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Summary: We review recent developments in the ongoing study of the
evolution ofthe Mhc gene family iti birds, with emphasis on class IIB genes
and results from songbirds obtained in our laboratory. Southern blots sug-
gest a surprising diversity in Mhc class II gene ntunber among various
songbird species (Passeriformes), We have sequenced ~30 kb contigs
from Mhc-bearing cosmid clones from two species, red-winged blackbirds
(Agelaius phoeniceus) and bouse fincbes (Carpodacus mexicanus). whose demog-
raphy, lifetime reproductive success, epizootics, parasitology and mate
choice are among the best studied for natural populations of birds. Of
three genes cloned from these species, only one appears strongly polymor-
phic, and one (from ihe bouse finch) is likely a pseudogene. All are similar
in structure to those in chickens, albeit witb introns intermediate in length
between chickens and mammals. Phylogenetic analysis of avaiiabie class II
B peptide-binding region exons suggests that the overwhelming long-
term force operating on avian genes sampled thus far has been post-speci-
ation gene duplication and/or concerted evolution. These and other
results suggest that the evolution of class II B genes in birds conforms to a
mixture of several models of multigene family evolution proposed for the
mamtnalian Mk. incorporating ongoing homogenization. duplication and
pseudogene formation. Large-scale sequencing studies in these and other
species, though still in their infancy, will prove invaluable for studying the
comparative structures of avian Mhcs, as well as patterns of selection, muta-
tion and linkage disequilibrium at several scales.

Introduction

When it comes to science, birds are in many ways the poor sis-
ters of mammals. In genetics and immunology, avian species
almost inevitably receive the attention of the latest technologies
after mammalian models do, and, in some instances, long after
extensive work has heen devoted to fish and amphibians. These
trends certainly hold for genomic structure and evohition of
the Mhc, despite the fact that the Mhc was first discovered in
chickens (1). Although the entire chicken Mhc will likely be
sequenced within the next few years, our knowledge of the
short and long-term evolution and polymorphism ofthe Mhc in
birds lags far behind that for mammals, and arguably for fish as
well (2-4), Whereas the first surveys of variation in Mhc genes
from natural populations of fish have already appeared (S, 6),
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there is still no published study of variabihty at a single, well-
characterized Mhc gene of birds in nature.

Recent studies of class I and I! genes in birds reviewed here
suggest that this dearth of comparative information on the
avian Mhc has its origin at least in part in the unexpected chal-
lenges for characterization posed by the particular mode of Mhc
gene family evolution when compared to mammals and as
revealed primarily through comparative, interspecific studies
(7-9). These same studies also herald the end ofa decade-long
era during which the chicken has, for lack of relevant data from
other birds, played a phylogenetically disproportionate role in
the quest to understand "the avian Mhc". This decade was
marked at its beginning by the ftrst genomic sequences for
chicken Mhc genes (10, 11) and at its end by the publication of
the first Mhc genomic sequences (albeit partial) from an avian
species otiier than chicken (12). Understandably, the urge to
generalize, to speculate on the evolution of the avian Mhc and
to compare suggestive evolutionary trends to those in mam-
mals has been strong during this period, but this urge has until
recently proceeded primarily on knowledge from but a single
species, with few comparative data. This is because insights of
relevance to human health produced by studies of the avian
Mhc, and of avian immunobiology generally can accumulate
faster by focusing in detaii on a single species, and the research
program of chicken geneticists has generally proceeded "verti-
cally", revealing ever increasing detail on this single species.
This history contrasts with the research programs of system-
atists and comparative biologists - for whom diversity and the
comparative method is paramount and single-species detail less
so - which typically proceed "laterally" across species once a
new technology, focus of study or paradigm is introduced.

As a result, many interesting hypotheses raised on the basis
of chicken data - such as Kaufman's provocative suggestion
(13) that the avian Mhc is "minimal essential" (i.e. harbors
fewer genes, junk DNA and Intergenic regions than that of
mammals, and hence is subject to stronger selection intensities
per Mhc gene), or the idea that chicken Mhc introns are small
because they occur on microchromosomes (14) - have still
gone untested because the Mhcs of species relevant to these
hypotheses, both birds and other vertebrates, have not yet been
examined with the appropriate tools. Given what are by mam-
malian standards striking examples of Mhc-mediated infectious
disease resistance and susceptibility in birds (reviewed in
(15)), and the increasing realization by biologists that evolu-
tionary thinking can fruitfully inform medical science, it will
be interesting to monitor the future contributions to medicine
of comparative avian Mhc studies now that the botUe of such
studies has been uncorked. In reviewing our recent studies of

avian Mhc evolution, we suggest several research protocols for
this new comparative effort, which will productively combine
the insights and reagents from chicken immunogenetics with
attention to appropriate sampling of the avian phylogenetic
tree.

Species sampling: phylogenetic criteria for inferring

ancestral Mhc structures in birds

One obvious question in the evolutionary genetics ofthe avian
Mhc is: what did the ancestral Mhc for birds look like? Was it
small and compact like the chicken Mhc, or was it larger, per-
haps dispersed on multiple chromosomes, as is suspected for
frogs and some fish (16, 1 7) ? It is worthwhile to ask how best
to sample representatives from the avian tree so as to clarify the
major features of Mhc evolution in birds most efficiently Since
parsimony inference ofthe ancestral Mhc structure for birds will
depend primarily on structures found in representatives that
branch deeply in the two basal lineages for birds, as well as on
Mhc structure in crocodiles (the closest living relatives to extant
birds), the answer, of course, depends on avian phylogenetic
relationships (Fig, J) (18), Some molecular and morphological
data support the arrangement in which gamebirds, the focus of
ongoing Mhc research by several groups, are thought to have
branched off early among extant birds as the sister group to
ducks and geese (Fig. IA) (19, 20). By contrast, the relation-
ships of groups such as perching birds (Passeriformes) are less
certain. Traditionally, perching hirds have been considered a
relatively recent and rapid radiation, and what cladistic studies
of morphology have been made, and to a certain extent DNA
hybridization evidence, support this interpretation (reviewed
in (19)). However, recent mitochondrial DNA analyses result in
perching birds replacing ratites (flightless birds) as one of the
two basal avian lineages (21, 22). If true, then understanding
Mhc structure in perching birds will be critical, along with
information from crocodiles, for defining the ancestral Mhc
structtire for hirds. By contrast, studying Mhc structure of spe-
cies embedded high up within either ofthe two basal clades of
birds - as perching birds are traditionally - will shed less light
on ancestral avian Mhc structure if parsimony is the criterion for
inferring such structure on evolutionary trees (18). For exam-
ple, if the mitochondrial tree (Fig. IB) proves correct, the struc-
ture of the Mhc in ratites will influence reconstruction of the
ancestral Mhc less than under the traditional tree (Fig. 1 A).

Our studies have focused on songbirds (oscines), tbe lin-
eage of perching birds with complex song-learning capacities
and relatively large brain size, Ofthe -5,300 species of perch-
ing birds, approximately 4,000 are songbirds. DNA-DNA
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Perching birds, "higher"
Tubenoses and non-passerines, Gamebirds, Fiightless
other seabirds raptors cranes etc. waterlowl birds Crocodilians

Seabirds, cranes,
waterfowl Gamebirds

Flightless Perching
irds birds Crocodilians

Fig. 1. Competing hypotheses for avian phylogenetic relationships
with different consequences for the inferred ancestral structure ofthe
Mhc. In each tree, the hypothetical ancestral Mhc is indicaterl,
A, Avian relationships as recovered by morphology and DNA-DNA
hybridization studies. These relationships follow Mindell's summary on
the Tree of Life Web Page (http://ag.arizona.edu/tree/eukaryotes/
animals/chordata/dinosauria/aves/neornithes.html). The traditional
and DNA hybridization trees conflict in many places, but agree in not
placing perching birds as one ofthe two basal branches ofthe tree.

B, Relationships among birds as indicated by mitochondrial DNA data,
follovi'ing Hiirlid et al. (22).

hybridization studies suggest that songbirds are divided into
two major clades, the Corvida, which includes crow-like birds
and probably originated in Australia/New Guinea, and Passer-
ida, which includes most other temperate and tropical oscine
genera. The divergence time of Corvida and Passerida has been
estimated at 55-60 million years ago (23) (although some
molecular and fossil data favor more recent dates (24, 25)).
Our most detailed investigations tbus far have concentrated on
two species of Passerida, red-winged blackbirds (Agdaius phoen-
iceus) and house finches (Carpodacus mexicanus) (7, 12), and there
is also some information for a representative of the Corvida,
scrub jays (Aphelocotna coerulescens) (7).

The above three species are of interest in the context of Mhc

because each is common in North America and has been the

focus of a wealth of ecological, evolutionary, genetic and endo-

crinological studies, making the payoff for cloning Mhc genes

greater. The Florida scrub jay (Aphdocomo coerulescens) has been

the subject of detailed long term studies of behavior, hfe his-

tory, demography and reproductive success (26), whereas

other species in the genus Aphelocoma have long been model sys-

tems for the study of social behavior and phylogeny (27).

House finches (Carpodacus tnexicanus) and red-winged blackbirds

(Agekius phoeniceus) are important models in the study of sexual

selection (28, 29), breeding systems (30), host-parasite inter-

actions (31), pbylogenetics (32) and population genetics (33,

34). House finches are currently undergoing a major myco-

plasma epizootic in the eastern United States (35, 36), resis-

tance to which could have an Mhc component. Thus, Mhc genes

cloned from these species will be useful in both a phylogenetic

and an ecological context.

One probe, many genes

Southern blots are a useful first step to gaining a genome-wide
view of complexity of Mhc genes in birds. There are now a
number of cloned class II B probes available for such use,
including reverse transcriptase-PCR products spanning exons
1-4 in several songbird species (7). In addition to those from
chickens, cloned class I sequences are also available from Japa-
nese quail (Coturnix japonica) (37) and the great reed warbler
(Acrocephalus arundinaceus) (38). Southern blots using same-spe-
cies probes have revealed a surprising diversity in complexity
among songbird species: whereas house finches appear to have
a single strongly hybridizing band and 2-3 weakly hybridizing
bands, blackbirds and jays have 8-11 weakly hybridizing bands
(Fig. 2) (9).

By characterizing DNA fragments containing weakly
hybridizing bands and detecting Mhc-like sequences on them,
we have demonstrated that these weakly hybridizing bands do
in fact contain Mhc genes or gene fragments, and are not simply
tbe result of non-specific hybridization. Earlier suggestions that
the complexity of Mhc class II genes in scrub jays was low, per-
haps containing one or two genes (39), may require revision.
These studies used a probe containing only highly variable pep-
tide-binding region (PBR) sequences under fairly stringent
hyhridization conditions, a protocol that appears not to detect
as many loci as when more conserved regions are used as
probes (9). Further data from African greenbuls (Andropadus
virens) supports the notion that number and complexity of
clas.s II B genes in songbirds may be substantial (A. Aguilar,

immunoioqicQl 167/1999 121



Edwards et al • Evolution of Mhc dass II B genes in birds

kb

23,1 —

9,4—"

6.5 —

5'UTR probe

o
cosmids E

oc
O (I)

^ in IS. r~ « Ol

^m

TJ
O

po
ol

1

(0."2'c

co
sr

4.3 —

2,3
2.0

exon2+3 probe

cosmids

Fig. 2. Southern blots of red-winged
blackbird probes on five Mfic-bearing
blackbird cosmids and genomic DNA cut
withPst-I, Left, hybridization patcerus
recovered using a probe generated by PCR from
genomic DNA and specific to the
5'-untranslated region of Agph-DABI, an Mhc
class II B gana in blackbirds (12). Arrows to the
righi ofthe pane! indicate hybridi7.ing bands
shared in at least one cosmid and genomic
DNA. The rightmost lane contains all five
cosmid clones pooled. The primers used to
generate the 5' probe were
CGCCACTTTTGGGCAG (forward) and
GGGCACCGCTGAGATC (reverse). Right,
hybridization patterns from a probe generated
from a cDNA clone (7) and spanning most of
exons 2 and 3. Primers used to generate this
probe are given in Edwards et al. (12).

unpublished data). New data from class I genes in songbirds is
even more striking: Westerdahl and her colleagues' cDNA anal-
ysis of class I genes in reed warblers using a same-species probe
suggested a highly redundant multigene family containing at
least five genes (38).

Three ofthe four songbird species (all except house fmch)
for which Southern blot data are available exhibit an Mhc com-
plexity exceeding that foimd for chickens. These differences are
unlikely to be due solely to the increased detail with which the
chicken Mhc is known. For example, a typical hybridization of
a full length chicken class II B probe to chicken genomic DNA
cut with Pst 1 yields 4-6 fragments per individual, some of
which are weakly hybridizing (40). It is known that chicken
class II prohes will detect genes in botb the canonical B-com-
plex as well as the newly defined Rfp-Y system (41). This is an
expected outcome because the sequence divergence between
genes in these two clusters is less than 7% in conserved exons
and the genes are much more closely related to one another
than are typical mammalian class II genes (7). Thus in botb
chickens and songbirds, a single class II B probe containing
conserved exons routinely detects multiple genes, and tbe
number of bands detected on songbird blots appears greater
than those for chickens (9). Nonetheless, in both ring-necked
pheasants (Phasicmus coichicus) and songbirds, the number of

genes detected by systematic cDNA cloning is usually less than
the number visualized on Southerns (8). Many ofthe "miss-
ing" genes may be unexpressed. If true, the Mhcs of songbirds
may contain considerably more Mhc-like fragments and
pseudogenes than does the chicken Mhc. Class I and II pseudo-
genes, the first to be reported for birds, have now been detected
in reed warblers, house finches and possibly red-winged black-
birds (38) (C. Hess, J. Gasper, S. Edwards, in preparation). As
suggested by Westerdahl et al. for class I genes (38). the com-
plex hybridization patterns found at both class I and II loci in
songbirds suggests that the Mhc of this lineage may not be
"minimal-essential" as in chickens, perhaps containing higher
numbers of pseudogenes and Mhc-gene fragments, a pattern
more typical ofthe Mhc of mammals (42).

Sequence analysis of M/ic-bearing cosmid clones

We have reported on construction of cosmid libraries from two
species, red-winged blackbirds and house finches, from which
we have isolated Mhc-bearing clones and initiated complete
characterization via shotgun sequencing (9, 12). The chicken
Mhc was originally characterized with cosmids (10), and they
provide inserts of a convenient size for analysis of new Mhcs.
Whereas in simple Mhcs such as in house finches tbere is rea-
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Agph-DABI

Agph-DAB2

exon 1
200 bp

TC-rtch

«

intron 1 exon 2 iniron 2

; ^ 6 ^

exon 3 intron 3 eexon 4

Fig. 3. Structure and relative sizes of four
avian Mhc class IIB genes, centered ou exon 2.
Tbe genes are from red-winged blackbirds
(/\gph-DABi and 2), bonse finches (Came-DABl)
and chickens. The pi exon (exon 2) in each
gene is shaded. Asterisks above exons in the
house fmcb gene indicate putative frameshift
mutations rendering it a psendogene. The 5'
upstream region is arbitrarily cut off at around
500 bp upstream of the start codou for each
geue. Exons 1-5 and introns 1—4- are indicated
for eacb gene, except for Came-DAB], in which
no structures downstream of exon 3 have been
detected at the time of writing.

sonable possibility of cloning a large fraction of the class II
genes in a few cosmids (9), more complex Mhcs sucb as found
in blackbirds will require many more clones for adequate cov-
erage. In our hybridization and sequencing studies so far, we
bave generally found a single class II B gene, with possibly one
or more additional class II fragments, per cosmid clone. Analy-
sis of five cosmids from blackbirds with probes generated from
the 5' region upstream of a class II B gene, or from the second
and tbird exons, supports tbis pattern (Fig. 2). Similar hybrid-
ization patterns are recovered with either the non-coding
region or the coding region prohes. This result also contrasts
with what is known of the chicken map, which contains
instances of class II genes within a few kilobases of one another,
and suggests again that other birds may not conform to the
minimal-essential rule as tightly as do chickens.

We bave employed "large-scale" sequencing methods to
characterize individual cosmids bearing Mhc genes in birds.
Our protocol employs essentially the same techniques as those
used in human genomics (43). Whole cosmids of interest are
sequenced by the shotgun method, in which small (1.5-2.5
kb) sonicated fragments of the clones are subcloned into M13,
followed by sequencing of one end of 800-900 randomly cbo-
sen suhclones. New, more accurate chromatograms are gener-
ated from the raw sequence data using the base-calling pro-
granri PHRED (44, 45), and assembled into longer contigs
using both sequence overlap and sequence quality information
by the program PHRAP (P Green, unpublished, documentation
available from: URL: http://hozeman.mbt.washington.edu/
phrap.docs/phrap.html). The resulting contigs and chromato-
gram data are visualized using CONSED (46), which also aids
in developing strategies to connect contigs via directed
sequencing and PCR. We used the program SeqHelp (47) to
identify coding regions, simple sequence repeats, transposable
elements, and other features commonly encountered in verte-
brate genomes.

Using these or similar methods, we have characterized

three class II B genes at the genomic level (Figs 3 & 4) to date.

Two of these genes are from blackbirds, and one, Agph-DABI, we

know is polymorphic. The third is from the house fmch, Came-

DABI. All three genes have introns as large or larger than a typ-

ical chicken class II gene (although exon sizes are similar),

making them the largest avian dass II B genes characterized to

date. The cosmid clone from which Agph~DAB2 was derived cor-

responds to a weakly hybridizing fragment in blackbird

genomic DNA, whereas the clone from which Camt-BABl

derives corresponds to the single strongly hybridizing band in

house fmches. Despite our probing the fmch hbrary with a

same-species cDNA and the correspondence of the clone to the

single strong band in finches, Come-DABl is apparently a

pseudogene (C. Hess, J. Gasper, S. Edwards, manuscript in pre-

paration) . These results underscore the likelihood of redun-

dancy even in songbird Mhcs that are relatively simple as judged

by Southern blots, and the insufficiency of genomic hybridiza-

tion signal for inferring functionality.

Features such as the presence of a (TC) microsatellite of

varying length at the 3' end of intron 2 in each of the tbree

songbird genes appear homologous to similar motifs in the

same position in at least some chicken genes (48) and confirm

ultimate derivation of songbird and chicken Mhc class IIB genes

from a single ancestral gene that likely possessed this motif

(Fig. 3). Flowever, in general, microsateUites are very uncom-

mon in the songbird sequences. In addition, base composi-

tional profiles ofthe three songbird genes compared to that of

a functional chicken gene suggest maintenance of functional

constraint via stabilizing selection, at least in the recent past

(Fig. 4). Edwards et al. (12) noted that the base compositional

bias of third positions of codons in Agph-DABl were nearly as

extreme as in fimctional chicken genes, and differed markedly

between introns and exons. This result contrasts with the

expectations of more even base compositions across functional
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Agph-DABI Came-DAB1

519 1C39 1559 2 079 2599 3119 -561 -29!

• ^
Base position

Fig. 4. Base compositional profiles of fonr
class IIB genes, three from songbirds and one
from chicken. Gene names are as in Fig. 3.
Beiow each plot is a schematic showing intron
exon organization of each gene. The profiles
were created using the PercentGC program
written by T. Smith & A. Smit (unpublished),
which calculates GC or AT content of a
sequence using sliding windows of specified
length and offset distance. We modified his
program to generate profiles specific to each
base and used a window length of 100 and an
offset length of 10.

Baae position

classes of sites for pseudogenes and, in addition to data on
polymorphism, suggested that Agph-DABI was functional. All
four genes in Fig. 4 suggest possible CpG islands upstream of
their respective start codons. In addition, whereas a deficit of
Cs and Gs is evident in the second intron of both blackbird
genes, in chickens this intron may be too short for AT mutation
pressure to have any consequences, and the deficit does not
appear strongly in tbe house fmch gene (Came-DAB ]). However,
the similarity in base compositional profile between likely
pseudogenes such as Came-DAB 1, and functional genes (Fig. 4),
suggests that base composition may be retained for a period
after dysfunctionalization and alone is not a good guide to
functionality.

In addition to revealing a variety of structural features and
non-Mhc genes in the vicinity of Mhc genes (C. Hess, J. Gasper,
S. Edwards, manuscript in preparation), shotgun sequence
analysis of Agph-DAB2 and Came-DABl clones permits analysis of
the base compositional context of individual Mhc genes (Fig. 5).
Base composition in the nuclear genome of vertebrates has
been most extensively studied at large scales, such as entire iso-

chores (49), or at relatively small scales, such as in comparisons
among codon positions within a gene. There are fewer studies
of base compositional differences at the level of intron/exon
organization of single genes, or at "mesoscales", such as indi-
vidual cosmids. Base compositional variation on the scale of
entire isochores is hkely to affect primarily the mean base com-
position of an individual cosmid. Tbe base compositional pro-
file of tbese cosmids appears quite variable at the level of 1 kb
windows, with a mean GC content for both the blackbird and
finch contigs of 51.9% and 56.8% respectively. The large oscil-
lations in base composition seen in Fig. 5 could in some cases
to be attributable to CpG islands preceding, for example, the
iVlhc genes on each cosmid. However, CpG islands do not appear
to explain all the oscillations. Since base composition reflects an
equilibrium between mutation rates to different nucleotides,
this variability in composition in the fmch and blackbird
cosmids might suggest spatial heterogeneity in mutational pro-
cesses and/or selection. However, the heterogeneity ofthe base
composition expected for a simple stochastic model of base
substitution may be enough to explain the observed patterns.
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60%
Agph-DAB2 Came-DAB1

Fig. 5. Base compositional heterogeneity
along two cosmid contigs for blackbird and
finch. We used the program PerceiitGC as in
Fig. 4, except the window size vi'as 1,000 bases
and the offset length 100. Black rectangles
indicate the approximate size and location of
the Mht gene on each contig, beginning at the
start codon and ending at the stop codon
(Agph-DAB2) or at the hmit of apparent
sequence similarity to other bird Mk genes
(Came-DMl).

Base position Base position

An Mhc fragment consisting of an isolated class II B exon 4
sequence is present on the blackbird cosmid. In addition, genes
unrelated to Mk genes are detectable on the fmch cosmid. The
Caine-DABl cosmid also contains a serine—threonine kinase
gene, whose products are involved in protein phosphorylation
(50), and an open reading frame bearing high similarity to a
zinc-fmger Kriippel sequence, a widespread motif in eukary-
otic transcription factors (51). These particular genes are not
known to occur in the chicken Mhc (41, 52), and it is unlikely
that these cosmids and those characterized thus far from chick-
ens are alignable other than at the Mhc loci themselves. It is also
apparent that the gene density on the songbird cosmids is
much lower than in the chicken cosmids characterized thus far.
The first large-scale sequences of the chicken cosmid clusters
show that gene density in this part of the Mk is extremely high:
a Genbank entry (locus name GGBLOCUS) hsts 19 genes or
pseudogenes in ~92 kb, or a gene frequency of greater than 1
gene per 5 kb — a frequency certainly deserving of the label
"minimal-essential"! At this frequency we wonld expect to see
12-13 genes in the -60 kb we have characterized in two spe-

cies thus far, as compared with the 2 or 3 we do in fact fmd

(C. Hess, J. Gasper, S. Edwards, manuscript in preparation). Pre-

liminary evidence from the blackbird suggests that several of

our cosmids are linked together in larger clusters, but we have

not yet determined the precise scale on which these cosmids

are clustered nor whether they even map :o the same chromo-

somal regions or parts of the genome. Linkage studies and anal-

yses using fluorescent in situ hybridization will be useful in this

regard.

Long-term multigene family evolution in the avian Mhc

The evidence for multiple class II B genes in the Mhc of song-
birds suggests that gene duplication has been an important fea-
ture of Mhc class II evohition in this group; the question now
remaining is: when did these duplications take place relative to
speciation events, and are duplicate genes frequently retained
over successive speciation events? The first comparative analy-
ses of Mhc evolution between different avian lineages suggested
that concerted evolution played an important role in the evolu-
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species 1
species 2
species 3

Fig. 6. The concerted evolntion model and delayed dnplication
models of Mhc genes yield topologically identical gene trees.
Top; schematic of four loci in a single chromosome in each species.
Bottom; gene tree embedded in a species tree showing relationships
in which all genes within a species are most closely related to one
another. Such a gene tree can be explained either by a round of
concerted evolution in each species after speciation or by duplication
evenK within each species after speciation.

tion of avian Mhc genes (7). This conclusion was evident from
the fact that different sequences within a given species, includ-
ing those of chickens, not only clustered together to the exclu-
sion of mammalian sequences, but clustered together lo the
exclusion of other bird sequences. Tliis result suggested that the
rates of homogenization ohserved in coding regions of class II
B genes, particularly in exon 3, were higher than those
observed in mammals. Indeed, in mammals, the class II genes
appear to evolve largely in a divergent manner, because pbylo-
genetic analysis suggests that paralogous genes that have dupli-
cated in ancestral species have done so prior to most speciation
events in mammals. However, the avian data are also consistent
with a longer waiting time for gene duplications in a given lin-
eage, or delayed duplication (Fig. 6). This latter model is similar
to the "accordion" model proposed by Klein et al. for verte-
brate class IIB genes generally (53), in which a subset of ances-
tral Mhcs are founders for subsequent expansion via gene dupli-
cation in different vertebrate lineages. Given information only
on coding regions, it is difficxilt to discriminate between [he
concerted evolution and the delayed duplication hypotheses. In
order to test these ideas in greater detail, the cDNA seqtiences
from which the concerted evolution hypothesis was first
erected for avian Mhc genes needs to be augmented by sequence
data at the genomic level. It is known that coding and non-cod-

ing regions of a muitigene family can be subject to drastically
different levels of sequence homogenization over time (54),
and recent analyses of chicken and pheasant cDNAs suggest that
untranslated regions (particularly 3') may escape homogeniza-
tion more readily than coding regions (8). Thus comparison of
coding and non-coding regions, ideally over hlocks of
sequence extending far away from the Mhc genes themselves,
can be used to study in detail the long-term dynamics of avian
Mhc genes.

Although interlocus gene conversion is known to occur in
mammahan class II genes (55, 56), apparently the rates of such
conversion are low enough and the size of converting tracts
small enough to permit continued divergence of genes (57).
Ohta (58) has suggested on the basis of non-synonymous/syn-
onymous ratios that rates of interlocus gene conversion may be
higher in non-human mammals. It will be an important goal of
the future to quantify the differences in rates and patterns of
interiocus gene conversion in birds and mammals and to deter-
mine whether ongoing genomic processes of the two systems
differ only quantitatively or whether novel mechanisms are at
work in one or the other system.

To evaluate the current data base for evidence of concerted
evolution or delayed duplication in avian Mhc genes, we con-
ducted a phylogenetic analysis of most of the available exon 2
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sequences for avian class II B genes (Fig, 7). Generally the exon
2 sequences suggest strong clustering of genes within each spe-
cies, with very little evidence for orthologous sequences clus-
tering together to the exclusion of other sequences. Page (59,
60) has developed a method for estimating the minimum num-
ber of duplications in a gene family given phylogenetic rela-
tionships of the sequences and of the species from which those
sequences were sampled. His method also allows one to esti-
mate the number of gene deletions or unsampled gene copies
that were expected to have occurred in a given species given the
ahove information, and at what points in the tree these missing
sequences occur.

We applied the above method to the tree in Fig. 7. This tree
contains 106 sequences from ten species, including the Amer-
ican alligator (Alligator mississippiensls). Gene duphcations and
allelic divergences in this tree are visualized as "fans" spreading
out from one tip of a species tree. Two or more smaller fans
emanating from a single species indicate possible clusters of
alleles corresponding to paralogous loci within those species;
under an extreme scenario of recurrent concerted evolution,
we wotild not expect to see any such hroken fans. However, the
analysis suggests several putative orthologous loci within
which alleles diverge among different species, and every spe-
cies except for Bengalese fmch, house fmch and alhgator show
such broken fans (these exceptions are likely due to small sam-
ple sizes of these species). Thus, there is some evidence for
retention of orthologous loci in this data set. However, the
number of inferred gene duplications/homogenization events
is the predominant pattern; even different chicken loci cluster
together to the exclusion of the songbird and pheasant
sequences (7, 8). Were a similar analysis done for mammalian
class II B loci, we would expect to see several small fans arising
from each species and leading to all parts of the gene tree, not
just particular subclades, consistent with largely divergent evo-
lution of these loci. Thus this particular analysis supports [he
predominance of a concerted evolution/delayed duplication
(accordion) model. Of course, for most of the songbird
sequences the allele/locus relationships of a given sequence are
poorly known; since in some cases more than two sequences
were derived from a given individual, any given fan cotild
include several loci as well as several alleles.

The analysis also recovered 19 "deep coalescences" i.e.
instances in which ancestral polymorphism could have caused
discrepancy between the gene and species trees. These could in
principle be interpreted as trans-species evolution. Although
trans-species evolution is suspected to occur in some avian hn-
eages (61), current avian examples are not as clear cut as in
other vertebrate groups (2, 62). In this light the degree of spe-

cies-specific clustering of sequences in our updated tree (Fig. 7)
suggests thai the time scale over which retention of ancestral
polymorphisms occur may be relatively short compared to
mammals. However, the sequences we analyzed are very short,
and it has been suggested that recombination and gene conver-
sion occurs at PBR exons of class II genes of birds (7, 12). com-
promising traditional phylogenetic analyses such as ours. Fin--
thermore, non-PBR exons and adjacent introns inevitably yield
trees that differ from the PBR tree (7, 63-65). For these reasons
and because the sampling of species is very limited, we treat the
analysis in Fig, 7 as preliminary We feel that non-PBR exons and
non-coding regions are superior to PBR exons for recovering
the true genealogy of Mhc genes, although phylogenetic analy-
sis of the PBR exons can yield insight into other processes.

Despite the suggestion of high rates of interlocus gene con-
version in avian class II genes, and hence a concerted evolution-
type model, the presence of pseudogenes lends support to a
different model of muitigene family evolution, the birth-and-
death model. In the birth-and-death model, gene deletion and
dysfunctionalization (death) is balanced by duphcation (birth)
to maintain gene number in the long term. This model has also
been suggested to characterize long-term evolution in the
mammalian Mhc (57), However, it will be useful to characterize
the long-term evolution of the Mhc family in more detail than
that provided by a single model, especially since the divergent
evolution and birth-and-death models are not really mutually
exclusive. Several different gene families are now known to
conform to the birth-and-death model, yet the rates of gene
duplication and pseudogene formation appear to differ drasti-
cally in each. For example, of the three Mhc genomic sequences
known for birds other than chicken, one and possibly two are
pseudogenes, suggesting a ratio of functional class II genes to
pseudogenes that is relatively high compared to mammals. In
addition, the immunoglobtilin VH family appears lo evolve via
the birth-death process in both birds and mammals, yet avail-
able evidence suggests that the rates of gene duplication and
pseudogene formation are much higher in birds than in mam-
mals at these loci (66, 67). Quantitation of such differences
between different vertebrate lineages and gene famihes will
permit more robust comparisons within the framework pro-
vided by the birth-and-death model. Development of modern
poptilation theory specifying the shapes of phylogenetic trees
of multiple genes and alleles in a gene family is sorely needed.
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Polymorphism, concerted evolution and the quest for locus

specificity in the avian Mhc

Kaufman & Salomonsen (15) have highlighted the relevance of

polymorphism for both sequence diversity and expression lev-

els for Mhc-hnked disease resistance in birds. Focusing on

class IIB genes, Zoorob and colleagues (68) conducted the first

systematic surveys of Mhc sequence diversity in birds. These

patterns of nucleotide substitution in chicken class II B genes

have been quantified and are consistent with the action of bal-

ancing selection at some loci, such as the BLBl/II family, but

not loci such as the BLBIII group (39). Allelic diversity at BLBIII

loci was characterized by a slight excess of synonymous substi-

tutions in the PBR sites of exon 2, although at these sites and at

non-PBR exon 2 sites the rates of synonymous and non-synon-

ymous substitution were statistically indistinguishable. There-

fore, the two cliicken gene families BLBI/Il and BLBIII show

interesting contrasts in evolutionary dynamics, with a much

more attenuated pattern of evolution, perhaps suggestive of sta-

bihzing selection, at BLBIII.

To our knowledge there have been no other analyses of

nucleotide variability at any Mhc loci in birds at what is known

unambiguously to be a single polymorphic locus. Wittzell et al.

(69) examined nucleotide diversity at pheasant class II B loci

and found strong evidence for high diversity in the PBR, yet in

some cases amplified more than two sequences from a single

individual. After characterizing most of an Mhc class II B gene

in red-winged blackbirds at the genomic level, including the

entirety of the introns bounding the second (PBR) exon,

Edwards et al. (12) examined nucleotide diversity using PCR

Fig. 7. Reconciled tree analysis of avian class II B PBR sequences.
A. Tree of species from which analyzed PBR sequences were
ohtained. The species relationships were extrapolated from Sibley &
Ahlquist (20); of the species investigated here, Darwin's finches are
likely most closely related to blackbirds (85) (K. Burns, personal
communication). B. Gene tree of 109 complete and partial PBR
(exon 2) sequences extracted from Genbank. The gene tree was
generated by the neighbor-]oining method (81) using a Kimura 2
parameter distance measure (82), and was rooted using three partial
American alligator (Almi) sequences (39). H. finch - house flnch
(Came) (7, 39); D. finch - Darwin's fmcb (Gema. Gesc, Gefo, Pier, Ceol,
Capo) (61); Blackbird = red-winged blackbird (Agph) (7. 12, 39); B.
finch - Bengalese fmch (Lost) (83); Warbler - great reed warbler
(Acar) (39); Jay = scrub jay (Apco) (7, 39); Budgerigar (Meim) (this
work); Chicken (Gaga) (68) and Pheasant (PJico) (69). For the
purposes of tbis analysis, all Darwin's fmch sequences (61) were
lumped into a single "species", albeit with an eye toward sampling
all known major lineages within and between species. The
budgerigar sequences were analyzed as presented in Fig. 8; each of
the three sequences is thus a composite of two amplified alleles.

primers placed in flanking introns yet still amplified more than

two distinct sequences from several individuals! We pointed

out that the sequences immediately flanking this second exon

are conserved not only between long diverged species, but also

between genes within the same species, and that divergence

between genes and species was greater toward the middles of

introns flanking exon 2. Even in some of Zoorob's studies, co-

amplification of multiple chicken loci was not uncommon.

Although most of the sequence data produced in these

studies suggest that avian Mhc genes are indeed subject to bal-

ancing selection as in mammals, it is clear that concerted evo-

lution is homogenizing sequences immediately flanking the

second exon of class II B genes to an extent that makes co-

amplification of multiple loci a common occurrence (9). Anal-

ysis of similarities among genes will be a high priority for iso-

lating sequences critical to single locus amplification in natural

populations of birds. Such analyses will also permit evaluation

of the joint effects of what appear to be diversity-reducing pro-

cesses at avian Mhc loci, such as homogenization of duplicate

genes, and diversity-enhancing processes, such as balancing

selection - processes which can be in conflict with one another

under some population genetic conditions (70, 71). The quest

for locus specificity and the tools by which single locus poly-

morphism can be assayed in natural populations will be a crit-

ical bridge linking evolutionary genomics and applications of

avian Mhc studies in molecular ecological contexts (72).

Still, genomic access to avian Mhc loci has much improved

in the last few years. For example, primers flanking exon 2 of

class II B genes of blackbirds amplify this exon in greenbuls

{Andmpadas), which are only distantly related to blackbirds (12)

(A. Aguilar, unpubhshed data). The data base for avian dass II

B exon 2 is now large enough to permit rational design of PCR

primers that amplify relevant regions in new clades of birds

(Fig. 8) (61). Using such primers (Fig. 8), we amplified a seg-

ment of exon 2 in budgerigars (Melopsittacus imdulatus), an avian

model system for aging studies (73) and an exemplar of an

avian clade (parrots) from which Mhc genes have not yet been

examined. The sequences appear polymorphic in regions

expected for functional Mhc loci (Fig. 8), and provide a critical

inroad to determination of full length sequences. We can there-

fore expect more rapid accumulation of avian Mhc gene

sequences in the near future.

Conclusion

Avian genomes differ from mammalian genomes in a number

of important respects, including patterns and origins of sex

determination (74), presence of microchromosomes, smaller
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Fig. 8. Budgerigar (Mdopsiiiacus undiUaWs) PBR sequences amplified

with primers targeted to conserved regious in exon 2, sequenced

directly, and analyzed with the PolyPhred program (84). The standard

IUPAC nucleolide code is used to designate nucleotide sites deemed

heterozygous by PolyPhred. Bold lines at bottom indicate putative PBR

domains. The primer sequences were (5'-*3') AGGCAMRTCTACAACCGG

(forward) and ACCCCGTAGTTGTKCCG (reverse). PCR was carried out

under standard conditions, annealing temperature at S5°C for 35 cycles.

These sequences have been deposited in Genbank (accession numbers

AF114824-AF114826).

introns (7 5) and intergenie regions, lower frequency of simple

sequence repeats (76) and mechanisms of somatic diversifica-

tion of immunoglobulin genes (77), to name a few. Based as it

is on the rigorous molecular genetics of chickens, the validity

of the above statement at first seems compelling, yet potentially

breaks down when we consider the taxonomic diversity of

birds and the presumably equal diversity of their genomes

(78). True, avian genomes are the most uniform in size for any

vertebrate group (79), but within this uniformity is likely a

high diversity in genome-wide processes. Mhc structure and

complexity in birds undoubtedly reflects the complexity and

diversity of their genomes - indeed, what is known of the

chicken Mhc mirrors chicken genomic complexity surprisingly

well (80). It will be crucial to monitor the particular ways in

which these genomic reflections manifest themselves in future

research. For the time being, however, we can ciaim only very

fragmentary knowledge of the diversity of avian genomes as

reflected in the Mhc of birds, and to conclude that the Mhcs of

other birds will mirror the apparent simplicity and compact-

ness of the chicken model is simply premature. Determining

the timing and direction of evolutionary events - did the

chicken Mhc arise from larger, perhaps more dispersed Mhcs, or

is it representative of the common ancestral Mhc for birds? -

will depend entirely on adequate sampling of Mhc diversity at a

number of levels in the avian tree. We suspect that the powerful

methods of modern genomics, informed with consideration of

avian phylogenetic relationships and accompanied by rigorous

statistical analyses, will reveal a number of surprises in the

evolving story of Mhc evolution in birds.
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