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Abstract

We have reconstructed the phylogenetic relationships of 23 species in the dog family, Canidae, using DNA sequence data from six
nuclear loci. Individual gene trees were generated with maximum parsimony (MP) and maximum likelihood (ML) analysis. In gen-
eral, these individual gene trees were not well resolved, but several identical groupings were supported by more than one locus. Phy-
logenetic analysis with a data set combining the six nuclear loci using MP, ML, and Bayesian approaches produced a more resolved
tree that agreed with previously published mitochondrial trees in finding three well-defined clades, including the red fox-like canids,
the South American foxes, and the wolf-like canids. In addition, the nuclear data set provides novel indel support for several previ-
ously inferred clades. Differences between trees derived from the nuclear data and those from the mitochondrial data include the
grouping of the bush dog and maned wolf into a clade with the South American foxes, the grouping of the side-striped jackal (Canis
adustus) and black-backed jackal (Canis mesomelas) and the grouping of the bat-eared fox (Otocyon megalotis) with the raccoon dog
(Nycteruetes procyonoides). We also analyzed the combined nuclear + mitochondrial tree. Many nodes that were strongly supported
in the nuclear tree or the mitochondrial tree remained strongly supported in the nuclear + mitochondrial tree. Relationships within
the clades containing the red fox-like canids and South American canids are well resolved, whereas the relationships among the wolf-
like canids remain largely undetermined. The lack of resolution within the wolf-like canids may be due to their recent divergence and
insufficient time for the accumulation of phylogenetically informative signal.
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1. Introduction analysis of the Canidae to date utilized 2001 bp of

sequence data from three mitochondrial genes (Wayne

The Canidae is a family of dog-like carnivores that
includes 16 genera and 36 species (Nowak, 1999). Con-
siderable interest in the evolutionary relationships of
canids has resulted in analyses based on morphological
data (Berta, 1987; Lyras and Van Der Geer, 2003; Ted-
ford etal, 1995; Zrzavy and Ricankova, 2004) and
molecular data, including G-banded karyotypes (Wayne
et al,, 1987a,b), DNA-DNA hybridization (Wayne et al.,
1990), allozymes (Wayne and O’Brien, 1987), and mito-
chondrial DNA sequences (Geffen et al., 1992; Wayne
et al.,, 1997). The most definitive molecular phylogenetic
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et al.,, 1997) and found four monophyletic groups within
the Canidae (Table 1): (1) the wolf- and jackal-like
canids; (2) the red fox-like canids; (3) the South Ameri-
can foxes; and (4) the maned wolf (Chysocyon brachyu-
rus) and bush dog (Speothos venaticus). In addition, it
was concluded that the gray fox (Urocyon cinereoargen-
teus), raccoon dog (Nycteruetes procyonoides), and bat-
eared fox (Otocyon megalotis) are basal canids not
closely associated with any of these monophyletic
groups (Wayne et al., 1997). However, several phyloge-
netic issues remain unresolved including: (1) the
branching order among the gray fox, raccoon dog and
bat-eared fox; (2) the monophyly of the crab-eating fox
(Cerdocyon thous) and small-eared dog (Atelocynus mic-
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Table 1
Taxa used in this study: species, abbreviation, and common name

Species Abbreviation Common name
Red fox-like canids
Alopex lagopus Ala Arctic fox
Fennecus zerda Fze Fennec fox
Vulpes corsac Vco Corsac fox
Vulpes macrotis Vma Kit fox
Vulpes vulpes Vvu Red fox
Wolf-like canids
Canis adustus Cad Side-striped jackal
Canis aureus Cau Golden jackal
Canis latrans Cla Coyote
Canis lupus Clu Gray wolf
Canis familiaris Cfa Dog
Canis mesomelas Cme Black-backed jackal
Cuon alpinus Cal Dhole
Lycaon pictus Lpi Wild dog
South American canids
Chrysocyon brachyurus Cbr Maned wolf
Speothos venaticus Sve Bush dog
South American foxes
Atelocynus microtis Ami Small-eared dog
Cerdocyon thous Cth Crab-eating fox
Pseudalopex griseus Pgr Argentine gray fox
Pseudalopex gymnocercus Pgy Pampas fox
Pseudalopex sechurae Pse Sechuran fox

Putative basal canids
Nycteruetes procyonoides Npr
Otocyon megalotis Ome
Urocyon cinereoargenteus Uci

Raccoon dog
Bat-eared fox
Gray fox

rotis); (3) the relationship of the wild dog (Lycaon pictus)
and side-striped jackal (Canis adustus) to the wolf-like
canids; (4) the monophyly of the maned wolf and bush
dog; and (5) the iterative or single appearance of the
trenchant heel (a specialized dentition feature for cutting
meat).

To better resolve these issues and to test previous
hypotheses based on morphologic and molecular data,
we sequenced portions of six nuclear genes focusing on
non-coding regions that were located on different chro-
mosomes. The Canidae consists of a group of species
with a relatively recent evolutionary history and esti-
mated divergence times between 0.3 and 12 MYA
(Bininda-Emonds et al, 1999; Wayne etal, 1991).
Although mitochondrial genes have the advantage of
evolving rapidly, they essentially provide a single gene
genealogy. Nuclear markers are attractive because multi-
ple unlinked regions of the genome can be sampled and
their slower rate of substitution reduces levels of homo-
plasy in the sequence data (Matthee et al., 2001; Pry-
chitko and Moore, 2000; Springer et al., 1999, 2001). In
addition, non-coding regions are more likely to accumu-
late indels which can provide phylogenetically useful
information because they are relatively rare events and
less likely to be reversible (Rokas and Holland, 2000). If
multiple gene trees yield the same topology, it strength-

ens the support that the gene tree reflects the species tree
(Miyamoto and Fitch, 1995; Penny and Hendy, 1986). If
not, it suggests that additional data or analyses are
required (Rokas et al., 2003). Further, combining data
from multiple loci may reveal relationships not seen in
analyzing individual loci and strengthen seemingly weak
relationships (Chippindale and Wiens, 1994; Koepfli and
Wayne, 2003; Mitchell et al., 2000; Olmstead and Swe-
ere, 1994; Slade et al., 1994). Finally, advances in meth-
ods of phylogenetic analyses have occurred since the
previous mitochondrial DNA sequence analysis was per-
formed, which allow us to perform additional analyses
with maximum likelihood (ML) and Bayesian methods
and compare tree topologies derived from the nuclear or
mitochondrial data sets in a statistical framework. We
analyzed the nuclear derived tree separately to obtain an
estimate of canid phylogeny independent of the previ-
ously published mitochondrial phylogeny. We also com-
bined the nuclear and mitochondrial data set to
determine the resulting phylogeny.

2. Materials and methods

2.1. Samples, DN A isolation, PCR amplification, and
sequencing

We obtained tissue or DNA samples from 23 species
of Canidae, representing 14 genera (Table 1) from
sources as previously described (Bardeleben et al., 2005).
Samples from Canis simensis, Lycalopex vetulus, and
Pseudalopex culpaeus included in Wayne et al. (1997)
were no longer available. We refer to a species by its
genus name only if the genus is monotypic. When we
refer to a genus with multiple taxa, we refer to all the
taxa in that genus, (e.g., Pseudalopex equals Pseudalopex
griseus, Pseudalopex gymnocercus, and Pseudalopex
sechurae). Seven arctoid carnivores including Ursus
americanus, Ailuropoda melanoleuca (Institute of Zool-
ogy, London), Odobenus rosmarus (University of
Alaska), Mirounga augustirostris (Brent Steward, Sea
World), Enhydra lutris, Lontra longicaudis, and Procyon
lotor, were used as outgroups. Sources for E. lutris,
L. longicaudis, and P. lotor are as previously published
(Koepfli and Wayne, 2003). For tissue or blood samples,
total genomic DNA was isolated using standard phenol/
chloroform extraction followed by precipitation with
ethanol (Sambrook et al., 1989). Six regions of nuclear
DNA consisting mainly of non-coding DNA were
amplified by the polymerase chain reaction (PCR). The
name, primers and chromosomal location for each locus
are listed in Table 2. Some primers were modified to
obtain an amplification product in the outgroups,
including those used to amplify CYPIA in A. melanol-
euca, E. lutris, and L. longicaudis, and the reverse primer
used to amplify the 3'flank in TRSP in E. lutris, L. longi-
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Table 2

Gene symbol, name, location, primers, and region amplified of nuclear loci used in this study

Locus Gene name Location®  Primers Region amplified® Reference
CHRNAI Cholinergic receptor, 2q24-q32  F: 5'gaccatgaagtcagaccaggag3’ Intron 8 Lyons et al. (1997)
nicotinic alpha polypeptide R: 5'ggagtatgtggtccatcaccat3’
1 precursor
CYPIAI Cytochrome P-450 7 (a) F: 5'ttggacctctttggagetgg3’ Intron 3 to exon 6 Venta et al. (1996)
R: 5'tggttgatctgecactggtt3’
(b) F¢ 5'gatttgacacagtcacaact3’ This study
R® 5’aagacgcaacgtcccttg3’
FES Feline sarcoma 15 F: 5'ggggaactttggcgaagtgtt3’ Intron 14 Venta et al. (1996)
protooncogene R: 5'tccatgacgatgtagatggg3’
GHR Growth hormone receptor S F: 5'ccagttccagttccaaagat3’ Intron 9 to exon 10 Venta et al. (1996)
R: 5'tgattcttctggtcaaggea3’
VTN Vitronectin 17 F: 5'agtgaggcctgggtacce3’ Intron 4 Jiang et al. (1998)
R: 5'gaagaagtagacccgceteec3’
TRSP Selenocyteine tRNA gene 19q3 (a) 5’ flank F: 5'gggcttctgaaagecgactt3’ 5'/3" gene-flanking ~ Bardeleben et al. (2005)

R: 5'ccgeecgaaaggtggaattg3’
(b) 3'flank F: 5'gcccggatgatectcagtgg3’

DNA, respectively
This study

R: 5'cactgtgtgccageacctgge3’
RY: 5'gtgaaggggagagatcaaggacg3’

% Human chromosome.

b Generally primers are located in the exons flanking the introns; bp locations available on request.
¢ Used to amplify the outgroup taxa Ailuropoda melanoleuca and Enhydra lutris; to amplify CYPIAI in L. longicaudis the forward primer of (a)

and the reverse primer of (b) was used.

4 Used to amplify the 3’ flank of TRSP in the outgroup taxa Enhydra lutris, Lontra longicaudis, and Procyon lotor.

caudis, and P. lotor (Table 2). The conditions for PCR
for CHRNAI, CYPIAIL, FES, GHR, and VTN loci were
10mM Tris-Cl, pH 9, 25mM MgCl,, 50mM KClI,
200 uM each dNTP, 0.5 uM each primer, and 0.2U Taq
(Sigma) in a final reaction volume of 50 pL. The PCR
program was 94 °C for 3 min, 30 cycles of 94 °C for 45s,
54°C for 45s, 72°C for 45s, and a final extension of
72 °C for 5min. Conditions for PCR for the TRSP locus
have been previously described (Bardeleben et al., 2005).
PCR products were fractionated on 1% agarose/TAE
gels, bands of the expected size were excised, purified by
UltraClean (BioOne), and sequenced using the originat-
ing PCR primers and the ABI PRISM BigDye Termina-
tor Cycle Sequencing kit (PE Applied Biosystems). In
some cases, it was necessary to clone the PCR product
into the TOPO4 vector (Invitrogen) to obtain unambig-
uous sequence and at least five clones were sequenced.
When possible, loci from at least two individuals for
each species were sequenced. Species represented by only
one individual include Atelocynus, Fennecus, and
P. sechurae. Multiple attempts failed to amplify the
CYPIA locus in P. lotor and consequently, this sequence
is coded as missing in the data set. In addition, multiple
attempts failed at obtaining unambiguous sequence for
the first 190 nt of the CYPIA locus in Atelocynus and
this region is coded as missing as well.

2.2. Phylogenetic analyses
All nuclear sequences except those for the TRSP loci

were generated for this study. The TRSP sequences,
which include the selenocysteine tRNA gene and its

flanking region, are from a previous study (Bardeleben
et al., 2005). Mitochondrial DNA sequences for cyto-
chrome b (cyt b), cytochrome oxidase I (COI), and cyto-
chrome oxidase II (COII) are from Wayne et al. (1997)
except for the maned wolf COII sequence (Bardeleben
et al., 2005). The COI sequences for Alopex and Vulpes
corsac, and the COI and COII sequences for the out-
group taxa, A. melanoleuca, E. lutris, L. longicaudis, and
P. lotor, were generated for this study using previously
published primers (Wayne et al., 1997). All accession
numbers are listed in Supplementary Table 1. If a hetero-
zygous site was supported by sequencing on both
strands and/or multiple sequencing runs, it was scored as
a polymorphism (e.g., A and G=R, T and A=W, etc.).
Sequences were aligned either visually or initially using
Clustal X ver. 1.81 (Jeanmougin et al., 1998) followed by
visual adjustment to minimize indels. In all but one anal-
ysis, each species was represented by one sequence; the
other analysis explored the effect of multiple individuals
or multiple alleles (from heterozygotes) on tree topology.
This multiple species data set consisted of 50 sequences.
Species were represented by two individuals with the fol-
lowing exceptions: Atelocynus, P. sechurae, and Fennecus
were represented by one individual; and Urocyon and
P. griseus were represented by three individuals. Hetero-
zygous individuals were found in Canis aureus, C. adu-
stus, Canis mesomelas, and Otocyon.

As the data matrix consists of closely related species
with relatively few variable characters, we focused on
character-based rather than distance based methods to
maximize the informativeness of the data. Phylogenetic
trees were generated by maximum parsimony (MP) and
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maximum likelihood (ML) using PAUP*4.0b10 (Swo-
fford, 2003) and by Bayesian inference using either Mr.
Bayes 2.01 or Mr. Bayes 3.1 (Huelsenbeck and Ronquist,
2001; Ronquist and Huelsenbeck, 2003). The data were
analyzed in the following partitions: (1) each nuclear
gene segment alone; (2) all nuclear gene segments com-
bined; (3) three mitochondrial genes (COI, COII, and
¢yt b) combined; and (4) nuclear and mitochondrial
sequences combined. For parsimony analyses of the
nuclear data, all characters were weighted equally
(unweighted). A data set in which indels were coded for
phylogenetic information was used (Barriel, 1994). MP
analysis of the mitochondrial DNA data set was done
either with characters unweighted (UW-MP) or charac-
ters weighted based on the transition/transversion ratio
of 8 estimated by averaging the ratios of all pairwise
comparisons among the ingroup taxa or a value of 11
based on a ML estimation performed on an unweighted
MP tree. Heuristic searches with 100 replicates of ran-
dom stepwise addition and tree bisection-reconnection
branch swapping was used. For the combined
nuclear + mitochondrial data set, MP with implied
weighting (IW-MP) (K=2) was performed to down-
weight homoplastic characters (Goloboff, 1993). Nodal
support was evaluated by non-parametric bootstrapping
(BS) using 1000 pseudoreplicates (Felsenstein, 1985).
Branch support (Bremer, 1988, 1994) and partitioned
branch support (PBS) (Baker and Desalle, 1997) was cal-
culated using TreeRot (Sorenson, 1999) using the data
set with gaps coded as missing. Assessing clade signifi-
cance using branch support values is difficult because a
particular value for branch support is data-dependent
(Lee, 2000). Therefore, branch support is mainly used to
assess support and conflict at nodes. Hidden support and
conflict was calculated as described by (Gatesy et al.,
1999). Briefly, hidden branch support (or hidden con-
flict) for a particular combined data set and a particular
node is the difference between the branch support for
that node in a simultaneous analysis and the sum of
branch support values for that node from each data par-
tition (locus) (Gatesy et al., 1999). To determine whether
a data set contained more hidden support or hidden con-
flict, the sum of the branch support over all the nodes
from a simultaneous analysis was compared to the sum
of branch support over all nodes from each data parti-
tion.

ML and Bayesian analyses were carried out with a
data set in which indels were coded as missing. ML anal-
yses were carried out with the model of nucleotide sub-
stitution and parameters determined by ModelTest v.3.5
to best fit the data set using the AIC criterion (Posada
and Crandall, 1998). For ML analyses, heuristic searches
with 100 replicates of random stepwise addition and tree
bisection-reconnection branch swapping was used.
Nodal support in the ML trees for each single locus was
evaluated using 100 psuedoreplicates with 10 replicates

of random stepwise addition of non-parametric boot-
strapping. Nodal support in the nuclear tree, mitochon-
drial tree and combined nuclear + mitochondrial tree
was evaluated using a reduced effort bootstrap (MulTree
option off) with five replicates of random stepwise addi-
tion (Debry and Olmstead, 2000). ML trees with topo-
logical constraints were tested for statistical significant
differences using the Shimodaira-Hasegawa (SH) test
with RELL bootstrapping (1000 replicates) imple-
mented through PAUP* (Shimodaira and Hasegawa,
1999).

Bayesian analysis was used on the nuclear, mitochon-
drial, and combined nuclear + mitochondrial data sets.
Metropolis-coupled Markov chain Monte Carlo
(MCMCMC) phylogenetic reconstructions were con-
ducted in MrBayes v3.1 (Ronquist and Huelsenbeck,
2003) with vague priors (as per the program’s default)
and model parameters estimated as part of the analyses.
Three heated chains and a single cold chain were used in
all MCMC analyses and runs were initiated with ran-
dom trees, as per the program’s default. Exploratory
analyses were run for 500,000 (mitochondrial data set)
or 1,000,000 generations. Two longer runs of 5,000,000
generations were carried out for the final analysis. Trees
were sampled at intervals of 100 generations. Stationa-
rity was achieved when In likelihood values approached
equilibrium, as determined by plotting the In likelihood
scores of the sampled trees against generation time. All
trees sampled before reaching stationarity were dis-
carded as “burn in” (Huelsenbeck et al., 2002). The
remaining trees were used to generate a 50% majority-
rule consensus tree with the percentage of trees recovering
the node representing the node’s posterior probability.
Typically, the initial 25% of the sampled trees were dis-
carded as burn in. We also viewed the tree created after
discarding 50% of the sampled trees. Each analysis was
run at least twice to compare for convergence deter-
mined by similar In likelihood values in each run. Initial
Bayesian analyses used the nucleotide substitution
model determined by ModelTest. Exploratory runs were
carried out to determine whether partitioning the data
set and using the site-specific gamma (SSG) command
would improve likelihood scores (Castoe et al., 2004).
For the combined nuclear data set, the Bayesian analysis
was carried out either without partitioning the data set
or partitioning the data set into each locus and specify-
ing the site-specific gamma command. Partitioning the
data set improved likelihood scores (InL: —13272 vs.
—13304, partitioned by locus and no partitioning,
respectively). For the mitochondrial data set, the data
was either analyzed using the General Time Reversible
model of substitution with some invariable sites and
with variable sites assumed to follow a gamma distribu-
tion (GTR+I+G) or partitioned according to codon
position, and analyzed using the GTR model and a
gamma parameter that is estimated for each of the three
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positions (GTR+SSG3) (InL: —17828 vs. —17265 for
non-partitioned vs. three partitions) (Castoe et al., 2004;
Danforth et al., 2003; Debry, 1999; Hall, 2001; Rodri-
guez et al., 1990). Further partitioning of the mitochon-
drial data set into each of the three genes did not greatly
improve likelihood scores. For the combined nuclear +
mitochondrial data set, the data were either analyzed
using GTR+I+G or organized into four partitions with
the nuclear sequences as one partition and the mitochon-
drial genes partitioned by codon position and analyzed
using GTR and a gamma parameter that is estimated for
each of the four partitions (GTR+SSG4) (In L: —32,512
vs. —31,256 for non- partitioned vs. four partitions). The
AIC (an information criterion) indicated that the model
with the site —specific gamma produced a better fit to the
data than the model without it (Akaike, 1974; Dumb-
acher et al., 2003).

Nodes with bootstrap (BS) values of over 70% in the
MP and ML analyses and posterior probabilities (PP) of
over 95% in the Bayesian analysis are considered to have

819

strong support (Hillis and Bull, 1993; Huelsenbeck and
Ronquist, 2001).

3. Results
3.1. Characteristics of nuclear loci

The sequence obtained from each locus ranged in
length from 390 to 874 bp, inclusive of indels (Table 3).
Among the individual loci, the percentage of non-coding
DNA ranged from 49.9% (VTN) to 89.8% (CHRNAI).
Within the ingroup, the number of variable sites per
locus ranged from 31 to 74. Proportional to the length of
the locus, VTN contained the fewest variable sites (7.8%
of total sites) and TRSP the most (10%). On average,
about 30% of the variable sites were parsimony informa-
tive (PI), ranging from 23.3% in CHRNAI (7 P1 sites) to
383% in TRSP (28 PI sites) (Table 3). Nucleotide
frequencies were generally homogenous within each

Table 3
Characteristics of loci with gaps coded as missing/ or gaps coded for phylogenetic content
Total (bp) Var?sites PIsites Coding region® In® Non-coding region® In PI®In
L' (bp) Varl?sites PIsites L! (bp) Varsites  PIP sites

CHRNAI 390/359 36 354/323

Ingroup 32/37 717 2 1 0 30/35 6/6 50

Outgroup 134/148 81/86 7 3 0 127/141 78/83 14 5
CYPIA 874/832 275 599/557

Ingroup 53/57 10/11 15 4 0 38/41 6/7 4 1

Outgroup® 214/236 116/130 53 29 0 161/183 87/10 22 14
FES 483/454 163 320/291

Ingroup 37/41 12/13 3 2 0 34/38 10/11 4 1

Outgroup 160/178 120/131 23 4 0 137/155 116/127 18 11
GHR 839/764 301 538/463

Ingroup 49/57 18/20 7 3 0 42/50 15/17 6 2"

Outgroup 160/186 92/106 46 25 0 114/140 67/81 26 14
TRSP 740/715 87 653/628

Ingroup 74/82 28/35 0 0 0 74/82 28/35 11 62M

Outgroup 249/275 157/176 0 0 0 249/275 157/176 26 19
VTN 490/464 224 266/240

Ingroup 31/36 9/12 7 2 0 24/29 7/10 53

Outgroup 132/143 73/80 32 19 0 100/111 54/61 17
Con}bined nuclear’  3816/3588  1049/1166  639/709 1086 161 80 0 2730/2502  888/1005  559/629 117 70
Mth - 2001/NA* 893 765 2001 893 765 0 0 0 0 0 0
Nuclear + Mt" 5817/5589  1942/2059 1404/1474 3087 1054 845 0 2730/2502 888/1005  559/629 117 70

4 Variable sites.
b Parsimony informative.

¢ Coding region: In the TRSP locus it encodes a tRNA, in the other five loci the coding region encodes protein.

4 Indels.

¢ Non-coding region: In the TRSP locus the non-coding region consists of the 5’ and 3’ flanking regions, in the other five loci the non-coding

region consists of introns.
f Length in basepairs.
¢ Did not amplify in Procyon lotor.

" In repetitive elements, sequencing of more individuals may revel they are homoplastic.

f Numbers calculated include the outgroup.
3 Mt, mitochondrial.
X Not applicable.
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locus among the 30 taxa (data not shown). A total of 35
indels were inferred within the ingroup in the six loci,
ranging in number from 4 (CYPIA and FES) to 11
(TRSP) per locus and ranging in size from 1 nucleotide
to 108 nucleotides. Twenty-two of the indels were auta-
pomorphic and 13 were phylogenetically informative.
There are 117 indels among the ingroup and outgroup,
including 19 synapomorphic indels shared by all canids,
including a 246 bp deletion in CYPIA and a 195 inser-
tion in GHR. Interspecific uncorrected pairwise differ-
ences range from 0 to 4.2% within the ingroup
(CHRNAI: 0-3.2%, CYPIA: 0-3.0%, FES: 0-2.8%,
GHR: 0.1-2.4%, TRSP: 0.1-4.2%, and VTN: 0-3.4%). If
the outgroup is included, the maximum pairwise dis-
tance increases in range from 11.1% (GHR) to 22.4%
(TRSP).

The combined nuclear DNA data set consisted of
3816 nucleotides (3588 nucleotides if indels are coded for
phylogenetic information) (Table 3). About one-third
(28.5%) of this data set was derived from coding region
(exons and TRSP) and the remainder (71.5%) from non-
coding regions (introns and non-transcribed flanking
region from TRSP). A majority of the variable and par-
simony informative sites, 84.5 and 87%, respectively, and
all indels occurred in the non-coding regions. Coding
indels for phylogenetic information increased the num-
ber of PI sites from 84 to 98 within the ingroup.

3.2. Phylogenetic analyses of individual loci
Each individual locus was analyzed using unweighted

MP and ML. In general, each locus produced gene trees
with one to four nodes having bootstrap values over

70%. Tree statistics for each locus are summarized in
Table 4 and trees are shown in Supplementary Fig. 1.
Several groupings were repeatedly seen in the individual
gene trees, including monophyletic groupings of Alopex,
Vulpes, and Fennecus (red fox-like canids) (five loci), the
wolf-like canids (five loci), C. adustus and C. mesomelas
(three loci), P. griseus and P. gymnocercus (three loci), C.
lupus, C. latrans, C. aureus, and C. familiaris (two loci),
and Nycteruetes and Otocyon (two loci). These group-
ings are not always supported with strong bootstrap val-
ues (>70%), which is likely due to the low number of
phylogenetically informative sites within each locus.

3.3. Phylogenetic analyses of the combined nuclear data

We have taken the “conditional combination”
approach to assess the combinability of the data (Bull
et al., 1993; Dequeiroz, 1993; Flynn and Nedbal, 1998;
Huelsenbeck et al., 1996). The trees produced with the
individual loci using both MP and ML did not contain
strongly supported nodes that were conflicting among
the loci, and therefore, we concatenated the six nuclear
loci into one data set. Combining sequences from multi-
ple loci and performing a simultaneous analysis may
reveal hidden phylogenetic signal or conflict that in itself
is useful information when constructing a phylogeny
(Gatesy et al., 1999). The combined nuclear data set was
analyzed using MP, ML, and Bayesian analyses. MP
analyses yielded four equally parsimonious trees
(Table 4). The four trees differed only with regard to the
groupings of V. vulpes and V. corsac with each other and
whether the sister grouping of Otocyon+ Nycteruetes is
basal to the red fox clade or alternatively, whether the

Table 4
Tree Statistics of maximum parsimony and maximum likelihood analyses
Locus MP? ML

# trees Tree length CI° RI¢ # of nodes Model® If of Ts/Tv" #trees -InL # of nodes

>70% BS >70% BS

CHRNAI 344 192 0.8295 0.9264 1 TrNef + G 1.6900 4 149809 0
CYPIA 72 272 0.8742 09283 2 HKY +G 1.1382 35 1 260442 1
FES 30 223 0.8497 0.9385 3 HKY +G 1.3187 3.0 1 171851 2
GHR 3 239 0.7974 0.8994 3 K8luf+G 0.4455 1 236324 3
TRSP 54 440 0.7021 0.8598 4 TIN+I+G 02565 0.8842 1 3002.71 2
VTN 2 169 0.8667 0.9453 2 HKY +G 1.5706 2.5 1 157250 2
Nuclear combined 4 1560 0.7801 0.8958 11 K8luf + G 0.6396 1 1326743 12
Mt' combined 1 4013 03011 04759 9 GTR+I+G  0.5164 0.9822 1 17791.72 10
Nuclear + Mt 1 5460 0.3953 0.5904 10 GTR +1+G 0.3901 0.3607 1 3247645 15

4 Maximum parsimony (MP) tree statistics generated with the data set that coded indels according to Barriel (1994).

Consistency index (excluding uninformative characters).

b
c
4 Retention index.
e

Maximum likelihood (ML) tree statistics generated with the data set were indels were treated as missing.

Models of substitution were determined using ModelTest (Posada and Crandall, 1998): TrNef (Tamura—Nei with equal base frequency) (Tamura

and Nei, 1993), HKY Hasegawa-Kishino-Yano (Hasegawa et al., 1985), K81uf (two transversion parameters with unequal base frequency) (Kimura,
1981), TrN (Tamura and Nei, 1993), GTR (General Time Reversible) (Rodriguez et al., 1990), I = invariant sites, G = gamma.

I Proportion of invariable sites were determined using ModelTest (Posada and Crandall, 1998).

& Gamma distribution shape parameter were determined using ModelTest (Posada and Crandall, 1998).

b Transition/transversion ratio were estimated in ModelTest (Posada and Crandall, 1998).

i Mitochondrial, unweighted.
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topological relationships of these two species remain
unresolved. The tree generated by ML (Fig. 1, phylo-
gram in Supplementary Fig.2) was nearly identical to
the two most parsimonious trees that place
Otocyon+ Nycteruetes basal to the red fox clade; the

65/69/77

821

only difference between these MP trees and the tree gen-
erated by ML was the grouping among C. familiaris,
C. latrans, and C. aureus. We also note that the strict
consensus tree of the MP analyses carried out with the
data set in which indels were coded as missing was iden-
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Fig. 1. Maximum likelihood (ML) tree based on the combined analysis of six nuclear loci (3816 bp) using the K81uf + G (two transversion parame-
ters with unequal base frequency + gamma) model of sequence evolution. Bootstrap values (>50%) for maximum parsimony (MP) (out of 1000 pseu-
doreplicates), ML (out of 100 pseudoreplicates), and Bayesian posterior probability values (for the analysis in which the data set was not partitioned)
are listed above the internodes, respectively. Nodes that receive 100% support from all analyses are indicated with an asterisk (*). Nodes are identified
by letters. Branch support values are given below the internode. Values for nodes that do not show conflicting data as judged by partitioned Bremer
support analysis are underlined. Parsimonious informative (PI) indels are indicated with a bar along the branch where they occur, phylogenetically
informative indels that occur in repetitive elements are not included. The red fox-like clade, the South American fox clade, the South American canid

clade, and wolf-like canids are indicated with brackets.
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tical to the ML tree except in regard to the relationships
among C. familiaris, C. latrans, and C. aureus. The differ-
ences between the tree generated by ML and the tree
generated by Bayesian analysis in which the data are not
partitioned are as follows: (1) C. mesomelas + C. adustus,
the clade consisting of C. familiaris, C. lupus, C. latrans,
and C. aureus, and the South American canid clade form
a trichotomy in the Bayesian tree; and (2) Urocyon is not
closely associated to the other canids in the Bayesian
tree, whereas it is basal to the wolf-like and South Amer-
ican canids in the ML tree. In the Bayesian analysis with
the data set partitioned by locus and using site-specific
gamma values, the South American canids and the wolf-
like canids are sister groups. Within the wolf-like canids
clade, Cuon+ Lycaon is a sister group to the clade con-
sisting of C. familiaris, C. Ilupus, C. latrans, and
C. aureus. The C. mesomelas+ C. adustus clade is basal
to the other wolf-like canids. In all other analyses,
Lycaon is the basal taxon among the wolf-like canids.
None of the alternative positions discussed above among
the wolf-like canids are strongly supported nor is the
placement of Urocyon. In general, all methods of analy-
sis were consistent in the support given to a particular
node (Supplementary Table 2). The red fox-like clade
received strong support from all methods (100% BS,
100% PP), as did the relationship between Alopex and
V. marcrotis as sister taxa (90-93% BS, 100% PP),
whereas the basal placement of Fennecus to the other
foxes received weak support. The red fox-like clade is
supported by 14 synapomorphies including five indels.
There is strong support for Otocyon and Nycteruetes as
sister taxa from ML (90% BS) and Bayesian (100% PP)
analyses and this pair of taxa share a total of three syna-
pomorphies in two loci. The placement of
Otocyon+ Nycteruetes basal to the red fox-like clade
receives high support from the ML and Bayesian analy-
sis (90% BS, 99% PP). A clade of all South American
canids consisting of Atelocynus, Cerdocyon, Pseuda-
lopex, Chrysocyon, and Speothos is strongly supported
(96-97% BS, 100% PP) by all analyses. This group shares
two synapomorphies including an one nucleotide indel.
Within the South American canid clade, a clade group-
ing all the South American foxes is supported (83-85%
BS, 100% PP) and its members share three synapomor-
phies, including a 16 nucleotide deletion. Pseudalopex
forms a monophyletic group (93-95% BS, 100% PP)
within the South American fox clade, in which P. griseus
and P. gymnocercus are sister taxa (78-90% BS, 100%
PP) and share an indel and P. sechurae is basal to these
taxa. The grouping of Atelocynus and Cerdocyon as sis-
ter taxa (76-79% BS, 99% PP) is moderately supported
within the South American fox clade. Chrysocyon and
Speothos joined as sister taxa has moderate support (62—
70% BS, 87% PP) and they share one synapomorphic
substitution. The South American canid clade falls
within an unresolved clade of wolf-like canids, however,

support in this region of the tree is weak. Within the
clade of wolf-like canids, an association of C. mesomelas
with C. adustus as sister taxa is strongly supported (97—
99% BS, 100% PP) and this pair of taxa share four syna-
pomorphies, including an indel (however, we note that
this indel occurs in a poly-CT tract). A clade consisting
of C. familiaris, C. lupus, C. latrans, and C. aureus is sup-
ported by all analyses (86-91% BS, 100% PP) and this
group share four synapomorphies including one indel,
however, there is little resolution within this clade. There
is strong support that Cuon and Lycaon are related to
the wolf-like canids, however, their branching order is
uncertain.

3.3.1. Intraspecific variation

Phylogenetic analyses of closely related species with
short evolutionary histories may be confounded by
hybridization and incomplete lineage sorting (Maddi-
son, 1997; Nei, 1987; Pamilo and Nei, 1988). Conse-
quently, we sequenced two to three individuals in 20 of
the 23 ingroup species for all six nuclear loci. Intraspe-
cific variation was low with uncorrected pairwise dis-
tances ranging from 0 to 0.8% across the six loci. Most
intraspecific variation was due to point mutations; how-
ever, 10 indels (either within an individual or between
individuals) were found, usually within homopolymer
tracts or repeats (Supplementary Table 3).

We conducted MP analysis with the combined
nuclear data set either with different individuals (or
alleles) of a species or by including all sequenced individ-
uals of the species. In some cases, changing the represen-
tatives of a species changed the number of most
parsimonious trees found, ranging from 2 to 12. Gener-
ally, individuals from the same species grouped together
with high (>70%) bootstrap support, including species in
which intraspecific indels were inferred (tree not shown).
Topological instability was noted in the Pseudalopex
clade (only with the data set that coded indels as miss-
ing) and the clade including C. latrans, C. lupus,
C. familiaris, and C. aureus. For example, one alternate
P. griseus sequence dissolves the internal structure of the
Pseudalopex clade, causing it to become a trichotomy.
Likewise, C. aureus is either a member of a trichotomy
with C. latrans and C. familiaris or is basal (74% BS) to
C. latrans, C. lupus, and C. familiaris, depending on the
individual used. This illustrates the usefulness of coding
indels for resolving relationships among closely related
species and also suggests that incomplete lineage sorting
may confound relationships between C. latrans, C. lupus,
C. familiaris, and C. aureus. More analyses with addi-
tional samples will be required to resolve this issue. Some
of our samples, including those from C. adustus, C. mes-
omelas, C. aureus, and V. corsac, and two of the three
individuals of Otocyon came from the same population.
However, many samples are from zoos and therefore
relationships between individual samples are unclear.
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Future studies will address how individuals from across
the geographic range may affect the resolution within
terminal clades such as Canis and Pseudalopex.

3.3.2. Branch support

To determine how much each of the six loci contrib-
utes to each node in the nuclear tree, a partitioned
Bremer support (PBS) analysis was performed (Baker
and Desalle, 1997). The PBS analysis indicates that the
TRSP locus contributes the most phylogenetic signal
(76.7%), whereas the GHR locus contributes more nega-
tive signal than positive (Supplementary Table 4). All
other loci contribute positively to varying degrees
(CHRNAIL: 109%, CYPIA: 10.7%, FES: 7.4%, and
VTN: 13.3%). Although the GHR gene tree does not
contain well supported nodes in conflict with the
nuclear tree, the fact that GHR contributes negatively in
the simultaneous analysis indicates that this locus is not
tracing the same phylogeny as the other loci. Possible
reasons include differential lineage sorting (Pamilo and
Nei, 1988), gene conversion (Rozas and Aguade, 1994)
or selective pressure (Stewart et al., 1987). Removal of
the exon portion of the GHR locus did not eliminate its
negative contribution, suggesting that gene conversion
and selective pressure are not the cause of conflict.
Another possibility is that one rogue taxon may be
responsible for the conflict. The position of Urocyon is
uncertain (see Section 3.5). Removal of Urocyon from
the data set eliminates the negative contribution of
GHR and results in all loci contributing positively, with
each loci contributing between 8-25% of the overall
branch support (data not shown). The PBS analysis
indicates that in 5 of the 19 nodes in the nuclear tree,
there is no conflict among the six loci (underlined values
in Fig. 1). Three of the five nodes received positive sup-
port from two to five loci (nodes C, H, R) and the other
two were supported by a single locus (nodes B, K) (Sup-
plementary Table 4). Although there is some conflict
among the loci in most of the nodes, overall there is five
times more hidden branch support than hidden conflict
in the simultaneous analysis of the data set (Gatesy
et al., 1999).

3.4. Mitochondrial DNA

Since the number and identity of taxa in the ingroup
and the outgroup can affect the topology of a given tree
and since the taxa used in the current study were not
identical to that used in the original mitochondrial
study, a modified version of the published phylogenetic
tree derived from mitochondrial data (Wayne et al,,
1997) was generated to make a direct comparison to the
nuclear tree (Fig.2). In addition, the original COIl
Chrysocyon sequence was replaced with a revised
sequence (resolving some ambiguities we observed in the
original autoradiographs).

The mitochondrial data set was analyzed using MP,
ML, and Bayesian methods. In general, all methods of
analysis agreed approximately in the level of node sup-
port (Supplementary Table 5). Strong support was
found for the red fox-like clade and the relationships
within this clade, the South American fox clade, the
grouping of Pseudalopex, and the grouping of C. famili-
aris, C. lupus, C. latrans, and C. aureus (Fig. 2). Topolog-
ical differences in the trees generated from the different
analyses generally occurred in regions of the tree with
low support, for example, within the South American
fox clade and the wolf-like canid clade and the relation-
ship among Otocyon, Nycteruetes, and Urocyon (Wayne
et al., 1997). The main difference between the mitochon-
drial trees generated here and those from Wayne et al.
(1997) is that Chrysocyon and Speothos no longer form a
strongly supported clade that groups with the wolf-like
canids as a result of the new Chrysocyon COII sequence.
Depending on the analysis, Chrysocyon is grouped either
with the South American foxes, the wolf-like canids or
Speothos. Speothos is usually associated with the wolf-
like canids. However, none of these associations receive
high support.

3.5. Comparison of nuclear tree to mitochondrial tree

Although the mitochondrial data set is about 2/3 the
size of the combined nuclear data set (2001 vs. 3588
characters) and contains six times as many PI sites (608
vs. 97 within the ingroup), the number of nodes resolved
by each data set (nuclear: 19 and 20 nodes with MP and
ML, respectively, mitochondrial: 22 nodes each with MP
and ML) and the number of nodes with bootstrap values
over 70% are similar (Table 4). As has been noted in
many studies, the nuclear tree contains less homoplastic
information than the mitochondrial tree (nuclear:
CI=0.7801, RI=0.8958; mitochondrial: CI=0.3011,
RI=0.4759) (Table 4) (Koepfli and Wayne, 2003; Mat-
thee and Davis, 2001; Prychitko and Moore, 2000). A
PBS analysis of the mitochondrial data indicates that
there is no conflict among the three mitochondrial genes
in 5 of the 22 nodes (underlined values in Fig. 2), com-
pared to 5 of 20 nodes in the nuclear tree. Overall there is
four times as much hidden support as hidden conflict in
the mitochondrial data set. Therefore, in terms of the
number of nodes that do not contain conflicting signal
and the amount of hidden support over hidden conflict,
the nuclear and mitochondrial data sets are similar.

Focusing on groups with high support, all phyloge-
netic analyses find four major clades in both the mito-
chondrial tree and the nuclear tree: the red fox-like
clade, the South American fox clade, the Pseudalopex
clade and a clade consisting of C. aureus, C. familiaris,
C. latrans, and C. lupus. Mitochondrial DNA data are
often considered to be better at resolving groupings
between more recent species because of their more rapid
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Fig. 2. Maximum likelihood (ML) tree based on the combined analysis of cytb, COI, and COII (2001 bp) using GTR+I+G (general time
reversible + invariant sites + gamma) model of sequence evolution. Bootstrap values (>50%) for MP (out of 1000 pseudoreplicates), ML (out of 100
pseudoreplicates), and Bayesian posterior probability values (using the GTR+SSG3 model of sequence evolution) are listed above the internodes,
respectively. Nodes are identified by letters. The figure is otherwise labeled as in Fig. 1. The red fox-like clade, the South American fox clade, and

wolf-like canid clade are indicated with brackets.

rate of evolution (Miyata etal, 1982; Moritz et al,,
1987). Accordingly, some of the relationships within the
four main clades remain unresolved in the nuclear tree
but receive high support from the mitochondrial tree.
For example, the grouping C. lupus and C. familiaris as
sister taxa, the grouping of V. vulpes and V. corsac as sis-
ter taxa and the placement of Fennecus basal to
Vulpes + Alopex are all resolved and receive strong sup-

port in the mitochondrial tree but are not well resolved
in the nuclear tree.

Some relationships differ between the nuclear tree
and the mitochondrial tree, for example, the placement
of Chrysocyon and Speothos. In the nuclear DNA phy-
logeny, all South American canids including Chryso-
cyon and Speothos form a clade with high support
(Fig. 1). In the mitochondrial tree, Chrysocyon and
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Speothos were either in a basal position to the wolf-like
canids or Chrysocyon was weakly grouped with the
South American foxes (Fig.2). Constraining Chryso-
cyon and Speothos into a clade with the South Ameri-
can foxes on the mitochondrial tree is not significantly
worse than the optimal ML tree (SH test, P=0.194).
Moving Chrysocyon and Speothos outside of the South
American canid clade in the nuclear tree generates a
significantly worse topology (SH test, P <0.05). There-
fore, with the current data a clade grouping all South
American canids is favored. The grouping of C. mes-
omelas with C. adustus as sister taxa is strongly sup-
ported in the nuclear tree, but not inferred in the
mitochondrial tree. Dissolving this clade in the nuclear
tree generates a significantly worse topology than the
optimal ML tree (SH test, P <0.05) whereas grouping
C. adustus with C. mesomelas as sister taxa in the mito-
chondrial tree did not produce a significantly worse
tree (SH test, P =0.12). Therefore, the current data sup-
ports the sister grouping of C. adustus with
C. mesomelas.

As judged by nodal support, ML and Bayesian analy-
ses of the nuclear data strongly support Otocyon and
Nycteruetes as sister taxa and the placement of this
group basal to the red fox-like canids. Mitochondrial
trees generated with MP and weighing transitions over
transversions by 8 or 11 also infer the same grouping
and placement, but not with high bootstrap support. If
the Otocyon+ Nycteruetes clade is dissolved, the topol-
ogy of the nuclear tree is marginally worse than the opti-
mal topology generated by ML (P=0.052), whereas
there is no significant difference in the mitochondrial tree
whether Otocyon and Nycteruetes are grouped as sister
taxa or not (P=0.277). In some of the original mito-
chondrial trees, Otocyon and Nycteruetes were inferred
to be in basal positions of the canid tree (Wayne et al.,
1997). In the nuclear tree, there was no significant differ-
ence in tree topology if the Otocyon+ Nycteruetes sister
group is placed basal to the red fox-like clade or basal to
all other canids. However, if the sister grouping of
Otocyon+ Nycteruetes is dissolved and these taxa are
then placed basal to all other canids, as suggested by the
previously published mitochondrial tree, the resulting
tree is significantly worse than the ML generated tree
(P<0.05). Constraining Otocyon and/or Nycteruetes +
Urocyon to be basal to all other canids on the mitochon-
drial tree did not result in a significantly worse topology
(SH test, P=0.192-0.267). Therefore, the current data
marginally suggests that Otocyon and Nycteruetes may
be sister taxa, however, this relationship needs to be con-
firmed with additional data. There are insufficient data
to determine whether Otocyon + Nycteruetes are associ-
ated with the red fox-like species or not closely associ-
ated with the other canids.

The placement of Urocyon within the mitochondrial
and nuclear trees also differ. In the mitochondrial tree,

Urocyon is either a sister to Nycteruetes and is basal to
the red fox-like clade or alternatively, it is basal to all
other canids. In the nuclear tree Urocyon is either basal
to the wolf-like + South American canid clade or forms a
trichotomy with the red fox-like clade+ Otocyon
+ Nycteruetes and the wolf-like + South American canid
clade. None of these placements receives high nodal sup-
port and therefore we cannot draw any conclusions in
regard to the relationship of Urocyon to other canids.
Because long-branch attraction is a greater problem
with faster evolving sequences, the grouping of Otocyon,
Nycteruetes, and Urocyon in the mitochondrial tree
could be an artifact (Wayne et al., 1997).

Finally, an issue addressed in the previous mitochon-
drial DNA study (Wayne et al.,, 1997) was whether the
trenchant heel, a complex morphological adaptation of
the meat-processing tooth in the highly carnivorous
canids (Cuon, Lycaon, and Speothos), evolved once or
multiple times. Forcing Cuon, Lycaon, and Speothos in
the nuclear tree into a single clade generated a signifi-
cantly worse topology than the ML generated tree (SH
test, P <0.05) and consequently, the trenchant heel likely
evolved at least twice.

3.6. Combined nuclear and mitochondrial data set

The fact that the nuclear tree and mitochondrial tree
do not contain strongly conflicting nodes, except for
one relationship within the Pseudalopex clade, suggests
that it is reasonable to combine the two data sets. The
topologies of the trees generated from the combined
analysis from all methods were generally congruent
and inferred three main clades: (1) the red fox-like
canids plus Otocyon and Nycteruetes, (2) the South
American canids and (3) the wolf-like canids (Fig. 3,
phylogram Supplementary Fig.3). The latter two
clades formed sister groups. The relationships within
the three clades are generally congruent with the fol-
lowing exceptions: (1) Nycteruetes is basal to Otocyon
with unweighted MP (MP-UW), but they are grouped
as sister taxa in all other analyses, (2) Atelocynus is
basal to Cerdocyon with MP-UW and implied weight-
ing (IW) MP, but grouped as sister taxa in ML and
Bayesian analyses, and (3) the relationship among
Lycaon, Cuon, C. mesomelas, and C. adustus varies
according to the method of phylogenetic analysis. For
example, in two of the analyses (MP-IW, Bayes-SSG4),
Canis 1s monophyletic, with the C. mesomelas + C. adu-
stus clade as sister to the clade consisting of C. aureus,
C. latrans, C. lupus, and C. familiaris, and Lycaon as
the most basal member of the wolf-like canids (Fig. 3).
In two other analyses (ML, Bayes-GTR+I1+QG), Cuon is
basal to a clade grouping C. mesomelas with C. aureus,
C. latrans, C. lupus, and C. familiaris and the basal-
most member among the wolf-like canids is either
Lycaon (Bayes) or C. adustus (ML).
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Fig. 3. Majority-rule consensus tree of 5 million MCMC generations of the Bayesian phylogenetic analysis of the combined nuclear and mitochon-
drial data sets (5817 bp) using the GTR+SSG4 model of sequence evolution. The initial 1.25 million generations were discarded as burn in. Bootstrap
values (>50%) for MP-unweighted (out of 1000 pseudoreplicates), ML (out of 100 pseudoreplicates), and Bayesian posterior probability values from
the GTR+SSG#4 analysis are listed above the internodes, respectively. Nodes that receive 100% support from all analyses are indicated with an aster-
isk (*). Nodes are identified by letters. The red fox-like clade, the South American fox clade, the South American canid clade, and wolf-like canid

clade are indicated with brackets.

In the combined analysis, many of the relationships
that were strongly supported in the mitochondrial tree
remain  strongly supported in the combined
nuclear + mitochondrial tree (nodes A, B,C, D, J, K, U,
O, and Q in Fig. 3). Most of these nodes receive moder-
ate to strong support in the nuclear tree as well (e.g.,
nodes A, C, D, J, K, U, and Q in Fig. 3). Combining the
nuclear and mitochondrial data strengthened the sup-
port at six nodes (nodes B, I, J, K ,U, and Q in Fig. 3).
Judging by UW-MP and ML bootstrap values, many of
the relationships inferred from the nuclear tree that are
different than those in the mitochondrial tree lose boot-
strap support in the combined analysis (nodes E, F, H,
M, L, and N in Fig. 3). This is likely due to conflicting

phylogenetic signal between the nuclear and mitochon-
drial data sets. PBS analysis indicates that much of the
conflict between the nuclear and mitochondrial data in
the combined tree occurs at the aforementioned nodes
(data not shown). Moreover, the addition of mitochon-
drial data causes higher levels of homoplasy, as indicated
by the lower CI and RI values of the combined data set
compared to the nuclear data set alone (Table 4), and
results in lower bootstrap values as well (Matthee and
Davis, 2001; Zharkikh and Li, 1995). Bayesian analysis
often generated high posterior probability values but
otherwise levels of support generally agreed (Table 5).
Notably, some nodes that had low bootstrap support in
MP-UW and ML analyses but high support from
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Table 5
Bootstrap and posterior probability values from different methods of
phylogenetic analyses on the nuclear + mitochondrial data set

Node*  Method of analysis®

MP-UW MP-IW ML Bayes Bayes SSG4
A 100 100 100 100 100
B 97 99 97 100 100
C 100 100 100 100 100
D 100 100 100 100 100
E — 51 76 100 100
F — — 78 100 100
G — — 72 88 93
H — — — 59 75
I 90 95 84 100 100
J 100 100 100 100 100
K 100 100 99 100 100
L — 91 51 88 100
M — 90 78 99 100
N — 79 51 — 100
(0] 100 100 100 100 100
P — — 52 — 76
Q 100 100 100 100 100
R — — — — 99
S — — 60 — 99
T — 72 79 99 100
U 100 100 100 100 100
\% 100 100 100 100 100

@ Refer to Fig. 3 for identity of nodes.

® MP-UW, maximum parsimony unweighted; MP-IW, MP with
implied weighting (k = 2); ML, maximum likelihood using GTR+I+G;
Bayes, Bayesian analysis using GTR+I+G; Bayes-SSG4, Bayesian
analysis using GTR and gamma determined separately for each of four
partitions consisting of the nuclear DNA, and the three codon posi-
tions in the mitochondrial DNA.

Bayesian analysis also receive high support from MP-IW
analysis (nodes L, M, and N in Fig. 3) (Table 5). All
these nodes were highly supported in the nuclear tree.
Two nodes (R and S) exclusively received strong support
from the Bayesian analysis. These define relationships
within the wolf-like canids. Although posterior probabil-
ity values are often higher than bootstrap values, their
accuracy is also dependent on the model used in the
analysis (Alfaro et al., 2003; Douady et al., 2003; Minin
et al, 2003; Suzuki et al, 2002). Although the GTR-
SSG4 model offers a better fit to the data, this may not
be the appropriate model (Minin et al., 2003). Site-spe-
cific rate models have been criticized by some (Buckley
et al., 2001, 2002), but also successfully used by others
(Danforth et al., 2003). Because the two nodes (R and S)
described above only receive high support from the
Bayesian analysis using the GTR-SSG4 model, more
data will be required to assess the validity of those rela-
tionships.

Taken together with the indel data, we interpret our
data to indicate that the red fox-like clade and the rela-
tionships within it are well supported, at least with the
taxa included in this study. The sister group of
Otocyon + Nycteruetes is supported by ML and Bayesian
analysis. The basal position of Otocyon + Nycteruetes to

the red fox clade requires additional data to confirm or
refute this placement. The monophyly of the South
American canids, the South American foxes, Pseuda-
lopex, and Chrysocyon+ Speothos are strongly sup-
ported. The relationships within Pseudalopex are
strongly supported (P. sechurae basal to P. griseus+
P. gymnocercus), however, whether Atelocynus and Cer-
docyon are sister taxa or not will require more data.
Except for a monophyletic clade consisting of C. famili-
aris, C. lupus, C. latrans, and C. aureus, the close rela-
tionship of C. familiaris with C. lupus and the sister taxa
grouping of C. adustus and C. mesomelas, the relation-
ships among the wolf-like canids are not well resolved.
Lastly, the relationship of Urocyon to the other canids
remains uncertain.

4. Discussion

Although gene trees are often assumed to accurately
reflect species trees, the stochastic nature of lineage sort-
ing can result in differences between them (Pamilo and
Nei, 1988). By comparing gene trees of different linkage
groups, such as nuclear genes from different chromo-
somes or nuclear versus mitochondrial genes, areas of
congruence can be identified and used as evidence for
organismal history. The phylogeny we have generated
using six independent nuclear loci generally agrees with
the previous mitochondrial DNA phylogeny (Wayne
etal, 1997), thus confirming inferred relationships.
Novel relationships suggested by the nuclear tree include
a clade of all South American canids, C. mesomelas, and
C. adustus as sister taxa and Otocyon and Nyctereutes as
sister taxa. Although the nuclear data did not provide
many parsimony informative sites, they did provide phy-
logenetically informative indels that are especially infor-
mative because they are rare events (Rokas and Holland,
2000). Monophyletic groups that are supported by indels
include: (1) the red fox-like canids; (2) the South Ameri-
can canids; (3) the South American foxes; (4) P. gymnoc-
ercus and P. griseus; (5) C.lupus, C. latrans, C. familiaris,
and C. aureus; and (6) C. adustus and C. mesomelas. The
mitochondrial and combined nuclear tree do not contain
strongly conflicting nodes and three main clades are
inferred: the red fox-like, South American and the wolf-
like canids. Relationships within these clades are dis-
cussed below.

4.1. Red fox-like canids

This clade is well supported by all phylogenetic analy-
ses and by five indels. The groupings within this clade of
Vulpes macrotis plus Alopex and V. vulpes plus V. corsac,
which together define a monophyletic group, is consis-
tent with the Holoarctic clade suggested by Zrzavy and
Ricankova (2004). The placement of Fennecus basal to
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this clade is also consistent with previous studies (Geffen
et al., 1992; Wayne et al., 1997; Zrzavy and Ricankova,
2004)

4.2. South American canids

The monophyly of all South American canids is
highly supported in the nuclear tree and by most analy-
ses of the combined nuclear + mitochondrial data set.
This clade receives one of four highest branch supports
in the nuclear tree and all members in this clade share a
one base pair indel in TRSP. Moreover, there was some
support for this clade with the combined analysis of
morphological and mitochondrial DNA data (Wayne
et al,, 1997). These results suggest that the South Ameri-
can canids are likely a monophyletic group.

In the previous mitochondrial phylogeny (Wayne
etal, 1997) Chrysocyon and Speothos were grouped as
sister taxa and more closely related to the wolf-like
canids than to the South American foxes. The replace-
ment of the original COII sequence with the one gener-
ated from the current studies (Bardeleben et al., 2005;
this study) caused the sister taxa grouping of Chrysocyon
and Speothos to be dissolved in the mitochondrial tree
and suggested weak support for an association with
Chrysocyon as basal to the South American foxes or the
wolf-like canids. However, the nuclear phylogeny sup-
ported the grouping of Chrysocyon and Speothos with
moderate bootstrap support and a synapomorphic sub-
stitution. Further, a constrained ML mitochondrial tree
with these two taxa grouped was no worse than the opti-
mal tree. These taxa are also grouped by a synapomor-
phic indel of three nucleotides in RPPHI, a nuclear
locus not used in this study due to the incompleteness of
this data set (12 of 23 taxa in the ingroup) (Bardeleben
et al., 2005). Morphological studies do not group these
taxa as sister taxa, instead grouping Speothos with Atelo-
cynus, or with Cerdocyon and Atelocynus (Lyras and
Van Der Geer, 2003; Tedford etal, 1995 and refs
within). Conflicts in relationships between morphologi-
cal and DNA data may reflect the influence of ecologi-
cal, behavioral or physiological factors on morphologic
traits. Therefore, convergent evolution rather than
shared ancestry may be responsible for some inferred
relationships based on morphology. Non-coding DNA,
such as that utilized in the current study, is expected to
evolve in a neutral fashion and therefore is probably a
more reliable estimate of inferred relationships. Thus,
within the South American canid clade the molecular
data suggests that two of the most morphologically
divergent species, Chrysocyon and Speothos, shared a
common ancestor.

Within the South American canid clade, the South
American foxes form a clade that is strongly supported
by all analyses and by a 16 nucleotide deletion in the
VTN locus. Further, our previous molecular study found

two indels in the RPPH1 locus in the two sequenced rep-
resentatives of this clade (Cerdocyon and P. griseus)
(Bardeleben et al., 2005). Morphological data does not
group Cerdocyon and Atelocynus with Pseudalopex, and
instead Cerdocyon is grouped with Nyctereutes, and
Atelocynus is grouped with Speothos (Tedford et al,
1995). Again, the conflict between the morphological
and DNA data may be due to convergent evolution of
some of the morphological characters that were used. In
agreement with the mitochondrial DNA tree and con-
trary to the morphological data, the nuclear data do not
support the placement of Nyctereutes with the South
American foxes (Berta, 1987; Tedford etal, 1995;
Wayne et al, 1997). Within the South American fox
clade, Pseudalopex forms a monophyletic group. P. gris-
eus and P. gymnocercus are sisters and share an indel
and P. sechurae is basal to these taxa in the nuclear trees.
The relationships within this clade, however, show some
instability when different individuals are used in the
nuclear data set (only if indels are coded as missing). The
grouping of P. sechurae, P. griseus, and P. gymnocercus
in a clade is consistent with morphological studies and
those combining morphology and molecular data
(Berta, 1987; Lyras and Van Der Geer, 2003; Tedford
et al., 1995; Zrzavy and Ricankova, 2004).

The nuclear data provide moderate support for the
monophyly of Cerdocyon and Atelocynus, whereas the
support for this group decreased in the combined
nuclear + mitochondrial tree. This relationship was sug-
gested in the distance tree of mitochondrial DNA
sequences (Wayne et al., 1997) but not well supported.
Additional sequences and inclusion of additional South
American foxes will be required to determine whether
Atelocynus and Cerdocyon are monophyletic or para-
phyletic.

4.3. Wolf-like canids

Although the nuclear + mitochondrial tree supports a
clade consisting of Lycaon, Cuon, and Canis, the rela-
tionships among these genera are not well resolved. All
analyses support C. aureus, C. lupus, C. latrans, and
C. familiaris as a monophyletic group. In the mitochon-
drial tree, C. aureus is basal to the other three taxa in this
clade whereas in the nuclear tree, the position of
C. aureus was dependent on the individual representing
the species. The grouping of C. adustus with C. mesom-
elas 1s highly supported, having the third highest branch
support in the nuclear tree. C. adustus and C. mesomelas
have been grouped based on morphological similarity
with the South American foxes (Clutton-Brock et al.,
1976). However, more recent studies assign these two
taxa to the wolf-like canids (Bininda-Emonds et al.,
1999; Wayne et al,, 1997) and some evidence suggests
that C. adustus and C. mesomelas do not group with the
rest of Canis (Zrzavy and Ricankova, 2004).
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The nuclear and mitochondrial data do not support
Cuon and Lycaon as a monophyletic group, contrary to
trees derived from morphological data (Tedford et al,,
1995; Zrzavy and Ricankova, 2004) and instead weakly
support Lycaon as the basal-most wolf-like canid. Both
Cuon and Lycaon share with Speothos a modification of
the meat-shearing carnassial teeth (upper P4 and lower
M1), the trenchant heel, indicative of hypercarnivory
(Ewer, 1973; Van Valkenburgh, 1990). The trenchant
heel has been hypothesized to have evolved once and
lost in the descendents of the Speothos and the Cuon/
Lycaon lineages. Forcing a monophyletic grouping of
the hypercarnivorous canids, Lycaon, Cuon, and Speo-
thos, results in a significantly worse topology than the
one generated by ML, supporting the hypothesis that the
trenchant heel evolved more than once (Tedford et al.,
1995); this is consistent with studies suggesting that
hypercarnivores cannot easily reverse to a more general-
ized state and that among large fossil carnivorans, this
seemingly complex character can readily evolve among
closely related canids (Holliday and Steppan, 2004; Van
Valkenburgh, 1991).

4.4. Otocyon, Nyctereutes, and Urocyon

The relationship among Otocyon, Nyctereutes, and Uro-
cyon and the other canids is not clear. Analyses of nuclear,
mitochondrial, and morphologic data have each resulted in
different placements of these taxa within the canid phylog-
eny. For example, morphologic studies have grouped Nyc-
tereutes with the South American canids (Berta, 1987,
Lyras and Van Der Geer, 2003; Tedford etal., 1995).
Molecular studies place Nyctereutes either with Vulpes or
in a basal position in the canid tree with no closely related
living species (Wayne and O’Brien, 1987; Wayne et al.,
1997, 1987a,b). A supertree analysis places it as a basal
member to the wolf-like and South American canid clade
(Bininda-Emonds et al., 1999). Otocyon has been grouped
with Urocyon based on morphology (Tedford et al., 1995),
with Fennecus and Urocyon based on chromosomal data
(Wayne et al., 1987a,b) or not closely related to any other
taxa based on allozymes and the original analysis of the
mitochondrial data (Wayne and O’Brien, 1987; Wayne
et al, 1997). Multiple groupings have also been proposed
for Urocyon. Morphologically it has been placed with Vul-
pes (Tedford et al., 1995) or judged not to be grouped with
Vulpes (Lyras and Van Der Geer, 2003). Mitochondrial
sequences or a combination of mitochondrial sequences
with morphological data place Urocyon basal to all other
canids (Wayne et al., 1997; Zrzavy and Ricankova, 2004).

In our study, ML and Bayesian analyses of the nuclear
and nuclear + mitochondrial data suggests a sister group-
ing of Otocyon and Nyctereutes. The distance tree in the
original mitochondrial analysis and the MP COII gene
tree also suggested this grouping (Wayne et al, 1997,
Zrzavy and Ricankova, 2004). However, this association is

not strongly supported by MP analyses or the mitochon-
drial tree with the methods of analyses used in this study
and more data will be required to confirm or refute this
grouping. Some association of Otocyon and Nyctereutes
with Urocyon was observed in the original mitochondrial
study, but long-branch attraction was thought to be a
confounding issue (Wayne etal, 1997). Long-branch
attraction should be less of an issue with nuclear DNA
due to its slower evolutionary rate. Our data are not suffi-
cient to infer whether Otocyon+ Nyctereutes should be
basal to the red fox-like clade or basal to all other canids.
However, based on sequence divergence, Otocyon, Nyc-
tereutes, and Urocyon clearly are higher divergent lineages
not closely related to other living canids.

5. Conclusions

In general, the conclusions drawn from the nuclear
DNA analysis and combined nuclear + mitochondrial
data set are consistent with those of the original mito-
chondrial study (Wayne et al., 1997) and of Zrzavy and
Ricankova (2004) in their analysis of various data parti-
tions of morphological and mitochondrial DNA data. In
agreement with the previous studies, the current data
support the following phylogenetic conclusions: (1)
Alopex, Fennecus, and Vulpes form a monophyletic
group; (2) the South American canids and the wolf-like
canids are sister taxa; (3) the South American foxes are
monophyletic; (4) Pseudalopex is monophyletic; and (5)
the branching patterns within the red fox-like clade and
the Pseudalopex clade are resolved topologically (with
the taxa used in the current study). Differences include
the following: (1) the placement of Chrysocyon and
Speothos in the South American canids clade; (2) the
grouping of C. adustus and C. mesomelas as sister taxa;
and (3) the grouping of Nyctereutes and Otocyon as sis-
ter taxa. Several issues remain unresolved including
whether Atelocynus is sister to Cerdocyon, the relation-
ships within Canis and the relationship of Canis to Cuon
and Lycaon, and the placement of Urocyon and
Nyctereutes + Otocyon. However, in general, the resolu-
tion of the nuclear and combined nuclear-mitochondrial
tree provides a surprising degree of consistency with past
molecular studies and allows new insights into the evolu-
tionary history canids. Our analysis, as well as many oth-
ers (Johnson and Clayton, 2000; Koepfli and Wayne,
2003; Matthee and Davis, 2001) demonstrates how even
a limited amount of nuclear DNA can help to resolve the
relationships of recently radiated taxa.
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