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The order Rodentia contains half of all extant mammal species, and from an evolutionary standpoint, there are
persistent controversies surrounding the monophyly of the order, divergence dates for magjor lineages, and relation-
ships among families. Exons of growth hormone receptor (GHR) and breast cancer susceptibility (BRCA1) genes
were sequenced for a wide diversity of rodents and other mammals and combined with sequences of the mito-
chondrial 12S rRNA gene and previously published sequences of von Willebrand factor (VWF). Rodents exhibit
rates of amino acid replacement twice those observed for nonrodents, and this rapid rate of evolution influences
estimates of divergence dates. Based on GHR sequences, monophyly is supported, with the estimated divergence
between hystricognaths and most sciurognaths dating to about 75 MYA. Most estimated dates of divergence are
consistent with the fossil record, including a date of 23 MYA for Mus-Rattus divergence. These dates are consid-
erably later than those derived from some other molecular studies. Among combined and separate analyses of the
various gene sequences, moderate to strong support was found for several clades. GHR appears to have greater
resolving power than do 12S or VWE Despite its complete unresponsiveness to growth hormone, Cavia (and other

hystricognaths) exhibits a conservative rate of change in the intracellular domain of GHR.

Introduction

Rodents comprise the most speciose order of eu-
therian mammals, representing almost half of al living
species and exhibiting a worldwide distribution. Basal
divergences among major rodent groups are quite an-
cient, with many extant lineages dating to the Eocene,
implying earlier divergence dates probably extending
into the Paleocene or Cretaceous. Recent divergence
dates derived from protein sequences (Kumar and Hedg-
es 1998) suggest unusually ancient divergences for some
rodent lineages, including ~110 MYA for the separation
of the two major suborders Hystricognathi and Sciuro-
gnhathi and 41 MYA for Mus/Rattus. These molecular
dates are surprising because they indicate extremely
large gaps in the fossil record of rodents and of mam-
mals in general that seem implausible given estimated
rates of preservation (Foote et al. 1999).

Although the order Rodentia is diagnosed by sev-
eral derived morphological traits (Luckett and Harten-
berger 1985), many phylogenetic and molecular evolu-
tionary problems persist. For instance, relationships
among major rodent families are confounded by mosaic
patterns of derived and primitive morphological traits
(Luckett and Hartenberger 1985). Characteristics of the
zygomasseteric structure and jaw musculature have long
been used for classifying rodent families and suborders,
but many of these structures reveal parallelism and re-
versals throughout the rodent radiations (Nedbal, Ho-
neycutt, and Schlitter 1996). Even more surprising is the
failure of many recent molecular studies to find strong
support for the monophyly of Rodentia (Graur, Hide,
and Li 1991; Graur et a. 1992; Ma et al. 1993; Wolf et
al. 1993; Noguchi et al. 1994; D’Erchia et al. 1996;
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Janke, Xu, and Arnason 1997; Reyes, Pesole, and Sac-
cone 1998). Perhaps the incongruence between the mol-
ecules and morphology is a consequence of the ancient
evolutionary history of rodent lineages.

Until recently (Nedbal, Honeycutt, and Schlitter
1996; Huchon, Catzeflis, and Douzery 1999, 2000),
most molecular studies of rodents consisted of limited
taxonomic sampling. It is quite clear that any detailed
study of rodent molecular phylogenetics and divergence
times requires both increased taxonomic sampling and
more molecular data. In this study, new nucleotide se-
guence data from two nuclear genes, one mitochondrial
gene, and previously published molecular data were
used to address severa questions associated with the
rodent radiations: (1) Are divergence times for rodent
lineages older than suggested by the fossil record? (2)
Do genes differ in their ability to resolve phylogenetic
relationships among rodent lineages? (3) Is rodent
monophyly supported by an increased amount of nucle-
otide sequences? (4) What is the sister group to the order
Rodentia? (5) How does the molecular phylogeny com-
pare with current morphological interpretations of ro-
dent evolution?

Materials and Methods
Specimens and Genes Examined

One mitochondrial gene, 12S ribosomal RNA
(rRNA), and three nuclear genes, growth hormone re-
ceptor (GHR), breast cancer susceptibility (BRCAL),
and von Willebrand factor (VWF), were examined for
representatives of 11 mammalian orders and 19 families
of rodents (appendix). Although most 12S rRNA se-
quences were obtained from specimens reported by
Nedbal, Honeycutt, and Schlitter (1996), we extended
the previously reported 900-bp sequence to include the
entire 12S rRNA gene. In addition, several new species
of caviomorph rodents were examined. Sequences of
VWF were obtained from Huchon, Catzeflis, and Douz-
ery (1999, 2000). Exon 10 of GHR and exon 11 of
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Table1
PCR Primers Used in this Study
Gene Strand? Name Sequence (t'-3")
125 ........ F L651 CATAGACACAGAGGTTTGGTCC
R 12GH TTTCATCTTTTCCTTGCGGTAC
GHR....... F GHREXON10 GGRAART TRGAGGAGGT GAACACVATCTT
F GHR50F TTCTAYARYGATGACTCYTGGGT
R GHR750R GTAAGGCTTTCTGIGGTGATRTAA
R GHR930R RTAGCCACANGANGAGAGRAA
R GHREND CTACTGCATGATTTTGT TCAGTTGGTCTGI GCT-
CAC
BRCAL..... F BRCA1-1F CRYRTAASNARYAYTGAAYATCATCA
F BRCA1-AF TGCAACT GARANGCATCCAGAAAA
R BRCA1-3R TTWEGYCCTCTGITTCTAYCTAG
R BRCA1-2R ARYAAGT GT TGGAAGCAGGCGAAG
R BRCA1-1R TCNTCATNATCTGAAAYCAATTC

aF = forward strand; R = reverse strand.

BRCA1 were sequenced in this study. BRCA1 was cho-
sen because it had given robust resolution of relation-
ships at varying levels of divergence in previous studies
(Teeling et al. 2000; Madsen et al. 2001) and was along
exon (~3.4 kb) that was easily amplified. GHR was cho-
sen because it appeared to give strong support to rela-
tionships among rodents in preliminary analyses and
possessed highly conserved sites for primer design at its
extreme 5" and 3’ ends.

Nucleotide Sequencing

All sequences were collected on an ABI 377 au-
tomated sequencer (PE. Biosystems) subsequent to cy-
cle sequencing using Big Dye chemistry and recom-
mendations from the supplier (PE. Biosystems). The se-
quences of al primers used for PCR are given in table
1. PCR conditions for 12S were the same as those de-
scribed in Nedbal, Honeycutt, and Schlitter (1996). The
tenth, and final, exon of the growth hormone receptor
was examined in al of the taxa, and the 11th exon of
the breast cancer susceptibility gene, BRCA1, was ex-
amined in a subset of those taxa. For GHR and BRCA1,
touchdown PCR was used with the following conditions
(Don et a. 1991): 95°C for 30 s, annealing for 30 s (first
cycle at 65°C, with temperature decreased 0.5°C per cy-
cle over 40 cycles), and 72°C for 2 min. GHR and
BRCA1 PCR products were purified from 1% low-melt-
ing-point agarose gels. All new 12S rRNA, GHR, and
BRCAL1 sequences (appendix) and alignments (EMBL
accession numbers ALIGN-000001-ALIGN-000004)
were deposited in public databases.

Data Analysis

Sequences of the 12S rRNA gene were multiply
aligned using both CLUSTAL W (Thompson, Higgins,
and Gibson 1994) and visual inspection with reference
to the secondary-structure model of mammalian 12S
rRNA (Springer and Douzery 1996). Several regions re-
vealed large numbers of indels among taxa, making
alignment difficult. These ambiguous regions were ex-
cluded from further phylogenetic analyses. Indels, re-
gardless of length, were treated as missing, with a pres-

ence/absence matrix appended to the end of the nucle-
otide sequence matrix (as per Nedbal, Honeycutt, and
Schlitter 1996). Continuous indels of more than one
base were treated as a single event in the presence/ab-
sence matrix. Alignment of GHR and BRCA1 were per-
formed by eye, and sequences of VWF were aligned in-
dependently of that reported by Huchon, Catzeflis, and
Douzery (1999).

Molecular phylogenies were derived using PAUP*,
version 4.0b2 (Swofford 1999), and both maximum-par-
simony (MP) and maximum-likelihood (ML) analyses.
In al cases, a representative of the mammalian infra-
class Metatheria was designated as an outgroup. Initial-
ly, equal weighting was used for MP analyses. If more
than one equally parsimonious topology resulted from
equal weighting of sites, individual sites were reweight-
ed in proportion to their rescaled consistency index (Far-
ris 1969). MP analysis was performed for BRCA1 with
the branch-and-bound search option. For GHR and 12S,
heuristic searches were performed with at least 20 ran-
dom taxon additions and tree bisection-reconnection
branch swapping. Nonparametric bootstrap anayses
(Felsenstein 1985) were performed with 100 replica
tions, each involving 10 random taxon additions and tree
bisection-reconnection branch swapping. ML analyses
proceeded in an iterative manner (Sullivan and Swofford
1997). In &l cases, empirically determined nucleotide
frequencies and the model of Hasegawa, Kishino, and
Yano (1985) were used. Initial estimates of the transi-
tion/transversion ratio and the shape parameter of adis-
crete gamma distribution (eight rate categories), describ-
ing the heterogeneity of rates among sites, were based
on an MP phylogeny. For multiple equally parsimonious
topologies, parameter estimates were based on the to-
pology with the higher likelihood. After an ML search,
parameters were reestimated, and a new search was per-
formed. This procedure was repeated until the topology
and parameter estimates stabilized. In every case, the
values became stable after the second likelihood search.
If feasible, nonparametric bootstrap analyses were per-
formed under a likelihood criterion. Otherwise, rough
indications of nodal support were derived from quartet
puzzling (Strimmer and von Haeseler 1996). When de-
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Patterns of Variability Among the Genes Used in this Study

MAXIMUM PARSIMONY?2

S’:‘t())ilotzj MAXIMUM LIKELIHOODP
GENE First Second Third tions/Site TTv Alpha
GHR ...... 622 (0.24) 596 (0.23) 1,376 (0.53) 2.7 2.02 0.96
BRCA1 1,261 (0.32) 1,197 (0.30) 1,485 (0.38) 11 2.31 2.7
VWFe...... 691 (0.23) 518 (0.17) 1,796 (0.60) 24 2.31 0.55
12s........ 33 2.05 0.41

2The numbers of substitutions and percentages of the total number of substitutions across all sites are for the parsimony

trees in figures 1-3.

b HKY85 (Hasegawa, Kishino, and Yano 1985) model with no invariant sites. TS/Tv = transitiong/transversions.
¢An ML topology was determined for vVWF using only the first and second codon positions (Huchon, Catzeflis, and
Douzery 2000). However, the statistics given for VWF are for all three codon positions.

termining the statistical significance of the difference in
tree length or likelihood between competing phyloge-
netic hypotheses, the tests of Templeton (1983; parsi-
mony) and Kishino and Hasegawa (1989; likelihood)
were employed.

Four independent molecular data sets were consid-
ered in this study (appendix). Because the question of
““combinability”’ of data sets has not been resolved, two
extreme approaches were taken. According to the in-
congruence length difference test (ILD test; Farris et al.
1995), GHR, 12S, and VWF are significantly incongru-
ent with each other (P < 0.05). Therefore, each gene
was analyzed independently, and individually well sup-
ported nodes were considered. However, it still has not
been demonstrated that a combination of genes deemed
to be “‘incongruent” results in degradation of phyloge-
netic accuracy compared with separate analyses (our re-
sults indicate the opposite; see below). Therefore, a
combined MP analysis of 12S, GHR, and vVWF was per-
formed for comparison with the separate analyses. Such
a comparison may allow for a maximal exploration of
the explanatory power of the available data (Larson
1994). An ML analysis of the concatenated sequences
was not computationally feasible, because when param-
eters unigue to each gene were implemented, the anal-
ysis using the Baseml 1.3 program of Yang (1997) was
extremely slow. Tests for heterogeneity in the proportion
of nucleotide substitutions among codon sites were per-
formed with the program Monte Carlo RxC 2.21 (B.
Engels, personal communication), which determines an
empirical P value via the examination of random tables
with the same marginal sums generated by a Monte Car-
lo procedure.

Results and Discussion
Patterns of Sequence Evolution

Neither GHR nor 12S exhibited significant hetero-
geneity in base composition (chi-square, P > 0.05).
Both BRCA1 and vVWF did exhibit significant hetero-
geneity in base composition across the entire data sets
(P < 0.05). Mus, Rattus, and Meriones BRCA1 se-
guences have an excess of C nucleotides (20.9% versus
17.9%) and a deficit of A nucleotides (33.0% vs. 36.7%)
relative to other species. These three taxa formed a clade

in analyses of GHR and BRCA1, but not in analyses of
12S. Therefore, it seems likely that the reason for these
taxa clustering in the BRCA1 analyses is common an-
cestry. Logdet distances presumably remove the influ-
ence of base compositiona effects. A neighbor-joining
tree using logdet distances also clustered Mus, Rattus,
and Meriones. This diminishes the argument that base
composition bias has created a spurious clade. After a
subjective examination of base frequencies, removal of
two AT-rich (Macropus and Cavia) and two GC-rich
(Bradypus and Lepus) taxa rendered the heterogeneity
of base composition for vVWF nonsignificant (P > 0.05).
None of these taxa tended to cluster phylogenetically,
and there was no obvious misleading trend from base
composition hias.

Each gene exhibited a unique pattern of evolution.
Among the three protein-coding genes, the proportion
of substitutions among the three codon positions (table
2) was significantly different (Monte Carlo procedure,
P < 0.001). The highest rate of change and the greatest
skew in the rates of substitution among sites (« param-
eter of the gamma distribution) were observed for 12S
rRNA. This is not surprising because the mitochondrial
genome has a higher rate of evolution than does the
nuclear genome in general, and sites in rRNAs fall into
two broad categories: double-stranded stems that change
rather slowly, and single-stranded loops that appear to
have few constraints on the substitutions that are ac-
cepted (with the few exceptions of sites involved in co-
don or tRNA-synthetase recognition). The next highest
rates were displayed by GHR and VWFE Overall, VWF
exhibited more bias in its substitution process. The tran-
sition/transversion ratio was slightly higher than that for
GHR, but both were near the typical ratio of about 2:1
observed for most nuclear genes. However, vVWF had
greater skew in the distribution of substitution rates
among sites (aywr = 0.55 vs. agyr = 0.96), with a
dlightly greater majority (60% vs. 53%) of substitutions
occurring at third codon positions. Interestingly, BRCA1
had a rather low rate of substitution and had very little
skew in rates of substitution (« = 2.7). However, this
may be somewhat biased by the small number of se-
quences and may change as taxonomic sampling be-
comes denser. There is almost an equal distribution in
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Fic. 1.—a, Maximum-parsimony phylogeny of GHR sequences with individual sites reweighted according to their rescaled consistency
index. The reweighting was based on 18 initial equally weighted parsimony trees of 2,594 steps. The consistency index, excluding uninformative
characters, is 0.43, and the retention index is 0.59. Nonparametric bootstrap partition frequencies are listed at each node. b, Maximum-likelihood
(—In likelihood = 13,155.0) phylogeny of GHR sequences. Quartet puzzling values are listed at each node. Asterisks indicate branches whose
lengths are not significantly different from O based on a likelihood ratio test.

the number of substitutions among the three codon po-
sitions in BRCA1.

Rodent Monophyly and Glires

There are two major unresolved problems in rodent
phylogenetics. the question of rodent monophyly, and
the determination of the sister group to rodents. In both
cases, many molecular studies are incongruent with
morphological and paleontological data. For instance,
despite numerous morphological synapomorphies for
the order Rodentia (Luckett and Hartenberger 1985), the
monophyly of rodents is ambiguous based on molecular
data, with some studies contradicting monophyly (Graur,
Hide, and Li 1991; Graur et al. 1992; Ma et al. 1993;
Wolf et al. 1993; Noguchi et al. 1994; D’Erchia et al.
1996; Janke, Xu, and Arnason 1997; Reyes, Pesole, and
Saccone 1998) and others supporting it (Hasegawa et al.
1992; Honeycutt and Adkins 1993; Martignetti and Bro-
sius 1993; Kuma and Miyata 1994; Frye and Hedges
1995; Porter, Goodman, and Stanhope 1996; Cao et al.
1997; Huchon, Catzeflis, and Douzery 1999). In addi-
tion, morphological, paleontological, and some molec-
ular data support a sister group relationship between ro-
dents and rabbits (order Lagomorpha), with both orders
classified in the superorder Glires (Novacek 1992; Meng
et al. 1994; Shoshani and McKenna 1998; Huchon,
Catzeflis, and Douzery 1999; Liu and Miyamoto 1999;

Madsen et al. 2001). Nevertheless, several recent mo-
lecular studies do not support the monophyly of Glires
(Graur, Duret, and Guoy 1996; Janke, Xu, and Arnason
1997; Stanhope et a. 1998; Springer et al. 1999), and
morphological traits have been proposed to support a
close relationship between rodents and either primates
(Wood 1962) or insectivores (Szalay 1985).

Both separate and combined analyses provided
mixed results regarding rodent monophyly and a sister
group relationship between Rodentia and Lagomorpha
(superorder Glires). An MP analysis of GHR provided
strong support (90% bootstrap) for a clade containing
rodents and lagomorphs, yet suggested rodent paraphyly
relative to lagomorphs (fig. 1a). ML results for GHR
supported rodent monophyly (54% quartet puzzling), yet
only weakly supported (18% quartet puzzling) the
monophyly of Glires (fig. 1b). Although these results
are similar to those observed by Huchon, Catzeflis, and
Douzery (1999), trees that do not support either rodent
monophyly or the monophyly of Glires (e.g., MP trees
one step longer and ML trees with dlightly lower like-
lihood values) are not significantly worse by the criteria
of either Templeton (1983) or Kishino and Hasegawa
(1989).

All analyses of 12S aone revealed a polyphyletic
Rodentia (fig. 2). Both MP and ML analyses of 12S
rRNA separate rodents into four groups, and both the
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Fic. 2—a, Maximum-parsimony phylogeny (2,556 steps) of 12S sequences (consistency index = 0.31, retention index = 0.39). Nonpara-
metric bootstrap partition frequencies are listed at each node. b, Maximum-likelihood (—In likelihood = 10,881.4) phylogeny of 12S sequences.
Quartet puzzling values are listed at each node. Asterisks indicate branches whose lengths are not significantly different from 0.

compositions and the placements of these groups differ
between analyses. This result is similar to that of Ned-
bal, Honeycutt, and Schlitter (1996), and like this pre-
vious study, our reanalysis revealed low bootstrap val-
ues for deeper nodes. Therefore, rodent polyphyly, at
least in terms of the 12S data, may be the consequence
of this particular gene being of limited usefulness for
comparisons of more divergent mammalian lineages
(McNiff and Allard 1998).

BRCAL provided extremely strong support for the
monophyly of sciurognaths (fig. 3a), as well as clades
within Rodentia. Trees revealing rodent polyphyly were
significantly worse (P < 0.01) under both parsimony
and likelihood. This gene shows potential for more de-
tailed studies of both rodent relationships and the place-
ment of rodent lineages relative to other lineages of eu-
therian mammals. Any future study of BRCA1 should
include hystricognath rodents (e.g., guinea pig and rel-
atives), as the primary question of rodent monophyly
was raised based on the placement of the guinea pig
(Graur, Hide, and Li 1991; Graur et al. 1992; Ma €t al.
1993).

The data presented in this paper plus previously
published information on vVWF (Huchon, Catzeflis, and
Douzery 2000) provide an opportunity for a combined
analysis of GHR, 12S, and VWFE This analysis included
nine orders of mammals, and an MP analysis resulted
in trees supporting rodent monophyly and nonmonophy-
ly that differed by five steps (6,860 vs. 6,865). These
trees were not significantly different. The combined

analysis did not support Glires, and two trees three steps
longer that were consistent with Glires were not signif-
icantly different (P > 0.05).

Previous molecular studies challenging rodent
monophyly have included only two to four rodents, and
it is possible that the inclusion of additiona taxa (e.g.,
both rodents and nonrodents) would change these re-
sults. For example, Reyes, Pesole, and Saccone (1998)
found that rodent polyphyly was the optimal result with
available data from complete mitochondrial genomes.
Nevertheless, a reanalysis of additional nonrodent
mtDNA sequences produced optimal phylogenies with
a monophyletic Rodentia in some analyses (personal
observation).

The level of support among the analyses for a
monophyletic Rodentia may be instructive. 12S rRNA
did not support rodent monophyly at al. It is the most
rapidly evolving of the four genes and has the greatest
skew in rates of substitution among sites. GHR and VWF
have intermediate rates of evolution and skew in the
distribution of rates and gave moderate support for ro-
dent monophyly (Huchon, Catzeflis, and Douzery 2000;
fig. 1). BRCA1, on the other hand, has the lowest rate
of evolution and very little skew in substitution rates.
Some rodent lineages are quite ancient, dating to the
early Eocene (Korth 1994). Given the antiquity of these
lineages and a generalized increase in the rate of nucle-
otide substitution in rodents (Wu and Li 1985), it is pos-
sible that genes exhibiting rates of substitution or biases
in the distribution of rates among sites that are near
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Fic. 3—a, Maximum-parsimony (3,937 steps, consistency index [Cl] = 0.63 and retention index [RI] = 0.70) and maximum-likelihood
(—In likelihood = 22,720.6) phylogenies of BRCA1 sequences. At each node, nonparametric bootstrap partition frequencies for maximum
parsimony (above) and for maximum likelihood (below) are given. Asterisks indicate branches whose lengths are not significantly different from
0. b, Maximum-parsimony phylogeny (6,860 steps, Cl = 0.40 and Rl = 0.40) for concatenated GHR, 12S, and VWF sequences. Nonparametric

bootstrap partition frequencies are listed at each node.

those of GHR and vVWF may be accumulating sufficient
homoplasy to begin to weaken the phylogenetic signal.
In contrast, BRCA1 exhibits a low and fairly homoge-
neous distribution of rates among sites. This decrease in
the amount of homoplasy may explain the unusually
strong support BRCA1 gives to rodent monophyly and
relationships within rodents. If this is the case, BRCA1
has great promise for rodent systematics and for supe-
rordinal relationships among mammals. Future studies
of higher-level mammalian systematics should focus on
genes with evolutionary dynamics similar to those of
BRCAL

Hystricognaths

Although the separate and combined analyses pro-
vided mixed results in terms of diagnosing the mono-
phyly of either Glires or Rodentia, these data did pro-
vide strong support for specific rodent associations that
have been debated extensively. For instance, the sister
group to the suborder Hystricognathi (guinea pig and
relatives) has been a long-standing problem in rodent
phylogenetics. Although a large number of morpholog-
ical and molecular traits suggest a sister group relation-
ship between the family Ctenodactylidae and Hystricog-
nathi (George 1985; Lavocat and Parent 1985; L uckett
1985; Sahni 1985; Wood 1985; Flynn, Jacobs, and
Cheema 1986; Jaeger 1988; Beintema et al. 1991; Mar-
tin 1993; Huchon, Catzeflis, and Douzery 2000), others
disagree (Hartenberger 1985).

Among the rodents in this study, Ctenodactylus and
Pedetes were the only hystricomorphous and sciuro-
gnathous taxa. All hystricognaths are ancestrally hystri-
comorphous. GHR sequences produced very high sup-
port values (100% bootstrap and 95% quartet puzzling)
for a sister group relationship between Ctenodactylus
and hystricognaths, but trees that were contradictory to
this sister group relationship were not significantly dif-
ferent under parsimony or likelihood (P > 0.05). Results
from 12S were consistent with GHR in an unorthodox
manner. According to 12S, Ctenodactylus clustered
within Hystricognathi, and this broad clade received
weak support. The nesting of Ctenodactylus within hys-
tricognaths is not consistent with morphological data
and possibly can be ascribed to homoplasy. In any case,
the results for Ctenodactylus were not consistent with
Hartenberger's (1985) suggestion that ctenodactyloids
(adlong with geomyoids) represent the earliest branch
among living rodents.

The placement of Pedetes was ambiguous based on
single-gene and combined analyses. GHR and the com-
bined analysis grouped Pedetes sister to myomorphs
(muroids and dipodoids), and 12S clustered Pedetes with
geomyoids, in agreement with previous results from 12S
(Matthee and Robinson 1997). However, bootstrap and
quartet puzzling values for those placements were low.
BRCA1 placed Pedetes closer to muroids than to Sciu-
rus, Aplodontia, and Graphiurus with strong bootstrap
and quartet puzzling support (+19 steps, P < 0.002; AL
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= 9.3, P = 0.07). This supports Luckett's (1985) ar-
gument that there is not a particularly close relationship
between Pedetes and sciuromorphous rodents as has
sometimes been suggested (Fischer and Mossman 19609;
Otiang’a-Owiti, Oduor-Okelo, and Gombe 1992). In
general, the weight of evidence from morphology and
molecules supports a close relationship of Ctenodactylus
with hystricognaths but rejects a close relationship of
Pedetes with those taxa.

There are two primary hypotheses for the origin of
the hystricognath radiation. Hystricognaths may have
originated in North America and dispersed into South
America and the Old World (Wood 1985), or they may
have an Old World origin with caviomorphs originating
from African phiomorphs (Lavocat 1969). Both GHR
and the combined analysis of GHR, 12S, and vVWF sup-
port Lavocat's (1969) hypothesis in that caviomorphs
are a monophyletic clade originating within a paraphy-
letic Phiomorpha. However, phylogenies contradicting
the monophyly of caviomorphs are not, or are only mar-
ginally, significant under parsimony and likelihood (P
= 0.05).

In VWF analyses (Huchon, Catzeflis, and Douzery
2000), Thryonomys/Bathyergus was the basal hystricog-
nath clade, with Trichys sister to caviomorphs. GHR re-
verses this arrangement in that Hystrix was the basal
hystricognath and Thryonomys clustered with Hetero-
cephalus. This arrangement was consistent with the hy-
pothesis that bathyergids originated from thryonomyids
(Lavocat 1973) and with immunological data (Sarich
1985). However, there was no significant difference (P
> 0.05) from trees six steps longer that placed the
Thryonomys/Heterocephalus clade basal among hystri-
cognaths. In a combined analysis of GHR, 12S, and
VWE, the hystricid lineage was basal, but a tree only
four steps longer that placed the Thryonomys/Hetero-
cephalus lineage basal was not significantly different (P
> 0.05). To what extent this can be ascribed to the ab-
errant evolutionary pattern of Thryonomys (Huchon,
Catzeflis, and Douzery 1999) or to homoplasy in the
GHR datais unclear. The issue remains unresolved from
a molecular perspective.

Dipodoidea and Muroidea

Numerous morphological and molecular studies
(Klingener 1964; Bugge 1985; Luckett and Hartenberger
1985; Nedbal, Honeycutt, and Schlitter 1996; Huchon,
Catzeflis, and Douzery 1999; Michaux and Catzeflis
2000) support a sister group relationship between mu-
roid and dipodoid rodents. GHR alone and combined
GHR, 12S, and VWF sequences provided strong support
for this relationship (P < 0.02). For the combined anal-
ysis, al trees within 30 steps of the most parsimonious
tree that separated muroid and dipodoid rodents either
rooted the tree on that branch or rendered rodents par-
aphyletic with three separate lineages. Both of these sce-
narios are extremely discordant with other molecular
data and with morphology, indicating that the separation
of muroids and dipodoids is very unlikely based on
combined GHR, 12S, and VWF sequences. For 12S, four

Molecular Phylogeny of Rodents 783

trees three steps longer than the most parsimonious tree
that placed Pedetes between Jaculus and muroids were
not significantly different from the shortest tree (P >
0.05). Therefore, the addition of GHR sequences greatly
bolstered previously weak molecular support for My-
odonta (Muroidea and Dipodoided).

Castor and Geomyoids

There are three sciuromorphous lineages of ro-
dents, castorids, sciurids, and geomyoids. GHR analyses
placed Castor sister to geomyoids (Geomys, Cratogeo-
mys, and Perognathus) with high bootstrap and puzzling
support values but separated Sciurus from these two
groups. Nevertheless, trees that separated Castor from
the geomyoids were not significantly different (+4
steps, AL = 5.2; P > 0.05). Although Sciuromorpha
frequently is not regarded as a monophyletic taxon
(Dawson and Krishtalka 1984; Bugge 1985; Hartenber-
ger 1985; Luckett 1985; Wahlert 1985; Wood 1985), a
sister group relationship between castorids and geo-
myoids is a novel finding. However, this would be con-
sistent with a North American origin for these two
groups (Vianey-Liaud 1985). A monophyletic Sciuro-
morpha was only dightly worse and was not signifi-
cantly different (+2 steps, AL = 8.4, P > 0.05).

Aplodontia, Sciurus, and Graphiurus

A clade containing Aplodontia (protrogomor-
phous), Sciurus (sciuromorphous), and Graphiurus (my-
omorphous) appears in analyses of GHR, 12S, BRCA1,
and VWF (Huchon, Catzeflis, and Douzery 1999; but see
Huchon, Catzeflis, and Douzery 2000) and in combined
analyses. These three taxa share a number of basicranial
traits that support their close relationship (Lavocat and
Parent 1985; Vianey-Liaud 1985; Wahlert 1985), and
dormice and sciurids are united by B1-dID SINE se-
guences (Aplodontia was not examined; Kramerov, Vas-
setzky, and Serdobova 1999). The support for a glirid/
aplodontid/scurid clade was not overwhelming in that
the BRCA tree separating Graphiurus from Sciurus and
Aplodontia was 21 steps longer and significantly differ-
ent (P = 0.001), but trees that broke up this clade were
not significantly different for GHR, 12S, or the com-
bined analysis (P > 0.05). However, the frequent oc-
currence of this clade in molecular analyses suggests
that the association may be real but difficult to support,
perhaps due to a short period of common ancestry.

Relative Resolving Power of GHR, 12S, and vVWF

Four genes were applied to rodent relationships in
this paper. The ““combinability’” of three of these genes
(GHR, 12S, and VWF) was assessed, and they were
found to be significantly incongruent (ILD test, P <
0.05). Nevertheless, a concatenation of those three genes
produced a phylogeny that was reasonable from a mor-
phological and a paleontological standpoint and was
supported with extremely high bootstrap proportions. In
the presence of the incongruence, how much confidence
can be placed in the total-molecular-evidence tree? An-
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Table 3

Determination of Relative Rates of GHR Evolution
Between Rodents and Primates and Assignment of
Diver gence Dates to Rodent Speciation Events

A— A—

Ingroups Primates Ingroups® RatioP Rate* Dated
Mus............ 0.1118 0.2601 2.33 0.00268 22.8
Rattus..........

Muridae ........ 0.1151 0.2417 2.10 0.00242 311
Cricetidee. ... ...
Muridae ........ 0.1181 0.2435 2.06 0.00237 338
Gerbillidee . . . ...
Aplodontia . .. ... 0.1052 0.0976 0.93 0.00107 63.2
Sciurus. ... ..
Castor.......... 0.1049 0.1519 1.45 0.00167 67.3
Geomyoids. ... ..
Muroid......... 0.1083 0.1914 1.77 0.00204 68.7
Dipodoid. . ......
Sciurognaths®. ... 0.0998 0.1634 1.64 0.00189 75.1
Hystricognaths. . .

aAverage distance from node A of figure 4b to each of the two ingroup
taxa.

b (A to primates)/(A to ingroups).

¢ Average rate of protein evolution in ingroup taxa (% change/Myr) calcu-
lated relative to primate rate; [(A to primates)/(A to ingroups)](0.00115/Myr).

d Date of divergence between ingroup taxain millions of years ago; (distance
between ingroup taxa/2)/average rate in ingroups.

€ Jaculus and Zapus were chosen as ingroup taxa because they exhibit a
conservative rate of change. Proechimys was excluded from hystricognaths be-
cause it exhibits an accelerated rate of change relative to other hystricognaths.
Sciurus, Aplodontia, and Graphiurus are excluded.

other way of putting this question is to ask if the phy-
logenetic signal is evenly distributed among the three
genes or if one or two of the genes contain relatively
little phylogenetic content. If the phylogenetic evidence
is more or less evenly split among the genes, then each
gene should be viewed as an equally strong hypothesis
of relationships, and the separate analyses should be giv-
en the greatest credence. On the other hand, if one or
two genes are weak, then either the combined result or
the relationships constructed from one gene should be
given the greatest credence.

Table 4 summarizes a comparison of the optimal
parsimony topologies for each gene and for the com-

bined analysis. For the combined data set, the tree of
figure 3b was significantly different from any of the sin-
gle-genetrees. Similarly, the optimal tree for GHR alone
was significantly different from the combined data tree
or the best trees for 12S or vVWF aone. Interestingly, for
12S and VWF there was not a significant difference be-
tween the combined data tree and the tree optimal for
either of those genes alone. For VWEF, there was also a
lack of significance for the difference between the vVWF
tree and the GHR tree. Which isthe *“best” phylogenetic
hypothesis? We feel that the phylogeny of figure 3b is
the best provisional hypothesis of rodent relationships
because it is the one most compatible with the three
individual genes (only GHR exhihits a significant dif-
ference), and it retains the monophyly of rodents, con-
sistent with morphological data and some other molec-
ular studies (Hasegawa et al. 1992; Novacek 1992; Ho-
neycutt and Adkins 1993; Martignetti and Brosius 1993;
Kuma and Miyata 1994; Meng et al. 1994; Frye and
Hedges 1995; Porter, Goodman, and Stanhope 1996;
Cao et a. 1997; Shoshani and McKenna 1998; Huchon,
Catzeflis, and Douzery 1999; Liu and Miyamoto 1999).

Does the ‘‘phylogenetic signal’ reside equally in
the three genes? We took two approaches to address this
question (table 4). First, we determined if one gene was
more effective at distinguishing among alternative phy-
logenetic hypotheses. GHR appeared to have the great-
est power in that it was the only one of the three genes
that exhibited a significant difference in all of the com-
parisons of table 4. This might indicate that a majority
of the phylogenetic signal resides in GHR and that the
other two genes have relatively little signal that differ-
entiates among competing hypotheses. However, one
must also consider the alternative hypothesis that GHR
exhibits a pattern of evolution that biases analyses of
the gene, such as nonstationary base composition or
“long-branch attraction” (Felsenstein 1978). If so, this
bias is not apparent from our consideration of base com-
position or rates of substitution (fig. 4). Second, we in-
vestigated where each gene provided the greatest sup-
port for individual nodes and whether that support de-

Table 4
Comparison of Tree Support Values?
TREE ToPOLOGYP
AVERAGE
VWF No. oF DIFFERENCE IN
(Huchon, PARSIMONY - No. oF BooTsTrRAP
Combined GHR 12S Catzeflis, and INFORMATIVE ~ SUBSTITU- PROPORTIONS
DATA SET (fig. 3b) (fig. 1a) (fig. 2a) Douzery 2000) SITES TIONS/SITE® (range)d
Combined . ... 6,155 6,202 6,297 6,187 1,406
(0.017) (<0.0001) (0.044)
GHR ........ 1,709 1,688 1,794 1,725 459 3.68 -14
(0.022) (<0.0001) (<0.0001) (—31-23)
12s.......... 1,924 1,979 1,907 1,948 385 4.95 —44
(0.183) (<0.0001) (0.004) (—88-0)
VWF......... 2,522 2,535 2,596 2,514 562 4.47 —289
(0.394) (0.088) (<0.0001) (—80-0)

aBased only on parsimony-informative sites.

b P values for comparisons of tree topologies using Templeton's (1983) nonparametric test are shown in parentheses.
¢ Based on the optimal topology for a given gene. These values are significantly different (P < 0.0002, Monte Carlo RxC 2.21 program).
d Compared with figure 3b using the same set of taxa. Only nodes among rodents were compared, including monophyly.
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Columba
Monodelphis
Tamandua
Loxodonta
_| E Elephas
Macroscelides
Ochotona
Orycrolagus
Lepus
— 10 changes Svivilagus
Rattus
Mus
Meriones
Gerbillurus
Relative Rate Tests Jryzomys
Phyllotis
Outgroyp Ingroup p value Akodon
Jaculus
Columba Monodelphis 0.40 - Zapus
Bos Castor
— Cratogeomys
Columba Monodelphis 0.34 P Geomys
erognathus
Homo Cavia
Chinchilla
Columba  Monodelphis 0.04 Erethieon himys
Mus Dinomys
Heterocephalus
. Thry .
Monodelphis  Bos 0.37 Hystrbzc)}onom)s
Homo Ctenodactylus
Aplodontia
. Sciurus
Monodelphis  Bos 0.01 Graphiurus
Mus Homo
Macaca (b)
. Tupaia Monodelphis
Monodelphis  Homo 0.03 S%nacephalu: Ingroup 1
Mus Bos A Ingroup 2
Ovis Primates

Fic. 4—a, Phylogram illustrating the level of sequence divergence of GHR among eutherian mammals. Most orders of mammals exhibit
similar rates of amino acid replacement, except rodents, in which GHR is evolving at an accelerated rate, as demonstrated by the relative-rate
test of Mindell and Honeycutt (1990). b, The phylogeny upon which Poisson-corrected amino acid divergences of Monodelphis, primates, and
two rodent ingroup taxa were plotted by the method of Fitch and Margoliash (1967).

creased or increased in the combined analysis. Among
the four trees considered in table 4, the highest overall
bootstrap proportions were found for the combined anal-
ysis. Relative to these bootstrap values, GHR exhibited
the smallest reduction in overall nodal support with the
average reduction in bootstrap proportions being —1.4.
Indeed, of the 12 nodes that exhibited a difference in
bootstrap proportions between GHR and the combined
data set, 5 exhibited higher bootstrap proportions with
GHR alone. Both VWF and 12S alone uniformly exhib-
ited lower bootstrap proportions than those for the com-
bined analysis. All of these lines of evidence indicate
that most of the “phylogenetic signal” resides in the
GHR data set alone. Why might GHR contain more
“signa’” than do either 12S or VWF? Divergences
among some lineages examined in this study date at
least to the Paleocene. Therefore, there is substantial po-
tential for accumulation of homoplasy over this exten-
sive period of divergence. GHR exhibited a significantly
lower rate of substitution among parsimony-informative
sites (table 4). As a result, GHR may accumulate less
homoplasy, and this possibility is supported by the fact
that the consistency index for the optimal GHR tree was
the highest among the three genes. The hypothesis that
a lower rate of substitution results in an increased
amount of phylogenetic signa could be tested by col-
lecting sequence data for the same taxa and from amore
slowly evolving gene (i.e.,, BRCA1) than GHR.

Given the weaker performance of VWF and 12S
relative to GHR, would it be better to disregard these

less informative genes? This does not seem to be the
case. Although VWF and 12S exhibited greater average
reductions in bootstrap proportions than did GHR com-
pared with the combined analysis, the bootstrap propor-
tions were on average highest for the combined analysis.
This indicates that there are some sites in both vVWF and
12S that are consistent with the phylogeny of figure 3b.
Therefore, as is widely postulated, it is possible that a
combined analysis allows for cryptic signal to emerge.

Unequal Rates of Change and Dating Rodent
Divergences

Dates of divergence among mammals are highly
controversial. Kumar and Hedges (1998) recently esti-
mated divergence dates for several vertebrate groups.
For most mammalian taxa, particularly rodents, these
dates are much earlier than those estimated from pale-
ontological data. For example, Kumar and Hedges
(1998) calculated a divergence date of 40.7 MYA and
Huchon, Catzeflis, and Douzery (2000) calculated a date
of 41.9 MYA (Equus-Ceratotherium calibration) for
Mus and Rattus, whereas fossil data indicate a date no
later than 14 MYA (Jacobs and Pilbeam 1980) and ear-
lier molecular data suggested dates in the range of 5—
30 MYA (Wilson, Carlson, and White 1977; Sarich
1985). Kumar and Hedges (1998) based their dates on
a large number of proteins, a molecular clock, and a
mammal-versus-bird calibration at 310 MYA. Although
Kumar and Hedges (1998) tested for a molecular clock,
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the dates concerning rodents are of concern, because
rodents are known to demonstrate an acceleration of mo-
lecular evolutionary rates (Wu and Li 1985). Indeed,
exactly this pattern was seen for GHR (fig. 4). The rate
of evolution of GHR is very heterogeneous among
mammals, with the highest rates of change observed
among rodents, and in alikelihood ratio test a molecular
clock was rejected (without clock, —In = 1,2507.5; with
clock, —In = 12,742.1; P < 0.001). Huchon, Catzeflis,
and Douzery (2000) based their dates on either linear-
ized trees or quartet dating, often using a fossil-based
rodent divergence date for calibration. The inclusion of
arodent calibration point to estimate rodent divergence
dates introduces a confounding influence in that a mis-
take in the calibration will have a uniformly inflating or
deflating influence depending on whether the true date
was under- or overestimated. We took the approach of
calibrating molecular evolutionary rates based on non-
rodent divergences that were highly concordant between
paleontological and molecular studies followed by ex-
plicitly accounting for unequal rates of change among
rodents.

A detailed examination of relative rates (Mindell
and Honeycutt 1990) of change (fig. 4) demonstrates
that Monodelphis, artiodactyls, and primates are evolv-
ing at clocklike rates but that rodents are evolving at a
significantly faster rate. Therefore, it is not feasible to
apply a uniform molecular clock to estimate dates of
divergence for all mammalian orders. However, one can
take advantage of the fact that primates, artiodactyls,
and Monodelphis exhibit clocklike rates of change to
estimate the absolute rate of change in rodents. Fossil
and molecular data concur on two relevant divergence
dates. that of apes versus Old World monkeys (i.e,
Homo and Macaca; ~23 MYA) and that of ruminants
versus suids (i.e,, Bos and Sus; ~65 MYA). Using a
Poisson correction of amino acid divergence, the dis-
tance between Homo and Macaca is 0.0471 (0.0471/
2(23) = 0.00/Myr), and the distance between Bos and
Sus is 0.172 (0.172/2(65) = 0.0013/Myr). The average
of these two rates is 0.00115/Myr.

By assigning branch lengths to four-taxon trees (fig.
4b; Monodelphis, primates, and two ingroup taxa), one
can establish the relative rate of change of GHR among
rodent lineages and assign dates to their divergences (ta
ble 3). These dates show concordance with fossil-based
dates and a recent analysis of 87 separate genes (W.-H.
Li, personal communication), whereas the dates of Ku-
mar and Hedges (1998) do not. This is surprising, be-
cause our method for assigning dates implements a sim-
ilar strategy to the one employed by Kumar and Hedges
(1998), in that both use a ‘‘lineage-specific method.”
Both methods underestimate the real rate of evolution
in rodents, because the period of rodent common ances-
try preceding the rate acceleration is included in the es-
timation of evolutionary rate. However, our use of a
mammal reference (primates) should underestimate the
rate acceleration less drastically than Kumar and Hedg-
es' (1998) use of a bird outgroup because of the shorter
period of common ancestry following the primate-ro-

dent divergence than that following the bird-rodent
divergence.

A particularly interesting difference between our
dates and those of Kumar and Hedges (1998) involves
the split between Mus and Rattus, dated by us at 23
MYA. This is only dlightly older than the paleontol og-
ical date and well in line with previous molecule-based
dates. The divergence dates for cricetids and gerbillids
are older than the middle to early Miocene dates sug-
gested by Flynn, Jacobs, and Cheema (1986) but are
reasonable if a significant proportion of the muroid re-
cord is missing since their origin approximately 36
MYA. The dates suggested for the divergences between
murids and cricetids and gerhillids are quite consistent
with albumin immunology (Sarich 1985) but are only
about half those suggested by Kumar and Hedges
(1998). It may be meaningful to note that the rate of
GHR protein evolution in muroid rodents is about twice
that observed in primates and artiodactyls. Aplodontids,
geomyoids, and possibly dipodoids possess fossil re-
cords dating back to the Eocene (Bugge 1985; Vianey-
Liaud 1985), and therefore their divergences from sciur-
ids, castorids, and muroids, respectively, in the Paleo-
cene seem quite reasonable. We date the divergence of
hystricognaths and sciurognaths in the Late Cretaceous
shortly before the K/T boundary at about 75 MYA, a
much later date than the Early Cretaceous date of 109—
112 MYA proposed by Kumar and Hedges (1998).

Functional Changes in GHR

The action of the growth hormone—growth hor-
mone receptor complex has been studied in a diversity
of mammals, including Mus, Rattus, and Cavia (the
guinea pig). Remarkably, the guinea pig is completely
unresponsive to both its own and exogenous growth hor-
mone, and its growth is totally unaffected by the absence
of growth hormone (Mitchell, Guillemin, and Selye
1954). Despite this finding, it is clear that the guinea pig
secretes a functional growth hormone, because it has
somatotropic action in hypophysectomized Rattus (Kno-
bil and Greep 1959). The extracellular domain of GHR
binds growth hormone of other species, indicating that
the lack of growth hormone responsiveness does not in-
volve a reduction in binding affinity (Amit et al. 1992;
Y mer, Stevenson, and Herington 1997). On this basis, it
has been suggested that the lack of effect of growth
hormone in Caviais due to a defect in postreceptor sig-
naling (Harvey and Fraser 1992; Keightley and Fuller
1996). We sequenced exon 10, which encodes the entire
intracellular domain of the growth hormone receptor in
a large number of mammals. As was found previously
(Adkins, Vandeberg, and Li 2000), the intracellular do-
main of GHR of Cavia and of other hystricognath ro-
dents is not unusually divergent in amino acid sequence
(fig. 4). Growth hormone and the extracellular domain
of GHR of Cavia are also highly conservative (Adkins,
Vandeberg, and Li 2000). Therefore, it seems likely that
the lack of responsiveness to growth hormone displayed
by Cavia is due to a defect in intermediate messengers,
such as STAT5, JAK 2, or the growth-promoting insulin-
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like growth factor |, whose secretion is stimulated by
growth hormone. Study of these proteins in Cavia might
elucidate the abnormal response of the guinea pig to
growth hormone. In this context, it is fascinating to note
that Cavia has 10 times the normal level of insulin in
its circulation and that its insulin molecule possesses
growth-promoting activity (King and Kahn 1981). Is it
possible that insulin has replaced the normal physiolog-
ical function of growth hormone in the guinea pig, per-
haps through interaction with the receptor for insulin-
like growth factor |I.

Acknowledgments

We wish to thank the many individuals and institu-
tions that generously shared samples with us: Mark
Springer (Ochotona), the Carnegie Museum (Sylvila-
gus), the Royal Ontario Museum (Tamandua), Brook-
field Zoo (Loxodonta), the Detroit Zoological Institute
(Elephas), Graeme Wistow (Macroscelides), Jon Kaas
(Tupaia), John Vandeberg (Monodel phis), Robert Baker
(the Museum at Texas Tech University), and Terry Yates
(Museum of the Southwest, University of New Mexico).
The mitochondrial genome of the guinea pig is not pre-
sent in GenBank and was kindly provided by Cecilia
Saccone. We also express our gratitude to Bill Engels
(Genetics Department, University of Wisconsin) for al-
lowing us to use his software. This research was par-
tially supported by a Faculty Research Grant from the
University of Massachusetts to R.M.A. and a National
Science Foundation grant to R.L.H. (DEB 9615163).

LITERATURE CITED

ADKINS, R. M., J. VANDEBERG, and W.-H. Li. 2000. Molecular
evolution of growth hormone and receptor in the guineapig,
a mammal unresponsive to growth hormone. Gene 246:
357-363.

AMIT, T., Z. HocHBERG, M. J. WATERS, and R. J. BARKEY.
1992. Growth hormone- and prolactin-binding proteins in
mammalian serum. Endocrinology 131:1793-1803.

BEINTEMA, J. J., K. RODEWALD, G. BRAUNITZER, J. CZELUS-
NIAK, and M. GoobMAN. 1991. Studies on the phylogenetic
position of the Ctenodactylidae (Rodentia). Mol. Biol. Evol.
8:151-154.

BuGGE, J. 1985. Systematic value of the carotid arterial pattern
in rodents. Pp. 355-379 in W. P LuckeTT and J.-L. HAR-
TENBERGER, eds. Evolutionary relationships of rodents: a
multidisciplinary analysis. Plenum Press, New York. Acta
Anat. 80:516-536.

Cao, Y., J. ADACHI, T. YANO, and M. HASEGAWA. 1997. Phy-
logenetic place of guinea pigs: no support of rodent-poly-
phyly hypothesis from maximum-likelihood analyses of
multiple protein sequences. Mol. Biol. Evol. 11:593-604.

DawsoN, M. R., and L. KRISHTALKA. 1984. Fossil history of
the families of recent mammals. Pp. 11-57 in S. ANDERSON
and J. K. JoNEs, eds. Orders and families of recent mam-
mals of the world. John Wiley and Son, New York.

D'ErcHIA, A. M., C. Gissl, G. PesoLE, C. SaccoNE, and U.
ARNASON. 1996. The guinea pig is not arodent. Nature 381:
597-599.

Don, R. H., P T. Cox, B. J WAINWRIGHT, K. BAKER, and J.
S. MaTTICK. 1991. ‘Touchdown’ PCR to circumvent spu-

Molecular Phylogeny of Rodents 787

rious priming during gene amplification. Nucleic Acids Res.
19:4008.

FARRIS, J. S. 1969. A successive approximations approach to
character weighting. Syst. Zool. 18:374-385.

FARRIS, J. S., M. KALLERSIO, A. G. KLUGE, and C. BuLT. 1995.
Testing significance of incongruence. Cladistics 10:315—
319.

FELSENSTEIN, J. 1978. Cases in which parsimony or compati-
bility methods will be positively misleading. Syst. Zool. 27:
401-410.

. 1985. Confidence limits on phylogenies. an approach
using the bootstrap. Evolution 39:783-791.

FiscHER, T. V., and H. W. MossmAN. 1969. The fetal mem-
branes of Pedetes capensis, and their taxonomic signifi-
cance. Am. J. Anat. 124:89-116.

FiTcH, W. M., and E. MARGOLIASH. 1967. Construction of phy-
logenetic trees. Science 155:279-284.

FLynn, L. J, L. L. Jacoss, and |. U. CHEEMA. 1986. Balu-
chimyinae, a new ctenodactyloid rodent subfamily from the
Miocene of Baluchistan. Am. Mus. Novit. 2841:1-58.

Footg, M., J. P HUNTER, C. M. JaNis, and J. J. SEPKOSKI JR.
1999. Evolutionary and preservational constraints on ori-
gins of biological groups; divergence times of eutherian
mammals. Science 283:1310-1314.

FRYE, M. S., and S. B. HeDGES. 1995. Monophyly of the order
Rodentia inferred from mitochondrial DNA sequences of
the genes for 12S rRNA, 16S rRNA, and tRNA-Valine.
Mol. Biol. Evol. 12:168-176.

GEORGE, W. 1985. Reproductive and chromosomal characters
of ctenodactylids as a key to their evolutionary relation-
ships. Pp. 453-474 in W. P LuckerT and J.-L. HARTEN-
BERGER, eds. Evolutionary relationships of rodents: a mul-
tidisciplinary analysis. Plenum Press, New York.

GRAUR, D, L. DureT, and M. Guoy. 1996. Phylogenetic po-
sition of the order Lagomorpha (rabbits, hares and allies).
Nature 379:333-335.

GRAUR, D., W. A. Hipg, and W.-H. Li. 1991. Is the guinea-pig
a rodent? Nature 351:649—652.

GRAUR, D., W. A. HIDE, A. ZHARKIKH, and W.-H. L1. 1992.
The biochemical phylogeny of guinea pigs and gundies and
the paraphyly of the order Rodentia. Comp. Biochem. Phy-
siol. B 101:495-498.

HARTENBERGER, J.-L. 1985. The order Rodentia: major ques-
tions on their evolutionary origin, relationships, and supra-
familial systematics. Pp. 1-33 in W. P LuckerT and J-L.
HARTENBERGER, eds. Evolutionary relationships of rodents:
a multidisciplinary analysis. Plenum Press, New York.

HARVEY, S, and R. A. FrRaseR. 1992. Expression and trans-
lation of the growth hormone-receptor gene in the guinea
pig. J. Endocrinol. 133:357-362.

HAsSEGAWA, M., Y. CA0, J. ApAacHI, and T. YANO. 1992. Ro-
dent polyphyly? Nature 355:595.

HAasecawA, M., H. KisHiNO, and T. YANoO. 1985. Dating the
human-ape splitting by a molecular clock of mitochondrial
DNA. J. Mol. Evol. 22:160-174.

HonevcuTT, R. L., and R. M. Abpkins. 1993. Higher level
systematics of eutherian mammals. an assessment of mo-
lecular characters and phylogenetic hypotheses. Annu. Rev.
Ecol. Syst. 24:297-305.

HucHon, D., E M. CaTzerLis, and E. J. P Douzery. 1999.
Molecular evolution of the nuclear von Willebrand factor
gene in mammals and the phylogeny of rodents. Mal. Biol.
Evol. 16:577-589.

. 2000. Variance of molecular datings, evolution of ro-

dents and the phylogenetic affinities between Ctenodacty!-

idae and Hystricognathi. Proc. R. Soc. Lond. B Biol. Sci.

267:393-402.

220z 1snbny 9| uo1senb Aq G9981L01/22./S/8L/811E/aqW/Woo dno olWwapeoe//:sdiy wol papeojumoq



788 Adkins et a.

Jacoss, L. L., and D. PiLBeam. 1980. Of mice and men: fossil-
based divergence dates and molecular ‘‘clocks.” J. Hum.
Evol. 9:551-555.

JAEGER, J. J. 1988. Rodent phylogeny: new data and old prob-
lems. Pp. 177-199 in M. J. BENTON, ed. The phylogeny and
classification of the tetrapods, Vol. 2. Mammals. Clarendon
Press, Oxford, England.

JANKE, A., X. Xu, and U. ARNASON. 1997. The complete mi-
tochondrial genome of the wallaroo (Macropus robustus)
and the phylogenetic relationship among Monotremata,
Marsupialia and Eutheria. Proc. Natl. Acad. Sci. USA 94:
1276-1281.

KEIGHTLEY, M.-C., and P J. FULLER. 1996. Anomalies in the
endocrine axes of the guinea pig: relevance to human phys-
iology and disease. Endocr. Rev. 17:30—44.

KING, G. L., and C. R. KaHN. 1981. Non-parallel evolution of
metabolic and growth-promoting functions of insulin. Na-
ture 292:644—-646.

KisHiNO, H., and M. HAsEGAWA. 1989. Evaluation of the max-
imum likelihood estimate of the evolutionary tree topolo-
gies from DNA sequence data, and the branching order of
the Hominoidea. J. Mol. Evol. 29:170-179.

KLINGENER, D. 1964. The comparative myology of four di-
podoid rodents (genera Zapus, Napeozapus, Scista, and Ja-
culus). Misc. Publ. Mus. Zool. Univ. Mich. 124:1-100.

KNoBIL, E., and R. O. Greer. 1959. The physiology of growth
hormone with particular reference to its action in the rhesus
monkey and the ‘ species specificity’ problem. Recent Prog.
Horm. Res. 15:1-69.

KortH, W. W. 1994. The tertiary record of rodents in North
America. Plenum Press, New York.

KRAMEROV, D., N. VAsseTZKY, and |. SERDOBOVA. 1999. The
evolutionary position of dormice (Gliridae) in Rodentia de-
termined by a novel short retroposon. Mol. Biol. Evol. 16:
715-717.

Kuma, K. I., and T. MivaTa. 1994. Mammalian phylogeny
inferred from multiple protein data. Jon. J. Genet. 69:555—
566.

KuMAR, S., and S. B. HEDGES. 1998. A molecular timescale
for vertebrate evolution. Nature 392:917-920.

LARSON, A. 1994. The comparison of morphological and mo-
lecular data in phylogenetic systematics. Pp. 371-390 in B.
SCHIERWATER, B. STREIT, G. P WAGNER, and R. DESALLE,
eds. Molecular ecology and evolution: approaches and ap-
plications. Birkhauser Verlag, Basel, Switzerland.

LavocaT, R. 1969. La sytematique des rongeurs hystricomo-
phes et la derive des continents. C. R. Acad. Sci. Paris D
269:1496-1497.

. 1973. Les rongeurs du Miocene d’' Afrique orientale.
I. Miocene inferieur. Mem. Trav. E.PH.E. Inst. Montpellier
1:1-284.

LavocaT, R., and J-P PARenT. 1985. Phylogenetic analysis
of middle ear featuresin fossils and living rodents. Pp. 333—
354 in W. P LuckeTrT and J.-L. HARTENBERGER, eds. Evo-
lutionary relationships of rodents: a multidisciplinary anal-
ysis. Plenum Press, New York.

Liy, E-G., and M. M. MivamoTo. 1999. Phylogenetic assess-
ment of molecular and morphological data for eutherian
mammals. Syst. Biol. 48:54—64.

LuckerT, W. P. 1985. Superordinal and intraordinal affinities
of rodents. developmental evidence from the dentition and
placentation. Pp. 227-276 in W. P LuckeTT and J.-L. HAR-
TENBERGER, eds. Evolutionary relationships of rodents. a
multidisciplinary analysis. Plenum Press, New York.

LuckerT, W. P, and J.-L. HARTENBERGER. 1985. Evolutionary
relationships among rodents: comments and conclusions.
Pp. 685-712 in W. P LuckerT and J.-L. HARTENBERGER,

eds. Evolutionary relationships of rodents: a multidisciplin-
ary analysis. Plenum Press, New York.

Ma, D.-P, A. ZHARKIKH, D. GRAUR, J. L. VANDERBERG, and
W.-H. Li. 1993. Structure and evolution of opossum, guinea
pig, and porcupine cytochrome b genes. J. Mol. Evol. 36:
327-334.

McNiIFF, B. E., and M. W. ALLARD. 1998. Test of Archonta
monophyly and the phylogenetic utility of the mitochon-
drial gene 12S rRNA. Am. J. Phys. Anthropol. 107:225—
241.

MabseN, O., M. ScaLLy, C. J. Douabpy, D. J. Kao, R. W.
DEBRY, R. ADKINS, H. M. AMRINE, M. J. STANHOPE, W.
W. DE JONG, and M. S. SPRINGER. 2001. Molecules untangle
the basal divergences of the placental mammals. Nature
409:610-613.

MARTIGNETTI, J. A., and J. Brosius. 1993. Neural BC1 RNA
as an evolutionary marker: guinea pig remains a rodent.
Proc. Natl. Acad. Sci. USA 90:9698-9702.

MARTIN, T. 1993. Early rodent incisor enamel evolution: phy-
logenetic implications. J. Mamm. Evol. 1:227-254.

MATTHEE, C. A., and T. J. RoBINSON. 1997. Molecular phy-
logeny of the springhare, Pedetes capensis, based on mi-
tochondrial DNA sequences. Mol. Biol. Eval. 14:20-29.

MENG, J., A. R. Wyss, M. R. DawsoN, and R. ZHAI. 1994.
Primitive fossil rodent from Mongolia and its implications
for mammalian phylogeny. Nature 370:134-136.

MicHAuUX, J., and F CaTzerLis. 2000. The bushlike radiation
of muroid rodents is exemplifies by the molecular phylog-
eny of the LCAT nuclear gene. Mol. Phylogenet. Eval. 17:
280-293.

MINDELL, D. P, and R. L. HoNEYcuTT. 1990. Ribosoma RNA
in vertebrates: evolution and phylogenetic applications.
Annu. Rev. Ecol. Syst. 21:541-566.

MiTcHELL, M. L., R. GuiLLEMIN, and H. SeLYE. 1954. The
effect of somatotropic hormone in the growth of normal and
hypophysectomized guinea pigs. Endocrinology 54:111—
114.

NepbBaL, M. A., R. L. HonEycuTT, and D. A. SCHLITTER.
1996. Higher-level systematics of rodents (Mammalia, Ro-
dentia): evidence from the mitochondrial 12S rRNA gene.
J. Mamm. Evol. 3:201-237.

NocucHl, T., S. FUIwARA, S. HAYASHI, and H. SAKURABA.
1994. |s the guinea pig a rodent? Comp. Biochem. Physiol.
107:179-182.

NovAcek, M. J. 1992. Fossils, topologies, missing data, and
the higher level phylogeny of eutherian mammals. Syst.
Biol. 41:58-73.

OTIANG' A-OwiTl, G. E., D. Obuor-OKELO, and S. G. GOMBE.
1992. Foetal membranes and placenta of the springhare
(Pedetes capensis larvalis Hollister). Afr. J. Ecol. 30:74—
86.

PorTER, C. A., M. GoobmAN, and M. J. STANHOPE. 1996.
Evidence on mammalian phylogeny from sequences of exon
28 of the von Willebrand factor gene. Mol. Phylogenet.
Evol. 5:89-101.

REYES, A., G. PesoLE, and C. SacconE. 1998. Complete mi-
tochondrial DNA sequence of the fat dormouse, Glis glis:
further evidence of rodent paraphyly. Mol. Biol. Evol. 15:
499-505.

SaHNI, A. 1985. Enamel structure of early mammals and its
role in evaluating relationships among rodents. Pp. 133-150
in W. P LuckeTT and J.-L. HARTENBERGER, eds. Evolu-
tionary relationships of rodents. a multidisciplinary analy-
sis. Plenum Press, New York.

SARICH, V. M. 1985. Rodent macromolecular systematics. Pp.
423-452 in W. P LuckeTT and J.-L. HARTENBERGER, eds.

220z 1snbny 9| uo1senb Aq G9981L01/22./S/8L/811E/aqW/Woo dno olWwapeoe//:sdiy wol papeojumoq



Evolutionary relationships of rodents: a multidisciplinary
analysis. Plenum Press, New York.

SHOSHANI, J., and M. C. McKENNA. 1998. Higher taxonomic
relationships among extant mammal's based on morphology,
with selected comparisons of results from molecular data.
Mol. Phylogenet. Evol. 9:572-584.

SPRINGER, M. S., H. M. AMRINE, A. BURKE, and M. J. STAN-
HoPE. 1999. Additional support for Afrotheria and Paen-
ungulata, the performance of mitochondrial versus nuclear
genes, and the impact of data partitions with heterogeneous
base composition. Syst. Biol. 48:63-75.

SPRINGER, M. S,, and E. J. R Douzery. 1996. Secondary struc-
ture and patterns of evolution among mammalian mito-
chondrial 12S rRNA molecules. J. Mol. Evol. 43:357-373.

StaNHOPE, M. J., O. MADSEN, V. G. WADDELL, G. C. CLEVEN,
W. W. DE JoNG, and M. S. SPRINGER. 1998. Highly congru-
ent molecular support for a diverse superordinal clade of
endemic African mammals. Moal. Phylogenet. Evol. 9:501—
508.

STRIMMER, K., and A. voN HAESELER. 1996. Quartet puzzling:
a quartet maximum-likelihood method for reconstructing
tree topologies. Mol. Biol. Evol. 13:964—9609.

SuLLivan, J, and D. L. SworForp. 1997. Are guinea pigs
rodents? The importance of adequate models in molecular
phylogenetics. J. Mamm. Evol. 4:77-86.

SworFoRrD, D. L. 1999. PAUP*. Phylogenetic analysis using
parsimony (*and other methods). Version 4. Sinauer, Sun-
derland, Mass.

SzaLAy, E S 1985. Rodent and lagomorph morphotype ad-
aptations, origins, and relationships: some postcranial attri-
butes analyzed. Pp. 83-132 in W. P LuckerT and J.-L.
HARTENBERGER, eds. Evolutionary relationships of rodents:
a multidisciplinary analysis. Plenum Press, New York.

TEELING, E. C., M. ScaLLY, D. J. Kao, M. L. RomAGNOLI, M.
S. SPRINGER, and M. J. StanHoPE. 2000. Molecular evi-
dence regarding the origin of echolocation and flight in bats.
403:188-192.

TeEMPLETON, A. R. 1983. Phylogenetic inference from restric-
tion endonuclease cleavage site maps with particular refer-
ence to the humans and apes. Evolution 37:221-244.

Molecular Phylogeny of Rodents 789

THompsoN, J. D., D. G. HicaIns, and T. J. GiBsoN. 1994.
CLUSTAL W: improving the sensitivity of progressive mul-
tiple sequence alignment through sequence weighting, po-
sitions-specific gap penalties and weight matrix choice. Nu-
cleic Acids Res. 22:4673-4680.

VIANEY-LIAUD, M. 1985. Possible evolutionary relationships
among Eocene and lower Oligocene rodents of Asia, Eu-
rope and North America. Pp. 277-309 in W. P LUCKETT
and J.-L. HARTENBERGER, eds. Evolutionary relationships
of rodents: a multidisciplinary analysis. Plenum Press, New
York.

WAHLERT, J. H. 1985. Cranial foramina of rodents. Pp. 311—
332 in W. P LuckeTT and J.-L. HARTENBERGER, eds. Evo-
Iutionary relationships of rodents: a multidisciplinary anal-
ysis. Plenum Press, New York.

WiLsonN, A. C., S. S. CarLsoN, and T. J. WHITE. 1977. Bio-
chemical evolution. Annu. Rev. Biochem. 46:573-639.
WoLF, B. K., K. REINECKE, K. D. AUMANN, R. BRIGLIUS-FLO-
HE, and L. FLoHE. 1993. Taxonomical classification of the
guinea pig based on its Cu/Zn superoxide dismutase se-

guence. Biol. Chem. Hoppe Seyler 374:641-649.

Woob, A. E. 1962. The early Tertiary rodents of the family
Paramyidae. Trans. Am. Philos. Soc. 52:1-261.

. 1985. The relationships, origin, and dispersal of the
hystricognathous rodents. Pp. 475-513 in W. P LuckeTT
and J.-L. HARTENBERGER, eds. Evolutionary relationships
of rodents: a multidisciplinary analysis. Plenum Press, New
York.

Wu, C.-I., and W.-H. Li. 1985. Evidence for higher rates of
nucleotide substitution in rodents than in man. Proc. Natl.
Acad. Sci. USA 82:1741-1745.

YANG, Z. 1997. Phylogenetic analysis by maximum likelihood
(PAML). Version 1.3. Department of Integrative Biology,
University of California at Berkeley.

YMER, S. I., J. L. Stevenson, and A. C. HERINGTON. 1997.
Guinea pig serum contains a specific high affinity growth
hormone-binding protein with novel ligand specificity. En-
docrinology 138:3577-3586.

DAvID IRWIN, reviewing editor

Accepted January 19, 2001

220z 1snbny 9| uo1senb Aq G9981L01/22./S/8L/811E/aqW/Woo dno olWwapeoe//:sdiy wol papeojumoq



790 Adkins et a.

Downloaded from https://academic.oup.com/mbe/article/18/5/777/1018665 by guest on 16 August 2022

(8v0zeed V) Weus ‘N
(SzateN) sninosnw “
(0929504V) snoifieniou o

(9v0zeed V) snulinw '

(r0zeedy) Bbiu s

(0T8L2N) sninasnw *I\
(€L9vzerv) snotBaniou snivey

(T99vzZery) Jorep ebepe|y

(899rzzrv) siib sio

(68£8€2rY) Ssuadeo d
(288€2rV) 1feA sniAioepousiD

(T29¥22r V) Xeuow elow e

(S62,9N) snue.epureq sAwopoobsO
(TTZ00A) Sninosnuwi -\
(08900A) snires Y

(96229n) sninoel ¢
(862.,9N) snneyy *d
(00e29N) sniresing 'O
(66229N) sdouerses O
(£8229N) snulnw "9

(z0e29n) ssuedeo *d
(toez9n) 1punb O
(26229N) sBUBpEUED D
(68229n) BOBWL S

(v20zeed V) snutloyiuex uoposy
(€2ozeed V) umrep siojikud
(czozeedv) snuel|fea snunj|iqe0
(Teozeed V) meys ssuol RN
(0z0zeed V) sonoo shwozA10
(Feee W) sninosnw sniy

(92291 X) snirel sniey
(T¥0eee- v) sniuospny sndez
(ov0zeed v) sninoef sninoer
(620zeE4 V) Snaey snyreuBoed
(8202eed V) sniresing sAioe
(2202ee4 V) sdouersea shwoebore 1D
(Teozeedv) snupnw sninyde

(Gz0zeed V) ssuades sajepad
(cv0zeed V) 1punb snikioepousio
(920zeed V) Ssuspeued IoseD
(ceozeedy) #ebu sninios

............ eaploN

........... eapiopodiq

.......... ©aPI0AW0aD
............. €3PS
eydiowoA
......... SIPa0 2e1eaU|
-+ eydiowo|A1oepousID

......... eydiowoinps

(Svozeedv) el v (c99vzery) el v (88229N) @1 v (0g0zeedV) Bini enuopoidy ~ e eydiowobo.noid
Iyruboins
enuapoy
(6020SN) slsel|we) siued
(T806T04Y) SniefeLien O (909TEN) Snyebolien O (8T08€04V) snrefis1ien snjeydsooulD (6TOZEEA V) SURIOA SnfeydeoouAD ~ eieldow g
(€90T904V) S!16 eredny (TZ08e04dV) eue) eredny (8TOZEEAY) 1BbURRY BIRAN. "t eluSpURIS
(0806T04V) SnrepnedsSEI0 INWB (010
(6206T04YV) SnNo1uss eyeno|y
(2206T04V) sneewbAd ofuod
(9206T04V) ®|1406 €109
(2z82024V) sevipo|bo.y ted
(8206T04V) YR INW "IN (T008T A) seAupewey oided (6858N) E1R|NW BIEIRN
(089¥TN) susides 'H (G985ZIN) susides H (29900A) susides "H (29590X) susides owoH ~ solew lid
(90v0T04V) o102 'O (cT628IN) SB1ME SINO
(0z8e9Xx) snuney g (#S900A) snuney g (T¥00. X) sniney sog
(TEV8LS) BJOIS S (eSeve0dv) ejols s (62iyGX) oS SN " "t "e|A10epoiy
(699t22ry) Keysme .o snde (ez685N) SsUBRD 7 (9T0ZEEA V) SISusdeo snds
(g8z29N) 1uognpne snBe|niAs (210ZEEd V) SnuepLioy snbe|nis
(8T9TEN) SNNoIUND "0 (885TO0CY) SNINOIUND "O (2525T04Y) snnoiuno snfe(o1k10
(¢29v2erv) sdeoulid 'O (GTOZEEdY) Sdeounid euolOYOQ eydiowobe]
(cT9TEN) SusosenNs 3 (6£€26N) SusosanI snimueydB |3 (FTOZEEH V) SMep1osogo.d SopIeasoIoRN “ B3PI ROS00B N
(eTOZEEd V) Snwixew seyde|3
(ST9TEN) BUEDLIfE BUOPOXOT] (c81T09N) EUERDLYE (cTOZEEd V) BUBDIIR BIUOPOXOT * "t B9P10S0C0.d
(e09TEN) SN|f10epLI sndApe.g (2e8TT A) smouiowsnou sndiseq (TTOZEEH V) BIA10RPRIBY BNpURLLIR . * " """ttt _IYLRUB X
(029%z2rv) srewebib sndooey (e289627) eueIBIN SIYdBPIA (T6178€24 V) BONSBWOP SIYdPPOUOI “~* """ " 7 r e elLRYERRIN
TvOudg 4MA Szt HHO Awouoxe]

SJQUINN UOSSA00Y 1BY L YIM ‘APNIS SIY) Ul po BPISUOD S310ads

XIAN3ddV



Molecular Phylogeny of Rodents 791

Downloaded from https://academic.oup.com/mbe/article/18/5/777/1018665 by guest on 16 August 2022

(e99tzzrv) snjpoJod O (6v¥zTN) snjposod O (e6v8ezdV) snjpolod BN <ttt BapioIned
(Gz9zeedv) Inpivelq (8c0zeedy) 1ppiueIg sAwoulg
(s8ege2rY) BbIUe| O (svvzTn) Bbive| O (9e0zeedy) »ebe ejjiyoulyy ~ e BPIO[|IYOUIYD
(#99¥722C V) SninuefeLl NopusoD (0St7zTN) wnyesiop 3 (L£02ge4 V) Wnyesiop uoziyyg -~ eoplojuozZIye.3
(98g8€2r V) Snyeun| UOPOIOO (ZvpzTN) snrepneaibuo| "d (6€02€Ed V) snrepneoiBuo| sAyoeoid ~* e ©9pI0JUOPOIO
eydiowoine)
(S29vzzrv) erenoiose) sAyoti) (8¥72TN) Sifessneseolfe "H (€c0zeed V) sifessneseotfe XusAy ©BOp 00 LISAH
(¥8e8eZrY) snjjins snbsAyreg (€9GE9IN) oqelb H (reozeedv) Joqe|f snreydsooeH e ‘eaplobeAyreg
(r29¥2zrv) snuelispuivs | (02589 N) snuelepuivs “| (Gezozeedv) nsuelispuims sAouokuyy -t ©eaploAwouoAy L
eydiowoiyd
IyreuBoo LISAH
TvOodg 4MA setT dHO Awouoxe]
panunuo

X1AN3ddV



