanistic individuals.
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Introduction

Multiple ecological factors have the ability to influence population structure
(Manier and Arnold 2005). The selective advantages of pigmentation variation include

thermoregulation, physical protection, concealment, and signaling function both within

and between species (Mundy 2007). Genetic changes in pigmentation have been linked to
variation in fitness-related traits, such as thermoregulation (Hoekstra 2006). Temperature

is suggested to be the selective agent in a melanistic population of Anniella pulchra
(California Legless Lizard) in central California (Pearse and Pogson 2000). Bittner et al.
(2002) suggest that a thermoregulatory advantage for melanistic garter snakes could lead

to higher growth rates, larger body sizes, and greater reproductive success; they cite
greater visibility to predators as a disadvantage for melanistic individuals. However, no

evidence has been found for these adaptive effects in natural populations (Bittner et al.

2002).

Melanism within a species is a condition in which some individuals in a
population have a darker than normal coloration because of an increase in epidermal

pigments (Pearse and Pogson 2000). Melanin-based pigmentation is generated by
changes in melanocyte development and regulation (Hoekstra 2006). Pigmentation
phenotypes in natural populations present ideal opportunities for studying phenotypic

diversity and evolutionary change (Hoekstra 2006).
Before studying the molecular basis of the adaptation of melanism and its

evolution, it is essential to resolve the molecular affinities of the species in question.
Molecular systematics is dominated by restriction site mapping and DNA sequencing for

the exploration of DNA sequence variability (Ranker 1995). Pair-wise genetic distances
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between taxa, parsimony, and maximum likelihood are the most widely used
phylogenetic methods to analyze molecular data sets (Ranker 1995). When selecting a

region of DNA for use in a phylogenetic study, the region should be a function of the
relatedness of the taxa being examined (Murray et al. 1994). Olmstead and Palmer (1994)

identified criteria that should be met when choosing sequences for phylogenetic analysis.
First, the sequences should be of sufficient length to provide enough phylogenetically
informative characters (Olmstead and Palmer 1994). Next, sequences must be readily

aligned because alignment is essential for correct assessment of character homology
(Olmstead and Palmer 1994). Last, the sequences must be orthologous, which are

homologous genes related by organismal phylogeny (Olmstead and Palmer 1994). The
mitochondrial genome of animals is ideal for studying patterns of divergence between

closely related populations (Barton and Jones 1983) because it evolves an average of ten
times faster than the nuclear genome (Miyamoto et al. 1989). The rapid rate of evolution
ensures that a large number of reliable sequence differences accumulate (Miyamoto et al.

1989). The mitochondrial genome’s rapid evolution is a result of the pattern of

mitochondrial inheritance (segregation in mitotic and meiotic division) and because it
lacks efficient repair mechanisms which lead to a higher mutation rate (Barton and Jones
1983). Mitochondrial DNA (mtDNA) is easier to characterize than diploid, nuclear DNA
because it is a haploid, maternally-inherited genome (Murray et al. 1994).

Cytochrome b (Cyt b) is a well-known mitochondrial gene with respect to
structure and function, and it is considered one of the most useful genes for phylogenetic

analyses (Farias et al. 2001). The Cyt b gene is essential for the proper transfer of
electrons in the electron transfer chain and it codes for one of the ten proteins that
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combine to form complex III of the mitochondrial oxidative phosphorylation system

(Murray et al. 1994). The Cyt b region is one of the most conserved regions of the

mitochondrial DNA (Murray et al. 1994) which makes it ideal for resolving taxonomic
relationships. Alfaro and Arnold (2001) determined the Cyt b gene to have better

phylogenetic utility than NADH dehydrogenase subunit 2 (ND2) and 12S ribosomal

DNA. Cyt b and ND2 evolve at similar rates, but parsimony analysis revealed a difference
in the phylogenetic performance of the genes (Alfaro and Arnold 2001). Larger

proportions of the nodes in the combined maximum parsimony tree were recovered by

Cyt b and were supported by strong bootstrap values (Alfaro and Arnold 2001). The
difference in phylogenetic utility is related to the distribution and number of parsimony-

informative sites of each gene (Alfaro and Arnold 2001). Alfaro and Arnold (2001) show
mitochondrial DNA characters are exceptional for resolving garter snake relationships
because of the high degree of resolution and bootstrap support for nodes in the

thamnophiine clade.

Melanistic garter snakes were first reported on the Missouri River near Townsend,
MT by the Lewis and Clark expedition (Lewis 1959). These garter snakes’ morphology

consists of a complete black coloration (Van Leuven 2008). The local garter snake

species includes Thamnophis elegans (Common Garter Snake) and I sirtalis (Western
Terrestrial Garter Snake) (Werner et al. 2004). It is difficult to visually identity the

melanistic snakes as one of these two species because characteristic longitudinal stripes
are not evident (Werner et al. 2004). Because of the historical connection with Lewis and

Clark, the novelty of melanism, and the increased trafficking of wild caught snakes in the
pet trade, the melanistic garter snakes of the Missouri River are of conservation interest
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(Werner et al. 2004). Knowing which species they belong to would be helpful in
protecting this unique, melanistic population.

Morphological evidence suggests a close relationship between T. elegans and
melanistic individuals in the Townsend, MT area (Van Leuven 2008). However, the
genetic relationship of these garter snakes is unknown. The objective of this study is to

examine phylogenetic relationships of garter snakes found along the Missouri River near
Townsend, MT by analyzing Cyt b mitochondrial DNA sequences for the two described
species plus the melanistic individuals. The mitochondrial Cyt b gene was chosen for

analysis based on Alfaro and Arnolds (2001) previous molecular studies of the
Thamnophis species, which indicated that I sirtalis and T. elegans are relatively

distantly related within the larger garter snake group. It is hypothesized that the sequence
of the Cyt b gene of the Townsend melanistic snake will be more similar to sequences of

I elegans than to those of I sirtalis.
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Material and Methods
Sample Collection and DNA Extraction

Snake collection and specimen information is described in the material methods

of Van Leuven (2008). Genomic DNA was extracted from tail clippings of T. elegans, T.

sirtalis, and melanistic individuals using the Qiagen DNeasy ® Tissue Kit (50).
PCR Amplification and Sequencing

A 1,272 base pair segment of the Cyt b gene was analyzed. The Cyt b segment of

four T. elegans samples, five T. sirtalis samples, and two melanistic samples were
amplified using the standard PCR protocol described in Ranker (1995) and primers

(Table 1) and conditions described in Alfaro and Arnold (2001). PCR amplification was

achieved on an Eppendorf thermal cycler using the conditions outlined in Table 2. Gel
electrophoresis was performed on the PCR product using a 1% agarose gel to confirm
mtDNA segment amplification and the products were cleaned using ExoSAP-IT (USD
Corp.). The final product was sent to Macrogen Sequencing in South Korea for

sequencing. The three primers listed in Table 1 were used as sequencing primers. The
sequences where manually edited and electropherograms were compared using

CodonCode Aligner©. Each of the three partial sequences were grouped into one
contiguous sequence for each specimen.

Phylogenetic Analyses
Phylogenetic analyses were performed using the eleven field sequences plus an

additional four sequences used as outgroups. Outgroup sequences were obtained from
GenBank and were chosen based on the results of Alfaro and Arnold (2001): I proximus

(Accession No. AF420161), I cyrtopsis (Accession No. AF402924.1 and EF417412),
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and Nerodia erythrogaster (Accession No. AF337097). All sequences were aligned using
Clustal X (Thompson et al., 1997). Pair-wise genetic distances (uncorrected ‘p’ distances)

were calculated for T. elegans, T. sirtalis, and melanistic individuals to show the
proportion of base pair differences between pairs of sequences. Neighbor-joining analysis

was performed as implemented in PAUP* (Swofford 1998) based on the pair-wise

distance matrix using a heuristic search which was completed using ten random stepwise

additions with MulTrees activated and TBR branch swapping. Maximum parsimony
analyses (MP) were conducted as implemented in PAUP* 4.0 (Swofford 1998) with all

characters equally weighted and unordered. Parsimony analysis was performed both with
and without outgroups included. Heuristic searches were completed using 10 random
stepwise additions with MulTrees activated and TBR branch swapping. A bootstrap

analysis was also performed with 1000 replications and 10 random addition sequence
replicates for each data set.
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Table 1: Primers Used in This Study

Gene

Primer

Sequence (5’ - 3’)

Position

Cytb

LGlu

TGATCTGAAAAACCACCGTTGTA

14889- 14911

Cytb

Hpro

TTAAGTTAAAATACTGGCTTTGG

16139-16161

Cytb

Hl5544

AATGGGATTTTGTCAATGTCTGA

15541 - 15564

Note. The primer Hl5544 was used only during sequencing. Modified from
Alfaro et al (2001).
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Table 2: PCR reaction reagents and cycling conditions used for
Cyt b amplification.
Primers

PCR Reagents (per reaction)

Cycling Conditions

LGlu and Hpro

PCR Buffer
5.0pL
3.0pL
MgCl2
dNTP
4.0 pL
Primer: Hpro
2.0 pL
Primer: Lglu
2.0 pL
GoTaq Polymerase 0.3pL
BSA
2.5 pL
dH2O
30.3 pL
Sample DNA
1.0 pL
Total Volume
50.0 pL

1) 94° C for 3 minutes
2) 94° C for 45 seconds
3) 48° C for 45 seconds
4) 72° C for 1.5 minutes
5) 72° C for 7 minutes
6)4° Chold
30 cycles of steps 2-4.

Note: Modified from Gustafson (2008).
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Results
The heuristic MP analysis for the Cyt b genomic region found 160 equally
parsimonious rooted trees with a tree length of 302 steps. Each tree had a consistency

index of 0.8245, a retention index of 0.9024, and a homoplasy index of 0.2377. The
heuristic search included 1222 total characters with 990 being constant, 74 parsimony
uninformative and 158 parsimony informative. The data from the uncorrected ‘p’

distance matrix is summarized in Table 3. A strong similarity between T. elegans and
melanistic sequences is indicated by zero or a number very close to zero.

Phylogenetic Relationships Based on Bootstrap Trees
The bootstrap analysis produced a consensus tree that placed T. elegans and
melanistic individuals in the same clade with the exception of T. sirtalis sequence 101

(Figure 1). T. elegans and melanistic individuals are monophyletic with a very strong

bootstrap support of 100%. The T. cyrtopsis clade is sister to the T. elegans and

melanistic clade with a low bootstrap support of 65%. The T. sirtalis clade is distantly
related to the T. elegans and melanistic clade with a moderate bootstrap support of 74%.
Bootstrap analysis also produced an unrooted consensus tree (Figure 2) that placed T.

elegans and melanistic individuals in a monophyletic clade with a very strong bootstrap
support of 100% also with the exception of I sirtalis sequence 101. This tree places the

T. sirtalis clade sister to the T. elegans and melanistic individuals because outgroups are
removed and evolutionary direction is ambiguous. Figure 3 shows the results of the

neighbor-joining analysis. This tree mimics the relationships shown in the previous two
trees. It shows that all sequences for T. sirtalis (except sequence 101) are very similar to

each other, but very different from the sequences of T. elegans and melanistics. The long
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branch connecting the four T. sirtalis sequences to the other sequences indicates this

relationship.
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Table 3: Uncorrected ‘p’ Distance Matrix

T. elegans 100
Melanistic 107
T. sirtalis 114
T. elegans 111
N. erythrogaster
T. sirtalis 115
T. sirtalis 101
T. cyrtopsis

1
2
3
4
5
6
7
8

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

9
10
11
12
13
14
15

T. sirtalis 103
T. sirtalis 116
T. elegans 105
T. elegans 110
Melanistic 108
T. cyrtopsis
T. proximus

1
—
0
0.08905
0
0.09498
0.08919
0
0.07620
0.09016
0.08931
0.00171
0.00264
0.00170
0.07644
0.08470

2

3

4

5

6

7

—
0.09053
0
0.09645
0.09067
0
0.07631
0.09079
0.09078
0.00511
0.00610
0.00256
0.07885
0.08707

—
0.08768
0.10496
0
0.08905
0.10110
0.00339
0
0.09164
0.09430
0.09094
0.10025
0.08771

0.09201
0.08782
0
0.07734
0.08881
0.08795
0.00176
0.00270
0.00175
0.07758
0.08516

—
0.10511
0.09498
0.11406
0.10904
0.10518
0.09609
0.09916
0.09708
0.11203
0.11027

—
0.08919
0.10114
0.00339
0
0.09179
0.09445
0.09108
0.10029
0.08771

0.07620
0.09016
0.08931
0.00171
0.00264
0.00170
0.7644
0.08470

8

9

10

11

12

13

14

—
0.10224
—
0.10131 0.00338
0.07865 0.09471
0.08096 0.09724
0.07821 0.09205
0.00369 0.10442
0.10322 0.09182

—
—
0.09190
0.09455 0.00090
0.09119
0
0.10048 0.07728
0.08791 0.08546

—
0.00090
0.07975
0.08754

—
0.07650
0.08473 0.10027
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—

Zero ( 0) indicates identical sequences.
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T. elegans (100)

- Melanistic (107)

-T. elegans (111)
100

-T. sirtalis (101)

-T. elegans (105)
65

87

_T. elegans (110)

- Melanistic (108)

_T. cy itops is
100
-T. cyitopsis

- T. sirtalis (114)

-T. sirtalis (115)
100

- T. sirtalis (103)

74
. T. sirtalis (116)

„T. proximus

.N. eiythrogastei

Figure 1: Maximum parsimony (MP) bootstrap consensus tree. Numbers on
branches represent MP bootstrap values and numbers in parenthesis represents
sample number.
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T. sirtalis (114)

Figure 2: Bootstrap consensus tree. Numbers on branches represent bootstrap values
and numbers in parenthesis represents sample number.
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T. elegans (100)

T. elegans (111)

T. sirtalis (114)

T. sirtalis (116)

’ T. sirtalis (115)

- T. sirtalis (103)

T. sirtalis (101)

Melanistic (107)

T. elegans (105)

. T. elegans (110)

Melanistic (108)
0.005 substitutions/site

Figure 3: Neighbor-joining analysis tree based on pair-wise genetic distances.
Numbers in parenthesis represents sample number.
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Discussion

The primary goal of this study was to determine phylogenetic relationships of

garter snakes found along the Missouri River near Townsend, MT by analyzing Cyt b

mitochondrial DNA sequences. All analyses revealed a strong relationship between T.
elegans and melanistic individuals. Figures 1 and 2 show sequences grouped together

based on sequence synapomorphies while Figure 3 shows sequences grouped together
based on percentage of similarities between sequences. The values in Table 3 represent
the proportion of base pair differences between pairs of sequences with zero indicating
identical sequences. These results support my hypothesis that the sequence of the Cyt b

gene of the Townsend melanistic snake would be more similar to sequences of T. elegans

than to those of T. sirtalis. My results also support the morphological evidence of Van

Leuven (2008) which showed that the melanistic snakes are morphologically more
similar to T. elegans than to T. sirtalis.

Overall the results suggest a close genetic relationship between T. elegans and the

melanistic individuals; however, the 101 I sirtalis appears to also be closely related to I

elegans and the melanistic individuals. Figure 1 shows sample 101 in the same clade as
T. elegans and the melanistic individuals with a strong bootstrap support of 100%. Figure

2 also shows this sample (101) as monophyletic with T. elegans and the melanistic

individuals with a 100% bootstrap support. Figure 3 shows the 101 T. sirtalis sequence is
more similar to the I elegans and melanistic sequences than to the T. sirtalis sequences. I

strongly believe this controversy is the result of a labeling error during sample collection;

however, additional analyses should be conducted to verify this statement.
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Bronikowski and Arnold (2001) indicate paraphyly of T. elegans which suggests
that deep lineages are present within the set of T. elegans populations currently

recognized. Morphological analyses have recognized six subspecies of T. elegans
(Bronikowski and Arnold 2001). Brownikowski and Arnold (2001) examined the

molecular relationship of three subspecies of T. elegans by analyzing Cyt b sequences.

The subspecies I elegans vagrans exist in the Rocky Mountains and eastward to the
Black Hills of South Dakota (Brownikowski and Arnold 2001), which includes the

Missouri River of Montana. Many of the traits that define T. elegans subspecies are
heritable and may be markers for important events in the genealogy of this species
(Brownikowski and Arnold 2001). This information could be used to understand and

draw conclusions about the evolutionary history of the melanistic I elegans population
of the Missouri River. Evolutionary change is influenced by a variety of processes:

natural selection, gene flow, genetic drift, and mutation. Manier and Arnold (2005)
suggest the degree to which a population experiences these processes depends on

multiple ecological and evolutionary factors with the net result being some pattern of

population genetic structure. Although species with common habitat ranges encounter

similar elements that may influence population genetic differentiation, it is not known if
the patterns of genetic structure evolve in parallel (Manier and Arnold 2005).

The two species of garter snakes in Montana are well studied; however, little is
known about alternative morphotypes. This study contributes greatly to the knowledge of
local melanistic garter snake populations by confirming the species identification of
melanistic individuals along the Missouri River. Although melanism is relatively
common in T. sirtalis (Bittner et al. 2002)(King 2003), my results warrant further
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investigation of this relatively rare population of melanistic T. elegans. Examining

possible advantages for melanism in this population and determining the threats to
population viability are all questions of interest. Together with the morphological
evidence (Van Leuven 2008), my results provide the first step by identifying melanistic

individuals as T. elegans.
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