
Avian plumage traits are widely believed to 
evolve rapidly, with high levels of homoplasy 
(reviewed in Omland and Lanyon 2000). To 
test those assumptions, Omland and Lanyon 
(2000) used a robust, well-resolved mitochon-
drial (mt) DNA phylogeny of the New World 

orioles (Omland et al. 1999) to test the plasticity 
of plumage evolution of 44 plumage character 
traits across 45 oriole taxa. Only two characters 
showed no homoplasy and were entirely con-
sistent with the molecular phylogeny, and those 
characters were informative only at the species 
level. All other characters showed some degree 
of homoplasy. Further, two overall plumage 
types termed “Baltimore” and “Altamira” by 

Abstract.—A recent study of New World orioles (Icterus spp.), which traced a large number 
of plumage characters onto a mitochondrial DNA phylogeny, reported high frequencies of 
evolutionary convergence and reversal of plumage characters (Omland and Lanyon 2000). 
Although those results are consistent with other smaller scale studies that have documented 
plumage homoplasy, the mitochondrial genome is inherited as a single linkage group, so 
mitochondrial data represent only one gene tree. The mitochondrial (mt) DNA tree may not 
refl ect the true evolutionary history of a lineage; therefore, it remains possible that the plumage 
characters could refl ect the true species phylogeny. Other rapidly evolving regions of DNA can 
provide independent phylogenetic hypotheses useful for evaluating mitochondrial gene trees. 
A novel phylogenetic marker, a region of the nuclear gene ornithine decarboxylase (ODC) 
spanning from exon 6 to exon 8, was sequenced in 10 oriole species. The resultant nuclear gene 
tree reconstructs the same three major oriole clades as the mtDNA tree (Omland et al. 1999), 
supporting the conclusion that plumage evolution in the New World orioles has been highly 
homoplastic. Although most phylogenetic studies that have employed introns report greatest 
resolution at the genus or family level, ODC appears to off er some degree of phylogenetic 
resolution for infrageneric analyses. However, that intron has clearly not sorted to monophyly 
within or between closely related species. Received 30 May 2002, accepted 20 April 2003.

Resumen.—Un estudio reciente de Icterus, que analizó la evolución de un gran número de 
caracteres del plumaje sobre una fi logenia basada en ADN mitocondrial, documentó una alta 
frecuencia de convergencias y reversiones evolutivas en caracteres del plumaje (Omland y 
Lanyon 2000). Aunque esos resultados son consistentes con otros estudios a menor escala que 
han reportado homoplasia en el plumaje, el genoma mitocondrial se hereda como un solo 
grupo de ligamiento, por lo que los datos mitocondriales representan sólo un árbol génico. 
Como el árbol de ADN mitocondrial podría no refl ejar la verdadera historia evolutiva de un 
grupo, es aún posible que los caracteres de plumaje refl ejen la fi logenia real de las especies. 
Otras regiones de ADN que evolucionan rápidamente pueden proveer hipótesis fi logenéticas 
independientes de utilidad para evaluar los árboles de genes mitocondriales. Un marcador 
fi logenético nuevo, una región del gen nuclear ODC ("ornithine decarboxylase") que va del 
exón 6 al exón 8, fue secuenciada para 10 especies de Icterus. El árbol resultante del gen nuclear 
reconstruye los mismos tres clados principales de Icterus que el árbol de ADNmt (Omland et 
al. 1999), apoyando la conclusión de que la evolución del plumaje en Icterus ha sido altamente 
homoplásica.  Aunque la mayoría de los estudios que han empleado intrones documentan una 
resolución máxima al nivel de género o familia, ODC parece ofrecer algún grado de resolución 
fi logenética para análisis infragenéricos. Sin embargo, este intrón claramente no se ha separado 
hasta la monofi lia entre o dentro de especies estrechamente relacionadas.
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Omland and Lanyon (2000) each appear to 
have arisen convergently in several clades of 
the New World orioles. The Baltimore plumage 
patt ern is shared by Icterus galbula (Baltimore 
Oriole) and I. parisorum (Scott ’s Oriole) in clade 
C and I. spurius (Orchard Oriole) in clade A, as 
the clades are defi ned by Omland et al. (1999). 
The Altamira plumage patt ern is represented in 
all three clades, shared by I. gularis (Altamira 
Oriole, clade C), I. pectoralis (Spot-Breasted 
Oriole, clade B), and I. cucullatus (Hooded 
Oriole, clade A). Although homoplastic plum-
age evolution has been reported in other stud-
ies (e.g. Burns 1998, Crochet et al. 2000), the 
striking similarities among orioles within the 
Baltimore and Altamira plumage types could 
be interpreted to cast doubt upon the reliabil-
ity of the mtDNA phylogeny. That potential 
confl ict between molecular and plumage data 
has prompted us to construct an independent 
oriole phylogeny using nuclear intron data, 
with which we can address the accuracy of the 
mtDNA phylogeny and more rigorously test 
Omland and Lanyon’s (2000) hypothesis of the 
evolutionary history of oriole plumage.

The qualities of rapid evolution and unipa-
rental inheritance have made the mitochon-
drial genome a valuable tool for phylogenetic 
analyses. The small eff ective population size of 
the mitochondrial genome, relative to nuclear 
genes, means that mtDNA trees have a bett er 
chance of tracking the species tree than any 
single nuclear gene tree (Moore 1995). However, 
because the mitochondrion is inherited as a 
single linkage group, mtDNA data yield only 
one gene tree. As with any single-gene tree, 
an mtDNA phylogeny has some probability, 
because of retained ancestral polymorphism 
and incomplete lineage sorting, that it does 
not refl ect the true evolutionary history of the 
lineage (Neigel and Avise 1986, Pamilo and Nei 
1988, Avise 1989, Moore 1995). That problem 
has led to the suggestion that species trees are 
best inferred from several independent gene 
trees (Pamilo and Nei 1988, Wu 1991). 

To build gene trees independent of mtDNA 
data at lower taxonomic levels, researchers have 
turned to nuclear introns. Released from many 
selection pressures constraining the evolution 
of exons, introns are free to accumulate muta-
tions much more rapidly than coding regions 
of nuclear (n) DNA, although generally not as 
rapidly as mtDNA (Shapiro and Dumbacher 

2001). That quality potentially bridges a gap 
between the species-level phylogenetic re-
construction possible with mtDNA data and 
deeper level phylogenetic reconstructions from 
coding regions of the nuclear genome. Further, 
mutations can occur uniformly across introns, 
rather than mainly at third positions in coding 
sequences, which may minimize the problem of 
multiple hits, saturation, and homoplasy asso-
ciated with mtDNA data (Griffi  ths 1997). Still, 
nuclear genes sort much more slowly than mi-
tochondrial genes (Palumbi et al. 2001), which 
limits the utility of introns for species-level 
analyses. Using several introns might gener-
ate suffi  cient data for such analyses; however, 
few avian studies have used nuclear introns 
to determine levels of mtDNA divergence and 
taxonomic hierarchy at which nuclear introns 
sort to monophyly.

Several nuclear introns have been reported to 
be useful for lower level avian systematics. One 
of the fi rst developed—and the most widely used 
thus far—is intron 7 of β-fi brinogen (Prychitko 
and Moore 1997). Prychitko and Moore (1997, 
2000) sequenced the mitochondrial gene cy-
tochrome b (cyt b) and intron 7 of the nuclear 
gene β-fi brinogen (fi b7) in several woodpecker 
genera. Trees for the two regions are nearly 
identical, diff ering at only one deep node. An 
investigation of eight closely related dove spe-
cies (Johnson and Clayton 2000a) suggests that 
fi b7 evolves too slowly to resolve infra  generic 
phylogenies, although intron data did share a 
deep node with the cyt-b mitochondrial tree and 
were not inconsistent with the  mitochondrial 
data. Recent studies of adenylate kinase intron 5 
(Shapiro and Dumbacher 2001) and avian ovo-
mucoid intron G (Armstrong et al. 2001) report 
that those introns too are useful at the genus 
and family  level; they show less base-composi-
tion bias, litt le among-site rate  heterogeneity, 
and lower transition–transversion ratios than 
mitochondrial genes. Developing tractable 
nuclear introns in diff erent parts of the genome 
will enable avian systematists to (1) test for con-
gruence among independent nuclear regions, 
(2) add data for fi ne-scale resolution, and (3) 
fi nd introns with diff erent molecular properties 
(e.g. rates of evolution) that may be useful at 
diff erent levels of divergence.

Friesen et al. (1999) developed primer pairs 
for fi ve intron regions, for which they assessed 
amplifi cation performance and product varia-
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tion in vertebrates, including birds. However, 
they did not test the phylogenetic utility of 
those introns. Here, one of those primer pairs 
was used to reconstruct the phylogeny of a 
nuclear marker that we term ODC6/7, an intron 
complex of ornithine decarboxylase (ODC) that 
targets introns 6 and 7. The phylogenetic reso-
lution that we achieved from ODC sequences 
was compared within the genus Icterus with 
that of the mtDNA phylogeny discussed above 
(Omland et al. 1999) to test the hypothesis that 
two plumage patt erns—the Baltimore type and 
the Altamira type—have evolved convergently 
within the New World orioles (Omland and 
Lanyon 2000). The molecular evolutionary pat-
terns of introns were also compared to those of 
cyt b. Our study represents the fi rst att empt at 
phylogenetic reconstruction using ODC, a gene 
implicated in regulating the biosynthesis of 
polyamines involved in cell growth, develop-
ment, and division (Yao et al. 1995).

Methods

DNA sequencing.—To identify an intron useful for 
reconstructing the phylogeny of Icterus, an array of 
introns was screened for which universal or avian-
specifi c primers have been published. Primers were 
initially surveyed for introns of aldolase, α-enolase, 
glyceraldehyde-3-phosphate dehydrogenase (Friesen 

et al. 1997), adenylate kinase (Shapiro and Dumbacher 
2001), β-fi brinogen (Prychitko and Moore 1997), and 
ODC (Freisen et al. 1999). The primer sets for ODC 
and fi b7 readily amplifi ed products of a single size, 
and for those a series of test amplifi cations were run 
under varying annealing temperatures and MgCl2 
conditions to optimize the polymerase chain reaction 
(PCR) protocol. Initial sequence data suggested rela-
tively litt le variation among our study taxa for fi b7; 
therefore, our att ention was focused on ODC6/7.

Polymerase chain-reaction primers designed by 
Friesen et al. (1999; OD6: 5’-GAC TCC AAA GCA GTT 
TGT CGT CTC AGT GT-3’ and OD8: 5’-ATT GGT GGT 
GGC TTC CCT GGC TCT GAA GA-3’) were used to 
amplify a fragment of ODC stretching from exon 6 
to exon 8, which varies in size from 714 to 728 base 
pairs (bp) among the 16 individuals we sequenced, 
representing 10 Icterus species (see Table 1). Taxa were 
chosen that represent each of the three major mtDNA 
clades of Icterus (Omland et al. 1999), as well as rep-
resentatives of the two plumage types (Omland and 
Lanyon 2000). To sequence through the ODC frag-
ment, internal primers in two regions of intron 7 were 
designed that were relatively conserved among our 
study taxa (OD6int: 5’-GTT CTA CTT TCT CTG GAA 
CTA CTG CTC-3’ and OD8int: 5’-CAT CAA GTC AGT 
GAC TTA GCT AGC T-3’).

The QIAamp DNA Mini kit (Qiagen, Valencia, 
California) or the DNeasy tissue kit (Qiagen) was 
used for DNA extractions. Polymerase chain reaction 
 amplifi cations were performed with the following 
 temperature profi le: initial denaturation at 95°C for 4 

TABLE 1. Icterid species examined, GenBank accession numbers, and tissue voucher or field numbers. 

 ODC GenBank Tissue voucher  

Species/individual Common name accession number or field number 

Icterus abeillei Black-backed Oriole  AF491979a MZFC KEO28b

I. bullockii 1 Bullock’s Oriole A: AF491980 UWBM 55978 

  B: AF491981a

I. bullockii 2   AF491982 UWBM 59055 

I. cucullatus Hooded Oriole  AF491983a MZFC KEO11 

I. dominicensis Black-cowled Oriole  AF491984a MZFC KEO18 

I. galbula 1 Baltimore Oriole  AF491985a UKNHM 90711 

I. galbula 2   AF491986 UKNHM 90712 

I. galbula 3   AF491987 UKNHM 90713 

I. gularis Altamira Oriole  AF491988a MZFC KEO 22 

I. mesomelas Yellow-tailed Oriole  AF491989a BMNH KEO14 

I. pectoralis Spot-breasted Oriole  AF491990a BMNH KEO08 

I. pustulatus Streak-backed Oriole A: AF491991a MZFC KEO36 

  B: AF491992 

I. spurius 1 Orchard Oriole  AF491993a MZFC KEO23 

I. spurius 2   AF491994 MZFC KEO24 

I. spurius 3   AF491995 MZFC KEO25 

I. spurius 4   AF491996 MZFC KEO26 

a ODC alleles included in the comparisons to cytochrome b.

bAbbreviations: BMNH = Bell Museum of Natural History, University of Minnesota; FMNH = Field Museum of Natural History; 

MZFC = Museo de Zoologia, Facultad de Ciencas, Mexico; UKNHM = University of Kansas Natural History Museum; UWBM = 

University of Washington Burke Museum. 
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min; 35 cycles of 95°C for 60 s, 55–60°C for 60 s, 72°C 
for 45 s; and a fi nal elongation at 72°C for 10 min. 
Annealing temperature was optimized to avoid 
amplifi cation of paralogous sequences. Initial ampli-
fi cations were performed in 10 µL of a reaction mix 
comprising 30 mM tricine, 50 mM KCl, 2.0 mM MgCl2, 
50 mM dNTPs, 0.2 µm each fl anking primer, and 0.5 
U Taq polymerase, with or without 2.5% acetamide. 
Polymerase chain reaction products were cleaned 
with the QIAquick PRC purifi cation kit (Qiagen) in 
preparation for sequencing. Cycle sequencing was 
performed in quarter-volume reactions using Big Dye 
chemistry (Applied Biosystems, Foster, California). A 
total of four sequencing reactions for ODC6/7 for each 
PCR amplifi cation product were suffi  cient to sequence 
both strands. Products of sequencing reactions were 
cleaned by isopropanol precipitation before analysis 
on an ABI 310 automated DNA capillary sequencer.

Analysis.—Sequence chromatograms were assem-
bled and edited using SEQUENCHER 4.1 (Genecodes 
Corporation, Ann Arbor, Michigan). For taxa with 
apparently polymorphic sites in which only one indi-
vidual was sequenced and the homozygous state was 
therefore unknown, IUPAC symbols were used to de-
note polymorphic bases. Because the I. pustulatus ODC 
complex possessed several polymorphic sites, one 
allele was assigned to the base shared by the majority 
of other taxa at each variable site, with the alternate 
base at those sites composing a second allele. For taxa 
in which more than one individual was sequenced, 
according to Clark’s (1990) method of allele “subtrac-
tion,” alleles present in heterozygous individuals 
were inferred by defi ning the second allele as the base 
alternative to that present in homozygous individuals 
of the same species at each site that produced clean, 
multiple-base calls of comparable signal intensity. 
Sequences have been deposited in GenBank under ac-
cession numbers AF491979–AF491996 (Table 1). 

 Insertions and deletions (indels) in the dataset 
were easily aligned and were treated as single gaps re-
gardless of the length of the indel (aft er Prychitko and 
Moore 2000). The criterion of equally weighted par-
simony was used to analyze the data, because indels 
cannot be modeled together with DNA sequence evo-
lution; consequently, widely used programs—such as 
PAUP* (test version 4.0b8a; Swoff ord 2001), which we 
used for all phylogenetic analyses—do not permit the 
use of model-based approaches with a dataset that in-
cludes indels. Given that the ODC intron shows a low 
number of changes among taxa, and that maximum 
parsimony and maximum likelihood produce similar 
results when there is a low probability of character 
change during the evolution of a group (Felsenstein 
1973), the utility of including indels in the analyses 
reasonably justifi es our use of maximum parsimony. 
Branch and bound searches were conducted with 
equal character weighting, and multistate characters 
interpreted as polymorphisms. Because no nucleotide 

variation exists within any indel region, each gap was 
scored as present or absent for a given taxon, and then 
included in analyses as a single character treated as a 
fi ft h base. Bootstrap support was assessed using 1,000 
pseudoreplicates of the branch and bound search. 
Our main goal was to test the overall congruence 
between the mitochondrial and intron sequence data; 
therefore, all trees were rooted by midpoint and no 
outgroup species were sequenced.

In addition to analyzing the ODC sequences gener-
ated for our study, plumage data from Omland and 
Lanyon (2000) and cyt-b sequence data from Omland 
et al. (1999) were also used for analyses of the 10 taxa 
common to the three studies (cyt b GenBank accession 
numbers: AF099278, AF099284, AF099289, AF099290, 
AF099293, AF099300, AF099304, AF099306 and 
AF099307; I. abeillei, K. E. Omland unpubl. data). For 
those comparisons, the complete ODC dataset was 
pruned to a single, arbitrarily chosen individual from 
each Icterus taxon (indicated in Table 1). Separate tests 
indicate that the choice of individual did not aff ect the 
results. Analyses of the combined dataset were run 
both with and without the indels, for the cyt-b and 
ODC data partitioned separately and combined. 

Results

Molecular properties of ornithine decarboxylase.—
In the 728 bp ODC complex we sequenced, three 
indels ranging from 1 to 11 bp in length were 
identifi ed. Twelve bases and all three indels pro-
vided phylogenetically informative characters for 
parsimony analysis of the complete ODC dataset. 
Because the very few variable sites in the exon 
regions of ODC were uninformative, all analyses 
presented for ODC are based upon the 532 bp 
in introns 6 and 7, with the remaining 196 exon 
base pairs omitt ed. Comparisons of ODC to cyt b 
included 920 bp of cyt-b sequence (from Omland 
et al. 1999) for one representative allele chosen 
arbitrarily from each species. Ten nucleotides 
and two indels in the ODC complex remained 
phylogenetically informative for those compari-
sons; sequences of cyt b contained 92 parsimony-
informative characters. Variable sites are much 
more frequent in cyt b than in the ODC introns. 
About half of variable sites in both cyt b and ODC 
are informative for parsimony analyses (92 of 196 
sites for cyt b and 12 of 24 sites for ODC), in line 
with values reported for cyt b by other research-
ers (Johnson and Clayton 2000b, Prychitko and 
Moore 1997, 2000). 

Nonindependence due to common ances-
try prevents rigorous statistical comparisons 
between the substitution patt erns of ODC 
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and cyt b; however, qualitative investigation 
provides insight into the processes of mo-
lecular evolution acting upon the two regions. 
Transition substitutions are plott ed against 
transversion substitutions in Figure 1 for all 
species-pair comparisons. The cyt-b ratio of 
5.80 is consistent with other published values 
for cyt b (Johnson and Clayton 2000b, Moore 
and DeFilippis 1997). Although not as extreme 
as that of cyt b, the transition–transversion ra-
tio for ODC intron sites is 2.85, similar to the 
ratio reported for avian ovomucoid intron G 
(Armstrong et al. 2001).

That patt ern of extreme values for cyt b with 
more moderate values for ODC introns is also 
evident in comparisons of molecular distance, 
as illustrated in Figure 2. Distances for cyt b 
are considerably greater than ODC values (Fig. 
2). When cyt-b substitutions are separated into 
 synonymous and nonsynonymous mutations 
(Fig. 2), it is clear that the elevated substitution 
rate of cyt b, relative to the introns, can be att rib-
uted to synonymous mutations. Nonsynonymous 
cyt-b substitutions fall near the line of equal rates 
of mutation in Figure 2, which suggests that the 
overall mutation rate for introns is roughly equiv-
alent to the rate of nonsynonymous mutations in 
coding regions of the mitochondrial genome. In 
keeping with the selection pressures constrain-
ing evolution of coding DNA, ~80% of all cyt-b 
variable sites are located at the third position of a 
codon; whereas variable sites in ODC introns oc-
cur with almost equal frequency across all three 
positions if the sequence is split arbitrarily into 
triplets (30, 40, 30%).

Implications for oriole phylogeny.—Sequences 
of multiple individuals from I. galbula, I. bul-
lockii, and I. spurius permit us to investigate 
intraspecifi c, as well as interspecifi c, varia-
tion within ODC. In each species for which 
we sequenced more than one individual, 
multiple alleles were found, present in both 
the heterozygous and homozygous state. We 
identifi ed two alleles in three homozygous I. 
galbula, three alleles in one heterozygous and 
one homozygous I. bullockii, and two alleles in 
four homozygous I. spurius (Table 1). The varia-
tion within I. spurius is particularly interesting 
because individuals 1 and 3 are identical and 
vary from individual 2 by only 1 bp; whereas 
they vary from individual 4 by an 11 bp dele-
tion that is shared only by I. mesomelas. In the 
seven species for which we sequenced only one 

individual, I. pustulatus was clearly heterozy-
gous, varying at eight sites across the fragment 
we sequenced; however, all other individuals 
sequenced in the study appeared to be homo-
zygous. The variation we detected within that 
set of species for which multiple individuals 
were sequenced is not suffi  cient to resolve trees 
composed solely of individuals from two spe-
cies within a clade but can resolve trees of in-

Fig. 1. Scatter plot of transitions as a function of 
transversions for ODC introns and cyt b. 

Fig. 2. Species-pair sequence divergence. Diamonds 
represent synonymous cyt-b substitutions; squares 
represent nonsynonymous cyt-b substitutions. The line 
indicates expectation given equal rates of evolution.
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dividuals from two species in diff erent clades. 
For example, an analysis of all I. bullockii and I. 
galbula sequences fails to resolve the alleles into 
two taxa; however, an analysis of all I. bullockii 
and I. spurius alleles fully separates the two 
taxa with 100% bootstrap support. That patt ern 
of resolution, at the level of the clade but not 
within clades, mirrors the results of analyses of 
the pruned ODC data set containing a single al-
lele from each taxon and is consistent with lack 
of nuclear allele sorting predicted by Palumbi 
et al. (2001), as discussed in the introduction.

Parsimony analysis of the complete set of 
ODC sequences, including indels, results in 
four equally most-parsimonious trees, of which 
one is presented in Figure 3. Exclusion of indels 
increases the number of most-parsimonious 
trees identifi ed (from 4 to 14) and collapses 
clades A and B into an unresolved polytomy 
(not shown); because indels provide additional 
resolution to those analyses, they are included 
as single characters classifi ed as a fi ft h base for 
all remaining ODC analyses. The ODC6/7 in-
tron complex reconstructs the same three major 
clades and assigns all species to the same clades 
as do the mtDNA data (Fig. 4). When ODC and 
cyt-b sequences are combined into a single data-
set, the resulting tree is identical to the cyt-b tree 
depicted in Figure 4. The ODC tree has a higher 
rescaled consistency index (RC = 0.71) than the 
cyt-b tree (RC = 0.42) or the tree generated from 
the combined dataset (RC = 0.47). The similarity 
between those latt er two rescaled consistency 
values refl ects the heavier representation of 
cyt-b characters in the combined data set. The 
patt ern of the scatt er plot in Figure 2, in which 
cyt-b sequence divergence levels off  with in-
creasing sequence divergence of ODC, suggests 
that substitutions have accumulated multiple 
times at the same sites on cyt b; that is consistent 
with our fi nding that the cyt-b tree has a higher 
homoplasy index than the ODC tree (HI = 0.44 
and 0.28, respectively, excluding uninformative 
characters).

The three indels detected in ODC are shared 
among taxa in ways that either defi ne clades or 
represent apparent homoplasy. One single base 
pair indel shows no homoplasy, distinguishing 
clade A from all other taxa. The longest indel is 
a gap of 11 bp shared as an apparent homoplasy 
by the only I. mesomelas specimen sequenced 
and one of the four I. spurius individuals se-
quenced. In another example of apparent ho-

moplasy, a second 3-bp indel is shared only by 
clade B taxa and I. gularis.

Plumage convergence.—Complete agree-
ment of the ODC and cytb trees at the clade 
level lends strong support to the conclusions 

Fig. 3. One of four equally most parsimonious 
maximum-parsimony topologies for Icterus ODC6/7 
intron complex data, including indels, based upon 
branch and bound searches. Numbers indicate per-
cent bootstrap support from 1,000 branch and bound 
pseudoreplicates. Bars correspond to the mtDNA 
clades assigned by Omland et al. (1999).

Fig. 4. Maximum-parsimony topologies for the 
pruned Icterus ODC6/7 intron complex dataset (left) 
and cyt b (right), from branch and bound searches. 
Numbers indicate percent bootstrap support based 
on 1,000 branch and bound pseudoreplicates. Bars 
demark clades, as assigned by Omland et al. (1999). 
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presented in Omland and Lanyon (2000) that 
plumage characters in the New World orioles 
are homoplastic, and that the Baltimore and 
Altamira plumage patt erns have evolved con-
vergently in separate clades. A broad range of 
plumage diff erences can be found at any level 
of molecular divergence for both ODC and cyt b 
(Fig. 5). Baltimore and Altamira plumage types 
are remarkably similar in plumage, yet exhibit 
more molecular divergence than most species 
pairs within Icterus.

Discussion

The phylogenetic utility of cyt b and other 
mitochondrial coding genes has been well estab-
lished; however, the tendency of cyt b to accumu-
late multiple substitutions at the same site can 
result in homoplasies that degrade phylogenetic 
signal (Meyer 1994, Griffi  ths 1997). We demon-
strate that the ODC intron complex accumulates 
substitutions more slowly than cyt b but also 
more evenly across all positions. Moreover, ODC 
provides good phylogenetic resolution among 
clades within a genus. Using 532 bp of intron 
sequence from the nuclear regulatory gene ODC 
for 10 species of orioles, a phylogenetic tree was 
reconstructed with the same three clades as a 
phylogeny based upon 920 bp of sequence from 
the mitochondrial gene cyt b (from Omland et al. 
1999). That result strongly supports Omland and 

Lanyon’s (2000) conclusions that the Baltimore 
and Altamira plumage patt erns found in multi-
ple clades of the oriole mtDNA phylogeny result 
from convergent evolution, and that plumage-
character evolution is highly plastic within the 
New World orioles (Fig. 5).

High levels of intraspecifi c ODC allelic di-
versity detected from the small sample size 
included here suggest that ODC may prove 
useful for intraspecifi c analyses based upon 
allele frequencies. For example, two I. galbula 
ODC alleles were identifi ed in three individuals 
that share 1 cyt-b haplotype out of 13 identifi ed 
in the species, and three I. bullockii ODC alleles 
in two individuals that share 1 cyt-b haplotype 
out of 7 identifi ed in the species (E. S. Allen 
unpubl. data). However, our inability to resolve 
the phylogenetic positions of alleles from taxa 
within the same clade (i.e. I. galbula and I. bull-
ockii) suggests that those alleles have not sorted 
to monophyly at the species level. Indeed, it is 
likely that greater intraspecifi c sampling would 
show that ODC alleles are paraphyletic across 
many closely related species. Palumbi et al. 
(2001) have demonstrated that the average 
neutral nuclear locus, such as the introns we 
examined in this study, will generally still be 
poly- or paraphyletic when a mitochondrial lo-
cus reaches monophyly (also see Moore 1995). It 
is also likely that some sharing of intron alleles 
between I. galbula and I. bullockii results from 
frequent ongoing hybridization (Allen 2002).

Our results clearly demonstrate that the 
ODC6/7 intron complex is a promising candi-
date for future phylogenetic analyses, both at 
the level of genus and above, especially for com-
parison and combination with other nuclear in-
trons. However, for closely related species it is 
unlikely that any single nuclear intron will sort 
fast enough to be useful for building conven-
tional phylogenetic trees. Methods that depend 
on allele frequencies or that combine data from 
multiple introns may be needed to test lower 
order mtDNA phylogenies.
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