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Molecular systematic studies generally assume that
ene trees are reasonable estimates of species trees.
e tested the validity of this assumption in the pigeons

nd doves (Aves: Columbiformes) by comparing phylog-
nies derived from nuclear (b-fibrinogen intron 7) and
itochondrial (cytochrome b) genes. Trees derived

rom the two genes when analyzed separately con-
ained many nodes in common. A partition homogene-
ty test revealed no significant incongruence between
rees derived from the two genes; so, we combined
uclear and mitochondrial data in subsequent phyloge-
etic analyses. The resulting tree, which was highly
esolved and generally well supported, contained a
trong biogeographic component. The rate of nucleo-
ide substitution for the nuclear intron was approxi-
ately six times slower than that of cytochrome b. This

esulted in a much higher consistency index for trees
erived from the intron because of the low level of
ultiple substitution. However, the degree of resolu-

ion and support for trees reconstructed from the two
enes was similar. We also examined the transition and
ransversion substitution rates for the genes. Third
osition transversions for cytochrome b accumulated

inearly with intron divergence, suggesting low levels
f multiple substitution for third position trans-
ersions. r 2000 Academic Press

Key Words: cytochrome b; b-fibrinogen intron 7;
olumbidae; gene trees; partition homogeneity test.

INTRODUCTION

A major assumption of molecular systematics is that
ene trees accurately reflect species trees. However, the
tochastic nature of lineage sorting can yield gene trees
hat differ from the species tree (Pamilo and Nei, 1988;
vise 1989, 1994). It is unlikely, however, that two gene
rees based on genes from different linkage groups
ould differ from the species tree in the same way. It is

hus possible to check for lineage sorting that is incon-
ruent with the species tree by comparing independent
ene trees. If the two gene trees are the same, lineage
orting differences can be inferred to have been rare.

Mitochondrial genes have smaller effective popula- s

141
ion sizes than nuclear genes, making them less subject
o lineage sorting that is incongruent with the species
ree (Moore, 1995). However, mitochondrial genes are
ot independent of one another because the mitochon-
rial genome is a single linkage unit. Because nuclear
enes sort independently of the mitochondrial genome,
omparisons of nuclear and mitochondrial trees allow
or potential identification of incongruent sorting events.

Mitochondrial genes have been used extensively in
olecular phylogenetic studies of birds (many ex-

mples in Mindell, 1997). In contrast, nuclear genes
ave been used much less extensively (Caspers et al.,
994, 1997; Prychitko and Moore, 1997). Prychitko and
oore (1997) found that nuclear and mitochondrial

enes recovered identical phylogenies for a group of five
oodpecker species (Aves: Picidae). A study in plants,
owever, found significant incongruence between trees
erived from nuclear genes and trees derived from
hloroplast genes (Mason-Gamer and Kellogg, 1996). In
his paper, we compare nuclear and mitochondrial
enes for a much larger number of species to evaluate
urther the likelihood of lineage sorting differences
etween independent gene trees.
The usefulness of different genes for reconstructing a

hylogeny can be influenced by the substitution proper-
ies of those genes. Cytochrome b and other mitochon-
rial protein coding genes generally have high rates of
ubstitution at third positions, relative to first and
econd positions (Holmquist et al., 1983; Johnson and
orenson, 1998). In addition, transition substitutions
re generally more frequent than transversions in
itochondrial genes. These properties often result in
ultiple substitutions at third positions and possibly

educed levels of support for phylogenies derived from
ytochrome b (Meyer, 1994). In contrast, the potential
or homoplasy in nuclear introns is less because of
lower mutation rates and a lack of strong selective
onstraints (Prychitko and Moore, 1997).
Another goal of this study was to compare the effects

f substitution properties of mitochondrial and nuclear
enes on phylogenetic resolution and support. We recon-

tructed and compared trees based on mitochondrial
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142 JOHNSON AND CLAYTON
ytochrome b (cyt b) and nuclear b-fibrinogen intron 7
FIB7) for 32 species of pigeons and doves (Aves:
olumbiformes). Extant members of the Columbi-

ormes are usually placed in a single family: Columbi-
ae (Goodwin, 1983). Del Hoyo et al. (1997) recognized
ve subfamilies within Columbidae: Columbinae (181
pecies), Otidiphabinae (1 species), Gourinae (3 spe-
ies), Didunculinae (1 species), and Treroninae (123
pecies). Phylogeny and taxonomy of this group have
ot been subjected to a cladistic treatment; so, we used
ladistic analysis of our DNA sequence data to assess
revious noncladistic classifications.

METHODS

NA Sequencing

We obtained tissue and feather samples from 32
pecies of Columbidae representing the subfamilies
olumbinae, Gourinae, and Treroninae (Table 1). We
id not have material from the remaining two columbid

TABLE 1

Columbid Species Sequenced

Name Source

erodramus salanganus DHC01, Sabah, Malaysia
laravis pretiosa1 KUMNH, B85, Paraguay
cardafella inca1 Tuscon, AZ
cardafella squammata1 FMNH, SML88-153
olumbina minuta1 FMNH, DFS92-210
olumbina passerina1 KUMNH, B1755, Missouri
olumbina picui1 KUMNH, B153, Paraguay
etriopelia ceciliae1 LSUMZ, B-23851, captive
olumba leucocephala1 KUMNH, B1718, Florida
olumba oenops1 FMNH, AJB-556
olumba plumbea1 FMNH, ATP86-136
olumba subvinacea1 FMNH, SML-1045
acropygia phasianella1 FMNH, TPG-1005
olumba livia1 Salt Lake City, UT
treptopelia chinensis1 FMNH, DW-4712
eotrygon montana1 KUMNH, B995, Peru
eptotila megalura1 FMNH, PS-002, Argentina
eptotila rufaxilla1 KUMNH, B793, Peru
enaida meloda1 LSUMZ, B-5236, Peru
enaida auriculata1 FMNH, PS-003, Argentina
enaida galapagoensis1 Tracy Aviary, captive
enaida graysoni1 LSUMZ, B-23847, captive
enaida macroura1 Phoenix, AZ
enaida aurita1 FMNH, SML87-062
ucula bicolor3 LSUMZ, B-19214, captive
hapitreron amethystina1 FMNH, ATP92-109
ena capensis1 FMNH, SMG-4180
tilinopus leclancheri3 FMNH, TPG-990
oura cristata2 KMNH, B1588, captive
reron vernans3 LSUMZ, B-20696, captive
eopelia cuneata1 KMNH, B1586, captive
eucosarcia melanoleuca1 LSUMZ, B-20539, captive
haps chalcoptera1 Tracy Aviary, captive

Note. Nomenclature follows del Hoyo et al. (1997). Subfamilies:
2 3
 mColumbinae, Gourinae, Treroninae.
ubfamilies Otidiphabinae and Didunculinae, which
re monotypic. The swiftlet Aerodramus salanganus
Apodiformes) was used as an outgroup to root the
olumbid tree.
We extracted tissue samples using a Quiaquick Tis-

ue Kit (Qiagen). For feather extractions, we removed 1
o 2 mm from the tip of the feather shaft and included
0 µl of 10% dithiothreitol (final concentration 1.3%) in
he digestion protocol (Johnson and Sorenson, 1998).
e amplified a portion of cyt b and nuclear fibrinogen

ntron 7 from total genomic extracts using PCR. We
sed the primers L14841 (Kocher et al., 1989) and H4a

Harshman, 1996) to amplify cyt b and the primers
IB-BI7L and FIB-BI7U (Prychitko and Moore, 1997)

o amplify FIB7. We used a Perkin–Elmer Thermal
ycler 9700 with the following reaction conditions:
4°C for 2 min, 35 cycles of 94°C for 30 s, 46°C for 30 s,
2°C for 30 s, and 72°C for 7 min. We purified PCR
roducts using a Qiagen PCR Purification kit. We
erformed cycle DNA Sequencing with Taq FS DNA
olymerase using either ABI dRhodamine dye termina-
ors or ABI Prism BigDye Terminators (Perkin–Elmer).
n sequencing reactions, we used the primers L14841,
4a, H15299 (Kocher et al., 1989), and L15517 (Johnson
nd Sorenson, 1998) for cyt b and FIB-BI7L, FIB-BI7U,
IB-DOVEF (58-TTT CTC TTT CCT CAT GAC CC-38,
his study), and FIB-DOVER (58-CAT AAT GGG TCA
GA GGA AAG AG-38, this study) for FIB7. We col-

ected and analyzed DNA sequence data (GenBank
ccession Nos. AF182648–AF182713) using an ABI
rism 377 automated DNA sequencer (PE Applied
iosystems). We aligned and reconciled complemen-

ary chromatograms using Sequencher 3.1 (Gene-
odes). We also used Sequencher to align sequences
cross species; final alignments were done by eye. We
reated indels as ambiguous in the phylogenetic analy-
is.

nalysis

We determined the number of variable and phyloge-
etically informative characters for both genes using
AUP* (Swofford, 1998). We compared the proportion
f sites that were variable and phylogenetically informa-
ive using the z statistic approximation (Milton and
rnold, 1990). We calculated pairwise sequence diver-
ences for both genes independently using PAUP*
Swofford, 1998). To compare relative rates of substitu-
ion between the two genes, we plotted sequence diver-
ences from pairwise comparisons for cyt b against
hose for FIB7. We fit third order regressions to these
ata and took the derivative at the origin to derive a
euristic estimate of the relative rates of substitution.
n alternative estimate of the relative rates of substitu-

ion can be obtained by comparing the relative tree
ength (rescaled for the number of characters). We
omputed an estimate of relative rates using this

easure for comparison with the estimate using pair-
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143CONGRUENCE BETWEEN GENE TREES FOR COLUMBIDAE
ise comparisons. We also examined the average num-
er of changes per site for each codon position of cyt b
nd over all positions of FIB7. Of sites that changed for
ach of these site types, we calculated the fraction of
ites which showed multiple substitutions as well as
he average number of substitutions for each site
howing at least one substitution. We also calculated
hese values for cyt b third position transitions and
ransversions.

We also examined percentage sequence divergence
sing transitions and transversions only for FIB7 and
or third positions of cyt b. To evaluate the ‘‘native’’ ratio
unbiased by multiple substitution) of transition versus
ransversion substitutions for both genes, we plotted
ransitions against transversions for FIB7 and third
osition transitions against third position transver-
ions for cyt b (Sturmbauer and Meyer, 1992). To derive
heuristic estimate of transition to transversion ratio

or both genes, we fit first (FIB7) or third (cyt b) order
egressions through the origin and took the first deriva-
ive at the origin to determine the initial slope. We did
ot perform statistical tests because of the nonindepen-
ence of the many pairwise comparisons and use these
egressions only heuristically to estimate approximate
elative rates. We evaluated the potential of third
osition transitions and transversions in cyt b for
ultiple substitutions by plotting percentage transver-

ion and transition divergence at third positions of cyt b
gainst overall divergence for FIB7 in pairwise compari-
ons. Since FIB7 showed little evidence for multiple
ubstitution (see Results), we were able to use FIB7
ivergence as a linear approximation of divergence.
To compare phylogenies derived from nuclear (FIB7)

nd mitochondrial (cyt b) gene regions, we first con-
ucted parsimony searches with the two genes indepen-
ently using PAUP* (Swofford, 1998). We compared
ree to tree symmetric difference distances (Penny and
endy, 1985) between trees derived from separate
nalyses of the two genes and between the gene trees
nd the combined tree. To determine the sensitivity of
ree topologies derived from cyt b to weighting, we
rogressively increased weighting of transversions over
ransitions using 2:1, 3:1, 4:1, 5:1, and 10:1 weighting of
ransversions. We also compared tree to tree distances
esulting from these weighted searches to determine if
ransversion weighting made cyt b trees more similar
o the FIB7 trees (Johnson and Sorenson, 1998).

We conducted bootstrap (Felsenstein, 1985) replicate
earches with 1000 ‘‘fast’’ replicates (PAUP*; Swofford,
998). We also computed and compared rescaled consis-
ency indices for trees derived from both genes to
etermine the overall level of homoplasy present in
ach data set. We conducted a partition homogeneity
est (Farris et al., 1994, 1995; Swofford, 1998) using the
nweighted data to compare the similarity of phyloge-
etic signal in the two data sets. Since this test
ndicated no evidence for phylogenetic incongruence t
etween genes (see Results), we combined the two gene
egions into one data set. Using the combined data set,
e constructed parsimony trees using PAUP* (Swof-

ord, 1998) with all characters unordered.
We also used maximum likelihood analysis of the

ombined data set to evaluate the sensitivity of tree
opology to method of analysis. To select a likelihood
odel, we used likelihood ratio tests (Kishino and
asegawa, 1989) to determine the simplest model that

ould not be rejected in favor of a more complex model
i.e., a model with more parameters). We considered the
ddition of additional substitution types, rate heteroge-
eity, and a fraction of invariant sites, using the
ombined parsimony tree with PAUP* (Swofford, 1998).
impler models could be rejected in favor of a general
ime reversible model with six substitution types, incor-
orating rate heterogeneity and a fraction of invariant
ites. We used this model with quartet puzzling in
AUP* to determine a likelihood tree under this model.

RESULTS

equence Evolution

Alignment of cyt b sequences was straightforward
ecause, as expected, no insertions or deletions were
resent. This was not the case for b-fibrinogen intron 7,
he length of which varied from 476 bp in Claravis
retiosa to 1141 bp in Ptilinopus leclancheri. Barring C.
retiosa, all other sequences exceeded 900 bp. Lengths
f indel regions inferred from aligned sequences of
IB7 varied from 1 to 695 bp. Because indels were
elatively infrequent, alignment was not compromised.
For cyt b, 564 of 1045 bp (54.0%) were variable and

81 of these (36.5%) were phylogenetically informative.
IB7 contained a smaller fraction of variable sites (505
f 1179, 42.8%, P , 0.001), and a much smaller fraction
f these (167, 14.2%) was phylogenetically informative
P , 0.0001). Sequence divergence between columbi-
orm species ranged between 0.97 and 17.07% for cyt b
nd between 0.27 and 7.30% for FIB7.
Comparison of pairwise divergences indicated that

yt b evolves approximately 5.6 times faster than FIB7
Fig. 1). The estimate of relative rates using total tree
engths was 3.6; this value was lower than the pairwise
stimate presumably because of unrecovered multiple
ubstitutions in the cyt b tree. The fraction of sites
with at least one substitution) that was multiple in
IB7 was 31.7%, lower than all three codon positions

or cyt b (see below). Pairwise comparisons also sug-
ested that cyt b is more subject to multiple substitu-
ions than FIB7 because the cyt b sequence divergence
eveled out relative to FIB7 (Fig. 1). In addition, the
umber of reconstructed changes per site was 1.91 for
yt b, compared to 0.53 for FIB7. Most of this multiple
ubstitution can be accounted for by third position

ransitions (Fig. 2) which, when plotted against FIB7
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144 JOHNSON AND CLAYTON
istance in pairwise comparisons, showed a dramatic
eveling off compared to third position transversions.

Transitions at first positions also showed evidence of
ultiple substitution when plotted against overall di-

ergence for FIB7 (not shown); however, leveling was
nly evident in pairwise comparisons to the outgroup.
irst position transversions and second position transi-
ions showed no evidence of leveling when plotted
ither against total cyt b divergence or against FIB7
ivergence (not shown). Second position transversions
howed very little accumulation (not shown); so, it is
ifficult to interpret the potential of these substitutions
or multiple substitution, but presumably it is minor.
he fraction of second position sites (showing at least
ne substitution) that experienced multiple substitu-
ion was 44.8%, lower than first (70.5%) and third
91.4%) sites.

The substitution rate of third position transitions in
yt b was approximately six times greater than that for
hird position transversions (not shown). Transitions
howed a much higher potential for multiple substitu-
ion, with the average number of changes for cyt b third
osition transitions equal to 3.7 compared to 1.2 for
hird position transversions. Of third positions for cyt b
hich show a transition or transversion, the fraction of

ransition changes that are multiple sites is 85.7%,
hile the fraction of transversion changes that are at
ultiple sites is 70.1%. Multiple substitutions in cyt b

hird position transitions are apparent at about 8% cyt
sequence divergence (Fig. 1). In contrast, FIB7 exhib-

ted a much lower transition/transversion substitution

FIG. 1. Plot of overall pairwise divergences in cyt b against those
or FIB7. The single outlying point is the comparison of Claravis
Hretiosa with the outgroup.
atio of approximately 1.5 (plot not shown). Neither
ransitions nor transversions in FIB7 appeared to be
ubject to increased multiple substitutions at high
ivergences (plot not shown). These analyses indicate
hat transversions should be weighted over transitions
n phylogenetic analyses using cyt b but not weighted in
nalyses of FIB7.

hylogenetic Relationships

Phylogenies derived from unweighted parsimony for
yt b (Fig. 3) were very similar to those derived from
IB7 (Fig. 4) (symmetric difference distances: range
6–36, mean 32.33). Trees based on FIB7 had more
ranches supported in .50% of bootstrap replicates (16
odes) than did trees based on cyt b (13 nodes). In no
ase did a node with .50% bootstrap support for one
ene conflict with a node supported in over 50% of
ootstrap replicates for the other gene. The rescaled
onsistency index (RC) for the FIB7 tree (0.668) was
uch higher than that for the cyt b tree (0.154). The RC

or cyt b transversions only (0.253) was higher than for
he entire gene (0.154). Interestingly, the RC for cyt b
ransversions was higher over the unweighted com-
ined topology (0.257) than over the unweighted cyt b
ree (0.253). In addition, cyt b trees with 5:1 weighting
f transversions were more similar to trees derived
rom FIB7 (symmetric difference distances: range 24–
0, mean 27.52) than were unweighted cyt b trees
range 26–36, mean 32.33). Topologies derived from cyt

changed as weighting of transversions increased.

FIG. 2. Plot of pairwise third position transition and transversion
ivergences in cyt b against overall divergences for FIB7. The two
utlying points are comparisons of Claravis pretiosa with the outgroup.
owever, trees derived from 5:1 or higher weighting



d
b
s
s
a

1
b

(
r
g
g
t
t
A

m
.

145CONGRUENCE BETWEEN GENE TREES FOR COLUMBIDAE
id not change (not shown). All nodes with .50%
ootstrap support for the unweighted data were pre-
ent in trees across all cyt b transversion weighting
chemes (2:1 to 10:1) except for the node uniting Goura
nd Treron in the unweighted cyt b tree.
The partition homogeneity test (Farris et al., 1994,

995) revealed that the cyt b and FIB7 data sets could

FIG. 3. Strict consensus of three trees (length 5 1967, RC 5 0.
itochondrial cyt b gene. Branch lengths are proportional to recons
50% of bootstrap replicates. Bold branches are those also recovered
e considered samples of the same phylogenetic history b
P 5 0.51; Bull et al., 1993). Because phylogenies de-
ived from the two genes were not significantly incon-
ruent, it is reasonable to combine data from the two
enes in one analysis (Bull et al., 1993). When we did
his, fewer trees resulted (consensus Fig. 5) and these
rees were more highly resolved and better supported.
total of 18 nodes had .50% bootstrap support. Eleven

) resulting from an unweighted parsimony search of bases of the
cted changes. Numbers above branches indicate nodes supported in
n unweighted analysis of the FIB7 gene (Fig. 4).
154
tru
in a
ranches in the combined tree were common to analy-
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146 JOHNSON AND CLAYTON
es of cyt b and FIB7, as well as all cyt b transversion
eighting schemes. The combined tree contained all of

he nodes that were present in .50% of bootstrap
eplicates of the unweighted cyt b data. All but 2 of the
6 nodes with .50% bootstrap support in the FIB7 data
ppeared in the combined data consensus tree. Of
odes receiving .50% bootstrap support in the un-

FIG. 4. Strict consensus of 1000 trees (length 5 611, RC 5 0.668)
f bases of the nuclear FIB7 gene. Branch lengths are proportiona
upported in .50% of bootstrap replicates. Bold branches are those al
eighted cyt b tree, only 1 showed a decrease in m
ootstrap support in the combined tree. In contrast, 8
odes supported at .50% in the FIB7 analysis showed
decrease in bootstrap support in the combined tree.
he combined tree was more similar to the unweighted
yt b tree (symmetric difference distances: range 14–16,
ean 14.67) than it was to the FIB7 tree (symmetric

ifference distances: range 20–30, mean 25.64). Maxi-

ulting from an unweighted parsimony search (maxtrees set to 3000)
o reconstructed changes. Numbers above branches indicate nodes
ecovered in an unweighted analysis of the cyt b gene (Fig. 3).
res
l t
so r
um likelihood analysis of the combined data (Fig. 6)
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147CONGRUENCE BETWEEN GENE TREES FOR COLUMBIDAE
roduced a tree that is very similar to the combined
arsimony tree.
The two large subfamilies within Columbidae (Colum-

inae and Treroniae) were not monophyletic in any of
he analyses. Rather, members of these two groups
ere interspersed among five major clades (Fig. 5).

FIG. 5. Strict consensus of two trees (length 5 2606, RC 5 0.235
f the mitochondrial cyt b and nuclear FIB7 genes. Branch lengths
ndicate nodes supported in .50% of bootstrap replicates. Bold branc
ransversion weighted trees [not shown]) and the unweighted analysi
hese clades generally sort into biogeographic zones. t
ne well-supported group (A), containing the small
ew World ground doves in the genera Columbina,
cardafella, Claravis, and Metriopelia, is sister to the
ther four groups in the combined tree (as well as in
any other analyses). A separate clade (C) of mid-sized,
ew World doves contains the genera Geotrygon, Lepto-

sulting from an unweighted parsimony search of the combined bases
e proportional to reconstructed changes. Numbers above branches
are those also recovered in all analyses of the cyt b gene (Fig. 3 and
the FIB7 gene (Fig. 4). A–E indicate clades discussed in the text.
) re
ar

hes
ila, and Zenaida, all of which belong to the subfamily
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148 JOHNSON AND CLAYTON
olumbinae. Another strongly supported group (B)
ontains members of the subfamily Columbinae, includ-
ng the Old World genera Macropygia and Streptopelia,
s well as New and Old World representatives of the
orldwide genus Columba. Another Old World group

D), with poorly supported monophyly, contains repre-
entatives of the subfamilies Treroninae (Ducula,
tilinopus, and Treron), Columbinae (Phapitreron and

FIG. 6. Tree resulting from maximum likelihood quartet puzzli
eterogeneity (shape parameter 5 0.56, four rate categories), and 36.
ena), and Gourinae (Goura). Finally, another well- s
upported group (E) is composed of the Australasian
enera Phaps, Leucosarcia, and Geopelia.
In the case of five genera, we sequenced more than

ne species. Three of these genera, Zenaida, Leptotila,
nd Scardafella, were monophyletic in all trees. The
emaining two genera, Columba and Columbina, were
araphyletic. The four species of New World Columba
n this study formed a clade to the exclusion of the

searches using a likelihood model with six substitution types, rate
invariant sites.
ng
ingle Old World Columba (livia) in this study. The
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149CONGRUENCE BETWEEN GENE TREES FOR COLUMBIDAE
enus Scardafella was imbedded within Columbina,
esulting in paraphyly of Columbina.

DISCUSSION

equence Evolution

Patterns and rates of sequence substitution differ
ramatically between cyt b (a mitochondrial protein
oding gene) and FIB7 (a nuclear intron) in pigeons and
oves (Columbiformes). Cyt b shows a five- to sixfold
igher substitution rate than FIB7, and this is likely
ue to the higher mutation rate typical of vertebrate
itochondrial DNA (Brown et al., 1979). The higher

ate of substitution in cyt b (especially at third sites)
akes this gene more prone to multiple substitutions.

nterestingly, transversions at third positions in colum-
iform cyt b seem largely unaffected by multiple substi-
ution, while third position transitions are highly sub-
ect to homoplasy. The difference between transitions
nd transversions in multiple substitution frequency
ay reflect a difference in rates, given that third

osition transitions accumulate approximately six times
aster than transversions. These differences in rates
orrespond to differences between rescaled consistency
ndices, with that of FIB7 being much higher than that
f cyt b. These observations reflect the tradeoff between
ariation and homoplasy in phylogenetic studies. Sites
nd substitution types with high rates, such as third
osition transitions, have the potential to resolve short
nternodes and recent speciation events. On the other
and, fast sites are the most subject to multiple substi-
ution, making older nodes difficult to resolve. In
ontrast, short and/or recent nodes are more difficult to
esolve with slow sites and substitution types; however,
hese sites show very little homoplasy.

Another striking difference between cyt b and FIB7 is
he ‘‘native’’ (excluding multiple substitutions) ratio of
ransitions to transversions: approximately 6:1 for cyt b
nd 1.5:1 for FIB7. The expected ratio without muta-
ion or substitution bias is 0.5:1 because there are twice
s many ways to have a transversion as a transition (Li,
997). Presumably the 1.5:1 ratio for FIB7 reflects the
utation bias (Li, 1997) for nuclear DNA. This as-

umes that substitution bias (due to selection) against
ransversions is minimal in nuclear introns. In con-
rast, the high ratio (6:1) for third sites in cyt b likely
eflects both a mitochondrial mutation bias as well as a
ubstitution bias (because many transversions result in
mino acid substitutions, while no third position transi-
ions do so). Currently, it is unclear whether the
ransition mutation bias is the same between nuclear
nd mitochondrial DNA in birds. Examination of re-
ions of mtDNA (such as the control region), where
ransversions are less likely to be at a selective disad-
antage, may help to determine the mutation bias for

tDNA. m
Differences between transversion and transition ac-
umulation in cyt b have implications for phylogeny
econstruction. Because transitions are much more
ubject to multiple substitution in cyt b, they should be
ownweighted. In addition, the rescaled consistency
ndex for transversions over the unweighted cyt b tree
Fig. 3) is actually lower than it is over the unweighted
ombined tree (Fig. 5). This result, which suggests that
ransversions are more consistent with nuclear data
han they are with cyt b transitions, argues for weight-
ng transversions in analyses of cyt b. Other studies
how that transversions within a gene are more consis-
ent with combined evidence than they are with transi-
ions within that same gene (Johnson and Sorenson,
998, 1999).
While other studies have reported that bootstrap

roportions generally increase as gene regions are
ombined (Johnson and Sorenson, 1998; Johnson and
anyon, 1999), we found that many bootstrap values

or nodes in the FIB7 tree decreased in the combined
ree. This decrease occurred even though there was no
vidence for significant conflict between cyt b and FIB7.
ather, it was probably due to the combination of a data
et with very little homoplasy (FIB7) and one with a
igh level of homoplasy (cyt b). Bootstrap proportions
nderestimate the confidence level of a node as homo-
lasy increases (Zharkikh and Li, 1992, 1995). Thus,
ince the overall homoplasy of the combined data is
igher (due to the addition of cyt b), the bootstrap
alues for nodes are expected to decline even though
he confidence level for a node may actually have
ncreased. This phenomenon warrants theoretical treat-

ent with simulations.

hylogenetic Relationships

Given the large number of taxa involved in this study,
t is somewhat surprising that the trees from FIB7 and
yt b do not show significant incongruence. We might
ave predicted that differences in lineage sorting be-
ween nuclear and mitochondrial genes would have
ccurred at least once in the history of these 32
olumbiform taxa but we found no evidence for this.
owever, given that a difference in lineage sorting
etween genes is most likely to occur when speciation
vents happen in rapid succession, it may actually be
hat lineage sorting differences will be difficult to
etect. The difficulty of detecting incongruence result-
ng from lineage sorting differences may be higher for
lder nodes than for recent speciation events.
Many portions of the trees derived from the two

enes showed agreement, and in places where nodes
iffered, these differences were poorly supported. The
ack of resolution in both trees involved mainly a group
f poorly sampled Old World genera. Groups for which
axa were more thoroughly sampled in this study (e.g.,
ew World genera), tended to have better resolved and

ore strongly supported nodes in both trees. We sug-
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est that more thorough sampling of Old World genera
ould increase resolution and support for these nodes.
Despite the fact that the RC for the FIB7 tree was

our times greater than that for cyt b, the number of
odes showing .50% bootstrap support decreased only
rom 16 (FIB7) to 13 (cyt b). Part of this may be due to a
ack of resolution within the genus Zenaida for the
IB7 gene, presumably because FIB7 is not evolving

ast enough to resolve relationships among these closely
elated species. The number of nodes with very high
ootstrap support (.90%) was higher for FIB7 (11)
han for cyt b (6), and this presumably more strongly
eflects the underlying homoplasy in each gene.
An analysis of nuclear and mitochondrial gene trees

n woodpeckers produced identical trees (Prychitko and
oore, 1997). However, in plants, it appears that trees

etween nuclear genes and organelles may often be in
ignificant conflict (Mason-Gamer and Kellogg, 1996).
n our analysis, phylogenies from nuclear and mitochon-
rial genes were very similar, with no evidence of
ignificant conflict. While a phylogeny from a single
ene region (or linkage group) may not reflect the
pecies phylogeny (because of hybridization or lineage
orting problems), it is very unlikely that two unlinked
ene regions would result in the same topology unless
oth genes tracked phylogenetic history. Lack of signifi-
ant incongruence between FIB7 and cyt b also indi-
ates that phylogenies from single gene regions may
ften be reasonable estimates of the organismal phylog-
ny (at least for nodes with high levels of bootstrap
upport).
The phylogeny derived from combined gene regions

hows considerable biogeographic structuring and sup-
orts the monophyly of several genera. The two genera
hich are paraphyletic (Columba and Columbina) have
reviously been identified by morphological taxono-
ists as problematic (Goodwin, 1983). If paraphyly of

hese two genera persists upon further study, Columba
hould be split into two genera and Scardafella should
e merged with Columbina.
Early noncladistic morphological and molecular work

n the genus Columba has provided conflicting results.
ome authors split New and Old World species into two
istinct groups, which may or may not be each other’s
earest relatives (morphology: Ridgway, 1916; Ver-
eyen, 1957; behavior: del Hoyo et al., 1997; molecular
ata: Cumley and Irwin, 1944; Irwin, 1953; Irwin and
iller, 1961), while others suggest merging New and
ld World species (morphology: Peters, 1937; Boet-

icher, 1954; molecular data: Corbin, 1968). This study
s consistent with the former interpretation, with the
ld World Columba being closer to the Old World genus
treptopelia than they are to the New World Columba.
t is unclear from our sampling of taxa what the sister
axon to New World Columba is but these species fall
ithin a clade (B) containing Macropygia, Streptopelia,

nd Old World Columba.
Just as New and Old world species of Columba seem
o be separated phylogenetically and biogeographically,
iogeographic patterns for other columbid taxa emerge
n the phylogeny. All three strictly Australian genera
Geopelia, Leucosarcia, and Phaps) form a clade (E) and
his is consistent with traditional taxonomy (del Hoyo
t al., 1997). Other Old World genera form a clade (D) in
he combined tree with representatives throughout
frica, Eurasia, and the South Pacific. Further work is
eeded on this Old World group to determine the limits
f this clade.
One surprising result is that the small New World

round doves (Claravis, Metriopelia, Columbina, and
cardafella) are not closely related either to the mid-
ized New World doves (Geotrygon, Leptotila, and Ze-
aida) or to the New World pigeons (Columba). In-
tead, the small New World ground doves are the sister
roup to all other species of Columbiformes. Tradition-
lly, these small ground doves have been considered
losely related to, albeit distinct form, other New World
enera (Goodwin, 1983; del Hoyo et al., 1997).
In general, this study shows that phylogenies of

olumbiformes derived from two independent genes
nuclear and mitochondrial) are largely congruent.
his congruence exists despite large differences in
ates and substitution patterns between gene regions.
hese phylogenies are also consistent with much of the
revious taxonomic classification of this group. We
uggest that a combination of relatively short segments
f nuclear and mitochondrial genes can provide consid-
rable resolution and confidence concerning relation-
hips among avian genera.
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