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In the 14 years since the first higher-level bird phylogenies based on DNA sequence data, avian

phylogenetics has witnessed the advent and maturation of the genomics era, the completion of the chicken

genome and a suite of technologies that promise to add considerably to the agenda of avian phylogenetics.

In this review, we summarize current approaches and data characteristics of recent higher-level bird studies

and suggest a number of as yet untested molecular and analytical approaches for the unfolding tree of life

for birds. A variety of comparative genomics strategies, including adoption of objective quality scores for

sequence data, analysis of contiguous DNA sequences provided by large-insert genomic libraries, and the

systematic use of retroposon insertions and other rare genomic changes all promise an integrated

phylogenetics that is solidly grounded in genome evolution. The avian genome is an excellent testing

ground for such approaches because of the more balanced representation of single-copy and repetitive

DNA regions than in mammals. Although comparative genomics has a number of obvious uses in avian

phylogenetics, its application to large numbers of taxa poses a number of methodological and

infrastructural challenges, and can be greatly facilitated by a ‘community genomics’ approach in which

the modest sequencing throughputs of single PI laboratories are pooled to produce larger, complementary

datasets. Although the polymerase chain reaction era of avian phylogenetics is far from complete, the

comparative genomics era—with its ability to vastly increase the number and type of molecular characters

and to provide a genomic context for these characters—will usher in a host of new perspectives and

opportunities for integrating genome evolution and avian phylogenetics.
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1. INTRODUCTION

The first phylogenetic analysis of higher categories of birds

based on DNA sequence data appeared in 1991 (Edwards

et al. 1991), soon after the completion of the chicken

mitochondrial genome (Desjardins & Morais 1990) and

the first applications of polymerase chain reaction (PCR)

to ornithology (Kocher et al. 1989; Edwards & Wilson

1990). Building on these and the comprehensive yet

controversial ‘tapestry’ provided by Charles Sibley’s and

Jon Ahlquist’s DNA hybridization studies of the 1980s

(Sibley & Ahlquist 1990), the number and size of DNA

sequence datasets in avian phylogenetics have steadily

increased (figure 1a–c). In the late 1990s the ultimate limit

for comparative mitochondrial DNA (mtDNA) sequen-

cing was achieved with the first analyses of complete

mitochondrial (mt) genomes of ostrich and rhea (ratites;

Härlid et al. 1997, 1998; Mindell et al. 1999). Although

comparative protein sequencing had previously been

employed in avian phylogenetics (Stapel et al. 1984), the

threshold for application of nuclear DNA sequences to

avian systematics was crossed with Hedges’ analyses of

18srRNA (Hedges 1994), and later with studies by

Cooper & Penny (1997) and Prychitko & Moore (1997)

using b-fibrinogen intron 7 and c-mos, respectively.
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conserved nuclear DNA sequences has reinvigorated

higher-level phylogenetics, with a number of recent studies

spanning all modern birds (Neornithes) and notoriously

problematic groups, such as the passerine birds (Groth &

Barrowclough 1999; van Tuinen et al. 2000; Irestedt et al.

2001;Ericson et al. 2002; Ericson& Johansson2003;Barker

et al. 2004). In 2003, avianmolecular phylogenetics entered

a new erawith the initiation of twoNSF-fundedTree of Life

initiatives, centred at the American and Field Museums of

Natural History in the US. Additional work in Europe

stemming largely from the Swedish Museum of Natural

History, Stockholm, is similarly increasing the extent of its

approach to the avian tree. Although initial reports from

these large-scale collaborative projects suggest that the task

of resolving the avian tree with DNA sequence data will be

daunting, nearly all of the exciting datasets are still to be

published and there is every reason to imagine a host of

noteworthy findings over the next few years. The steady

advances in avian phylogenetics over the past 15 years are all

the more remarkable given the profound scepticism of new

synthesis systematists towards the possibility of resolving the

higher-level genealogy for birds (reviewed in Cracraft et al.

2004).

As comparative avian sequences are being accumulated

ever more rapidly by PCR approaches, qualitatively new

comparative genomics resources and approaches are mak-

ing their entrance into ornithology, and have already

contributed to phylogenetic studies in mammals and other
q 2005 The Royal Society
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Figure 1. Trends in publication and sequencing for avian
higher-level phylogenetics, 1991 to July 2004. The plots are
based on 122 publications sampled from the BIOSIS literature
database using keywords ‘bird’, ‘DNA’ and ‘phylogeny’ and
which also fulfilled the following criteria: (i) focus on the paper
was on a question of higher-level systematics; (ii) an original
phylogenetic analysis was done (as opposed to using a tree
solely for comparative purposes; see Electronic Appendix). In
addition, we added several key studies that weremissed by this
search approach. The list is not exhaustive but includes most
major studies fulfilling these criteria. (a) Number of publi-
cations per year. (b) Length of mitochondrial DNA sequence
analysed/produced per publication per year; stars in the upper
right of this graph indicate the completion of one or more
complete mitochondrial genomes in that year. (c) Length of
nuclearDNAsequence analysed/producedper publicationper
year.

980 S. V.Edwards and others Genome-enabled systematics of birds
groups (Thomas et al. 2003; Sasaki et al. 2004a).The rate of

nucleotide sampling and the signal in currently

sampled DNA sequences are probably sufficient to resolve

a robust avian tree. However, we suggest that embracing

modern genomics will provide a rich portrait of avian

evolution at the genomic level, as well as exposure to a host

of novel questions that current protocols cannot address.
Proc. R. Soc. B (2005)
Gathering data applicable to comparative genomics is a

worthy subsidiary goal of any systematics endeavour, and

genomics and systematics are widely appreciated to be

reciprocally illuminating (Matthee et al. 2001). Several

recent studies demonstrate the feasibility of these

approaches in birds, albeit on a limited number of taxa

and genomically idiosyncratic regions such as the MHC

(Gasper et al. 2001; Raudsepp et al. 2002; Shiina et al.

2004). Thus, the major issue is not the feasibility of these

approaches but whether they can be employed on a

taxonomically satisfying scale, thereby substantively

furthering the programme of avian phylogenetics (Pollock

et al. 2000; Thomas et al. 2003). We also point out some

conceptual and analytical issues relevant to the use of the

genomic approaches in birds that when addressed will

hopefully improve efforts to build a robust species tree

for birds.

2. THE STATE OF THE TREE
The current state of knowledge of the phylogenetic

relationships of modern birds will not be reviewed here,

since a very recent and comprehensive review has just

appeared (Cracraft et al. 2004), which concluded that
.research on the higher level relationships of birds has

made significant progress over the last decade, yet it is

obvious.that compelling evidence for relationships

among most major clades is still lacking.

(Cracraft et al. 2004, p. 483).
We agree wholeheartedly with this statement but

emphasize with Cracraft et al. that significant amounts of

new data will be appearing imminently that will undoubt-

edly add significant new insight into avian relationships.

To briefly reiterate recent major findings, Cracraft et al.

(2004) suggest a number of emerging syntheses, several

of which have long histories of corroboration from

morphology and other markers: (i) that Paleognaths

(flightless ratites and tinamous) are the sister group of all

other birds (Neognathae), but that relationships within the

ratites, including the position of tinamous (Tinamidae)

are unclear; (ii) that Galloanserae is the sister group to all

other non-ratite birds (Neoaves); (iii) that there is some

signal for a large and heterogeneous ‘waterbird assem-

blage’ including traditional Pelecaniformes and the

shoebill (Balaeniceps), as well as other small groupings,

such as grebes with flamingos and penguins with

tubenosed seabirds; (iv) that passerines may be embedded

within, rather than sister to, a ‘higher land bird’

assemblage including Coraciiformes, trogons and wood-

peckers and allies; (v) that Passeriformes are strongly

monophyletic, with the endemic New Zealand wrens

(Acanthisitta) comprising the sister group to all other

passeriforms and with New and Old World suboscines

as the monophyletic sister group of the oscines; and

(vi) lyrebirds (Menura) comprise the sister group to all

other oscines, followed by many Corvoidean lineages

found primarily in eastern Gondwana. The ‘core Corvida’

has embedded within it a monophyletic Passerida, a subtly

but profoundly different arrangement from the sister

group relationship of Passerida and Corvida outlined by

Sibley & Ahlquist (1990) (see also Ericson et al. 2002;

Edwards & Boles 2002; Barker et al. 2004). Recently, Fain

& Houde (2004) provided evidence for two major clades

of Neoaves, Metaves and Coronaves, each of which

https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-f4da24ac-17bb-4952-a999-fcda89906bc9&enrichSource=Y292ZXJQYWdlOzc3MjExNTY7QVM6MTI1NDE5MDAwOTYzMDcyQDE0MDY5MTM2MjgxMzY=
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-f4da24ac-17bb-4952-a999-fcda89906bc9&enrichSource=Y292ZXJQYWdlOzc3MjExNTY7QVM6MTI1NDE5MDAwOTYzMDcyQDE0MDY5MTM2MjgxMzY=
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-f4da24ac-17bb-4952-a999-fcda89906bc9&enrichSource=Y292ZXJQYWdlOzc3MjExNTY7QVM6MTI1NDE5MDAwOTYzMDcyQDE0MDY5MTM2MjgxMzY=
https://www.researchgate.net/publication/8553809_Comparative_Genomic_Analysis_of_Two_Avian_Quail_and_Chicken_MHC_Regions?el=1_x_8&enrichId=rgreq-f4da24ac-17bb-4952-a999-fcda89906bc9&enrichSource=Y292ZXJQYWdlOzc3MjExNTY7QVM6MTI1NDE5MDAwOTYzMDcyQDE0MDY5MTM2MjgxMzY=
https://www.researchgate.net/publication/8553809_Comparative_Genomic_Analysis_of_Two_Avian_Quail_and_Chicken_MHC_Regions?el=1_x_8&enrichId=rgreq-f4da24ac-17bb-4952-a999-fcda89906bc9&enrichSource=Y292ZXJQYWdlOzc3MjExNTY7QVM6MTI1NDE5MDAwOTYzMDcyQDE0MDY5MTM2MjgxMzY=
https://www.researchgate.net/publication/10903289_Cytogenetic_analysis_of_California_condor_Gymnogyps_californianus_chromosomes_comparison_with_chicken_Gallus_gallus_macro-chromosomes_Cytogenet_Genome_Res?el=1_x_8&enrichId=rgreq-f4da24ac-17bb-4952-a999-fcda89906bc9&enrichSource=Y292ZXJQYWdlOzc3MjExNTY7QVM6MTI1NDE5MDAwOTYzMDcyQDE0MDY5MTM2MjgxMzY=
https://www.researchgate.net/publication/11261386_Mining_the_Mammalian_Genome_for_Artiodactyl_Systematics?el=1_x_8&enrichId=rgreq-f4da24ac-17bb-4952-a999-fcda89906bc9&enrichSource=Y292ZXJQYWdlOzc3MjExNTY7QVM6MTI1NDE5MDAwOTYzMDcyQDE0MDY5MTM2MjgxMzY=
https://www.researchgate.net/publication/31498702_A_Case_for_Evolutionary_Genomics_and_the_Comprehensive_Examination_of_Sequence_Biodiversity?el=1_x_8&enrichId=rgreq-f4da24ac-17bb-4952-a999-fcda89906bc9&enrichSource=Y292ZXJQYWdlOzc3MjExNTY7QVM6MTI1NDE5MDAwOTYzMDcyQDE0MDY5MTM2MjgxMzY=
https://www.researchgate.net/publication/31498702_A_Case_for_Evolutionary_Genomics_and_the_Comprehensive_Examination_of_Sequence_Biodiversity?el=1_x_8&enrichId=rgreq-f4da24ac-17bb-4952-a999-fcda89906bc9&enrichSource=Y292ZXJQYWdlOzc3MjExNTY7QVM6MTI1NDE5MDAwOTYzMDcyQDE0MDY5MTM2MjgxMzY=
https://www.researchgate.net/publication/11870677_Songbird_Genomics_Analysis_of_45_kb_Upstream_of_a_Polymorphic_Mhc_Class_II_Gene_in_Red-Winged_Blackbirds_Agelaius_phoeniceus?el=1_x_8&enrichId=rgreq-f4da24ac-17bb-4952-a999-fcda89906bc9&enrichSource=Y292ZXJQYWdlOzc3MjExNTY7QVM6MTI1NDE5MDAwOTYzMDcyQDE0MDY5MTM2MjgxMzY=
https://www.researchgate.net/publication/222659063_Out_of_Gondwana_The_origin_of_passerine_birds?el=1_x_8&enrichId=rgreq-f4da24ac-17bb-4952-a999-fcda89906bc9&enrichSource=Y292ZXJQYWdlOzc3MjExNTY7QVM6MTI1NDE5MDAwOTYzMDcyQDE0MDY5MTM2MjgxMzY=
https://www.researchgate.net/publication/44335616_Phylogeny_and_classification_of_birds_a_study_in_molecular_evolution_Charles_G_Sibley_and_Jon_E_Ahlquist?el=1_x_8&enrichId=rgreq-f4da24ac-17bb-4952-a999-fcda89906bc9&enrichSource=Y292ZXJQYWdlOzc3MjExNTY7QVM6MTI1NDE5MDAwOTYzMDcyQDE0MDY5MTM2MjgxMzY=


Genome-enabled systematics of birds S. V.Edwards and others 981
constitute major parallel radiations. While there are many

other suggestive monophyletic groups in the avian tree at

this time, on the whole the assertion that ‘.Neoavian

relationships. are decidedly uncertain’ (Cracraft et al.

2004, p. 483) represents a view with which most avian

systematists would agree.
3. CURRENT APPROACHES TO THE TREE

(a) Taxon and character sampling

In the first wave of large-scale analyses of avian relation-

ships, ornithologists have tended to emphasize taxon

sampling over character sampling, especially when com-

pared with recent studies on mammals (see table 1 in

Electronic Appendix). Part of the reason for this may be

differences in phylogenetic structure of birds and mam-

mals; whereas mammals possess a few morphologically

well-delimited groups (18 orders and 48 families), birds

comprise 27 orders and approximately 155 traditionally

recognized families, the latter of which often have very

vague boundaries. An additional characteristic of the bird

datasets is that nuclear DNA studies tend to be taxon-rich,

whereas mtDNA studies—at least those that sample the

entire mitochondrial genome—tend to be character rich.

Published nuclear DNA studies in birds have not yet

achieved the balance of characters and taxa that mammal

studies have achieved, although such character-rich

studies will undoubtedly soon be appearing.

Has the steady increase in the size of DNA sequence

datasets seen in figure 1b,c brought with it a concomitant

increase in phylogenetic accuracy and resolution, sensu

Hillis (1998)? Undoubtedly yes, but few efforts have

specifically focused on testing this hypothesis using a

consistent sampling of taxa. An unpublished simulation

study indicated that, approximately 25 000 nucleotides

would be required for resolution of an ‘average’ branch of

the avian tree (E. L. Braun, R. T. Kimball and

J. Harshman, personal communication). Current sequen-

cing goals for the avian Tree of Life fall somewhere within

this vicinity ( J. Harshman, personal communication). The

generally high degree of genetic similarity among avian

species and genera compared with mammals implies that

the number of nucleotides required to resolve intergeneric

nodes could be in the tens of thousands, similar to the

number estimated to be necessary to resolve the human-

chimp-gorilla split approximately 6 Myr ago (Saitou &Nei

1986). The consensus among systematists is that large and

complex phylogenies can be resolved most efficiently with

increased taxon sampling (Pollock et al. 2002; Hillis et al.

2003). Still, avian systematists working today are adhering

to a more conservative approach in which both dense

taxon and character sampling are high priorities. The

reigning zeitgeist is one in which gradual accumulation of

sequence characters will result in a concomitant increases

in statistical resolution of branches.

(b) Mitochondrial versus nuclear DNA trees

Which is better for achieving a robust phylogenetic tree for

birds—mitochondrial or nuclear DNA? Initial trees based

on complete mitochondrial genomes surprised the com-

munity by placing Paleognaths in a derived position as

sister to the Galloanserae, and passerines near the root

(Härlid et al. 1997;Härlid &Arnason 1999); these trees are

nowknown to have been hampered by poor taxon sampling
Proc. R. Soc. B (2005)
and consequent misplacement of the root, but had the

positive effect of raising awareness of these issues. A

taxonomically large study of cytochrome b sequences also

yielded a basal position for passerines ( Johnson 2001),

suggesting in hindsight that sequence length also has an

important role in resolving the avian tree. Initial sugges-

tions that mtDNA per se was ill suited for resolving higher-

level relationships within birds have beenmuted somewhat

now that there are roughly 30 complete mitochondrial

genomes for birds. Despite a few incongruent results,

recent analyses of complete avian and non-avian reptile

mitochondrial genomes (Braun &Kimball 2002; Harrison

et al. 2004b; S. Edwards, J. Gasper,W.Nelson, J. Avise and

D. Pollock, unpublished data) recover arrangements in

which basal branches are composed of Paleognaths and

Galloanseriformes, conforming to the consensus view. In

addition, the view that mtDNA evolves too rapidly for the

analysis of birds at higher levels is also not entirely

consistent with recent theoretical work suggesting that

the optimal rate of character evolution under parsimony—

for a wide range of conditions as much as 0.6 substitutions

per site—is much higher than previously thought (Yang

1998). Even so, the extreme bias in substitution patterns

makes application to higher-level questions problematic,

and mtDNA is clearly very sensitive to the type of analysis

performed (Braun&Kimball 2002). The utility ofmtDNA

will undoubtedly increase with informed methods of

analysis, such as transversion parsimony (Harrison et al.

2004b), and with further taxon sampling—the sequencing

of complete mtDNAs is now straightforward enough that

the approach is being applied to phylogenetic analysis of

individual avian families (R. Carson andG. Spicer, personal

communication) and on large scales in both mammals and

fishes (Miya et al. 2001; Shevchuk & Allard 2001).

With their more even base composition and slower rate

of substitution, nuclear genes appear to hold exceptional

promise for resolving higher-level relationships within

birds, and a number of recent studies have produced

substantial datasets with encouraging results. A variety of

nuclear genes have now been employed in avian studies;

some of the most commonly used are c-mos, c-myc, RAG-1

and 2, 18SrRNA and b-fibrinogen introns (see table 2 in

Electronic Appendix). Intronless genes such as RAG-1 and

2 are useful because alignment is very straightforward as is

amplification using conservedprimers, whereas18 SrRNA,

and less so, introns such as b-fibrinogen intron 7, inevitably

present some difficulties in alignment. On the other hand,

introns have the added value that they present numerous

insertions and deletions (indels), which can be of sub-

stantial use as cladistic characters. A comparison of

information content of nuclear and mtDNA in those

studies that have employed both character sets on the

same taxa (see table 2 inElectronicAppendix) suggests that

mtDNA generally contains greater information content

than nuclear genes. However, such measures of infor-

mation content—including bootstrap values—are widely

appreciated to be susceptible to convergence on the wrong

relationships in cases of lineage-specific changes in base

composition, rapid sequence evolution or long branch

attraction (Braun & Kimball 2002). Many mitochondrial

genome trees published to date possess bootstrap values

frequently approaching 95% or 100%, yet result in trees

that are highly incongruent with other data. As emphasized

in other recent reviews, congruence must be the final
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arbiter of avian relationships. Several studies (e.g. Birks &

Edwards 2002; Pereira et al. 2002;Russello&Amato 2004)

have shown complementarity of nuclear andmitochondrial

datasets, with these partitions resolving the base and the

tips of trees, respectively.

(c) Insertions/deletions

It was hoped that differences in mitochondrial gene order

would provide strong corroborating information on avian

relationships, but the most comprehensive study to date

suggested the contrary—that gene order had undergone

convergence multiple times within birds (Mindell et al.

1998), in contrast to the interpretation from phylogenetic

studies in invertebrates (Boore 1999). However, indels in

nuclear genes have begun to provide a number of

compelling markers for specific clades of birds (Groth &

Barrowclough 1999; Irestedt et al. 2004). The first

significant example of such characters was Ericson et al.’s

(2000) study of the c-myc gene. Two insertions of one and

three amino acids, both of which preserved a functional

reading frame of the protein, were found at various levels

within the Passerida of Sibley and Ahlquist. This study was

noteworthy for its phylogenetic delimitation of two groups

above the family level in a section of the passerines

(Passerida) that is otherwise very depauperate in synapo-

morphies. The single amino acid insertion was found in all

Passerida tested, a result that has now been confirmed in

170 representatives for the clade, essentially confirming its

status as a synapomorphy (Ericson & Johansson 2003).

The three amino acid insertion was found in Motacillidae

(pipits andwagtails), Fringillidae (NewWorld seed eaters),

Emberizidae (buntings), Parulidae (New World warblers)

and Icteridae (NewWorld blackbirds). New sequence data

do not significantly conflict with clades defined by both

c-myc insertions (Barker et al. 2002, 2004). Other indels

that appear congruent with sequence include a 15 bp

deletion in the RAG-1 gene for all Neoaves (all modern

birds that are not ratites or Galloanseriforms; Groth &

Barrowclough 1999; their Plethornithae). However, RAG-

1 also exhibits a large number of other indels in various

regions of the gene, only some of which are congruent with

other data (Groth & Barrowclough 1999; Barker et al.

2002). b-fibrinogen intron 7 possesses numerous highly

informative indels (Prychitko & Moore 2003), which

appear to increase in consistency with increasing length

(Fain & Houde 2004). Some indels provide resolution

where sequence data do not, even at relatively low

taxonomic levels (Kimball et al. 2001). Thus, the first

wave of indel analyses in genes encoding proteins

suggests that these markers will need to be evaluated on

a case-by-case basis for congruence with other datasets.

Johnson (2004) found that deletions were six times

more common than insertions in introns of pigeons and

doves (Columbidae); this and the fact that convergent

deletions should be more common than convergent

insertions may mean that deletions may be less reliable as

cladistic markers, but further data are needed to test this

hypothesis.

(d) Gene duplications in phylogenetic analysis

Gene duplications and complex gene trees of multigene

families are being increasingly used to infer phylogenetic

relationships in a variety of animal and plant clades

(Mathews & Donoghue 1999; Cotton & Page 2002).
Proc. R. Soc. B (2005)
Garcia-Moreno & Mindell (2000) used paralogous

(‘gametologous’) relationships on the avian sex chromo-

somes to root trees of copies of the CHD gene found on

both the Z andWchromosomes. They retrieved a gene tree

implying paleognaths at the base of the avian tree,

congruent with other data. Rooting with paralogs is a

powerful approach that bypasses many of the traditional

problems associated with rooting, such as long-branch

attraction, particularly when the paralogs or gametologs

have clearly duplicated prior to the diversification of the

clade of interest and have accumulated substitutions

without gene conversion.

(e) Sources of conflict among genes and

the problem of concatenation

There is a growing appreciation that higher-level molecu-

lar studies of birds, despite their focus on processes far

above the species level, are still subject to normal processes

of population genetics, which can sometimes confound

the search for species trees (Edwards 1997). Incomplete

lineage sorting (ILS) of gene fragments is a well-known

process by which a gene tree can fail to ‘track’ the species

tree if the time between speciation events is short (relative

to the effective population size along diverging lineages;

Avise 2000). What is less well appreciated is that (i) the

phylogenetic effects of ILS, although often transient, can

in principle become permanent fixtures in the genetic

record, rather than eventually ‘sorting out’ as lineages

continue to diverge (Avise 2000; Funk & Omland 2003;

Poe & Chubb 2004; Shedlock et al. 2004); and (ii) that

ILS depends primarily on the length of the internode,

regardless of the depth of that internode in the tree. For

higher-level avian trees, there is good reason to be sceptical

that ILS will cause substantial problems, because the time

between divergence events of the exemplars sampled for

phylogenetic analysis is often sufficiently long to preclude

problems. However, as taxon sampling becomes denser—

a worthy goal for any phylogenetic analysis—the chance

that gene trees will not track species trees become higher,

because the time between divergence events of sampled

exemplars becomes smaller. Although focusing on much

lower taxonomic levels than those reviewed here, Funk &

Omland (2003) found that over 16% of 331 avian species

studied in recent years displayed species-level polyphyly or

paraphyly of gene (usually mtDNA) lineages. Ongoing

studies of nuclear genes in birds may be even more subject

than mtDNA to incongruence of gene and species trees,

especially when taxa are densely sampled at the level of

genera. It is currently unknown how deep in the

phylogenetic hierarchy for birds ILS becomes a problem;

the suggestion that avian orders diverged in rapid

succession from one another means that ILS could be a

problem both at the base and at the tips of the avian tree

(Poe & Chubb 2004). Patterns of para- and polyphyly

deep within trees can also be caused by hybridization,

but this process is rarely invoked.

It is common in avian studies analysing multiple

nuclear genes to concatenate gene fragments sequenced

for a given taxon into a single composite sequence. The

motivation behind concatenation is often to better resolve

what is assumed to be a single gene tree. With mtDNA,

the practice of multigene concatenation is straightforward;

even in the unlikely event that mitochondrial recombina-

tion is ongoing, such recombination should only take
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place among mitochondrial lineages within species, and

therefore should not strongly compromise higher-level

phylogenetic analyses (reviewed in Arbogast et al. 2002).

On the other hand, concatenation of independent

nuclear genes, or of nuclear and mitochondrial datasets,

may under circumstances of ILS or divergent substitution

processes have adverse effects on phylogenetic reconstruc-

tion. Irestedt et al. (2004) found extensive incongruence

between data partitions in antbirds (Thamnophilus) using

Bayes factors, but cautioned that limitations of substi-

tution models, rather than incongruence per se, may

explain these results (Nylander et al. 2004).

It is still unknown how necessary concatenation of

sequences is for increasing resolution of species trees,

because alternative methods of estimating species trees

have not been explored. An alternative approach, in which

the species tree is estimated via combining signal from

multiple independent (but non-concatenated) gene trees,

has received scant attention in systematics, despite its

fundamental utility (Nielsen 1998; Slowinksi & Page

1999; Felsenstein 2003). It may be that the species tree for

birds is best inferred without concatenation, by assem-

bling datasets for multiple genes, each of which is long

enough to provide some resolution of its own gene tree.

Even if each individual gene tree is poorly resolved, recent

methods permit the summing up of weak signals in

multiple gene trees to provide more robust estimates of

tree parameters (Rannala & Yang 2003), an approach that

could eventually be extended to tree topologies them-

selves. In such approaches, conflicts between gene trees

are useful data points for estimating branching orders and

lineage lengths, rather than sources of error in phyloge-

netic analysis. The focus of the avian Tree of Life—the

species tree, rather than the individual gene tree(s)

comprising the avian genome—should always remain

paramount.
4. THE FUTURE: THE TOOLS OF PHYLOGENOMICS

(a) Contiguous versus dispersed sequence

sampling strategies

Like the PCR in the mid- to late-1980s, the tools of

modern genomics promise to revolutionize many fields in

systematics and evolutionary biology. These tools offer

systematic ornithology the promise of increased through-

put, increased sequencing accuracy and a greater

integration of phylogenetics and genome evolution.

Many of these tools are focused on increasing the

efficiency of obtaining long contiguous stretches of

DNA sequence, rather than multiple, smaller DNA

segments. As such, it is worth asking: what are the

consequences of sampling sequence data across multiple

loci dispersed across the genome, as is typically achieved

in PCR-based studies, as opposed to sampling single

long, contiguous sequences, as is typically achieved in

shotgun sequencing studies?

Sampling multiple dispersed loci is usually considered a

bonus, because contiguous regions will not represent the

entire genome and many dispersed sites will incorporate

multiple independent rates, base compositions and

processes of substitution that when combined will

ultimately aid phylogenetic analysis (Cummings et al.

1995; Otto et al. 1996). The question then becomes, is

the heterogeneity available in, for example, approximately
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40 kb of contiguous avian DNA sequence comparable to

that found in approximately 40 kb of dispersed sequence?

The draft chicken genome (International Chicken Gen-

ome Sequencing Consortium 2004) provides partial

answers to these questions, showing that GCC content

is higher on micro- than on macrochromosomes, but

further analysis is required. For example, Nekrutenko &

Li (2000) have posed this question for eukaryotic

genomes, including the human genome, and found that

compositional heterogeneity is positively correlated with

regional GC content, and that regions of compositional

homogeneity are typically on the order of 40 kb or more in

length, although much smaller than the approximately

300 kb postulated in classical isochore models. Birds may

depart from this pattern; indeed, their smaller genomes

and high frequency of GC-rich microchromosomes may

render them more base-compositionally heterogeneous at

smaller scales than mammals. Recent shotgun sequencing

studies in chickens, quail and several passerines suggest

that substitution processes (as judged by base compo-

sition) on the scale of approximately 40 kb are indeed very

heterogeneous: GC-content tends to vary dramatically

over such regions, with peaks within coding regions and

troughs between genes (Kaufman et al. 1999; Gasper et al.

2001; Shiina et al. 2004). However, it would be premature

to generalize from these studies, which focused on

genomically idiosyncratic and highly dynamic regions

containing histocompatibility genes. Regardless, fitting

models of sequence evolution is likely to be as challenging

for contiguous data as it is for dispersed data; although

dispersed data are better for defining data partitions

than contiguous data (each gene could naively be

considered a separate partition, for example), likelihood,

Bayesian or pseudocount analyses of contiguous data may

soon be able to define partitions in an iterative manner

so as to optimize model fitting and phylogenetic

performance.

Sequencing of multiple dispersed regions is likely to

remain the tool of choice for phylogenetic questions for

purely practical reasons, such as targeting of phylogeneti-

cally informative regions and maximizing ease of align-

ment. For example, Thomas et al. (2003) produced

sequences spanning a 1.8 Mb region surrounding the

CFTR gene for 12 vertebrates, including chicken and eight

mammals. The region contained 10 genes, with the

remainder being introns, regulatory regions and non-

coding DNA. However, in comparisons of human versus

rat or mouse, less than 40% of this region was alignable

(and presumably amenable to phylogenetic analysis).

Intriguingly, the vast majority of this alignable fraction

was non-annotated and presumably outside of coding

regions, suggesting that such regions for birds should also

be amenable to phylogenetic analysis. With the extreme

uniformity of genome size and structure within birds (Burt

2002; Waltari & Edwards 2002), the fraction of alignable

sequence in such large-scale comparisons will almost

certainly be greater than in mammals. We therefore

suggest that both contiguous and dispersed datasets have

their inherent advantages for avian phylogenetics, with the

former having a greater ability to bridge phylogenetics and

comparative genomics. Large-scale contiguous sequen-

cing will also undoubtedly reveal qualitatively new types of

character data for birds, such as the discovery and
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characterization of retroelements and genomic rearrange-

ments (see below).

(b) BAC and other large-insert libraries for birds

BAC libraries—genomic libraries with inserts in the range

of 100–200 kb—may have only limited use in avian

phylogenetics owing to the considerable time, expertise

and laboratory equipment required for construction,

storage, manipulation and distribution. Nonetheless, they

offer abundant opportunities for large-scale genome anal-

ysis, and recent initiatives sponsored by NSF and NIH

promise an ever-growing list of libraries for phylogeneti-

cally informative taxa (Couzins 2002). BAC libraries for

several taxa of birds are currently or soon to be available

(white leghorn domestic chicken (Gallus gallus) and wild

turkey (Meleagris gallopavo), http://bacpac.chori.org/;

zebra finch (Poephila guttata), http://www.genome.gov/

10001852; Red Jungle Fowl (Gallus gallus), http://

hbz7.tamu.edu/homelinks/bac_est/bac.htm; California

Condor (Gymnogyps californianus) and emu (Dromaius

novaehollandiae), http://www.benaroyaresearch.org/bri_

investigators/amemiya/libraries.htm, http://www.jgi.doe.

gov/programmes/comparative/top_level/BAC.html) as

well as outgroup taxa (painted turtle (Chrysemys picta),

American alligator (Alligator mississipiensis) and Tuatara

(Sphenodon punctatus), see JGI Web site above). Together

these libraries provide an excellent start to broad

taxonomic coverage of major branches of the tree for

birds and relatives. Cosmid and fosmid libraries are

technically straightforward to construct and should be

used more widely within systematic ornithology and other

areas of animal phylogenetics (Edwards et al. 2000).

(c) Shotgun sequencing

One potential use of large-insert libraries in avian

systematics is for obtaining large-scale sequencing cover-

age of targeted regions of the genome (Thomas et al.

2003). Shotgun sequencing is the method by which large-

insert clones of a specific genomic region can be

sequenced in their entirety. It was the method of choice

for the chicken and other vertebrate genome projects, but

in fact has been used extensively for a variety of research

questions for over two decades (Bodenteich et al. 1994).

The method has been used in recent years by molecular

ecologists interested in acquiring a ‘landscape’ view of

their particular genomic regions such as the MHC,

and is very useful for learning about the genomic

neighbourhood surrounding a particular target gene

that has relevance to systematics (Edwards et al.

2000). For example, the RAG-1 locus has recently

been shown to deliver a strong phylogenetic signal at a

variety of higher levels within birds (Groth &

Barrowclough 1999; Paton et al. 2003). It is known

that RAG-1 is closely linked to an evolutionarily

related and phylogenetically useful locus, RAG-2, in

model species in which their chromosomal locations have

been investigated (Gellert 1996). Chromosomal proximity

of genes of use in phylogenetic inference is of interest to

systematists because this knowledge can help clarify how

evolutionarily independent two loci are andwhether they are

contained in the same or different isochores (Barker et al.

2004). Birds appear to be conserved in their chromosomal

synteny, even in comparisons with the human genome

(Burt et al. 1999; Burt 2002; International Chicken

Genome Sequencing Consortium 2004), yet gene order
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and presence/absence in specific regions will undoubtedly

provide useful phylogenetic information.

Shotgun sequencing, particularly when combined with

robotics approaches, is becoming faster, simpler and

cheaper. Still, ornithologists will ask whether the invest-

ment of time and resources is worth the effort. Resolving

the avian tree will almost certainly not require a shotgun

sequencing approach—the piecemeal PCR approaches in

use currently appear adequate for the task. Thus the major

reason for considering shotgun sequencing is to integrate

phylogenetic analysis and molecular evolution of target

regions, as is beginning to be done for mammals (Thomas

et al. 2003). Like clone-end sequencing (see below),

shotgun sequencing can also provide a wealth of infor-

mation about potential cladistic markers such as retro-

posons. Because only a fraction of theDNA sites generated

in a typical multi-species large-scale sequencing study can

actually be used for phylogenetic analysis, the efficiency

with which the avian community can acquire shotgun

sequences will undoubtedly influence their impact on the

field. However, shotgun sequencing, with its high redun-

dancy and analysis of subcloned DNA, is generally

considered more accurate than direct sequencing of PCR

products (see § 4(h) below and Fig. 3). An additional result

of a shotgun approach is that heterozygous sites are

eliminated, yielding fully resolved haplotypes (alleles);

depending on how data are analysed, this may or may not

be advantageous, since scored polymorphisms can be a

help in cases of limited taxon sampling.

(d) Accessing large-scale multi-species sequences

A deceptively challenging hurdle in gaining access to large-

scale multi-species sequences is gaining access to regions

of the genome that are precisely homologous to one

another across an array of species. Traditional library

screening (Thomas et al. 2003) may prove cumbersome

unless conducted on a scale possible only in genome

centres. Recent advances in homologous recombination in

yeast offer new hope for rapidly obtaining homologous

regions of DNA from a novel genome (Raymond et al.

2002b). These methods take advantage of yeast’s tendency

to facilitate recombination between two linear templates

of double-stranded DNA as part of its natural double-

strand break repair system. This recombination is

accomplished when three types of DNA fragment are

transfected simultaneously into yeast: (i) linearized frag-

ments of genomic DNA from a focal avian species of

interest; (ii) 80 bp ‘linkers’ consisting of 40 bp homo-

logous to a vector into which the genomic fragments will

be cloned in the yeast and 40 bp homologous to single-

copy regions flanking the region of interest in the focal

avian species; and (iii) the appropriate subcloning vector

(figure 2). The result is the generation of a recombinant

DNA clone that contains precisely the region of

interest from the focal species and that can then be easily

manipulated for sequencing or other characterization.

A recent study of genetic variation in the human pathogen

Pseudomonas aeruginosa used this approach to sequence

the homologous region of the O-antigen biosynthetic locus

in 20 isolates (Raymond et al. 2002a). Although the locus

varied in length from 5 to 25 kb between isolates and no

phylogenies were built, the region was precisely

delimited by homologous flanking sequences and con-

tained a multigene family whose members were

http://bacpac.chori.org/
http://www.genome.gov/10001852
http://www.genome.gov/10001852
http://hbz7.tamu.edu/homelinks/bac_est/bac.htm
http://hbz7.tamu.edu/homelinks/bac_est/bac.htm
http://www.benaroyaresearch.org/bri_investigators/amemiya/libraries.htm
http://www.benaroyaresearch.org/bri_investigators/amemiya/libraries.htm
http://www.jgi.doe.gov/programmes/comparative/top_level/BAC.html
http://www.jgi.doe.gov/programmes/comparative/top_level/BAC.html
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-f4da24ac-17bb-4952-a999-fcda89906bc9&enrichSource=Y292ZXJQYWdlOzc3MjExNTY7QVM6MTI1NDE5MDAwOTYzMDcyQDE0MDY5MTM2MjgxMzY=
https://www.researchgate.net/publication/11577982_Linker-Mediated_Recombinational_Subcloning_of_Large_DNA_Fragments_Using_Yeast?el=1_x_8&enrichId=rgreq-f4da24ac-17bb-4952-a999-fcda89906bc9&enrichSource=Y292ZXJQYWdlOzc3MjExNTY7QVM6MTI1NDE5MDAwOTYzMDcyQDE0MDY5MTM2MjgxMzY=
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Figure 2. Subcloning of large DNA fragments via yeast-mediated recombination (after Raymond et al. 2002b). The method is
useful for subcloning a specific region of DNA from a larger BAC clone or in principle from genomic DNA. Linearized DNA
from a focal species is depicted at the top; pairs of symbols on DNA strands indicate unique 40 bpmotifs present throughout the
genome; these need not occur at the ends of the linear DNA but can occur anywhere within the DNA segments. The open square
and black diamond on the focal DNA segment are known to flank precisely the region of interest. These motifs are incorporated
into the single-stranded linkers, the other half of which is homologous to ends of the vector into which the fragment will be
cloned (bottom). The 80 bp linker mediates recombination between the linear fragments and the vector. The resulting product
is a recombinant clone containing precisely the DNA between the flanking 40 bp motifs in the original DNA fragment, which
can then be manipulated for DNA sequencing. (Modified from fig. 2 of Raymond et al. (2002b)).
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alignable to one another and amenable to phylogenetic

analysis.

The relevance of these methods for avian systematics is

that they would allow the researcher to capture from any

species of interest large segments of DNA—much larger

than can be routinely amplified by long PCR techniques—

that are also precisely homologous to one another. The

only requirement is knowledge of approximately 40 bp of

sequence flanking both sides of the target region of

interest—information that is rapidly accumulating as

new genomic regions and genome projects are advancing

for birds. Such an approach is still a long way away from

being implemented into comparative biology of birds or

other vertebrates. Still, the discovery of conserved non-

genic sequences in the mammalian genome that are even

more conserved than exons (Dermitzakis et al. 2003),

combined with suggestions for increased synteny in avian

versus mammalian genomes, suggest that the recombina-

tional cloning approach could work well for avian

comparative genomics. Other sequencing methods, such

as chip-based sequencing, may also find relevance in large-

scale systematics projects, although such methods have

generally been used for comparison of closely related

genomes, and the ease with which distantly related

genomes can be sequenced and compared in this way is

still unclear (Shendure et al. 2004).

Aligning and analysing large genomic regions across

multiple species is another area of comparative genomics

that ornithologists will eventually need to grapple with.

Fortunately, there are a number of new and powerful

bioinformatics tools specifically designed for comparative

analysis in a phylogenetic framework (Miller et al. 2004).

For example, the Ensemble (http://www.ensembl.org/)

and University of California Santa Cruz Genome

Browser (http://genome.ucsc.edu/cgi-bin/hgGateway)

are two gateways for a variety of tools for comparative

genomics. Out of the many useful tools becoming
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available, we mention two that appear particularly

promising in their ability to handle very long (multi-

megabase) sequences for multiple species: Phylo-Vista

(Shah et al. 2004) and MAVID (Bray & Pachter 2004),

two relatively new platforms for conducting large-scale

comparative sequence analysis. Our review of available

bioinformatics tools is far from complete, but we predict

that, because of the higher gene density and greater

genomic synteny within birds, large-scale alignment and

comparative sequence analysis in birds will be relatively

straightforward compared with mammals.

(e) Plasmid-, cDNA- and BAC-end sequencing

Sequences gleaned from the ends of cloned inserts can be

an important source of phylogenetic information. When

performed on a large scale, such an approach can yield

literally hundreds, if not thousands, of stretches of DNA

for which PCR primers can be immediately designed. The

vast majority of loci produced in this way will be from the

non-coding portion of the genome when a BAC library is

used as a starting point, and will encompass a variety

of non-coding and intergenic genomic features,

including retroposons and regulatory regions. By contrast,

when a cDNA library is used to generate so-called

expressed sequence tags, the loci are all expressed, in

most cases translated into functional proteins, and likely to

be conserved and unambiguously alignable across birds,

particularly given the slow rate of molecular evolution of

avian-coding regions (Mindell et al. 1996). A number of

Tree of Life projects are pursuing this strategy, particularly

for invertebrate clades (G. Giribet, personal communi-

cation). Large collections of clone-end sequences, or

heterogeneous sequences from databases, can also be used

to estimate phylogenies using motif-counting approaches,

even when the sampled loci do not overlap between

species (Stuart et al. 2002; Chu et al. 2004). Such methods

have recovered at least one major branch within birds, that
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separating Paleognaths from Neognaths (Edwards et al.

2002), and their power may lie most clearly in exploration

of patterns of genome evolution and motif usage. As

strictly phylogenetic tools, their utility is unclear because

there are no clear models of character change and

identifying homologies and characters is problematic.

Because end-sequencing will provide loci for only one

species in a given clade, it is not guaranteed that all loci

will be amplifiable across the clade of interest (which for

Neoaves probably encompasses more than 100 Myr).

Presumably such loci would be more challenging to

characterize across all birds than would exon-spanning

intron crossing loci, which use conserved sequences in

exons flanking introns to anchor PCR primers. Still, many

non-coding anonymous regions are now known to be

highly conserved between major lineages of mammals

(Boffelli et al. 2003; Margulies et al. 2003; Thomas et al.

2003). The compact genomes of birds, with their much

lower fraction of repetitive DNA, will lend themselves

even better to this approach.
(f) Phylogenetic utility of gene order and synteny

Although data are still sparse, a few studies have

suggested that the preservation of gene order along avian

chromosomes may be highly conserved and substantially

higher than in mammals. For example, a number of

studies have documented strong correspondence between

whole chromosomes of different bird species using

fluorescent in situ hybridization techniques (Shetty et al.

1999; Raudsepp et al. 2002; Guttenbach et al. 2003).

Despite the apparent conservatism of the avian karyotype,

these studies have also uncovered examples of chromsome

fusion and fission, and homologies between macro-

and microchromosomes (Grützner et al. 2001; Nanda

et al. 2002). Although the era of avian ‘cytophylogenetics’

has barely begun, the field can take confidence from new

methodological and analytical advances that promise to

speed up data acquisition and analysis considerably, as

well as examples from mammals (Robinson et al. 2004)

that clearly demonstrate the utility of karyological data for

higher-level systematics.
(g) Retroelements in avian systematics

Comparative genomics provides a platform for investi-

gating the vast number of dispersed mobile repetitive

DNA elements in eukaryotes that collectively may drive

genome evolution and shape genome architecture to a

much greater degree than previously appreciated (Weiner

2002; Kazazian 2004). Mobile elements are classified into

two broad categories: (i) DNA transposons, so-called

‘jumping genes’, that autonomously relocate via a ‘cut-

and-paste’ mechanism; and (ii) retroposons, which rely on

a replicative ‘copy-and-paste’ process that requires an

RNA intermediate to support movement of newly

amplified copies of elements from a parent to target

locus (Weiner et al. 1986; Kajikawa & Okada 2002).

Retroposons are further divided into groups of long

and short interspersed elements (SINEs and LINEs,

respectively) that are of particular interest to evolutionary

biologists because copies of these molecules shared at

the same locus in two different taxa are derived from

the same element originally inserted into the germline

of a common ancestor, and thus can be used as clade
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markers (Shedlock & Okada 2000; Okada et al. 2003;

Shedlock et al. 2004).

Because retroposons are not precisely removed from the

genome, have a known ancestral condition (i.e. absence of

insertion at a particular locus), do not use a specific

sequence recognition site for insertion, and are identical by

descent, they hold considerable promise for inferring

systematic relationships with minimal noise owing to

character reversal or parallel insertion events at the same

locus in different lineages (Batzer & Deininger 2002).

The utility of a given retroelement for inferring phylogeny

depends critically on its taxonomic distribution and the

profile of element diversification in the genome during the

evolutionary time period in question (Shedlock & Okada

2000; Shedlock et al. 2004). Practical drawbacks to

retroposon analysis include mutational decay of reliable

PCR priming sites for loci in relatively old taxa that have

divergedwell beyond approximately 100 Myr.However, the

traditional and somewhat cumbersome cloningmethods for

isolating phylogenetically informative elements for many

taxa will probably be superceded by large-scale end-

sequencing surveys, which can yield hundreds of elements

with little effort, as well as bioinformatics analyses of

model genomes (Shedlock et al. 2004).

Initial study of the molecular biology of retroposons in

humans and in experimentally important mammal gen-

omes is now being extended to non-model organisms

(Malik et al. 1999; Smit 1999; Kajikawa & Okada 2002;

Okada et al. 2003; Thomas et al. 2003). The case for

studying retroelements in birds is being primed by

completion of the chicken genome and, in particular, the

characterization of CR1 retrotransposons, a large family of

mobile chicken repeats that appear to be distributed

widely among vertebrates (Chen et al. 1991; Burch et al.

1993; International Chicken Genome Sequencing

Consortium 2004). CR1s were originally considered

SINEs based on the extensive truncation of their 5 0

ends; however, longer CR1s have now been identified that

contain the characteristic open reading frames of LINEs.

Although birds have substantially reduced genome size

relative to mammals, it is estimated from the draft chicken

genome thatw200 000 CR1s exist in the chicken (Wicker

et al. 2004; International Chicken Genome Sequencing

Consortium 2004) and it is reasonable to expect that

diagnostic subgroups and related CR1-like elements will

be readily characterized in diverse bird species as well as in

other reptilian taxa. Experimental access to a wide variety

of avian retroelements is being facilitated by the influx of

comprehensive chicken genome data and by expanded

sequencing of large-insert BAC libraries constructed for

investigating avian genomes. Cot clone sequences have

recently been used to rapidly survey the diversity of CR1

LINEs in over 2.8 Mb of the high-copy, repetitive fraction

of the chicken genome (Wicker et al. 2004). Sequencing of

songbird cosmid clones have already yielded CR1 and L1

elements that may prove to be phylogenetically useful

(Hess et al. 2000; Gasper et al. 2001). Likewise,

subfamilies of retroposons such those in the Pol-III family

of SINEs previously characterized in turtles may also

provide useful systematic information for bird evolution-

ary studies (Kajikawa et al. 1997; Sasaki et al. 2004b).

Moreover, novel families of SINEs not detected thus

far in chickens have already been isolated in penguins

and lizards by conventional genomic library screening and
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Figure 3. Plot of quality values (QVs) for approximately
2000 bp of mitochondrial DNA from a downy woodpecker
(S. Edwards, unpublished data). The sequence was deter-
mined by the shotgun approach starting with a long PCR
product (S. Edwards, J. Gasper, W. Nelson, J. Avise and
D. Pollock, unpublished data). QVs are based on details of
peak morphology, height and consistency across similar
nucleotides both in the trace under scrutiny as well as across
traces spanning homologous bases, and are equivalent to
QVZK10 log(Pe), where Pe is the probability that the base is
an error. Thus a QV of 30 indicates that there is a 1 in 1000
chance that the base in question is incorrect, or, alternatively
that the probability of a correct call is 99.9%. Typically, NIH
genome projects require a QV of 40, although some genome
publications have used minimum QVs of 20. The flatness of
the threshold of QV at approximately 90 is a function of the
base-calling method.
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are providing useful phylogenetic information for each of

these groups (N. Okada, unpublished data).

Making the best use of new data from mobile elements

for solving problems in avian systematics will require a

targeted strategy of integrating retroposon insertion

patterns of diagnostic subfamilies of SINEs and LINEs

with results from other molecular, morphological and

palaeontological studies, as has been done for the

cetacean-artiodactyl mammal radiations (Nikaido et al.

1999, 2001). Parallels in the evolutionary radiation of

birds and mammals since the late Cretaceous have been

noted previously (Hedges et al. 1996; Harrison et al.

2004a), and we are optimistic that access to new

phylogenetically informative CR1-like elements will help

resolve patterns of avian macroevolution over the past

100 Myr, especially in light of recent results for mammals

and fishes (Shedlock & Okada 2000). Retroposons are just

as susceptible to incomplete lineage sorting and the

challenges of short internodes as single nucleotide

changes; however, because of their negligible rate

of convergence and researchers’ ability to molecularly

dissect putative cases of convergence, even a single

retroposon integration arguably provides more certain

evidence of synapomorphy than do a plethora of nucleo-

tide sequences. Finally, in addition to contributing to a

more accurate tree for birds, avian retroposon dynamics

should provide a critical comparison to mammalian and

non-avian reptiles as we test alternative hypotheses of

vertebrate genome evolution. Characterizing the density

and distribution of mobile DNA elements in different

lineages of modern birds will provide insight into the

molecular pathways underlying the nearly fivefold range in

genome size apparent among living amniotes. As such, the

study of retroelements offers an opportunity to enrich our

understanding of not only the pattern, but also the

process, of avian diversification.

(h) Chromatogram analysis and sequence

accuracy

Sequence accuracy is an issue with obvious relevance to

avian systematics. Data quality and sequencing errors are

undeniably an issue in the molecular systematics of birds:

a host of examples of chimeric DNA sequences, nuclear

copies of putatively mtDNA (numts) and simple sequen-

cing errors have surfaced in the 15 year application of PCR

(Avise et al. 1995; Edwards & Arctander 1996; see

comments in Sorenson et al. 2003). In addition, the

analysis of nuclear gene sequence data in birds is

complicated somewhat by the presence of heterozygous

sites and the need to incorporate such sites into

phylogenetic analysis (see below; such ‘heterozygous’ sites

are also present in mtDNA sequences in the form of cryptic

heteroplasmy (Rieder et al. 1998), but are generally less

frequent and go unreported in most avian studies).

Heterozygosity is an issue that is only inconsistently reported

in avian phylogenetic studies of nuclear genes. Groth and

Barrowclough (1999) deemed 42 out of 46 114 sites

(approximately 0.1%) as heterozygous; they found up to

nine differences between putative alleles within individuals

and an average interallelic divergence of 2.6 differences

(0.09%).Barker et al. (2002)andSorenson et al. (2003)used

ambiguity codes and specified their treatment

as polymorphisms, an approach that would have particular

power using transversion-parsimony and in ML analyses.
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The tools of sequence capture and chromotogram

analysis currently used in genome projects can help

provide a standardized protocol for identifying hetero-

zygous sites in avian studies, and can also aid in reducing

sequencing errors (Nickerson et al. 1997; Ewing & Green

1998; Rieder et al. 1998). However, such tools have

been used in only a handful of studies on birds (reviewed

in Brumfield et al. 2003), and not yet for an avian

systematic study. For example, Phred/Phrap is a standard

chromatogram analysis tool that analyses a variety of

commonly employed sequence trace types (such as ABI

chromatograms; Ewing & Green 1998). Indeed, Phred/

Phrap is known to call bases from raw chromatogram data

more accurately than does the software frequently

provided with DNA sequencers. Phred/phrap performs a

variety of sequence trimming and aligning functions, and,

crucially, provides an objective, chromatogram-based

quality value (QV) for each sequenced nucleotide. The

software can combine the QVs for a given nucleotide

across multiple reads to provide a consensus QV for a site.

In principle, QVs could be directly integrated into

phylogenetic analysis itself, and, if present in the avian

databases would provide a uniform standard by which

sequence quality could be judged.

A display of QVs measured for a 2000 bp segment of

mtDNA from a downy woodpecker is shown in figure 3.

The sequence was obtained from shotgun sequencing of a

cloned fragment of downy woodpecker DNA (S. Edwards,

J. Gasper, W. Nelson, J. Avise and D. Pollock, unpublished

data); thus most nucleotides were sequenced in multiple

chromotogram traces. The display indicates that overall

the QVs of each nucleotide are very high, indicating a high

overall confidence in the sequence. Many of the QVs are

higher than 50, indicating that these bases have a 1 in
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Figure 4. A community genomics approach to producing large-scale multispecies sequences from targeted genomic regions. The
approach is based on the assumption that the focal species are from non-model clades of interest primarily to systematists and
evolutionary biologists, and is tailored to questions that interest systematists, but could not achieve the priority required for
tackling by a genome centre. The programme emphasizes utilization of genomics resources from non-model species in such a
way as to maximize involvement by the systematic community while minimizing reliance on large genome centres to produce the
actual data. The programme envisions preparation of source libraries and templates for DNA sequences by genome centres,
which then transfer subclones widely throughout the community of systematists. Individual laboratories would be capable of
sequencing the subclones required to cover one or a few BAC clones. The figure of 2500 subclones assumes approximately 7–8-
fold coverage of aw150 kb BAC clone. The approach is undoubtedly slower and less cost-effective than sequencing of the same
regions by a large genome centre, but is able to achieve greater inclusiveness and taxonomic coverage than current practice.
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100 000 chance of being incorrect. Evaluation of an avian

DNA sequence in this way could help to identify numts,

whose presence is frequently detected in heterogeneous or

low-quality sequencing reads (Sorenson & Quinn 1998),

and could help to reduce other routine sequencing errors

that are undoubtedly present in the avian database, as

they are in the databases for humans and other species

(Clark &Whittam 1992). Phred/phrap QVanalysis can be

useful for more traditional small-scale analyses as well; it

does not require multiple overlapping reads and can be

profitably applied to traditional single-read direct

sequences.

(i) Community genomics

Comparative genomics approaches lend themselves well

to community efforts and pooling of resources, although

the sheer complexity of some of the protocols would

necessarily entail some centralization in the early stages of

such projects. For example, BAC and other large-insert

libraries would need to be produced by a centralized

facility, as they are now, as would the preparation of

shotgun subclone libraries. However, the sequencing of

individual BAC subclones could easily be parcelled out

to different laboratories, since this involves standard

sequencing methodology (figure 4). For example, indi-

vidual laboratories might focus on BACs prepared from
Proc. R. Soc. B (2005)
focal taxa of particular interest to that laboratory. The

approach outlined in figure 4 is undoubtedly slower and

less cost-effective than sequencing of targeted regions of

focal taxa by large genome centres, but acknowledges that

many of the questions that may interest avian systematists

may never achieve the priority required for investment

by genome centres. Although such community-wide

collaborative arrangements are a long way off—the

Green Plant Phylogeny Research Coordination Group

still sets the standard for inclusiveness and networking

among systematists—such an arrangement would gener-

ate a greater atmosphere of community effort than do

current practices.
5. CONCLUSION
Regardless of the technologies chosen for the Tree of

Life for birds, a major and well-known obstacle is the

apparently rapid diversification of most modern

avian orders in the late Cretaceous, perhaps facilitated

by isolation of multiple lineages following continental

break-up (Poe & Chubb 2004; Cracraft 2004). Indeed,

some authors have proposed the existence of hard

polytomies among major clades of the Neoaves in the

absence of more convincing evidence (Poe & Chubb

2004), although others remain optimistic that the short
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internodes now frustrating avian systematists will be

slowly and steadily resolved with confidence given more

data. This review has evaluated various conceptual and

genomics approaches of relevance to future avian sys-

tematic studies. In addition to abetting the avalanche of

primary sequence data expected in the next few years, we

encourage exploration of new types of characters and

large-scale approaches in the interest of both phyloge-

netics and genome evolution.
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Härlid, A. & Arnason, U. 1999 Analyses of mitochondrial

DNA nest ratite birds within the Neognathae: supporting a
neotenous origin of ratite morphological characters. Proc.
R. Soc. B 266, 305–309. (doi:10.1098/rspb.1999.0638.)
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