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MtDNA Evidence for Repeated Pulses of Speciation
Within Arvicoline and Murid Rodents

Chris J. Conroy1,2,3 and Joseph A. Cook1

We examined temporal aspects of phylogenetic relationships among 5 murid rodent subfamilies
and 11 arvicoline genera based on DNA sequences of the cytochrome b gene (n = 92) and ND4
gene (n = 17). We found monophyly for Muridae but a polytomy among murid subfamilies.
Arvicolinae was monophyletic, but most genera within this subfamily arose from a polytomy.
Microtus was monophyletic, but within the genus, species arose rapidly. This pattern of nested
pulses (polytomies) was recovered across parsimony, distance, and likelihood methods and
indicates that accumulation of taxonomic diversity in murids was sporadic, rather than gradual.
Arvicolines appeared in the Late Miocene and diversified later, between 3 and 5 million years
ago. A relatively high rate of sequence evolution (i.e., 2.3% in third-position transversions per
million years) helps reconcile the diversification of fossils and mtDNA lineages.
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INTRODUCTION

The hollow curve distribution of species richness, where a few taxa (e.g., genera) are species
rich but most are depauperate within a particular family (Fig. 1), has stimulated consider-
able discussion among biologists (Anderson, 1974; Stanley, 1979) because it is a common
feature of higher taxonomic categories. Studies aimed at examining this uneven distribution
have generally avoided an explicit phylogenetic framework (e.g., Huston, 1995), yet phy-
logenies based on molecular techniques have provided insight into the apparent disparity in
diversification rates among lineages (e.g., Sanderson and Donoghue, 1996).

The murid rodent subfamily Arvicolinae has been advanced as a classic example
of the hollow curve distribution (Reig, 1989) (Fig. 1). Previous attempts to classify or
reconstruct the phylogenetic history of the Arvicolinae have been based on morphology,
allozymes, karyotypes (reviewed by Musser and Carleton, 1993), and restriction frag-
ments of nuclear and mitochondrial DNA (DeBry, 1992; Modi, 1996). Because few stud-
ies have shared many taxa, comparisons across studies have been difficult. Reconstructing
the history of arvicolines has been further complicated by apparent pulses of speciation in
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Fig. 1. The hollow curve distribution of species across the 25 genera of the
Arvicolinae recognized by Musser and Carleton (1993), but including Volemys
within Microtus. The negative binomial relationship between the number of
species within genera and the number of genera with that frequency is mod-
eled with the adjacent equation. The genus with 65 species is Microtus.

the fossil record. The earliest arvicoline fossils date to the Late Miocene (Chaline, 1990).
Modern arvicoline genera appeared in the Mid- to Late Pliocene (Repenning et al., 1990)
and radiated into diverse habitats including tundra, taiga, deciduous and coniferous forest,
prairie, and steppe (Gromov and Polyakov, 1977). The radiation of Microtus is thought to
have occurred within the last 2 million years (Chaline and Graf, 1988). Due to temporal
and spatial gaps in the fossil record, the origin of specific lineages has remained obscure
(Repenning et al., 1990).

In this paper, we focus on diversification within the Arvicolinae and provide pre-
liminary data on two other apparent cases of rapid diversification at the level of murid
subfamilies and among species of Microtus. Muridae, the most speciose family of mam-
mals (Musser and Carleton, 1993), also exhibits a hollow curve distribution. A few murid
subfamilies are diverse [e.g., Murinae with 122 genera, 529 species (Wilson and Reeder,
1993)], while others are monotypic, suggesting unequal rates of diversification.

We lack a phylogenetic framework to begin exploring diversification in these groups.
In particular, a phylogenetic approach would help (1) to address relationships among arvi-
coline genera which have remained problematic, (2) to characterize the tempo of diversi-
fication, (3) to date certain cladogenic events, and (4) to identify sister clades for investi-
gations of the hollow curve distribution of species. A resolved phylogeny would address
relationships among taxa. Unresolved branches (e.g., a multifurcation), although obscur-
ing relationships, might best characterize the tempo of diversification.

We used sequences from two mitochondrial genes and expanded the number of taxa
previously examined (e.g., DeBry, 1992; Modi, 1987, 1996; Nadler et al., 1978) to test
phylogenetic hypotheses among seven of the eight arvicoline tribes and examine further
the complex history of diversification within the Muridae.
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MATERIALS AND METHODS

Nucleotide Sequences

DNA sequences of the mitochondrial cytochrome b (cyt-b) gene and a portion of the
ND4 gene were generated for 11 genera and 17 species of arvicolines (92 individuals),
representing seven tribes (Table 1). These genes efficiently retrieve known phylogenies
for this and deeper levels of divergence and they have been sequenced for a substantial
number of related taxa (Russo et al., 1996; Zardoya and Meyer, 1996). The cyt-b genes
of 15 outgroup taxa (4 murine genera, 2 cricetine genera, 3 sigmodontine genera, 1 ger-
billine, 1 dipodid, 1 sciurid, and 3 hystricognath genera) were sequenced, retrieved from
GenBank, or obtained from J. Salazar (Table I). In related studies, we examined complete
sequences of cyt-b from 26 species of Microtus (Conroy and Cook, 1999).

DNA was extracted from heart or liver (Table I) via a modified salt method (Medrano
et al., 1990). Symmetric PCR (Saiki et al., 1988) was used to amplify the complete
cyt-b gene [Mus bp 14139-15282 of the complete mitochondrial genome (Bibb et al.,
1981)] using primer pairs MVZ04-MVZ05 and MVZ23-MVZ14 (Smith and Patton,
1993) and arvicoline-specific primer pairs CLETH-16 (5'-AGAAARTAYCATTCTG-
GYTTAAT; Mus bp 14940 is the 3' end of the primer), CLETH-37 (5'-TAYAAY-
ATAATYGAAACHTGAA; Mus bp 14457), VOLE-23 (5'-TACAAGAAACAGGAT-
CAAACAACC; Mus bp 14752), and VOLE-14 (5'-TTTCATTACTGGTTTACAAGAC;
Mus bp 15309). A portion of the mitochondrial ND4 gene (Mus bp 832-1377) was
sequenced for at least one representative of each arvicoline genus and the sigmodontine
Peromyscus (Table I) using primers ND4 and LEU (Arevalo et al., 1994). PCR reac-
tions generally included a denaturation step at 94°C for 5 min, followed by 35 cycles at
94°C for 15 sec, 45-50°C for 15 sec, and 72°C for 1 min, followed by a final extension
step at 72°C for 5 min. Double-stranded PCR products were precipitated with polyethy-
lene glycol and sodium chloride and pellets were rinsed with 75% ethanol prior to cycle
sequencing. Cycle sequencing consisted of a denaturation step at 96°C for 1 min, fol-
lowed by 35 cycles at 96°C for 10 sec, 50°C for 5 sec, and 60°C for 4 min. Cycle
sequencing products [Perkin-Elmer Prism dye terminator kit (Fst-RR, 402119)] were
purified with Sephadex G-50 (Sigma) and dried under vacuum. Sequences for both strands
were determined on an ABI 373a Stretch DNA sequencer. Alignment was done by eye.
Sequences have been deposited in Genbank with Accession Numbers AFI 19259-119280,
AF126430, and AF128932-AF128946.

We sequenced multiple species for four polytypic genera to attempt to break up
long branches of the phylogeny (Hillis et al., 1996) and to identify representatives of each
group. For higher-level analysis, we used cyt-b sequences from the rodents Phodopus sun-
gorus, P. campbelli, and Mesocricetus auratus (Cricetinae); Apodemus flavicollis, Rattus
rattus, Mus musculus, and Acomys airensis (Murinae); Meriones unguiculatus (Gerbilli-
nae; 827 bp cyt b); and Bolomys amoenus, Calomys callosus, and Peromyscus keeni (Sig-
modontinae). Zapus trinotatus (Dipodidae) and Sciurus aberti (Sciuridae) were included
as outgroups to Muridae. Hystricognath sequences (Echimyidae: Makalata didelphoides,
Proechimys amphichoricus, and Mesomys hispidus) rooted the initial sciurognath
tree.
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Fig. 2. Comparison of the number of pairwise TS (above) and TV (below) mutations (ordinate) plotted against
the maximum-likelihood distance (abscissa) between arvicolines and Mus and Rattus.

Data Analyses

Nucleotide variation and amino acid variation were examined for both genes [MEGA
version 1.02 (Kumar et al., 1993)] across arvicoline genera and between arvicolines and
murines (Mus musculus and Rattus rattus). Pairwise transitions (TS) and transversions
(TV) were plotted against maximum-likelihood distance [DNADIST in PHYLIP version
3.572 (Felsenstein, 1993)] to examine saturation for TSs and TVs at each codon posi-
tion (Fig. 2). To estimate the time of divergence, we tabulated pairwise TVs in codon
third positions for several levels of taxonomic divergence and adjusted them with a
sigmodontine-based rate of 2.3% substitution per million years (Smith and Patton, 1993).

The random trees option on test version 4.0d59 of PAUP* (Swofford, 1998) con-
structed 100,000 trees to examine phylogenetic signal at different taxonomic levels using
g1 statistics (Hillis and Huelsenbeck, 1992). All g\ values were significant (a = 0.05),
except ND4 third positions. Tajima's (1993) relative rate test was applied within the Arvi-
colinae. We also tested for a molecular clock by comparing trees built under the F84
model, which allows variation in root to tip path lengths [DNAML (Felsenstein, 1993)]
and under a model which assumed a molecular clock (DNAMLK) under three TS/TV
ratios (2/1, 10/1, 20/1).

Phylogenetic reconstruction was done with three methods. Weighted maximum-par-
simony (MP) searches were completed on PAUP*, with weights based on empirical vari-
ation in codon position in pairwise comparisons between arvicolines and murines. A
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TS/TV ratio of 10:1 (Wakeley, 1996) was also used at deeper levels. Trees were initially
rooted with three hystricognath sequences (Lara et al., 1996) to polarize the sciurognath
characters (cyt-b only). The sigmodontine Peromyscm was identified as the closest out-
group to the arvicolines by successively removing basal taxa (Kitching, 1994). Due to
the large number of taxa, a heuristic search with default search options was implemented.
Random starting options (n = 100) were also implemented to minimize the potential of
islands-of-trees problem (Maddison, 1991). To avoid the use of saturated characters in
such a taxonomically deep analysis, we also constructed unweighted parsimony trees with
amino acids. We used only the cyt-b amino acids with deeper murid representatives and
cyt-b and ND4 for arvicolines with Peromyscus as an outgroup.

We also used PAUP* for neighbor-joining [NJ; Kimura's (1980) two-parameter dis-
tance] (Saitou and Nei, 1987) and maximum-likelihood (ML; F84 model of substitu-
tion, TI/TV = 2, empirical base frequencies, four rate categories, gamma distributed with
shape = 0.296) trees. The MP and NJ trees were bootstrapped 250 times, maintaining
the original distance schemes, and all were rooted for presentation. Bremer decay indices
(Bremer, 1988) were constructed with TreeRot (Sorenson, 1996). These values are not
meant for comparison across studies, particularly since weighted parsimony makes these
values appear larger than normal. Decay values divided by the length of the tree (Fig. 5)
are presented solely for visual purposes and are not meant to be compared across studies.

The topologies of the MP and NJ trees were tested against the ML tree with a
likelihood-ratio test (Kishino and Hasegawa, 1989). We also tested four particular rela-
tionships based on morphology and karyology. (1) Is Arvicola sister to Microtus (Bai-
ley, 1900; Hooper and Hart, 1962; Miller, 1896; Nadler et al., 1978)? Arvicola displays
a striking morphological resemblance to Microtus, except that it is more semiaquatic,
somewhat like the muskrat Ondatra, and it is larger than most species of Microtus. (2)
Is Dicrostonyx, the collared lemming, a member of the true lemmings (Hinton, 1926;
Matthey, 1957)? Dicrostonyx is a common small mammal of high-latitude tundra habitats.
However, despite similarities in habitat and morphology with other "true" lemmings, par-
ticularly Lemmus and Myopus, the tooth structure and karyology of Dicrostonyx suggest
a deeper historical split. (3) Is Phenacomys, the heather vole, sister to Microtus (Hin-
ton, 1926; Miller, 1896)? The systematic position of Phenacomys has never been clear.
(4) Is Ellobius sister to Microtus? This relationship was hypothesized based on simi-
larity in karyotypes (Matthey, 1957). The phyletic position of Ellobius, the mole vole,
has been unclear because of its exceptional subterranean adaptations. Repenning (1968)
suggested that Ellobius be excluded from Arvicolinae based on mandibular musculature.
Maximum-likelihood searches were constrained to satisfy these four relationships and
evaluated under the F84 ML model with a likelihood-ratio test (Kishino and Hasegawa,
1989).

Trees based on either cyt-b or ND4 differed only at branches with weak bootstrap
support. We combined these data (Zardoya and Meyer, 1996) because the genes are linked
within the nonrecombining mitochondrial genome and appear to be evolving at simi-
lar rates (Fig. 2). Increasing sequence length may resolve suspected rapid radiations by
increasing the number of synapomorphies (Kraus and Miyamoto, 1991). Although phylo-
genetic investigations can be flawed if large biases in base and codon composition exist
(e.g., Naylor and Brown, 1998), we suggest that this issue is limited within the relatively
limited taxonomic scope of this study.
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RESULTS

Sequence Variation

This study expands the only other paper describing mtDNA variation in arvicolines,
which was limited to two closely related species of Microtus over a narrow geographic
area (Baker et al., 1996). Arvicolines share a cyt-b gene of 1143 bp (381 codons). Among
mammals, the number of codons in the cyt-b gene varies from 379 [carnivorans, peris-
sodactyls, proboscideans, artiodactyls (Jermiin et al., 1994)] to 388 codons [marsupials
(Patton et al., 1996)]. Overall, the nucleotide composition in arvicolines is similar to
that in other mammals: adenine (31.5%), cytosine (28.5%), thymine (27.7%) and gua-
nine (12.4%). Third positions exhibited an extreme deficiency of guanine (3.3%), similar
to other mammals (e.g., Irwin et al., 1991; Patton et al., 1996). Third-position transitions
appeared to saturate more rapidly than first and second positions due to a faster rate of
evolution (Fig. 2).

Variation in nucleotides and amino acids for cyt-b was similar to that found in other
mammals. Of the 469 variable nucleotide sites, 339 were phylogenetically informative
among 11 arvicoline and 2 murine genera. The distribution of amino acid replacements
among transmembrane, outer surface, and inner surface regions was equivalent (x2 = 0.87,
P < 0.1) to that identified by Irwin et al. (1991) for hypervariable sites. For cyt b (n =
32), there were 380 total amino acids (plus a stop codon in arvicolines). Of these, 168
were variable, of which 115 were parsimony informative.

Structural models of the ND4 gene comparable to that for cyt-b (Irwin et al., 1991)
are not available. Variation across codon positions for ND4 (2.4:1:8.4) was not statis-
tically different (x2 test: 0.90 < p < 0.75) from cyt-b (4:1:17). Saturation of third-posi-
tion TSs (Fig. 2), overall base composition, and guanine deficiency (i.e., guanines were
present in 10% of bases overall and 4% in third positions) were similar between ND4 and
cyt-b. Across ND4 sequences (n = 15), there were 181 amino acids, and of these, 55 were
variable and 20 parsimony informative.

Of 1689 nucleotide sites from the combined cyt-b (1143) and ND4 (546) sequences,
723 were variable (966 invariant) and 529 were parsimony informative among arvicolines
and murines (Mus and Rattus). Variation across codon positions was 3 :1:13 (3:1:10 for
TS and 4:1:22 for TV) across all taxa. For MP trees, positions were weighted inversely
(4:13:1) to the observed variation (Chippendale and Weins, 1994; Huelsenbeck et al.,
1994). The overall TS/TV ratio was 1.4. Varying the TS/TV parameter between 1 and 10
did not significantly alter the likelihood. Third-position TSs appeared saturated beyond a
likelihood distance of 0.2 whereas slopes for first- and second-position TSs and all TVs
appeared to be constant (Fig. 2). We used the F84 likelihood distance (e.g., Lara et al.,
1996; Tan and Wake, 1995), though a similar relationship was found with other genetic
distances [e.g., Kimura's two-parameter, calculated with DNADIST (Felsenstein, 1993)].
The combined sequences were 561 amino acids long, of which 223 were variable and
135 were parsimony informative.

Tajima's (1993) relative rate test indicated that branches were not significantly dif-
ferent from expectations under equal rates of evolution. Tree likelihood and topology did
not differ significantly when a molecular clock (DNAMLK) was assumed (Felsenstein,
1993), further suggesting similar rates of nucleotide evolution.



Fig. 3. (A) Maximum-parsimony tree from cyt-b sequences rooted with three histricognath sequences, 1 : 10
transition-to-transversion weighting, and 4: 13: 1 codon position weighting. (B) Neighbor-joining topology
based on Kimura two-parameter distances. Both topologies indicate that Sciurus is basal among the sciurog-
naths examined. Value to the left of the slash is the bootstrap support from 250 replicates where it is 50%
or higher; value to the right of the slash is the Bremer decay index.
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Phylogenetic Implications

Similar topologies were found across methods, and three pulses of diversifica-
tion were identified. Support for monophyly of the Muridae, subfamilies Arvicolinae
and Cricetinae, several arvicoline groups (e.g., true lemmings, Microtus, Dicrostonyx,
Ellobius), and some sister species of Microtus agrees with previous morphological anal-
yses and indicates that the molecular data can resolve relationships across these taxo-
nomic levels (Figs. 3 and 4). For instance, Muridae is supported by numerous dental and
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skeletal synapomorphies (Carleton and Musser, 1984) such as uniserial enamel (Flynn
et al., 1985). Arvicolinae has been recognized for more than 100 years (Alston, 1876)
based on its prismatic tooth pattern. True lemmings (Lemmus, Myopus, Synaptomys) are
usually recognized as a monophyletic group, to the exclusion of Dicrostonyx (Jarrell
and Fredga, 1993). Microtus, though possibly paraphyletic with other arvicoline genera
(Carleton, 1985), exhibits some derived morphological features such as the way the teeth
are rooted and the numbers of triangles on the occlusal surface (Miller, 1896). The mono-
phyly of the genera Dicrostonyx and Ellobius is supported by the morphological synapo-
morphies that define those genera (e.g., winter claws in Dicrostonyx and fossorial adap-
tations in Ellobius).

A MP tree of cyt-b sequences rooted with hystricognath sequences (Fig. 3) placed

Fig. 3. Continued.



the sciurid basal to the dipodid and all murids within Sciurognathi. The sciurid sequence
was used to root subsequent analyses of higher level murid relationships (Fig. 4) and
these indicated that the family Muridae was monophyletic (82% MP and 80% NJ boot-
strap support). Two MP trees were obtained. Not all murid subfamilies were monophyletic
and bootstrap support for relationships among subfamilies was generally weak (<50%).

Fig. 4. Phylogenetic analysis of cyt b sequences with Sciurus abeni (Sci-
uridae) as an outgroup to Zapus trinotatus (Dipodidae) and murid represen-
tatives: (A) maximum parsimony, (B) neighbor-joining with Kimura two-
parameter weighting, and (C) maximum-likelihood using the F84 model.
Values on branches are bootstrap percentages from 250 iterations, fol-
lowed by the Bremer decay index. The MP tree (7419 steps) had CI =
0.3937, HI = 0.6649, and RI = 0.4807. Subfamilies: A, Arvicolinae; S,
Sigmodontinae; G, Gerbillinae; C, Cricetinae; M, Murinae. Gray shading
indicates the area of the inferred pulse.
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Fig. 4. Continued.

The NJ and ML trees also exhibited weak support for relationships among subfami-
lies, suggesting a pulse of diversification among the murid subfamilies. However, the
Arvicolinae was monophyletic across all methods (bootstrap support, 67% MP and 87%
NJ).

The second pulse was among arvicoline genera. Monophyly of the genera Microtus
and Dicrostonyx was well supported in MP analyses. However, the genus Clethrionomys
was paraphyletic because Alticola macrotis was sister to Clethrionomys rutilus when arvi-
colines were rooted with Peromyscus (Figs. 5B and C) and in higher-level NJ and ML
trees (Figs. 5A-C). One tree island of shortest length was found when MP searches were
limited to arvicolines with a Peromyscus outgroup. The NJ and ML trees (Figs. 5B and
C) supported the monophyly of Ellobius, true lemmings (Myopus, Lemmus, and Synap-
tomys) and a weak but consistent sister-group relationship between the Clethrionomyini

Arvicoline Systematics 231
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Fig. 4. Continued.

and Microtus (69% bootstrap support in the Peromyscus-rooted NJ; Fig. 5B). Although
nucleotide analysis does not support monophyly of the Clethrionomyini, the amino acid
analysis does (Fig. 6). However, this relationship needs to be tested further due to weak
sampling of the Clethrionomyini. Otherwise, relationships among genera of the Arvicol-
inae (e.g., Dicrostonyx, Phenacomys, Ondatra, and Ellobius) were poorly resolved. This
was corroborated by likelihood-ratio tests which did not reject any of the topologies we
tested (Table II). MP and NJ trees constructed with amino acids only (Fig. 6) also sug-
gested that these pulses are not due to saturation, but to rapid branching.

A third most recent pulse led to a rapid diversification among species of Microtus,
and these details are presented elsewhere (Conroy and Cook, 1999). Evidence for that
pulse was apparent only when larger numbers of species of Microtus were included. Short
branches were found at the base of the radiation of Microtus, but a number of previously



Fig. 5. Phylogenetic analysis with Peromyscus as an outgroup to arvicoline represen-
tatives and including cyt-b and ND4 sequences. (A) One of two maximum-parsimony
trees, (B) neighbor-joining with Kimura two-parameter weighting, and (C) maximum-
likelihood using the F84 model. Values above MP and NJ branches are bootstrap per-
centages greater than 50% from 250 iterations, followed by the Bremer decay index.
Values below branches are relative Bremer decay indices, calculated by dividing the
decay index above the branch by the length of the tree. The MP tree (4862 steps) had
CI = 0.5197, HI = 0.4803, and RI = 0.3951. Gray shading indicates the area of the
inferred pulse.
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Fig. 5. Continued.

identified sister species (e.g., M. montanus and M. pennsylvanicus, M. miurus and M.
abbreviatus) were also supported.

DISCUSSION
Polytomies may be the result of homoplasy due to saturation [i.e., "soft" rather than

"hard" (Maddison and Maddison, 1992)] or a paucity of synapomorphies along short



Fig. 5. Continued.

internodal branches due to rapid pulses of speciation. Our data have several character-
istics that argue for hard polytomies (Lara et al., 1996; Lessa and Cook, 1998). First,
significant g1 statistics for all but ND4 third positions suggest that the data have phylo-
genetic signal. Second, consistency across methods suggests that short branches are not an
artifact of the phylogenetic analysis. Third, relative rate tests demonstrated that rate het-
erogeneity among lineages was not a factor affecting tree construction. Fourth, although
third positions may exhibit excess homoplasy at deeper branches, when they are removed
from analyses we recover a similar tree topology (i.e., the same areas of low support).
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Fig. 6. Maximum-parsimony trees constructed only with amino acids. (A) This tree
was constructed with only cyt-b amino acids. (B) This tree was constructed from
both cyt-b and ND4 amino acids as described for the nucleotide analyses. Branch
lengths are indicated on all branches, and bootstrap values greater than 50% are
shown after the slash.

Amino acid parsimony, which should identify the effects of saturation, also resulted in a
similar tree topology (Fig. 6). Finally, bootstrap support at nodes above and below poly-
tomies indicate diversification over a short period of time, rather than saturation effects.

These polytomies may be partially responsible for the problematic taxonomic history
of this clade. The number and constitution of tribes have changed repeatedly. Currently



Lemmini, Lagurini, Clethrionomyini, Microtini, Ondatrini, Ellobiini, Phenacomyini, and
Dicrostonychini are recognized (Musser and Carleton, 1993). Fossils are abundant for
some taxa, but evolutionary relationships among tribes and genera remain poorly resolved
(Chaline, 1990; Chaline and Graf, 1988). Morphological convergence is widespread in
the subfamily and may have obscured phylogenetic relationships (Courant et al., 1997).

Well-corroborated phylogenies may elucidate aspects of the history of speciation
(Mooers and Heard, 1997), such as tempo. Fluctuations between high and low rates of
speciation might be reflected in a phylogenetic tree by polytomies (pulses) interspersed
with periods of anagenesis versus more regularly spaced bifurcations. Because we did not

Fig. 6. Continued.
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Table II. Kishino and Hasegawa (1989) Test of the ML Tree Against the NJ and MP Trees, in Addition
to Hypothesized Relationships Derived from the Literature (See Text for Order of Hypotheses)

Tree

ML
NJ, Kimura 2-parameter
MP, no constraint

(1) Arvicola-Micmtus monophyletic
(2) Dicrostonyx & Lemmini monophyletic
(3) Phenacomys & Microtus monophyletic
(4) Elhbius & Microtus monophyletic

-InL

11821.88
11836.49
11839.82

11838.53
11826.04
11830.76
11825.62

Diff -InL

(best)
14.61
17.94

16.65
4.16
8.88
3.74

SD (diff)

11.80
10.00

15.24
10.49
13.12
13.48

/

1.24
1.79

1.09
0.40
0.68
0.28

Pa

0.216
0.073

0.275
0.692
0.499
0.782

aProbability of finding a more extreme t value under the null hypothesis of no difference between the two trees
(two-tailed test).

reject a molecular clock, branch length may be equated with time (e.g., short branches
indicate short periods of time). Below we discuss each of the pulses in conjunction with
their systematic implications.

Murid Subfamily Relationships

These data are consistent with other molecular studies that have also suggested a
rapid cladogenesis among murid subfamilies [DNA-DNA hybridization (Catzeflis et al.,
1995), mtDNA sequences (Engel et al., 1998), nDNA sequences (Robinson et al., 1997)]
or their problematic systematics (Flynn et al., 1985). However, no phylogenetic stud-
ies have comprehensively considered all 17 subfamilies (Musser and Carleton, 1993).
Although the shared polytomous relationships across studies and markers suggest that
this pulse may be genuine, it is also possible that the methods used to date have been
inappropriate for addressing questions at this taxonomic level. We recommend that mark-
ers other than cyt-b be used to address this question further. Other subfamilies also need
to be sampled for a robust test.

Genera of the Arvicolinae

The phylogenetic relationships among genera in this subfamily were not strongly
supported. A hard basal polytomy would suggest that systematic inferences at this level
may be flawed. However, relationships that were consistent across methods, that had
strong bootstrap support, and that were consistent with previous morphological analy-
ses deserve further attention. For instance, monophyly of Arvicolinae, true lemmings,
and Microtus reflects relationships identified previously. Paraphyly of Clethrionomys
with respect to Alticola has been reported previously based on DNA-DNA hybridiza-
tion (Gileva et al., 1990). Other genera (e.g., Eothenomys and Hyperacrius) should be
included to test monophyly. Nuclear repetitive elements (Modi, 1996) supported the sister
relationship between Microtus and Clethrionomys, the monophyly of lemmings excluding
Dicrostonyx, and the paucity of synapomorphies among basal nodes within the Arvicol-
inae. A hard basal polytomy would explain why relationships among arvicoline tribes
have remained intractable.
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Species of Microtus

Our preliminary data for Microtus (Conroy and Cook, 1999) support a rapid diver-
sification in this lineage. The tribe Microtini originated in the Late Pliocene, with the
earliest fossils assignable to Microtus dating to about 2.2 million years ago (Repenning
et al., 1990). Fossils for many extant species appeared about 1 to 0.5 million years ago
(Zakrzewski, 1985). Despite the abundant fossil record for Microtus, phylogenetic recon-
struction of its diversification has proved difficult (Chaline and Graf, 1988). Cladogene-
sis among lineages during Pleistocene glacial cycles has been invoked to explain species
diversity in Microtus (Hoffmann and Koeppl, 1985). However, the rapid appearance of
fossils, lack of morphological synapomorphies that define clades within the genus (e.g.,
see Carleton, 1985), and molecular phylogenies (Conroy and Cook, 1999) argue instead
for a single, major pulse of diversification.

Macroevolution

Molecular phylogenies, by explicitly establishing sister-group relationships and esti-
mating the duration of lineages, provide an opportunity to characterize further the hol-
low curve distribution of species richness. For example, the consistent sister relationship
between Microtus and Clethrionomys (including Alticola) that we have identified will
allow us to test whether the increased species diversity in Microtus is significantly greater
than expected under null models (Sanderson and Donoghue, 1996). If we assume that they
are sister taxa, then by definition they are of equivalent age. We can begin investigating
differences in diversification rate once a phylogeny is developed that includes more of
the extant species of these lineages (Clethrionomyini and Microtus).

Periods in which taxonomic diversity has accumulated in these murids have been
brief (as identified by short internodal branch lengths). Extant lineages have arisen
abruptly at the level of family, subfamily, and genus and subsequently have undergone
gradual morphological diversification (Barnosky, 1987; Chaline, 1987). Whether this pat-
tern poses a statistically significant challenge to a gradualistic model of macroevolu-
tion will require further testing. Molecular and paleontological data support rapid diver-
sifications in other Rodentia [e.g., Echimyidae (Lara et al., 1996) and Ctenomyinae
(Lessa and Cook, 1998)]. However, the mechanisms underlying those pulses remain ob-
scure.

There has been much debate over the causes of pulses and radiations (Givnish and
Sytsma, 1997; Stanley, 1979). Vrba (1993, 1995) noted that pulses in speciation may be
correlated with abiotic factors [e.g., Milankovitch cycles (Bennett, 1990)]. Repenning et
al. (1990) and Chaline et al. (1993) have suggested that arvicoline evolution and distribu-
tion are strongly tied to periodic fluctuations in global climate, with arvicoline dispersals
from northern to southern regions tied to regular intervals of roughly every 500,000 years
over the last 5.5 million years. We did not find evidence for speciation at regular inter-
vals. Alternatively, our data support Chaline and Graf (1988), who suggested two main
radiations in the Arvicolinae: the first, 3-5 million years ago, resulted in diversification
among genera, and another, about 2 million years ago, involved the radiation of species
of Microtus. The specific climatic episodes or other circumstances potentially responsible
for these pulses need further investigation.
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Age of Divergence and Evolutionary Rates

The paleontological record and other molecular data have established dates and phy-
logenetic relationships that may be tested with these data. For example, North American
sigmodontines may be more closely related to the arvicolines than to other murid sub-
families [DNA-DNA hybridization (Catzeflis et al., 1989, Fig. 12.4), mtDNA sequences
(Engel et al., 1998), and fossils, such as Copemys (Martin, 1975)]. Arvicolines are found
first in the late Miocene, with Prosomys inimus in North America and P. insuliferus in
Eurasia (Chaline, 1987, and references therein). The earliest age of species of Mimomys
and other ancient arvicolines (Microtoscoptes and Goniodontomys) has been estimated as
8 million years old (Repenning et al., 1990). Other testable dates include the first appear-
ance of modern genera (3 to 5 million years ago) and the diversification among species
of Microtus about 2 million years ago (Chaline and Graf, 1988).

To test these dates we averaged the divergence of third position TVs in cyt-b between
taxa and calibrated a clock at 2.3% change per million years (Smith and Patton, 1993).
This rate would place the divergence between Murinae (Mus and Rattus) and the lineage
leading to arvicolines at 9.8 ±0.5 (1 SD) million years ago. The pulse of diversification
among arvicoline genera would have occurred at about 5.7 ± 0.6 million years ago (Fig.
7). This date is much closer to the diversification among genera recognized by paleon-
tologists [e.g., 3 to 5 million years ago (Chaline and Graf, 1988)]. This rate places our
estimate of divergence among species of Microtus at 3.5 ± 0.95 million years ago. Thus,
cladogenesis within Microtus or within its putative ancestor Allophaiomys (Repenning et
al., 1990; Gromov and Polyakov, 1977) may have occurred much earlier than implied by
the existing fossil record.

Estimates from Other Molecular Data

Other estimates of divergence do not coincide with the dates based on the mito-
chondrial data. Using DNA-DNA hybridization data, Catzeflis et al. (1989) placed the
divergence between Arvicolinae and Murinae at 15.6 (± 3.3) million years ago, which is
much older than our estimate of 9.8 million years ago. Estimates from other DNA-DNA
hybridization and immunological distance studies (reviewed by Nikoletopoulos et al.,
1992) are also more ancient, suggesting that this divergence may have been 20 to 58
million years ago. The Clethrionomys-Microtus divergence, which Catzeflis et al. (1989)
dated at 4.2 (3.2-5.5) million years ago, falls near our estimate of 5.76 million years ago.
These are less than estimates from nuclear LCAT sequences [7 to 12 million years ago
(Robinson et al., 1997)].

Calibration of a molecular clock for sequence evolution in murids might benefit from
additional comparative molecular studies and refinement of the fossil record. Rodents may
have higher rates of molecular evolution than other mammals due to their small body size,
short generation time, and high metabolic rate (Martin and Palumbi, 1993; Wu and Li,
1985). Although a rate based on sigmodontine divergence (Smith and Patton, 1993) helps
to reconcile fossil and molecular estimates in arvicolines, a faster rate may improve the fit.
However, we lack independent evidence to corroborate third-position transversion rates
faster than 2.3%/MY.



Fig. 7. Estimates of divergence from fossil and molecular data. Molecular estimates are based
on change in third-position transversions and assume a rate of 2.3% per million years (Smith
and Patton, 1993). Fossil estimates are from Chaline and Graf (1986) for arvicolines (3 to 5
million years ago) and from Catzeflis et al. (1992) for murid subfamily diversification (~25 to
20 million years ago).

Fossil vs Molecular Estimates

A potential source of error in calibrating a molecular clock for rodents is the esti-
mation of the dates of divergence between fossil taxa (O'hUigin and Li, 1992; Robinson
et al., 1997; Ruedas and Kirsch, 1997; Catzeflis et al., 1992). Fossils provide a minimum
estimate for divergence times among taxa (Springer, 1995; Novacek, 1992) and molec-
ular data often estimate branching events that predate the fossil record. For example,
Riddle (1995) attributed the diversification of arid land rodents in North America to the
Mid-Miocene climate change, rather than Pleistocene glacial cycles, as suggested previ-
ously from the fossil record. Similarly, Klicka and Zink (1997) placed much of the highly
diverse North American passerine birds divergence in the Pliocene. Cooper and Fortey
(1998) noted that several taxonomic explosions (e.g., the Cambrian) may have been pre-
ceded by millions of years of molecular evolution that were not identified in the fos-
sil record. The late Miocene appearance of some arvicolines (Microtoscoptes, Mimomys,
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Goniodontomys) suggests an earlier arvicoline diversification than generally recognized
[e.g., 3 to 5 million years ago (Chaline and Graf, 1988)] and is more ancient than our
molecular estimates suggest. However, an earlier and additional diversification is com-
patible with our analysis since the extant taxa in our study may be derived from one
survivor of this earlier event.

CONCLUSIONS

This paper is another step toward recovering and refining the history of arvicoline
rodents. We found two rapid pulses of speciation in this clade, one among genera and
another among species of Microtus. An additional pulse earlier in the history of the Muri-
dae (i.e., radiation of subfamilies) may be the result of saturation of our DNA data (i.e.,
among third-position transitions). These repeated pulses of speciation challenge a gradu-
alistic model of speciation in the Muridae, and help to interpret the uncertain systematics
that have plagued this group.

A molecular estimate based on sigmodontines (Smith and Patton, 1993) indicates that
the major diversification of the modern arvicoline genera occurred much more recently
than the origin of the clade, as suggested by paleontologists.

Further investigation of rate heterogeneity among rodent lineages and more attention
to cladogenesis among fossils would improve our understanding of nested diversification
in the Muridae, the most speciose family of mammals. Vrba (1995) suggested that because
climatic phenomena may be cyclical, their effects on pulses in speciation should be hier-
archical. A profitable area of research may be to relate the nested nature of the pulses
we have identified with nested climatic phenomena.
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