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A TEST OF THE GENETIC SPECIES CONCEPT: CY TOCHROME-b
SEQUENCES AND MAMMALS

RoBERT D. BRADLEY* AND ROBERT J. BAKER

Department of Biological Sciences and Museum of Texas Tech University, Lubbock, TX 79409

Levels of sequence variation in mitochondrial cytochrome-b gene were examined to as-
certain if this molecule can provide a reference point in making decisions concerning
species-level distinctions. DNA-sequence data from 4 genera of rodents (Neotoma, Rei-
throdontomys, Peromyscus, and Sgmodon) and 7 genera of bats (Artibeus, Carollia, Chiro-
derma, Dermanura, Glossophaga, Rhinophylla, and Uroderma), including recognized sister
species, were examined to develop hypotheses for evaluating levels of sequence variation.
Severa patterns associated with DNA-sequence variation emerged from this study. Specif-
icaly, genetic distance values <2% were indicative of intraspecific variation; values be-
tween 2 and 11% had a high probability of being indicative of conspecific populations or
valid species and merit additional study concerning specific status; and values >11% were
indicative of specific recognition. It appears that genetic distance values may be useful for
determination of species boundaries under the framework of the Genetic Species Concept.
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The species is the primary unit of con-  ality, or at least in practice, the end product
cern in biodiversity, conservation, and other  is a working definition of the species con-
biological issues. Recent estimates of the  cept based on that particular set of charac-
number of species range from 10 to 100 ters.
million (Wilson 1998). This broad range of To date, biologists have developed =22
estimates exacerbates the difficulty in mak-  species concepts (Mayden 1997) to describe
ing accurate decisions concerning which  and categorize biological diversity. Thisvo-
populations have acquired reproductiveiso-  luminous literature is accompanied by an
lation and maintain integrity of their re-  ever-growing literature that discusses and
spective gene pools. Such decisions are  tests merits and flaws of each concept. Al-
rarely accompanied with all sufficient bio-  though there usually is considerable debate
logical information concerning =2 putative  among systematists as to the exact bound-
species (i.e., sympatric distributions, over-  gries and utility of these working ** species
lapping breeding seasons, fixed levels of  concepts’ for various types of characters,
genetic differentiation, complete fossil re- most lists of species (classifications) are
cord, geological events and history, and  products of the application of combinations
time since divergence). Rather, in the pro- o these worki ng ‘* species concepts.”
cess of determining the validity of putative One of the lesser-known concepts, the
species, systematists generally rely on in-  Genetic Species Concept (sensu Dobzhan-
direct information in the form of some char- sky 1950; Mayr 1969; Simpson 1943), is a
acter system(s) (e.g., variation in sizeé and  eaq rement of genetic differences used to
shape of morphologic characters, cytoge-  jnter reproductive isolation and evolution-
netics, allozymes, DNA sequences). Inre- 4 i genendence (Mayden 1997). One crit-
* Correspondent: rbradley@ttacs.ttu.edu icism of the Genetic Species Concept isin
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determining the magnitude of genetic vari-
ation required to distinguish between 2 pu-
tative species. The methodology outlined in
our study addresses this criticism and per-
mits implementation of the Genetic Species
Concept. Although this methodology, and
concomitantly the Genetic Species Concept,
cannot be universally applied without
knowledge of levels of genetic divergence
from closely related species and from sister
species, it can serve as a useful tool for tax-
onomists and systematists.

Over the last 10 years, there has been a
large increase in the quantity of DNA se-
quences being generated for mammalian
taxa. The plethora of DNA sequence-data
now available provides an opportunity to
critically test the utility of the Genetic Spe-
cies Concept. This increase in DNA-se-
quence data has been accompanied by ob-
servations that this variation possibly is par-
titioned in a predictable pattern across
closely related species (Avise and Walker
1999; Johns and Avise 1998). This predict-
able pattern is based on the magnitude of
genetic differentiation and may or may not
be independent of time since divergence.
What is critical is that as with morphology,
alozymes, karyology, €tc., a certain mag-
nitude of divergence in sequence identity
usually is associated with the completion of
speciation.

We examined the magnitude of sequence
variation in the mitochondrial cytochrome-
b gene to ascertain its utility in providing
an additional reference point (to those de-
scribed above) in making decisions con-
cerning species-level distinction. The sig-
nificance of this gene to biodiversity issues
isnot trivial if the conclusions of Avise and
Walker (1999) and Johns and Avise (1998)
are correct. Those authors concluded that
the cytochrome-b gene showed a high level
of congruence with species limits based on
classical taxonomic studies. They further
concluded that there may be approximately
twice as many species of vertebrates as pre-
viously described under the Biological Spe-
cies Concept of Mayr (1963). Exploration
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of mammalian biodiversity by comparing
the Biological Species Concept of Mayr
(1963), Phylogenetic Species Concept (Wi-
ley 1981), mtDNA phylogroups (Avise and
Walker 1999), and other species concepts
such as the Genetic Species Concept should
provide valuable information for under-
standing mammalian species of the world
(Wilson and Reeder 1993).

Our goal was to test the hypothesis
whether levels of sequence divergences can
be used to identify species-level differenti-
ation under the framework of the Genetic
Species Concept. We examined DNA-se-
quence variation in the cytochrome-b gene
from 4 genera of rodents (Neotoma, Rei-
throdontomys, Peromyscus, and Sgmodon)
and 7 genera of bats (Artibeus, Caroallia,
Chiroderma, Dermanura, Glossophaga,
Rhinophylla, and Uroderma). Our intention
was to use DNA-sequence variation from
recognized sister species of mammalsto de-
velop a working hypothesis for cyto-
chrome-b data. Ultimately, an understand-
ing of the level and magnitude of variation
that accompanies well-documented end
points of speciation and values that are typ-
ical of conspecific populations can be used
to identify situations where reevaluation us-
ing other data (morphology, allozymes,
chromosomes, etc.) is merited.

MATERIALS AND METHODS

To properly test the Genetic Species Concept,
it is paramount that 5 criteria are met for the
hypothesis to be rigorous and reliable. First,
phylogenetic principles and methods must be
used to independently test results of genetic dis-
tance analyses. Second, a stable and constantly
evolving protein coding gene (e.g., cytochrome
b) would be preferred to avoid affects of gaps,
unequal sequence evolution, and rate heteroge-
neity. However, other DNA markers (e.g., mi-
tochondrial 12S gene—Hoofer and Van Den
Bussche 2001; Jolley et a. 2000) may prove
valuable. The cytochrome-b gene, which has its
greatest application in understanding relation-
ships of congeners (although its value at the ge-
neric rank and above is well demonstrated;
Smith and Patton 1999), has been so intensely
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Fic. 1.—Hypothetical tree depicting relation-
ships of taxa A—G. Two pairs of sister taxa are
depicted (A and B, D and E); all other compar-
isons require multiple speciation events and do
not reflect sister taxon relationships.

used in mammalian systematics that it has be-
come the system of choice by many systema
tists. Third, known species must be present with-
in the dataset to act as ‘**bench marks” for eval-
uating different levels of sequence divergence.
Fourth, the dataset must involve only endpoints
that include a single speciation event in the gene
tree (Fig. 1). In this gene tree, there are 2 ex-
amples (A and B, D and E) where data fit our
criteria. The other comparisons involve multiple
speciation events and are not appropriate for this
analysis. Fifth, a dataset containing as many of
the available sister taxa as possible would
strengthen the analysis. If this 5th criterion is not
met, then DNA-sequence divergences for some
taxa will be overestimated.

DNA sequences from the complete mitochon-
drial cytochrome-b gene (1,140 bp in bats and
1,143 bp in rodents) were generated in previous
or ongoing studies (Baker et al. 1994; Bell et al.
2001; Bradley et a. 2000; Carroll et al., in press;
Edwards and Bradley 2001; Edwards et al. 2001,
FE G. Hoffmann and R. J. Baker, in litt.; Hoff-
mann and Baker 2001; Peppers and Bradley
2000; Peppers et ., in press;, Tiemann-Boege et
al. 2000; Van Den Bussche et al. 1998; Wright
et al. 1999) and were deposited with GenBank.
References for accession numbers and studies
from which they were generated are available
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from the authors. These genera were selected for
the following reasons. First, they were groups
for which we have published phylogenies that
have passed the critique and examination of oth-
er expert systematists familiar with each genus.
Second, we have expertise and familiarity with
the phylogenetic relationships of these taxa
Third, independent datasets (i.e., chromosomes,
allozymes, or DNA markers) corroborated the
phylogenies we generated initially. Fourth, those
genera represented a cross-section of mammali-
an taxonomy and diversity (Chiroptera and Ro-
dentia).

In the initial studies, nucleotides were treated
as unordered discrete characters (A, C, G, and
T), and a variety of data analyses (parsimony,
genetic distance, and maximum likelihood) were
used using PAUP* (Swofford 2000). Nodal sup-
port was examined using bootstrap (Felsenstein
1985), and Bremer support values (Bremer
1994) were calculated using PAUP* and auto-
decay programs (Eriksson 1997). Phylogenetic
relationships and subsequent taxonomic or clas-
sification decisions were based on congruencies
among the various analyses.

In this study, for purposes of continuity and
comparison across several taxonomic ranks, ge-
netic distances were calculated using the Kimura
2-parameter model of nucleotide substitution
(Kimura 1980) assuming minimum evolution.
Cytochrome-b distance values were calculated at
5 taxonomic levels: intrapopulation, intrasubspe-
cific, intraspecific, intrageneric, and sister spe-
cies. For calculations involving higher taxonom-
ic levels, pairwise comparisons of the previous
level (lower) were removed. For example, in
comparisons of intraspecific samples, pairwise
distances of samples representing the same sub-
species were not included; only pairwise dis-
tances of those samples to other subspecies were
used. Average genetic distances were calculated
in cases where >1 set of pairwise comparisons
was available for a taxonomic level.

REsULTS

Genetic distances were obtained using
DNA sequences generated in previous sys-
tematic studies (listed in ‘‘Materials and
Methods’) and the Kimura 2-parameter
model of evolution (Kimura 1980). Col-
lecting records and taxonomic histories
were used to identify appropriate compari-
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TaBLE 1.—Average sequence-divergence values for intrapopulational, intrasubspecific, intraspecif-
ic, intrageneric, and sister-species comparisons. Values were calculated using a Kimura 2-parameter
model of evolution and are given as percentages. Ranges were calculated using the lowest and highest

mean value within each set of comparisons.

Chiroptera Rodentia All
Comparison X Range n Range n X Range n
Intrapopul ational 1.28 0.00-3.83 24 0.21 0.00-0.53 4 1.13 0.00-3.83 28
Intrasubspecific 1.23 0.00-4.21 11 0.85 0.00-1.87 11 1.04 0.00-4.21 22
Intraspecific 3.00 0.09-8.70 14 2.09 0.00-6.29 18 249 0.00-8.70 32
Sister species 6.83 250-16.42 12 955 270-19.23 11 813 250-19.23 23
Intrageneric 10.45 2.51-19.83 7 13.23 2.23-21.97 4 11.46 2.23-21.97 11

sons among samples to examine intrapop-
ulational, intrasubspecific, intraspecific, and
intrageneric DNA-sequence variation. To-
pologies generated from parsimony, genetic
distance, and likelihood methods obtained
from the original studies were used to iden-
tify appropriate comparisons for the esti-
mation of DNA-sequence variation between
Sister taxa.

Variation within a Species

Intrapopulational variation.—Genetic
variation at the intrapopulational level was
assessed by examining samples collected
from the same geographic locality. Twenty-
four populations of bats (11 species) and 4
populations of rodents (4 species) were
used to evaluate DNA-sequence variation
within populations. The average genetic
distance for al populations (n = 28) was
1.13 (range, 0-3.83; Table 1, Fig. 2).

I ntrasubspecific variation.—Samples rep-
resentative of a single subspecies (as
mapped in Hall 1981) were examined to es-
timate the magnitude of genetic variation
within subspecific categories. If multiple
samples (of a subspecies) were from the
same population, the pairwise genetic dis-
tances for within the population were re-
moved from the calculations. Eleven sub-
species of bats and 11 subspecies of rodents
were used to evaluate DNA sequence var-
iation within a subspecies. The average ge-
netic distance for all subspecies (n = 22)
was 1.04 (range, 0—4.21; Table 1, Fig. 3).

Intraspecific variation.—This category

examined genetic variation within a single
species. Species boundaries were deter-
mined from the results of more detailed
studies identified in the ‘““Materials and
Methods.” This category included 14 spe-
cies of bats and 18 species of rodents. The
average genetic distance for all species (n
= 32) was 2.49 (range, 0-8.70; Table 1,
Fig. 4).

Variation within a Genus

Sister-species variation.—Twenty-three
pairs of sister species for bats (n = 12) and
rodents (n = 11) were used to evaluate
DNA-sequence variation between sister
species. Sister species were determined
from the more detailed studies listed in the
“Materials and Methods.”” The average ge-
netic distance for all sister species compar-
isons (n = 23) was 8.13 (range, 2.50—19.23;
Table 1, Fig. 5).

Intrageneric variation.—This category
examined genetic variation within a genus
and included 7 genera of bats and 4 genera
of rodents. The average genetic distance for
al genera (n = 11) was 11.46 (range, 2.23—
21.97; Table 1, Fig. 6).

DiscussioN

Our goal was to assess levels of DNA-
sequence divergence under the framework
of the Genetic Species Concept. Specifical-
ly, how predictive are sequence-divergence
values, obtained from the cytochrome-b
gene, in identifying species-level differen-
tiation in mammals? Determination of how
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Intrapopulational Variation

. ~~~~~~~~~~~~~~ C. brevicauda Ven (2)
: N C. brevicauda Peru (2)
. .............. C. perspicillata (2)
: ° § .............. G. leachi 2)
e G. longirostris (3)
. P —— G. morenoi (3)
o | - G. soricina Mich (4)
: o | G. soricina Pan (2)
» | G. soricina Peru (2)
: ~~~~~~~~~~~~~~ G. soricina Bol (2)
o R S G. soricina Bra (2)
: ® | G. soricina Peru (2)
: : P e ------------ G. soricina Bra (2)
" N G. soricina Guy (2)
: ® N G. soricina Para (2)
? -------------- R. alethina (2)
: o | R. pumilio (2)
° ------------- U. bilobatum Peru (2)
: 4 U. bilobatum H (8)
: - o U. bilobatum B (4)
: ® |- U. bilobatum Hon (2)
. JO U. bilobatum Hon (2)
o [ U. bilobatum Hon (2)
° A U. magnirostrum (2)
Y N. alleni (2)
~~~~~~~~~~~ N. floridana (2)
o | N. micropus (2)
- | P.sp. (3)

4.00 3.00 2.00 1.00 0.00
Genetic Divergence

Fic. 2.—Intrapopulational comparisons of Kimura 2-parameter genetic distances for 24 populations
of bats and 4 populations of rodents. Average genetic distances are shown as filled circles, bars
represent the range of values obtained within a population, and sample sizes are shown in parentheses.
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. --------- G. soricina soricina (16)
- G. soricina valens (3)
- — | G. soricina handleyi (13)
« | G. soricina antillorum (2)
———| G. longirostris rostrata (8)
—— |- G. leachi (3)
: —®—— G. morenoi mexicana(3)
S — G. commissarisi commissarisi (4)
—_—— | U. bilobatum davisi (11)
— | U. bilobatum convexum (4)
. »»»»»»»» U. bilobatum molaris (2)
O N. albigula venusta (2)
—o— """""" N. micropus micropus (4)
° I N. mexicana scopulorum (2)
- N. floridana attwateri (3)
P —— [ N. floridana osagensis (5)
——i—— |- P. beatae beatae (4)
—— | P. beatae sacarensis (6)
————— [ P. boylii rowleyi (8)
— | P.sp. 4)
® |- 8. mascotensis mascotensis (2)
e = A S. arizonae major (2)
4.00 3.00 2.00 1.00 0.00

Genetic Divergence

Fic. 3.—Intrasubspecific comparisons of Kimura 2-parameter genetic distances for 11 subspecies
of bats and 11 subspecies of rodents. Average genetic distances are shown as filled circles, bars
represent the range of values obtained within a subspecies, and sample sizes are shown in parentheses.
Genetic variation produced from comparisons of individuals from the same population has been

removed.

much genetic variation is present in typical
populations and subspecific groups and be-
tween conspecific taxais critical to address-
ing this question. An overview of these pat-
terns of variation obtained in our study is
presented in Fig. 7.

Variation within a Species

Intrapopulational variation.—Genetic
distance values ranged from 0.00 to 3.83%
(X = 1.13) with bats (X = 1.28) possessing
about 6 times the amount of genetic diver-

gence as rodents (X = 0.21). It is not clear
whether thisis aresult of sample size (bats,
n = 24; rodents, n = 4), the volant nature
of bats, or other biological differences be-
tween bats and rodents. For example, emi-
gration and immigration among bat popu-
lations could increase intrapopulational var-
iation. Our data indicate that the highest
level of genetic divergence present in any
of the populations studied herein is <4%
with most populations possessing diver-
gence values of about 1% (Fig. 7).
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Intraspecific Variation
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Fic. 4.—Intraspecific comparisons of Kimura 2-parameter genetic distances for 14 subspecies of
bats and 18 subspecies of rodents. Average genetic distances are shown asfilled circles, bars represent
the range of values obtained within a species, and sample sizes are shown in parentheses. Genetic
variation produced from comparisons of individuals from the same population or subspecies has been

removed.

Intrasubspecific variation.—For species
that contain =2 recognized subspecies, av-
erage genetic distance values within sub-
specific taxa were 0.09—2.34% with an av-
erage of 1.04%. Bats (X = 1.23, n = 11)
and rodents (X = 0.85, n = 11) possessed

similar values, which were similar to those
obtained in the intrapopulational compari-
sons and may suggest that an underesti-
mation of this comparison was a result of
insufficient geographic coverage in our
study. Based on the data obtained herein
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Variation Between Sister Species

----------- A. planirostris--A. jamaicensis
o | A. lituratus--A. intermedius
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-8, fulviventer--S. leucotis

o
‘e
e
‘e
.
: o
o
Poe
®
™
[ J
°
20.00 15.00 10.00 5.00

Genetic Divergence

0.00

Fic. 5.—Sister taxa comparisons of Kimura 2-parameter genetic distances for 10 pairs of sister
species of bats and 11 pairs of sister species of rodents. Average genetic distances are shown as
filled circles. Genetic variation produced from comparisons of individuals from the same population,

subspecies, or species has been removed.

(Fig. 7), subspecies as recognized in the
taxa examined herein, have values >2.34%
X = 1.0%).

Intraspecific variation.—Average genetic
distance values were 0.09-8.70% with an
average of 2.49% (Fig. 7). Bats (X = 3.00,
n = 14) possessed dlightly higher values
than rodents (X = 2.09, n = 18). Among
the intraspecific comparisons, C. castanea
had the highest value (8.70) whereas all
other taxa had values <5.91. Only 2 sam-
ples of C. castanea were examined, and
these values exceeded most of the sister
species comparisons. It may be that these 2
samples represent 2 species as defined by

the Genetic Species Concept. Thisis an ex-
ample of where additional studies are need-
ed to determineif 2 biological species exist.

Variation within a Genus

Variation between sister species—f the
cytochrome-b gene contains information
that can be used to identify the completion
of biological speciation, it will be resolved
by understanding the magnitude and pattern
of sequence divergence between sister spe-
cies. Several factors affect values that dis-
tinguish sister species: first, the ideal value
which is the magnitude of variation that dis-
tinguishes the new species from each other
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Intrageneric Variation
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........... Artibeus (10)

........... Carollia (5)

. ~~~~~~~~~~~ Chiroderma (5)
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........... Dermanura (8)

- Glossophaga (6)
........... Rhinophylla (3)
- Uroderma (2)

.......... Neotoma (9)

........... Peromyscus (17)

-

---------- Reithrodontomys (8)
.......... Sigmodon (11)

25.00 20.00 15.00

Genetic Divergence

10.00

5..00

Fic. 6.—Intrageneric comparisons of Kimura 2-parameter genetic distances for 6 genera of bats
and 4 genera of rodents. Average genetic distances are shown as filled circles, bars represent the
range of values obtained within a genus, and sample sizes are shown in parentheses. Genetic variation
produced from comparisons of individuals from the same population, subspecies, or species has been

removed.

at the time of speciation (ideal value); sec-
ond, the amount of within species variation
within each of the 2 new species; and third,
the amount of sequence divergence that has
accumulated between the 2 species since
the completion of the speciation process.
The last value, of course, is affected by time
since divergence and rate of phyletic
change within each taxon. Additionally the
very nature of phylograms and decisionsin-
volving the accuracy of identifying sister
species makes it difficult to generate alarge
sample of values of sister-species compari-
sons. For example, Johns and Avise (1998)
intentionally midpoint rooted their phylog-
eny because they did not have access to all
critical taxa for appropriate sister-species
comparisons and because they did not be-
lieve that they were qualified to address the
pertinent outgroup taxa. This approach ar-
tificially inflates intrageneric values beyond
those that were present between sister spe-
cies at the conclusion of the speciation pro-
cess.

In our study, average genetic distance
values were 2.50-19.23% with an average
of 8.13%. Rodents (X = 9.55, n = 11) typ-
ically had higher values than did bats (X =
6.83, n = 12). Obvioudly, this value is af-
fected by time since divergence (recent an-
cestry producing lower values), and there-
fore it is difficult to develop a simple pre-
dictive range. However, most sister taxadif-
fered by 4-11% (Fig. 7).

Intrageneric variation.—These values
were calculated by including all possible
pairwise comparisons of species within a
genus. Average genetic distance values
were 2.23-21.97% with an average of
11.46%. Values for bats (X = 10.45, n =
7) and rodents (X = 13.23, n = 4) depicted
that rodent species typically had higher val-
ues between species than did bats; although
2 species of bats (R. pumilio and R. alethi-
na) possessed one of the highest values
(19.83%) of all taxa examined. It appears
that members of the same genus typically
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Fic. 7—Distribution of average genetic distances (Kimura 2-parameter) obtained from compari-
sons of samples from the same population (intrapopulational), samples representing the same sub-
species (intrasubspecific), samples representing the same species (intraspecific), samples representing
sister species (sister species), and samples representing the same genus (intrageneric). Bars represent
the number of taxa belonging to the same category of genetic divergence. Categories were arbitrarily

defined in 1% intervals.

possess values (Fig. 7) of about 2—22% (X
= 12%).

Application of genetic distances—\We ex-
amined several independent datasets to
evaluate the utility of genetic distance val-
ues derived from DNA sequences as a
method of identifying species or species
boundaries. This methodology stems from
the observation that taxa identified as con-
specific in phylogenetic analyses often pos-
sess levels of sequence divergences that
equal or exceed values of other pairwise
comparisons of valid species within the
clade of interest.

Obviously, many factors can affect the
results of our study. Some of these are bi-
ological and some are methodological; the

first 2 are methodological and the final 3
are biological. First, sampling strategy or
lack of appropriate sampling may influence
average sequence divergence at any level of
comparison (intrapopulational, intrasubspe-
cific, intraspecific, or intrageneric). For ex-
ample, sampling of family units or closely
related individuals would greatly underes-
timate the average value for intrapopula-
tional comparisons. Alternatively, a few
samples from isolated populations or pop-
ulations representing geographic extremes
of aspecies’ distribution could result in the
overestimation of average genetic diver-
gences for within species comparisons.
However, unique populations or popula-
tions of concern would be identified. Sec-
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ond, the concept of the genus varies exten-
sively in the groups of organisms we stud-
ied. For example, Peromyscus may contain
as many as 64 or as few as 53 species de-
pending on the interpretation (Carleton
1989). Relative to our goal, intrageneric
distance values are shown only as a refer-
ence point relative to values for sister spe-
cies. How the genus is defined will affect
the variation but not the conclusions rela-
tive to sister taxa. Third, breeding structure
and reproductive life history may serve to
increase or decrease average genetic diver-
gences. For example, migratory taxa that
breed in one region and give birth in an-
other would potentially possess greater ge-
netic divergence values than philopatric
taxa. Fourth, taxa with rigid social and
breeding structures would be expected to
show lower levels of genetic variation at the
intrapopulational but higher levels for in-
terpopulational comparisons. Fifth, param-
eters such as lineage sorting and retention
of ancestral polymorphisms (Avise 1994;
Edwards and Beerli 2000) would be ex-
pected to influence genetic divergences de-
pending on the level of comparison. For ex-
ample, levels of sequence divergences may
reflect taxonomic divergence, or aterna
tively, they simply may track lineage sort-
ing or retention of ancestral polymorphisms
(sequences in this case).

An example of the utility of this meth-
odology and logic is demonstrated in the 2
studies involving molecular and phyloge-
netic divergence among species of cotton
rats in the genus Sgmodon (Peppers and
Bradley 2000; Peppers et a., in press),
which are summarized in Fig. 8. Early in
these studies, we obtained samples from
several populations of S hispidus in North,
Central, and South America. Those samples
included 3 subspecies (S. h. hirsutus, S h.
hispidus, and S h. toltecus) and were in-
tended to represent genetic variants within
the nominal taxon. Among-sample compar-
isons of those subspecies revealed excep-
tionally high levels of sequence divergence
relative to comparisons to other species in
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Fic. 8.—Neighbor-joining tree constructed us-
ing Kimura 2-parameter genetic distances for
members of the rodent genus Sigmodon. Until
recently (Peppers and Bradley 2000), taxa in
large bold type were considered conspecific
members of S. hispidus. Average genetic diver-
gence values are provided for select taxa. The
high levels of sequence divergence correspond
to the paraphyletic nature of these 3 samples.

the genus (S alleni, S arizonae, S mas-
cotensis, and S ochrognathus). Addition-
aly, al preliminary analyses (parsimony,
genetic distance, and likelihood) portrayed
those samples as paraphyletic. As more
samples were included in the study, it be-
came obvious that S. hispidus was a com-
posite species and that minimally S. h. hir-
sutus and S. h. toltecus should be elevated
to species status. It was the greater than ex-
pected levels of sequence divergence be-
tween S hirsutus, S hispidus, and S tol-
tecus compared with other recognized spe-
cies in the genus that initially drew our at-
tention to the presence of these cryptic
species.

Likewise, before our study, Neotoma al-
bigula, Peromyscus boylii, and Reithrodon-
tomys megalotis were identified as possess-
ing greater genetic variation within a taxon
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than was present between other taxa cur-
rently recognized as congeners (Bell et al.
2001; Bradley et al. 2000; Edwards et al.
2001; Tiemann-Boege et a. 2000). In those
datasets, there were instances where mem-
bers of conspecific taxa were paraphyletic
and possessed sequence-divergence values
greater than typically distinguishing sister
species within that genus. Two scenarios
could explain those observations. First, lin-
eage sorting of haplotypes before speciation
(Avise 1994) could produce paraphyletic
patterns. Second, currently recognized con-
specific taxa actualy represent >1 biolog-
ical species. Consequently, based on the
above data and congruency with other da-
tasets, those authors recommended or sup-
ported the splitting of N. albigula into 2
species (N. albigula and N. leucodon), P.
boylii into 3 species (P. beatae, P. boylii,
and P. levipes), and R. megalotisinto 2 spe-
cies (R megalotis and R. zacatecae). Of
course, species identification is at best ten-
tative when examining nonsympatric pop-
ulations, and we view these decisions for
recognition of new species as hypotheses
for further investigation. Further investiga-
tion should help us understand the magni-
tude of variation in the cytochrome-b gene
and how it can be used in studies of bio-
diversity.

Perhaps the greatest utility of sequence-
divergence values is simply in the identifi-
cation of taxa and questions for further in-
vestigation. For example, in our study C.
castanea possessed greater genetic varia-
tion (X = 8.70), within what currently is
viewed as a single species than is docu-
mented for intrageneric comparisons of
Carollia (X = 7.87). Similarly, G. soricina
and C. brevicauda exhibited intraspecific
divergence values (5.91 and 5.24, respec-
tively) that were larger than those obtained
for other bat species (X = 3.00). We view
these values as evidence that multiple spe-
cies may be present within each of these
taxa and further investigations are warrant-
ed. Although we expect that similar trends
would be established in other nonmammal-
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ian organisms, we leave that conformation
or rejection to expert systematists in the ap-
propriate discipline.

Relevance to the Genetic Species Con-
cept.—Our observations support the hy-
pothesis that values of DNA-sequence di-
vergence could be used as an additional
data source for establishment of an appro-
priate ‘‘measure of taxonomic rank.” Spe-
cifically, sequence-divergence values may
be used to support the credence of the Ge-
netic Species Concept. This is especialy
true when sequence-divergence values are
used in conjunction with cladistic method-
ology. We propose use of sequence-diver-
gence values (phenetic data) only when the
relationships identified in the neighbor-join-
ing analyses are identical to clades pro-
duced from parsimony or likelihood anal-
yses (cladistic) of the same DNA sequenc-
es. This has the advantage of evaluating re-
lationships with 2 alternative types of
analyses (phenetic and cladistic), and in-
voking 2 species concepts (genetic—Daob-
zhansky 1950; Mayr 1969; Simpson 1943;
phylogenetic—Cracraft 1983).

Historically, the Genetic Species Concept
has been criticized because of its inability
to establish ranges of genetic variation, suf-
ficient sampling, etc. The ease with which
DNA sequences are being generated ad-
dresses this criticism to the same extent that
variation in morphology is used to detect
species boundaries based on phenotype.
Having genetic distance values that indicate
(within 95% confidence limits) which pop-
ulations are conspecific or where the spe-
ciation process has been completed would
be ideal. Unfortunately, these types of data
are not yet available. Therefore, the best
scenario is a working criterion of genetic
distances based on available empirical data.
These categories can then serve as testable
hypotheses that can be accepted, rejected,
or modified as additional data become
available.

Using this logic, we view genetic dis-
tance values (<2%), for the cytochrome-b
gene, as having a high probability of indi-
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cating intraspecific variation. Values >2%
may be indicative of conspecific popula-
tions or valid species. The higher the value,
the greater the probability that 2 biological
species may be represented. If data pre-
sented in this paper are predictive, then val-
ues from 7% to 11%, the burden of proof
should shift toward documentation that
only asingle speciesisinvolved. Therefore,
values <2% would equal intraspecific var-
iation; values between 2% and 11% would
merit additional study concerning specific
status, and values >11% would be indica-
tive of specific recognition. We would not
expect these values to apply for other loci
given the variability and rate of evolution
between different genes. However, as more
DNA sequences become available, it will
be of interest to test for predictable varia-
tion at additional loci. It aso will be of in-
terest to see if other organisms with differ-
ent life history strategies (i.e., birds, herp-
tiles, fish, various invertebrates and plants)
have similar relationships between genetic
variation in the cytochrome-b gene and
completion of speciation or if it will be nec-
essary to develop a set of predictors inde-
pendently for taxonomic groups.

Considering the extent to which genetic
variation fluctuates in al natural processes
and the complex nature of the speciation
process, undoubtedly there will be exam-
ples where speciation will be completed
with <2% genetic differentiation in the cy-
tochrome-b gene as well as instances where
conspecific populations exist with >11%
genetic divergence. We predict that these
examples will be uncommon and that these
will provide additional insights into the na-
ture of the speciation process.

Finally, aword of caution concerning use
of mitochondrial genome as an indicator of
genetic isolation. There will be examples
where mitochondrial capture will result in
misleading information about phylogenetic
relationships. Examples include mule deer
(Odocoileus hemionus) and white-tailed
deer (O. virginianus—Carr et al. 1986) and
other instances of hybridization (Jones et al.
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1995). Data from nuclear genes can help
resolve examples where this is a problem.
However, data on which our conclusions
are based (cytochrome-b sequences) sug-
gest that there is substantial information in
the mitochondrial genome concerning the
number of biological speciesin nature.
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