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Abstract

Selection at the protein-level can influence nucleotide substitution patterns for protein-coding genes, which in turn can affect their
performance as phylogenetic characters. In this study, we compare two protein-coding nuclear genes that appear to have evolved
under markedly different selective constraints and evaluate how selection has shaped their phylogenetic signal. We sequenced
1100+ bp of exon 6 of the gene encoding dentin matrix protein 1 (DMP1) from most of the currently recognized genera of New
World opossums (family: Didelphidae) and compared these data to an existing matrix of sequences from the interphotoreceptor
retinoid-binding protein gene (IRBP) and morphological characters. In comparison to IRBP, DMP1 has far fewer sites under strong
purifying selection and exhibits a number of sites under positive directional selection. Furthermore, selection on the DMP1 protein
appears to conserve short, acidic, serine-rich domains rather than primary amino acid sequence; as a result, DMP1 has significantly
different nucleotide substitution patterns from IRBP. Using Bayesian methods, we determined that DMP1 evolves almost 30% faster
than IRBP, has 2.5 times more variable sites, has less among-site rate heterogeneity, is skewed toward A and away from CT (IRBP
has relatively even base frequencies), and has a significantly lower rate of change between adenine and any other nucleotide. Despite
these different nucleotide substitution patterns, estimates of didelphid relationships based on separate phylogenetic analyses of these
genes are remarkably congruent whether patterns of nucleotide substitution are explicitly modeled or not. Nonetheless, DMP1 con-
tains more phylogenetically informative characters per unit sequence and resolves more nodes with higher support than does IRBP.
Thus, for these two genes, relaxed functional constraints and positive selection appear to improve the efficiency of phylogenetic esti-
mation without compromising its accuracy.
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

During the past decade, molecular systematists have
increasingly embraced nuclear gene sequences as a
source of phylogenetic information, particularly for
resolving relationships at deeper taxonomic levels
(Groth and Barrowclough, 1999; Madsen et al., 2001;
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Murphy et al., 2001). As a result, the identification of
new nuclear loci and exploration of their phylogenetic
utility have become important aspects of systematics
research (e.g., Fang et al., 2000; Griffiths et al., 2004;
Roger et al., 1999). Due to the plethora of mitochondri-
al sequences available from a wide range of taxa, most
published gene comparisons have focused on the relative
utility of nuclear versus mitochondrial loci (e.g., Baker
et al., 2001; Griffiths et al., 2004; Lin and Danforth,
2004; Springer et al., 2001). However, nuclear genes
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Table 1
Current classification of didelphid marsupialsa

Caluromyinae
Caluromys (3 spp.)
Caluromysiops (1 sp.)
Glironia (1 sp.)

Didelphinae
‘‘Marmosines’’

Chacodelphys (1 sp.)b

Cryptonanus (5 spp.)c

Gracilinanus (6 spp.)c

Lestodelphys (1 sp.)
Marmosa (9 spp.)
Micoureus (6 spp.)
Marmosops (14 spp.)d

Thylamys (8 spp.)
Tlacuatzin (1 sp.)e

‘‘Large 2n = 22 opossums’’
Chironectes (1 sp.)
Didelphis (6 spp.)
Lutreolina (1 sp.)
Philander (4 spp.)

Others
Metachirus (1 sp.)
Monodelphis (20 spp.)f

Incertae sedis
Hyladelphys (1 sp.)g

a After Gardner (2005), except as noted.
b Genus described by Voss et al. (2004a).
c Genus described by Voss et al. (2005).
d Includes Marmosops creightoni, a recently described species, but

not M. dorothea (a synonym of M. noctivagus; see Voss et al., 2004b).
e Genus described by Voss and Jansa (2003).
f Includes Monodelphis ronaldi Solari (2004) and M. reigi Lew and

Pérez-Hernández (2004).
g Although listed as a didelphid by Gardner (2005), the family-level

classification of this anomalous taxon has yet to be determined (see
Voss et al., 2001).
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exhibit a great deal of heterogeneity in various traits
including strength of selection, rate of evolution, and
base composition, each of which can influence phyloge-
netic signal. Despite such variation, few studies have
focused on the relative efficacy of different nuclear loci
for resolving a given phylogenetic problem (but see
Lundrigan et al., 2002; van den Bussche et al., 2003).
Such explorations should prove fruitful, as they can
identify particular aspects of gene evolution that might
predict the success of future phylogenetic applications,
or reveal undesirable properties that might lead infer-
ence astray.

Phylogenetic ‘‘utility’’ can be measured in a number
of ways. Among other criteria, efficiency of data collec-
tion, levels of homoplasy, strength of resolution, ease of
sequence alignment, and agreement with prior studies
have all been used in determining the value of particular
data sets for phylogenetic inference (Graybeal, 1994;
Griffiths et al., 2004; Groth and Barrowclough, 1999).
Recently, explicitly model-based approaches have point-
ed at the relative importance of various nucleotide sub-
stitution parameters in determining the phylogenetic
utility of sequence data (Lin and Danforth, 2004; Yang,
1996). For example, genes with even base composition
and homogeneous patterns of variation across sites tend
to outperform those with highly skewed base composi-
tion and high levels of rate heterogeneity (Chang and
Campbell, 2000; Groth and Barrowclough, 1999; Lin
and Danforth, 2004). Although most studies have fo-
cused at the nucleotide level, it is important to recognize
that patterns of nucleotide substitution for protein-cod-
ing loci are determined in part by selection at the protein
level. Therefore, examining the role that selection
plays in shaping these patterns might yield important in-
sights into the behavior of these loci as phylogenetic
markers.

In this paper, we examine how differences in selection
on two protein-coding nuclear genes have affected the
phylogenetic utility of their DNA sequences. As a mea-
sure of the phylogenetic utility of each gene, we consider
the number of informative characters per unit sequence,
the relative amount of homoplasy exhibited by each
gene, each gene�s ability to reconstruct relationships
among taxa with strong nodal support, and congruence
among data sets. Our data consist of sequences from
exon 1 of the IRBP gene and exon 6 of the DMP1 locus,
and a nonmolecular data set consisting of morphologi-
cal and karyotypic characters (Voss and Jansa, 2003).
Exon 1 of IRBP has been widely used in mammalian
molecular systematics to infer relationships across a
range of hierarchical levels from the interordinal
(Springer et al., 1997; Stanhope et al., 1992) to the inter-
familial (deBry and Sagel, 2001) and intergeneric (Jansa
and Voss, 2000; Jansa and Weksler, 2004). Exon 6 of
DMP1 has been less extensively used in phylogenetic
studies; however, its properties have previously been
investigated for both deep (Toyosawa et al., 1999; van
den Bussche et al., 2003) and shallow (Reeder and Brad-
ley, 2004) hierarchical levels in mammalian systematics.

Didelphid opossums, our focal taxonomic group, are
widely distributed from Patagonia to Canada, but they
are most diverse in tropical lowland rainforests where
numerous sympatric species have been documented at
some Amazonian localities (Voss and Emmons, 1996).
A total of 89 extant species in 18 genera are currently
recognized (Table 1). Of these, five species in three gen-
era are referred to the subfamily Caluromyinae, whereas
84 species in 15 genera belong to the subfamily Didel-
phinae. Among didelphines, two suprageneric groups
are commonly recognized. ‘‘Marmosines’’ include a
variety of small (<200 g) mouse opossums formerly clas-
sified as or allied with the genus Marmosa (sensu Tate,
1933). Another group, the ‘‘large 2n = 22 opossums’’ in-
cludes Didelphis and allied genera that are usually distin-
guished from other didelphids by body size and
chromosomal characters. Two genera (Monodelphis

and Metachirus) are didelphines of traditionally uncer-
tain relationships.



S.A. Jansa et al. / Molecular Phylogenetics and Evolution 38 (2006) 363–380 365
The first phylogenetic study to include representatives
of all then-recognized didelphid genera (Jansa and Voss,
2000) was based on sequence data from exon 1 of IRBP.
The resulting phylogeny (Fig. 1) was almost completely
resolved and contained many impressively supported
nodes. Subsequent phylogenetic studies based on the
same sequence data (Voss and Jansa, 2003; Voss et al.,
2004a, 2005) were undertaken to extend these results
with denser taxon sampling and to assess morphological
support for recovered molecular clades. Unexpectedly,
denser taxon sampling revealed the existence of several
highly divergent lineages represented by species that
are clearly not closely related to other members of the
genera in which they were traditionally classified. De-
scribed as new genera, these include Chacodelphys (for
‘‘Thylamys’’ formosus; Voss et al., 2004a), Cryptonanus
(for several species formerly classified in Gracilinanus;
Fig. 1. Tree based on parsimony analysis of IRBP sequences as reported in J
that report and referred to herein. Line thickness and buttressing reflects boo
recovered in P75% of bootstrap replicates; a thickened line with a terminal
replicates; a light line represents bootstrap support 650%.
Voss et al., 2005), and Tlacuatzin (for ‘‘Marmosa’’ canes-
cens; Voss and Jansa, 2003).

Unfortunately, another consequence of denser taxon
sampling was the erosion of support statistics for certain
clades together with some loss of phylogenetic resolu-
tion (Voss and Jansa, 2003; Voss et al., 2005). This result
was not unexpected insofar as prior studies have empha-
sized the unpredictable effects that adding taxa can have
on phylogenetic inference (Hillis, 1998; Horovitz, 1999;
Soltis et al., 1998). Denser taxonomic sampling is always
desirable to achieve a better understanding of biological
diversification; however, the only solution to the prob-
lem of lost resolution and support is to increase the
number of characters scored for each taxon. To do so,
we have been sequencing additional nuclear exons for
didelphid marsupials and examining their phylogenetic
properties. As reported herein, sequence data from
ansa and Voss (2000). Letters refer to intergeneric groups as defined in
tstrap support as follows: a thickened line indicates that the node was
buttress indicates that the node was recovered in P95% of bootstrap
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DMP1 exon 6 complement and enhance many of our
earlier systematic conclusions and display many desir-
able qualities as a source of phylogenetic characters.
2. Materials and methods

The IRBP sequences analyzed below are taken from
Jansa and Voss (2000), Voss and Jansa (2003), and Voss
et al. (2005). Information about voucher material as well
as details of our previous analyses appear in these re-
ports as well. All DMP1 sequences were generated for
this study as follows.

2.1. DNA amplification and sequencing

We amplified and sequenced part of DMP1 exon 6
using combinations of primers shown in Fig. 2. We first
amplified a fragment approximately 1200 bp long using
primers DEN-12 and DEN-2 (Toyosawa et al., 1999)
from genomic DNA. To generate fragments of a suit-
able size for sequencing, this product was used as a tem-
plate in two subsequent PCRs, one using DEN-12
paired with DEN-13, and one using primers DEN-2
and DEN-14; for certain taxa, DEN-2 was replaced with
DEN-R1192. Our sample of sonicated DNA from
Lestodelphys was sufficiently degraded that amplifica-
tions were done as a series of 300–400 bp amplifications
using the following primer pairs: LesF2/LesR2, LesF3/
LesR3, LesF4/LesR4, LesF5/R1192. Due to a 12 bp
deletion in the sequence from Tlacuatzin canescens,
primer DEN-13 was replaced with DEN-R638 for this
taxon.

Initial PCR amplifications using genomic DNA as a
template were performed in 20 lL reactions using Am-
pli-Taq Gold polymerase (Applied Biosystems) and
reaction conditions as previously described (Jansa and
Voss, 2000). Reamplification reactions using this prod-
uct as a template were performed in 30 lL reactions
Fig. 2. Names, locations, and sequences of primers used in
using Taq DNA Polymerase (Fisher). Resulting PCR
products were prepared for sequencing using a QIA-
quick PCR purification kit (Qiagen) or ExoSAP (Amer-
sham) enzymatic digestion.

PCR products were sequenced in both directions
using amplification primers and dye-terminator chemis-
try (BigDye, Applied Biosystems), and sequencing reac-
tions were run on an ABI 3700 automated sequencer.
Sequences were proofed using Sequencher 4.2 (Gene-
Codes). Base-calling ambiguities were resolved either
by choosing the base on the cleanest strand or using
the appropriate IUB ambiguity code if both strands
showed the same ambiguity. All DMP1 sequences, along
with their specimen voucher numbers, have been depos-
ited in GenBank with Accession Nos. DQ083120–
DQ083160.

2.2. Sequence analysis

We aligned DMP1 sequences by eye using translated
amino acid sequences as a reference. Sequences of
DMP1 ranged from 1011 (Lestodelphys) to 1176 bp.
We were unable to obtain sequence from the first 3 bp
of Gracilinanus microtarsus and Tlacuatzin, from the
first 9 bp of Philander mcillhennyi, from the first 162
bp of Lestodelphys, and from the last 36 bp ofMicoureus

paraguayanus and M. demerarae. Twelve alignment-un-
ambiguous internal gaps, ranging in length from 3 to 18
bp, were required to align DMP1 sequences with one
another. For phylogenetic analysis, each gap was coded
as single insertion–deletion event regardless of its length.

We evaluated IRBP and DMP1 sequences for varia-
tion in base composition across taxa and among codon
positions of each gene with a v2 goodness-of-fit test for
each taxon using the average base composition across
taxa to calculate relevant expected values. Congruence
between the two genes was evaluated using the ILD test
(Farris et al., 1995) prior to phylogenetic analysis (but
see Barker and Lutzoni, 2002; Dolphin et al., 2000; Hipp
PCR amplification and sequencing of DMP1 exon 6.
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et al., 2004 for interpretation of this test). The ILD test
was implemented in PAUP* v4.0b10 (Swofford, 2002)
with 500 replicates, using heuristic searches with step-
wise addition and 100 random addition sequences per
replicate, saving only two trees per replicate. The ILD
test appears to exhibit an inflated type I error rate
(Barker and Lutzoni, 2002); therefore, we also per-
formed likelihood-based Shimodaira–Hasegawa (SH;
Shimodaira and Hasegawa, 1999) tests to determine
the relative fit of each data set to alternative topologies.
Specifically, we performed three tests: whether the IRBP
data could reject either the DMP1 parsimony tree or the
combined gene parsimony tree; whether the DMP1 data
could reject either the IRBP parsimony tree or the com-
bined gene parsimony tree; and whether the combined
gene data could reject either of the individual gene trees.
All SH tests were performed using 1000 RELL replicates
allowing the parameters for the relevant model of nucle-
otide substitution (see below) to be estimated.

2.3. Phylogenetic analysis

We performed phylogenetic analyses on the DMP1
and IRBP data sets separately and in combination.
For DMP1, we performed parsimony analyses with gaps
coded either as phylogenetic characters or as missing
data; in the likelihood analyses of DMP1, gaps were
treated as missing data. We previously reported our
analyses of morphological data alone and in combina-
tion with IRBP (Voss and Jansa, 2003; Voss et al.,
2005). To assess the effects of adding DMP1 sequences
to these data sets, we combined all three sources of char-
acter data and analyzed the resulting matrix using
parsimony.

Aligned sequences were subjected to phylogenetic
analyses using parsimony and maximum-likelihood
(ML) as implemented in PAUP* vb10 (Swofford,
2002) and Bayesian phylogenetic analysis as implement-
ed in MrBayes ver. 3.0 or ver. b4 (Huelsenbeck and
Ronquist, 2001). For parsimony analysis, all molecular
characters were treated as unordered and equally
weighted; all parsimony tree searches were heuristic with
at least 20 replicates of random taxon addition followed
by TBR branch swapping. To determine the best model
for use in the ML and Bayesian analyses, we examined
the relative fit of various models of nucleotide substitu-
tion for the IRBP and DMP1 data separately using both
hierarchical likelihood-ratio tests (hLRT) and the
Akaike information criterion (AIC) as implemented in
ModelTest 3.6 and PAUP* (Posada and Crandall,
1998). Log-likelihood scores and estimated parameter
values for the various models were calculated based on
a neighbor-joining tree of Jukes–Cantor-corrected dis-
tances. Once the best-fit model of nucleotide substitu-
tion was chosen, we used additional comparisons
(both hLRT and AIC) to evaluate whether a molecular
clock could be enforced. The two different approaches to
model selection resulted in different best-fit models for
our data; we performed full likelihood analyses using
the model selected by the AIC for reasons outlined in
Posada and Buckley (2004). Subsequent to model evalu-
ation and selection, the maximum-likelihood tree for
each gene and for the combined gene data set was deter-
mined using a heuristic search in which parameter values
were initially fixed according to the best-fit model and a
neighbor-joining tree was used as a starting point for
TBR branch swapping.

Bootstrap values were calculated for all data sets un-
der the parsimony criterion using 1000 replicates of heu-
ristic searches (five random addition replicates, TBR
branch swapping) in PAUP*. For maximum-likelihood
analysis, bootstrap values were calculated by generating
500 bootstrap replicates using the seqboot program in
PHYLIP 3.6 (Felsenstein, 1993), finding the best-fit tree
for each under the appropriate model of nucleotide sub-
stitution in PhyML (Guindon and Gascuel, 2003), and
calculating the 50% majority rule tree from the resulting
trees in PAUP*.

We performed two versions of Bayesian phylogenetic
analysis, one in which parameters were allowed to vary
independently between the two genes (mixed model
analysis) and one using a single model of nucleotide sub-
stitution applied across both genes simultaneously (uni-
form model analysis). For the mixed model analysis, we
conducted one run of Metropolis-coupled Markov chain
Monte Carlo (with four incrementally heated chains
each), in which we specified a model with six categories
of base substitution, a C-distributed rate parameter, and
a proportion of invariant sites (GTR + I + C). Uniform
interval priors were assumed for all parameters except
base composition, which assumed a Dirichlet prior.
We decoupled parameter estimation (including branch
lengths) across the data set, thus allowing substitution
parameters to be estimated for the DMP1 and IRBP
data sets independently. Runs were allowed to proceed
for 2 million generations each, and trees were sampled
every 100 generations. To ensure that each run con-
verged on the same average log-likelihood, we plotted
the log-likelihood values against generation time for
each. We discarded the first 500,000 generations (5000
trees) from the run as burn-in (as determined by plotting
�lnL scores for each generation and discarding those
prior to the point of stationarity), and calculated esti-
mated parameter values and posterior probabilities for
each node based on the remaining trees.

To evaluate whether the mixed model Bayesian anal-
ysis returned different posterior probability estimates
than an analysis that assumed a single model across
both genes, we conducted a second Bayesian analysis
using a single model applied across the combined gene
data set. Prior probability values were assigned as
above, and a single run of four incrementally heated
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chains was allowed to proceed for 2 million generations,
sampling trees every 100 generations. The initial 500,000
generations (5000 trees) were discarded as burn-in, and
the remaining trees were used to calculate estimated
parameter values and posterior probabilities for each
node.

To quantify nucleotide substitution patterns for the
two genes, we obtained parameter estimates using likeli-
hood analysis of each gene separately, Bayesian analysis
with parameter estimation decoupled between the genes,
and model averaging using Akaike weights (Posada and
Buckley, 2004). The decoupled Bayesian analysis also al-
lowed us to determine whether given parameter esti-
mates were significantly different between the two
genes. To do so, we calculated the 95% credibility inter-
val for the difference between parameter estimates for
the two genes. If this interval contained zero, then there
was no significant difference between the genes for the
given parameter. The model averaging approach also al-
lowed us to evaluate the relative importance of various
nucleotide substitution parameters for each gene (Posa-
da and Buckley, 2004).

2.4. Tests for selection

To evaluate the types and strength of selection acting
on DMP1 and IRBP protein sequences, we compared
different models of protein evolution using the codeml
program in the computer package PAML 3.14 (Yang,
1997). These tests allow evaluation of whether particular
sites in a protein have evolved under positive selection or
purifying selection (Nielsen and Yang, 1998; Yang et al.,
2000). A ratio of replacement to silent substitutions
greater than one (dN/dS > 1) constitutes evidence of po-
sitive selection, whereas a dN/dS ratio less than one sug-
gests purifying selection. Specifically, we performed two
tests for positive selection on the combined gene data
set. We performed these tests using one of the mini-
mum-length trees resulting from parsimony analysis of
all data combined. The first test compares the relative
fit of two models, one of which (M0) allows for only
one dN/dS ratio (hereafter referred to by its parameter
designation x) across the data set versus one (M3 with
four site categories) that allows sites to be distributed
across four classes of x. The second test is similar to
the M3–M0 comparison, but uses a b-distribution of site
categories rather than four discrete categories to model
the distribution of x across sites. This test compares
the likelihood of a neutral model (M7) with one that al-
lows for a proportion of positively selected sites (M8).
Comparison of these models constitutes a test for posi-
tive selection: if M3 or M8 provides a better fit to the
data than their comparable neutral models (M0 or
M7, respectively), and if a proportion of sites have an
estimated x > 1, then these sites are inferred to have
evolved under positive selection. In addition to this
explicit test for positive selection, we used the Bayes
empirical Bayes approach implemented in PAML 3.14
to obtain posterior mean estimates of x for each site
(Yang et al., 2005). We then evaluated the distribution
of x values between the two genes and among sites with-
in each gene to test explicit hypotheses of molecular evo-
lution (see below).
3. Results

3.1. Base, codon, and amino acid composition

Base, codon, and amino acid compositional charac-
teristics for didelphid IRBP sequences were discussed
by Jansa and Voss (2000). Although the taxon sampling
differs between that study and the present one, the base-
compositional characteristics for the IRBP gene remain
similar for our current taxon set. Briefly, didelphid
IRBP sequences exhibit a slight overall bias toward
GC (average GC content = 56%), with most of this bias
contained in third codon positions (average
GC3 = 64%). In contrast, didelphid DMP1 sequences
exhibit a bias toward AG (average AG content = 65%),
which is strongly reflected in first and second codon
positions (average AG1 = 75%, average AG2 = 73%).
No taxon in our study exhibits significant departures
from base-compositional stationarity for either gene
when assessed with a v2 goodness-of-fit test.

Dentin matrix protein 1 in humans has been charac-
terized as a serine-rich, acidic protein with a high con-
centration of aspartic (Asp) and glutamic acid (Glu)
residues (Srinivasan et al., 1999). These characteristics
apply for DMP1 amino acid sequences across didelphid
taxa as well, and are consistent with the observed
base-compositional characteristics of the gene. For the
didelphids we sequenced, serine (coded by TCN or
AGY) is the single most prevalent amino acid, compris-
ing an average of 25% of the protein (range across
taxa = 23.8–26.1%). Aspartic (GAY) and glutamic
(GAR) acid are the next most common residues and
together comprise 26.9% (range 25.3–28.4%) of the pro-
tein. For these three amino acids, there is a strong bias
toward AGT and AGC among the possible serine co-
dons, toward GAT as an Asp codon, and toward
GAA as a Glu codon.

3.2. Substitution characteristics and model evaluation

For IRBP, among-site rate variation (a) and the pro-
portion of invariant sites (Pinv) were deemed the most
important properties of the substitution process; allow-
ing the different transversion types to have different rates
was more important than allowing different rates for the
transition parameters; while allowing different frequen-
cies of the four bases had relatively low importance



Table 2
Maximum-likelihood parameter estimates for each gene under its best-fit model (IRBP: TVMef+I+C+clock; DMP1: GTR+C) and the combined
gene data set under its best-fit model (TIM+I+C), as well as model averaged estimates and the relative importance of each parameter as determined
using a weighted AIC approach (Posada and Buckley, 2004)

Parameter IRBP DMP1 Combined

Likelihood Model averaged Importance Likelihood Model averaged Importance Likelihood Model averaged Importance

rCT 7.29 7.07 0.42 7.14 7.08 1.0 5.85 6.38 1.0
rCG 1.36 1.28 0.72 0.86 0.86 0.81 0.70 0.92 0.47
rAT 1.57 1.62 0.72 0.42 0.42 0.81 0.70 0.74 0.47
rAG 7.29 5.90 0.42 2.78 2.76 1.0 3.33 3.6 1.0
rAC 2.19 2.13 0.72 1.08 1.08 0.81 1.00 1.3 0.47
pA 0.25 0.25 0.59 0.38 0.38 1.0 0.31 0.31 1.0
pC 0.25 0.26 0.59 0.17 0.17 1.0 0.22 0.22 1.0
pG 0.25 0.27 0.59 0.26 0.26 1.0 0.27 0.27 1.0
pT 0.25 0.22 0.59 0.19 0.19 1.0 0.20 0.20 1.0
a 0.89 0.87 0.99 0.67 0.83 1.0 1.00 1.0 1.0
Pinv 0.50 0.50 0.97 0 0.18 0.40 0.35 0.35 0.93
Tree length 0.39 NA NA 0.62 NA NA 0.51 NA NA
�lnL 4369.38 NA NA 5645.18 NA NA 10134.24 NA NA

Table 3
Mean parameter estimates and 95% credibility intervals (in parenthe-
ses) from a Bayesian analysis assuming a single model across both
genes (uniform model) and one that allowed parameter estimation to
be decoupled between genes (mixed model)

Parameter Uniform model Mixed model

IRBP + DMP1 IRBP DMP1

rCT 7.98 8.58 7.47
(6.11–10.32) (5.09–14.29) (5.39–10.36)

rCG 1.06 1.14 0.88
(0.77–1.43) (0.58–2.05) (0.52–1.37)

rAT 0.86 1.93 0.43

(0.60–1.19) (0.91–3.73) (0.25–0.67)
rAG 4.54 6.62 2.87

(3.54–5.84) (3.88–11.24) (2.05–3.95)
rAC 1.56 2.12 1.12

(1.15–2.08) (1.12–3.66) (0.73–1.64)
pA 0.31 0.24 0.37

(0.30–0.32) (0.22–0.27) (0.35–0.40)
pC 0.22 0.27 0.18

(0.20–0.23) (0.24–0.29) (0.16–0.20)
pG 0.27 0.27 0.26

(0.25–0.28) (0.25–0.30) (0.24–0.28)
pT 0.20 0.22 0.19

(0.19–0.22) (0.20–0.24) (0.17–0.21)
a 1.11 1.14 1.31

(0.58–1.89) (0.36–2.87) (0.66–2.83)
Pinv 0.34 0.48 0.19

(0.18–0.46) (0.23–0.62) (0.02–0.36)
TL 0.57 0.57 0.73

(0.53–0.61) (0.50–0.66) (0.66–0.81)
�lnL 10183.02 10113.7

(10171.49–10195.71) (10096.32–10132.21)

Values in bold indicate that these parameter estimates differed signif-
icantly between the two genes.
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(Table 2). Therefore, a model describing the evolution of
this gene should include a proportion of invariant sites,
a c-distributed rate parameter, different transversion
rate parameters, and equal base frequencies. Hierarchi-
cal likelihood-ratio tests (hLRTs) resulted in a best-fit
model with even base frequencies and separate rates
for transitions and transversions (K80); the AIC settled
on a slightly more complex model that allowed for one
transition rate but different transversion rates (TVMef).
Both methods of model choice included a c-distributed
rate parameter (a) and a proportion of invariant sites
(Pinv) as part of the best-fit model. In addition, we could
not reject a molecular clock for IRBP data using the
hLRT criterion (�2DlnL = 45.98, df = 39, p = 0.12); a
molecular clock also provided a better fit to the IRBP
data according to the AIC.

For DMP1, base frequency, among-site rate varia-
tion, and transition parameters all received high relative
importance; transversion parameters were less impor-
tant; whereas including a proportion of invariant sites
was relatively unimportant (Table 2). A model that al-
lows for different proportions of bases, two different
transversion rates and different rates for transition types
(TIM) was chosen through likelihood-ratio testing. The
AIC, however, suggests that a more complex model that
includes different rates for each substitution type (GTR)
is more appropriate. Both approaches included a c-dis-
tributed rate parameter but no invariant sites in the
best-fit model. A molecular clock was rejected for the
DMP1 data set using either criterion for model choice
(hLRT: �2DlnL = 112.88, df = 39, p � 0.001).

For the combined gene data set analyzed under a uni-
form model, base frequencies, transition parameters,
site-specific rates, and a proportion of invariant sites
were all considered important parameters (Table 2).
Both the hLRT and AIC suggest a TIM+I+C model
as the best fit for both genes analyzed simultaneously,
and a molecular clock was rejected for this data set
(hLRT: �2DlnL = 91.90, df = 39, p � 0.001).

Comparisons of mean parameter estimates from the
partitioned Bayesian analysis (Table 3, Fig. 3) suggest
that the two genes have similar CT and CG substitution



Fig. 3. Average values and 95% credibility intervals of parameter estimates for IRBP (dark gray) and DMP1 (light gray) as determined through a
Bayesian analysis that decoupled parameter estimation between the two genes. An asterisk indicates that parameter estimates differ significantly
between the two loci. Open circles represent point estimates of parameter values from a likelihood analysis of each gene under its best-fit model.
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rates and a similar proportion of G. However, DMP1
evolves almost 30% faster than IRBP, has 2.5 times
more variable sites, has less among-site rate heterogene-
ity, is skewed toward A and away from CT (IRBP has
relatively even base frequencies), and has a significantly
lower rate of change between adenine and any other
nucleotide (Fig. 3). Likelihood point estimates for cer-
tain parameters fall outside the 95% credibility interval
of the Bayesian estimates. However, model-averaged
parameter estimates are all within the 95% credibility
interval for values obtained using Bayesian methods
(compare Tables 2 and 3).

3.3. Phylogenetic results

Parsimony analysis of the IRBP data (containing
22% variable sites and 14% parsimony-informative
sites; Table 4) resulted in 21 minimum-length trees;
the strict consensus of these trees resolved 31 of a pos-
Table 4
Tree statistics from parsimony analysis of the various partitioned and comb

IRBP DMP1a D

No. of characters 1158 1176 1
No. of variable 255 418
No. of informative 159 239
No. of MPTs 21 30
Tree length 427 673
CI(excl. uninf.) 0.63 0.61
CI(incl. uninf.) 0.71 0.73
RI 0.84 0.82

No. of nodes resolvedd

bs P 95% 14 16
75 P bs < 95 9 12
50 P bs < 75 9 7
Total 31 34

a With gaps coded as missing data.
b With gaps coded as phylogenetic characters.
c IRBP + DMP1 (with gaps as characters) + morphology.
d Nodes resolved with given bootstrap support (bs); total refers to resolve
sible 39 nodes (Fig. 4A). Separate analysis of the
DMP1 data (containing 36% variable sites and 20%
parsimony-informative sites; Table 4) resulted in 30
minimum-length trees, the strict consensus of which re-
solves 33 nodes (Fig. 4B), two more than the IRBP
parsimony consensus. Moreover, a higher proportion
of nodes in the DMP1 consensus topology received
bootstrap support P75% than those in the IRBP con-
sensus tree (Table 4). Simultaneous analysis of IRBP
and DMP1 returned eight equally parsimonious trees,
the strict consensus of which resolved 33 nodes (not
shown); 88% of these had bootstrap support P75%.
Analyses of the matrix that included both genes plus
morphology resulted in more equally parsimonious
trees and the loss of one node in the strict consensus;
however, the number of well-supported nodes (boot-
strap P75%) increased slightly over that recovered
from parsimony analysis of just the combined gene
data (Fig. 5, Table 4).
ined data sets

MP1b DMP1b + IRBP All data combinedc

188 2346 2417
430 685 755
247 406 472
30 8 20
691 1124 1301.5
0.61 0.61 0.59
0.72 0.72 0.69
0.82 0.83 0.82

18 22 22
10 7 8
8 5 3
33 33 32

d nodes in strict consensus tree.
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Fig. 4. The strict consensus of equally parsimonious trees resulting from separate analysis of (A) the IRBP data, (B) the DMP1 data with gaps coded
as phylogenetic characters. Line thickness and buttressing are as described in Fig. 1.
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A few minor differences characterize the trees based
on DMP1 sequences with indels coded as phylogenetic
characters versus those in which indels were treated as
missing data. In the former analysis, Marmosa lepida

joins at the base of a clade containing species of Micou-

reus and Marmosa murina with bootstrap support of
68%. When gaps are coded as missing data, this taxon
forms an unresolved trichotomy with that clade and
the remaining species of Marmosa. Moreover, two poor-
ly supported clades—one uniting G. aceramarcae and
G. agilis (bootstrap = 59%) and one uniting all species
of Gracilinanus and Cryptonanus in a single clade (boot-
strap = 55%)—are only recovered when indels are treat-
ed as missing data. Although most of the remaining
nodes have similar bootstrap values between the two
analyses, support for the two species of Crypton-

anus + G. emiliae rises from 66 to 82% when indels are
coded as missing, whereas support for M. demera-
rae + M. paraguayanus decreases from 95 to 87%.
Four clades in the combined data parsimony tree are
characterized by unique and unreversed deletions in
DMP1 (indicated by stars in Fig. 5). All species of
Marmosops share a 3 bp deletion; Didelphis, Philander,
and Lutreolina share an independent 3 bp deletion; spe-
cies of Micoureus, M. murina, and M. lepida share an 18
bp deletion; and the two species of Caluromys share two
different 3 bp deletions. The remaining seven deletions
(ranging from 3 to 15 bp in length) are either autapo-
morphic (n = 4) or homoplastic (n = 3).

Likelihood analysis of the IRBP data under its best-
fit model (TVMef+I+C+clock) resulted in rooting the
topology on Metachirus. We noted a similar phenome-
non in previous likelihood analyses of IRBP for a slight-
ly different set of didelphid taxa (Voss and Jansa, 2003);
however, this topology is not significantly different from
those that place the root so that didelphines are mono-
phyletic as assessed by a SH test. Once this topology is
re-rooted with Glironia, it is nearly identical to and



Fig. 5. The strict consensus of 20 equally parsimonious trees resulting from analysis of the combined molecular (DMP1 + IRBP) and nonmolecular
data. Numbers identify nodes and refer to Table 5 for support values. Gray stars indicate unique and unreversed deletions in the DMP1 sequences.
Line thickness and buttressing are as described in Fig. 1.
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entirely congruent with the strict consensus of trees from
the unweighted parsimony analysis (Fig. 4A). Likeli-
hood analyses of the DMP1 data under its best-fit
model (GTR + C) resulted in a tree that is fully consis-
tent with the parsimony DMP1 tree (Fig. 4B). More-
over, both likelihood and parsimony analysis of the
separate gene data sets resulted in similar nodal support
values Table 5).

Despite the inferred differences in nucleotide substitu-
tion dynamics between the two genes described above,
we found no significant phylogenetic incongruence be-
tween the IRBP and DMP1 data sets when assessed with



Table 5
Bootstrap support (parsimony and likelihood) and nodal posterior probability estimates (Bayesian uniform model analysis) from each dataset for
nodes that appear in the combined data parsimony (Fig. 5) or likelihood trees (Fig. 6)

Nodea Parsimony Likelihood Bayesian

IRBP DMP1b DMP1b + IRBP All datac IRBP DMP1d DMP1d + IRBP DMP1d + IRBP

1 87 76 95 86 95 80 97 1.0
2 (A) 98 100 100 100 99 100 100 1.0
3 — 91 89 83 — 91 89 1.0
4 61 32 55 70 75 17 48 —
5 100 100 100 100 100 100 100 1.0
6 (B) 100 97 100 100 100 99 100 1.0
7 100 100 100 100 100 100 100 1.0
8 87 95 97 96 74 95 87 1.0
9 100 100 100 100 100 100 100 1.0
10 99 100 100 100 99 100 100 1.0
11 (C) 97 85 97 97 95 81 97 1.0
12 78 99 100 100 95 72 100 1.0
13 80 92 98 98 88 91 99 1.0
14 75 62 85 76 78 98 87 1.0
15 32 88 91 99 82 97 98 1.0
16 (D) 77 79 96 92 89 94 98 1.0
17 (E) 81 98 99 100 94 99 100 1.0
18 (F) 100 100 100 100 100 100 100 1.0
19 (G) 98 100 100 100 97 98 100 1.0
20 (H) 77 78 96 97 77 73 97 1.0
21 — 95 61 62 — 89 31 —
22 89 99 99 100 94 100 100 1.0
23 — 80 82 77 13 90 92 1.0
24 (I) 74 68 97 86 79 77 92 1.0
25 100 100 100 100 100 100 100 1.0
26 54 96 98 99 59 95 98 1.0
27 98 98 100 100 99 96 100 1.0
28 100 100 100 100 100 100 100 1.0
29 39 58 57 81 42 44 47 —
30 (J) 57 81 89 89 67 89 95 1.0
31 100 100 100 100 98 89 97 1.0
32 (K) 100 100 100 100 100 100 100 1.0
33 — 66 44 30 — 82 51 —
34 — 30 18 — — 48 34 —
35 68 — 31 30 68 5 48 —
36 28 39 35 9 35 55 50 —

Dashes indicate bootstrap support <5% or Bayesian posterior probabilities <0.95.
a Node numbers refer to Figs. 5 or 6. Letters refer to intergeneric groupings as shown in Fig. 1.
b Gaps treated as phylogenetic characters.
c DMP1 (gaps as characters) + IRBP + morphology.
d Gaps treated as missing data.
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the parsimony-based ILD test (p = 0.378). In contrast,
likelihood-based SH tests examining the fit of the
DMP1 data to the IRBP tree and vice versa suggested
that two genes contain conflicting phylogenetic signal
(DMP1 on IRBP tree: �2DlnL = 49.72, p = 0.002;
IRBP on DMP1 tree: �2DlnL = 23.68, p = 0.034).
However, none of the nodes that differ between the
two trees are supported by bootstrap values >50%.
Moreover, neither gene alone was able to reject the com-
bined data tree (DMP1 on combined data tree:
�2DlnL = 9.87, p = 0.305; IRBP on combined data
tree: �2DlnL = 5.87, p = 0.387).

Likelihood analysis of the combined gene data set un-
der its best-fit model (TIM + I + C) also resulted in a
tree (Fig. 6) that was largely congruent with the com-
bined gene parsimony tree. The principal difference be-
tween the two topologies concerns the placement of
Tlacuatzin. Whereas parsimony analysis of the com-
bined gene data set places Tlacuatzin sister to Monodel-

phis with weak bootstrap support (57%, tree not shown),
likelihood analysis of the combined gene data set under
a single model places Tlacuatzin sister to the clade
including Monodelphis, Micoureus, and Marmosa with
similarly weak support (50%, Fig. 6). However, when
the nonmolecular data are added to the combined gene
data for parsimony analysis, bootstrap support for the
relationship between Tlacuatzin and Monodelphis

increases to 81%, despite the fact that nonmolecular
data alone cannot resolve the position of Tlacuatzin with
any certainty (Voss and Jansa, 2003).



Fig. 6. Tree resulting from likelihood analysis of the combined gene data set under its best-fit model (TIM+I+C). Line thickness and buttressing are
as described in Fig. 1. Node numbers identify additional nodes that were not recovered in the parsimony analysis (Fig. 5) and refer to Table 5 for
support values.
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For the Bayesian analyses, there were no nodes with
markedly different posterior probability estimates be-
tween the uniform and mixed model analyses; all nodes
with posterior probabilities >0.95 in the partitioned
analysis also received values >0.95 in the uniform model
analysis. Conversely, any node with a posterior proba-
bility <0.95 in the partitioned analysis was similarly
poorly supported in the uniform model analysis. There-
fore, although the two genes have significantly different
nucleotide substitution patterns, assuming a single mod-



S.A. Jansa et al. / Molecular Phylogenetics and Evolution 38 (2006) 363–380 375
el of evolution across both genes does not markedly af-
fect our phylogenetic conclusions. Bayesian nodal pos-
terior probability values do not appear to overestimate
support for nodes as inferred from parsimony or likeli-
hood bootstrapping (contra Suzuki et al., 2002). Only
three nodes receive posterior probability values <95%;
each of these also receives bootstrap support <70% in
either likelihood or parsimony analyses. Moreover, all
of the nodes that are supported by posterior probabili-
ties >0.95 also receive bootstrap support >75% in both
the parsimony and uniform model likelihood analyses.

3.4. Tests for selection

In the majority of pairwise comparisons, DMP1
exhibits higher divergence values across the whole gene
than does IRBP (Fig. 7A), but this divergence is propor-
tioned differently among codon positions for the two
genes. DMP1 has a lower proportion of third position
transitions than does IRBP (Figs. 7B and C) but a much
higher proportion of change at first and second codon
positions (not shown). Given that changes in first and
Fig. 7. Scatterplots of distances (p-distance) for pairwise comparisons of (A
transitions in DMP1 vs. overall DMP1 divergence, and (C) third position tr
second codon positions are predominantly replacement
substitutions, we should expect to see more sites in
DMP1 with an elevated ratio of replacement to silent
substitutions (x) than in IRBP.

As expected given these patterns of divergence, mod-
els that allow for a proportion of sites to assume x > 1
(M3 and M8) fit the data much better than correspond-
ing models that do not (M0 and M7, respectively). M3
provides a much better fit to the data than M0 with
log-likelihood values ‘M3 = �9904.42 and ‘M0 =
�10050.15, respectively (2D‘ = 291.46, df = 6, p �
0.001). Similarly, M8 provides a better fit than M7 with
‘M8 = �9906.78 and ‘M7 = �9923.58 (2D‘ = 33.59,
df = 2, p � 0.001). Parameter estimates from the M3
model suggest that about 6% of sites across the two genes
are under positive selection, with 5.6% of sites having
x̂ ¼ 1.87 and 0.2% have x̂ ¼ 7.54; M8 estimates far few-
er sites under positive selection with 3% of sites having
x̂ ¼ 2.63. In comparisons discussed below, we report
estimates under the more conservative M8 model.

Although models that allow for positively selected
sites fit the combined gene data set better than those that
) overall sequence divergence in DMP1 vs. IRBP, (B) third position
ansitions in IRBP vs. overall IRBP divergence.



Fig. 8. Distribution of mean posterior x values for sites in IRBP (dark
gray) and DMP1 (light gray) as estimated with the M8 model as
implemented in the codeml program of PAML (Yang, 1997).

376 S.A. Jansa et al. / Molecular Phylogenetics and Evolution 38 (2006) 363–380
do not, the number of positively selected sites differs
markedly between the two genes (Fig. 8). IRBP has only
seven sites with an estimated x > 1, none of which have
posterior probability values >95% of being under posi-
tive selection. In contrast, DMP1 has 17 sites with
x > 1, five of which have posterior probabilities >95%
of being under positive selection. The proportion of sites
exhibiting an estimated x > 1 differs significantly be-
tween the two genes when assessed with a v2 test
(v2 = 4.14, df = 1, p = 0.04). Not only does DMP1
exhibit a higher proportion of sites under positive selec-
tion, but it also has far fewer sites that are under strong
purifying selection than does IRBP. Because there is no
objective value of x < 1 that indicates strong purifying
selection, we arbitrarily define sites under strong purify-
ing selection as those with x 6 0.25, noting that our re-
sults are robust to more and less stringent criteria. For
IRBP, 87% of the codon positions are under strong puri-
fying selection as compared with 54% of codon positions
in DMP1. This proportion is highly significant when as-
sessed with a v2 test (v2 = 101.0, df = 1, p � 0.001).
Therefore, it appears that the DMP1 protein is under
considerably less selective constraint than the IRBP pro-
tein and has a few sites that may be evolving under po-
sitive selection.
4. Discussion

4.1. Phylogenetic relationships

Although IRBP and DMP1 clearly differ in function,
selective pressures, and nucleotide substitution patterns,
estimates of didelphid relationships based on separate
phylogenetic analyses of these genes are remarkably
congruent whether patterns of nucleotide substitution
are explicitly modeled or not. Moreover, the phylogenet-
ic information provided by IRBP and DMP1 tends to be
complementary rather than redundant in simultaneous
analyses of our taxon-dense data sets. A brief review
of recent progress in didelphid phylogeny estimation
based on IRBP and morphology provides a necessary
context for these assessments and for discussion of the
comparative evolution of these two genes.

The strength of our initial phylogenetic conclusions
based on IRBP sequences alone (Jansa and Voss,
2000) was not compromised by adding new nonmolecu-
lar characters, so much as it was by adding new taxa in
subsequent analyses (Voss and Jansa, 2003; Voss et al.,
2005). In effect, nonmolecular (morphological + karyo-
typic) data provide strong support for just a few clades,
all of which were also strongly supported by IRBP, and
no examples of ‘‘hard’’ incongruence were discovered.
Instead, all observed conflicts between nonmolecular
and IRBP topologies resulting from separate analyses
involved nodes with weak support in one or both data
sets. Although certain nodes that were strongly support-
ed by IRBP lost some support when the nonmolecular
data were added, there was a net increase in nodal sup-
port when these data sets were combined in a simulta-
neous analysis (Table 6 in Voss and Jansa, 2003).

In contrast, adding new taxa substantially eroded
support for some clades. Thus, certain relationships that
were completely resolved in our initial study of 21
didelphid species collapsed entirely when new taxa were
added, and nodal support was generally lower for the
more taxon-dense analysis. For example, clade J (Fig.
1) was strongly supported (92% parsimony bootstrap)
in our 21-taxon tree but was not recovered in a subse-
quent analysis with 31 taxa. The resulting polytomy is
attributable to including additional species of Marmosa,
Monodelphis, and Micoureus, as well as the enigmatic
taxon Tlacuatzin canescens (a species previously as-
signed to Marmosa). Apparently, these new taxa desta-
bilized a node that may have been artefactually
supported due to sparse taxon sampling in our initial
study.

Our expectation that DMP1 sequences would help
recover some of this lost resolution proved well-found-
ed. As documented herein, these new characters restored
a group containing Micoureus, Marmosa, and Monodel-

phis, to which Tlacuatzin also appears to belong. This re-
vised concept of clade J (differing from our original
concept by containing Tlacuatzin) receives most of its
support from DMP1 (Table 5). Although clade J does
not appear in the strict consensus of minimum-length
IRBP trees (Fig. 4A), there is in fact some support for
this relationship in the IRBP data set (Table 5). Our
combined gene analysis recovers clade J with strong
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support whether explicit models of nucleotide substitu-
tion are utilized (1.0 Bayesian posteriors in uniform
and mixed model analyses; 95% likelihood bootstrap)
or not (89% parsimony bootstrap), nor does support
for this grouping change when nonmolecular characters
are included in a simultaneous analysis of all three data
sets. However, the exact position of Tlacuatzin within
clade J remains uncertain. Only the combined data
parsimony analysis recovers Tlacuatzin as sister to
Monodelphis with any substantial support (boot-
strap = 81%), whereas the likelihood analysis recovered
a different arrangement that placed Tlacuatzin sister to
the clade including Marmosa, Micoureus, and Monodel-

phis (bootstrap = 50%).
In addition to increased resolution, several clades re-

ceive improved support with the addition of DMP1
sequences to previously analyzed (IRBP + nonmolecu-
lar) data sets. Support for all relationships among species
of Didelphis and Philander improves, as does support for
clades C, E, and G (Fig. 5; Table 5). However, the most
dramatic increase in support occurs for clade H. This
node is particularly significant as it effectively falsifies
the hypothesized monophyly of the small ‘‘marmosine’’
opossums (Creighton, 1984; Reig et al., 1987), an obvi-
ously artificial group of genera containing numerous spe-
cies formerly classified as or allied with Marmosa (sensu
lato; Tate, 1933). The lack of any strong evidence for
‘‘marmosine’’ monophyly was reviewed by Jansa and
Voss (2000), who remarked that clade H had previously
appeared in analyses of DNA–DNA hybridization data
reported by Kirsch et al. (1995) and Kirsch and Palma
(1995). Although clade H was not supported by Palma
and Spotorno�s (1999) analysis of mitochondrial 12S
DNA sequences, it received reasonably high nodal sup-
port in a subsequent study of the nuclear transthyretin
intron (Steiner et al., 2005). Neither IRBP nor DMP1
alone provide particularly strong support for clade H,
but when combined, they provide compelling evidence
for ‘‘marmosine’’ paraphyly.

Our present analysis, while not conclusive, also sup-
ports the emerging picture of Micoureus as a monophy-
letic group nested within a paraphyletic Marmosa (Fig.
5). Among the species of Marmosa that we have sam-
pled, three (mexicana, robinsoni, and rubra) now form
a well-supported cluster, while the remaining two (muri-

na and lepida) form a clade with Micoureus. Although
this latter clade receives only moderate bootstrap sup-
port (86%) in our combined data analysis, we note that
all members of this group share an 18 bp deletion in
DMP1. Conclusive evidence of relationships among spe-
cies of Marmosa and Micoureus will require far denser
species-level sampling, as well as improved nodal sup-
port from additional characters. However, it should be
noted that no phylogenetic study to date has provided
compelling evidence for the monophyly of Marmosa,
even in the strictest sense.
Although DMP1 generally improves resolution and
support across didelphine phylogeny, an obvious exam-
ple of conflict between this gene and IRBP concerns
relationship among species of Cryptonanus and Gracilin-

anus (compare Figs. 4A and B). Members of Crypton-
anus are morphologically distinguishable from species
of Gracilinanus, and previous analyses of IRBP sequenc-
es have supported the reciprocal monophyly of these
genera (Voss et al., 2005). Surprisingly, we recovered a
sister-group relationship between G. emiliae and Cryp-

tonanus in our separate analyses of DMP1 sequences
(Fig. 4B) and in our likelihood analysis of the combined
gene data set (Fig. 6). However, we note that this rela-
tionship receives only weak support and does not appear
in our combined data parsimony analysis (Fig. 5). At
most, therefore, this is an example of decidedly ‘‘soft’’
conflict between two otherwise impressively congruent
data sets.

4.2. Molecular evolution

Several aspects of molecular evolution can affect the
phylogenetic utility of a given gene sequence. Among
these, rate heterogeneity, skewed base frequencies, and
departures from base-compositional stationarity across
taxa are thought to adversely affect phylogenetic accura-
cy (Galtier and Gouy, 1995; Lin and Danforth, 2004;
Yang, 1996). In particular, a high evolutionary rate cou-
pled with severe rate heterogeneity is most frequently
associated with the apparently poor performance of par-
ticular gene sequences (Lin and Danforth, 2004; Yang,
1996, 1998). If rapid evolutionary change is restricted
to only a few sites (as indicated by a low value for the
a parameter describing the shape of the gamma distribu-
tion), these sites tend to become saturated such that phy-
logenetic signal is overwhelmed by noise. Such problems
do not, however, appear to affect either IRBP or DMP1.
Neither gene departs from base-compositional stationa-
rity, and both are relatively slowly evolving, with a max-
imum uncorrected distance among our taxa of 6.2% for
IRBP and 10.3% for DMP1. Although IRBP exhibits
significantly more rate heterogeneity in our mixed model
Bayesian analysis than does DMP1 (Table 3), neither
gene shows evidence of sequence saturation (Figs. 7B
and C).

Based on these qualities, IRBP and DMP1 show sim-
ilar promise as phylogenetic markers. Indeed, they are
closely comparable in several measures of phylogenetic
utility, including topological congruence and degree of
homoplasy (CI and RI values, Table 4). However,
DMP1 outperforms IRBP in terms of the number of
informative sites per sequenced base pair, number of re-
solved nodes in strict consensus topologies, and the rel-
ative support for these nodes (Table 5). Moreover, the
DMP1 alignment exhibits a number of parsimony-infor-
mative insertion–deletion events whereas the IRBP
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alignment does not. This improved resolution and sup-
port is due in part to the fact that DMP1 evolves about
30% more quickly than IRBP but also exhibits less
among-site rate heterogeneity (a values, Table 3). This
reduced rate heterogeneity can in turn be explained by
the fact that DMP1 has considerably more sites free to
vary than does IRBP (Pinv values, Table 3). Because
changes in DMP1 are not concentrated at a particular
site (e.g., third position) but are distributed across sites
in the gene, DMP1 and IRBP have similarly low levels
of homoplasy despite the accelerated substitution rate
for DMP1.

Our analyses of selection suggest that IRBP and
DMP1 have experienced very different evolutionary con-
straints at the protein level (Fig. 8), and that these con-
straints determine, at least in part, the phylogenetic
behavior of the two genes. In particular, DMP1 has
far fewer sites under strong purifying selection than does
IRBP, and it exhibits a number of sites that may have
experienced positive directional selection. Previous stud-
ies suggest that this pattern of selection on DMP1 may
be widespread across mammalian taxa. For example,
van den Bussche et al. (2003) noted that pairwise esti-
mates of dN/dS ratios were higher for DMP1 than the
nuclear RAG2 locus for several species of bats. Thus,
these different selective pressures might explain why
DMP1 has more sites free to vary and less among-site
rate heterogeneity than IRBP. However, why DMP1
should show reduced selective constraints at the protein
level compared to other nuclear genes remains to be ful-
ly understood.

One possible explanation concerns the functional
properties of the proteins in question. The IRBP gene,
for example, is expressed in the vertebrate retina, where
it plays a role in transporting retinoids during the visual
cycle (Gonzalez-Fernandez, 2003). Studies suggest that
the IRBP protein folds so as to create a specific, hydro-
phobic ligand-binding site that requires tryptophan res-
idues to successfully bind retinol (Gonzalez-Fernandez,
2003; Loew and Gonzalez-Fernandez, 2002). Plausibly,
proper folding and biological activity of the IRBP pro-
tein requires conservation of a linear amino acid se-
quence and maintenance of specific residues at
particular sites. Perhaps for this reason, the IRBP gene
may be unable to tolerate insertion–deletion events (at
least for the first 1000 bp of exon 1) and is highly con-
served at the amino acid level.

In contrast, the DMP1 gene is expressed primarily in
vertebrate teeth and bones, where the protein plays a
role in the calcification of mineralized tissues (Butler
and Ritchie, 1995; Feng et al., 2003). The full-length
DMP1 protein has been difficult to isolate from living
tissues, and recent work suggests that a functional,
full-length product may simply not exist in vivo (Qin
et al., 2003). Rather, DMP1 appears to be posttransla-
tionally cleaved into two shorter molecules that are bio-
logically active. Additional studies suggest that the
proper functioning of DMP1 does not depend on
intramolecular folding, so much as on formation of a
intermolecular matrix composed of short protein frag-
ments that complex calcium ions (He et al., 2003). To
successfully bind calcium, these short fragments need
to contain phosphorylated serine residues in close prox-
imity to the acidic amino acids aspartic and glutamic
acid. Therefore, selection on this gene presumably acts
primarily to conserve peptide cleavage sites (typically
at Asp residues; Qin et al., 2003) along with Ser, Asp,
and Glu (SDE) residues (Kawasaki et al., 2004).

If this functional model is correct, then we should ex-
pect SDE residues in DMP1 to be under strong purifying
selection while other residues should have higher x val-
ues consistent with relaxed selection. To test this predic-
tion, we examined the posterior mean x estimates for
sites that were SDE in an arbitrarily chosen taxon
(Caluromys lanatus) versus x estimates for all other sites.
The distribution of these x estimates differs markedly be-
tween the two categories. Consistent with our predic-
tions, 97% of the sites containing Ser, Asp, or Glu were
under strong purifying selection (x 6 0.25 by our arbi-
trary threshold criterion), while sites containing any
other residue had a much lower proportion (85%) of sites
with x 6 0.25, a difference that is significant when as-
sessed with a v2 test (v2 = 16.6; df = 1; p � 0.001). More-
over, a similar analysis conducted for IRBP resulted in
no significant difference in selective constraints between
SDE sites and other amino acids (v2 = 0.56; df = 1;
p = 0.45). Therefore, the unique functional characteris-
tics of DMP1 appear to constrain only a few type of ami-
no acids while allowing others to change more freely.

We hypothesize that such functional constraints at
the protein level affect the nucleotide substitution
parameters for the DMP1 gene and influence its phylo-
genetic utility. The functional need to maintain Ser, Asp,
and Glu, all of which have either A or G in the first and
second codon position, plausibly explains why DMP1
sequences are rich in these nucleotides and exhibit rela-
tively few changes between adenine and any other nucle-
otide (Fig. 3). The apparent lack of functional
constraints on other residues allows DMP1 to have sev-
eral sites free to vary, a high rate of evolution, and rel-
atively little among-site rate heterogeneity. On the
other hand, because the biological activity of DMP1
may not require conservation of long series of amino
acids (Kawasaki et al., 2004), the gene can tolerate inser-
tion–deletion events and becomes very difficult to align
at higher taxonomic levels (van den Bussche et al.,
2003; personal observation). Thus, patterns of selection
may restrict the phylogenetic utility of DMP1 to rela-
tively well-circumscribed groups that do not exhibit
extensive regions of alignment ambiguity, but within
these groups, its relaxed selective constraints make it a
valuable phylogenetic tool.
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