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We sequenced the entire control region and portions of flanking genes (tRNAPh, tRNACY, and ND6) in the common
chaffinch (Fringilla coelebs), blue chaffinch (F. teydea), brambling (F. montifringilla), and greenfinch (Carduelis
chloris). In these finches the control region is similar in length (1,223-1,237 bp) and has the same flanking gene
order as in other birds, and contains a putative TAS element and the highly conserved CSB-1 and E D, and C
boxes recognizable in most vertebrates. Cloverleaf-like structures associated with the TAS element at the 5’ end
and CSB-1 at the 3’ end of the control region may be involved with the stop and start of D-loop synthesis,
respectively. The pattern of nucleotide and substitution bias is similar to that in other vertebrates, and consequently
the finch control region can be subdivided into a central, conserved G-rich domain (domain II) flanked by hyper-
variable 5'-C-rich (domain I) and 3'-AT-rich (domain III) segments. In pairwise comparisons among finch species,
the central domain has unusually low transition/transversion ratios, which suggests that increased G+T content is
a functional constraint, possibly for DNA primase efficiency. In finches the relative rates of evolution vary among
domains according to a ratio of 4.2 (domain IIT) to 2.2 (domain I) to 1 (domain II), and extensively among sites
within domains I and II. Domain I and III sequences are extremely useful in recovering intraspecific phylogeographic
splits between populations in Africa and Europe, Madeira, and a basal lineage in Nefza, Tunisia. Domain II se-
quences are highly conserved, and are therefore only useful in conjunction with sequences from domains I and III

in phylogenetic studies of closely related species.

Introduction

The control region is usually considered to be the
most variable portion of the mitochondrial DNA (mt-
DNA) molecule (reviewed by Simon 1991). However,
between two species of rat, Saccone, Attimonelli, and
Sbisa (1987) found levels of divergence similar to those
among protein-coding genes, although more distant
comparisons (e.g., rat to mouse) showed the expected
elevated differences. Furthermore, interspecific diver-
gences between six species of Jalmenus butterflies were
too low to be useful for phylogeny construction, despite
little conservation in primary sequence among Lepidop-
teran genera (Taylor et al. 1993). In such cases, puta-
tively functional features of the control region can be
difficult to identify, underscoring the need for compar-
ative data from a range of levels of phylogenetic sepa-
ration (Taylor et al. 1993).

Among vertebrates, the control region varies in
length from 0.73 kb (white sturgeon; Buroker et al.
1990) to 2.1 kb (Xenopus; Saccone, Attimonelli, and
Sbisa 1987), and is flanked by the genes for tRNAP™
(tRNASU in birds) and tRNAFPPe, Most primary sequence
variability is apportioned between two hypervariable do-
mains flanking a conserved central domain (Brown et
al. 1986), and consists of substitutions, small indels,
large deletions or duplications, and variation in copy
number of tandem repeats. The domains are further
characterized by differences in base composition and by
the presence of particular conserved motifs and putative
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secondary structures. The central domain, low in
L-strand adenine, is responsible for the formation of the
three-strand displacement (D-) loop structure (Clayton
1991). The domain closest to the tRNAPe® (tRNASGM in
birds) gene is characterized by high adenine and low
guanine content, and short termination-associated se-
quences (TASs; Doda, Wright, and Clayton 1981) near
a potential cloverleaf structure and the 3’ terminus of
the D-loop. The tRNAPre-adjacent domain contains a
conserved sequence block (CSB-1) associated with an-
other cloverleaf structure and the 5’ end of the D-loop,
as well as the origin for heavy strand replication (Oy),
and the light (LSP) and heavy (HSP) strand transcription
promoters (Walberg and Clayton 1981; Clayton 1982,
1984). High in adenine, it also tends to be the most
variable domain and the one in which length variation
due to repeat structure is found (Brown et al. 1986; Sac-
cone, Attimonelli, and Sbisa 1987).

Avian control region studies (reviewed by Baker
and Marshall 1997) to date have largely used these se-
quences to elucidate population structure, although
enough comparative data exist to reveal a number of
structural or functional features. Birds differ from other
vertebrates in that the 5'-flanking gene is tRNASY in-
stead of tRNAF™; this results from a mitochondrial re-
arrangement involving the ND6 gene (Desjardins and
Morais 1990). Additional differences include the pres-
ence of one bidirectional transcription promoter rather
than a separate one for each strand (L’ Abbé et al. 1991),
and the occurrence of CSB-1-like repeats in Galliformes
(Desjardins and Morais 1990, 1991) and Anseriformes
(Ramirez, Savoie, and Morais 1993). Rates and patterns
of variability are similar to those in other vertebrates,
and the control region has proven useful in revealing
previously undetectable genetic structure within and
among such closely related taxa as subspecies of dunlins
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(Wenink, Baker, and Tilanus 1993; Wenink et al. 1996),
populations and subspecies of grey-crowned babblers
(Edwards 1993a), and populations of lesser snow geese
(Quinn 1992).

Although partial control region sequences of bab-
blers have been studied, and the complete sequence has
been obtained from several nonpasserine birds (Quinn
and Wilson 1993), no complete passerine control regions
have been published. Finches in the genus Fringilla are
an ideal species group in which to examine the structure,
variability, and evolution of the control region of these
passerines. Fringilla comprises three closely related spe-
cies, one of which (the common chaffinch, F. coelebs)
is widely distributed throughout Europe, northern Afri-
ca, and the Atlantic Islands. Populations vary in age and
degree of isolation from recently established populations
experiencing extensive gene flow to morphologically
and genetically distinguishable subspecies (Baker et al.
1990). The blue chaffinch (F. teydea) of the Canary Is-
lands is the sister species to the common chaffinch, and
these two form a sister group with the brambling of
Eurasia (Baker and Marshall 1997). Along with the re-
lated greenfinch (Carduelis chloris) these species pro-
vide an excellent opportunity to compare sequences
from a range of taxonomic levels. We describe complete
sequences and conserved structural features and rates
and patterns of variability among common chaffinch,
blue chaffinch, brambling, and greenfinch control
regions, and compare them to those of other birds for a
more comprehensive understanding of avian control re-
gion evolution. Additionally, we include samples of se-
quences representing the two variable flanking domains
for four disparate populations of common chaffinches
and one population of bramblings. We then assess the
utility of the control region for population and phylo-
genetic studies of these finches.

Materials and Methods
Collection of Samples and DNA

Two specimens (collection localities in brackets)
each of the greenfinch (Uppsala, Sweden), the brambling
(near Holt, Norway), and the blue chaffinch (Tenerife,
Canary Islands) were sequenced for the entire control
region. An additional eight bramblings from Holt were
examined for portions of the 5'- and 3’-flanking do-
mains. The complete control region sequence was ob-
tained from four common chaffinches, one from Ma-
deira Island (F. c¢. maderensis), one from Rabat, Mo-
rocco (F. c. africana) and one each from Segovia, Spain
and Asiago, Italy (F. c. coelebs). Flanking domains were
sequenced for 9 more birds from Madeira, 8 from Asi-
ago, 9 (5") or 10 (3') from Nefza, Tunisia (nominally F.
c. africana), and 14 (5') or 9 (3') from Oslo, Norway
(F. c. coelebs).

Genomic DNA was extracted from liver, heart, or
spleen using standard proteinase K-phenol-chloroform
methods (Sambrook, Fritsch, and Maniatis 1989). Brief-
ly, tissues were homogenized in 100 mM Tris-HCI, pH
8.0; 10 mM EDTA; 100 mM NacCl; 0.1% SDS; and 10
pwg/ml proteinase K, and incubated overnight at 55°C.

The homogenate was extracted twice with Tris-saturated
phenol and once with chloroform : isoamyl alcohol (24:
1). Finally, nucleic acids were precipitated with sodium
chloride or sodium acetate and ethanol, and resuspended
in distilled water.

Polymerase Chain Reaction (PCR) and Sequencing

PCR primers were developed specifically for the
chaffinches, the brambling, and the greenfinch as fol-
lows. First, amplifications were performed using three
primers matching portions of the flanking genes for
tRNAP© (CRTPRO), ND6 (FND6; P. Boag, personal
communication), and tRNAFre (H1261; Wenink, Baker,
and Tilanus 1994). Subsequently, specific internal prim-
ers were made for the 5'- or tRNA%-adjacent (FCRIS’
and FCRI3') and 3'- or tRNAPre.adjacent (F304)
regions. Another primer, GSLGLU (P. Boag, personal
communication), was used for some amplifications of
the latter region. Primer sequences, positions, and direc-
tion are given in Baker and Marshall (1997). For the 5’
region, FCRIS' was used as a sequencing primer; for the
3" region, either GSLGLU or F304 and H1261 were
used. Some of these primers were used to produce se-
quence from flanking genes.

Double-stranded amplification reactions contained
10 mM Tris-HCI, pH 8.3; 1.5 mM MgCl,; 50 mM KCI;
50 pM each dNTP; 0.4 uM each primer; and 1 U Tagq
DNA polymerase (Boehringer Mannheim) in a 25-pl
volume. Amplification was achieved through a thermal
cycle of 93°C for 30 s, 48-50°C for 30 s, and 72°C for
60 s, repeated 35 times. Products were purified using
agarose separation followed by binding to glass beads
(Gene Clean; BIO 101), and were sequenced using ei-
ther the Sequenase 2.0 (United States Biochemical) or
AmpliCycle (Perkin Elmer) sequencing kit, according to
the manufacturer’s instructions. The complete control re-
gion sequences were obtained from at least two individ-
uals for each species. Additionally, for at least one of
these individuals, most of the sequence was attained in
both directions or from an additional amplification and
sequencing reaction in the same direction. Generally, the
population sequences were obtained in one direction
only.

Sequence Analysis

Multiple sequence alignment was achieved using
the default options of CLUSTAL V (Higgins, Bleasby,
and Fuchs 1992). Visualization of secondary structure
was facilitated with the programs PCFOLD and MOL-
ECULE (Zuker 1989). Sequence length and nucleotide
composition, percent sequence similarity, and frequency
and distribution of substitutions and indels were ob-
tained from ESEE (Cabot and Beckenbach 1989) or
MEGA (version 1.01; Kumar, Tamura, and Nei 1993).
To investigate rate variation among sites in the control
region, we used the approximate method of Yang and
Kumar (1996) as implemented in the PAML package
(Yang 1995) to estimate the average number of substi-
tutions per site (1) along the tree of the four species.
The a parameter of the gamma distribution was esti-
mated using the maximum likelihood method of the



same package. The input tree was (((chaffinch, blue
chaffinch) brambling) greenfinch).

To assess the population genetic and phylogenetic
utility of the control region in the finch sequences, we
constructed neighbor-joining trees (Saitou and Nei 1987)
and calculated bootstrap confidence levels and branch
length confidence probabilities using MEGA. Sequence
divergence values were calculated using either the
Jukes-Cantor (Jukes and Cantor 1969), Kimura two-pa-
rameter (Kimura 1980), or Tajima-Nei (Tajima and Nei
1984) algorithms, ignoring alignment gap sites in pair-
wise comparisons, according to the criteria discussed by
Kumar, Tamura, and Nei (1993). That is, when the Ju-
kes-Cantor estimate of d was 0.05 or less or between
0.05 and 0.3 and accompanied by a low (<2) transition-
to-transversion (ts/tv) ratio, the Jukes-Cantor estimate
was used; when d was between 0.05 and 0.3 and the
ts/tv ratio was high (>2) the Kimura two-parameter es-
timate was used; and when d was between 0.3 and 1 the
Tajima-Nei distance was used. The combination of d >
0.3 and extensive rate variation among sites (a < 1),
which would necessitate the use of gamma distances,
did not occur. For intraspecific comparisons, haplotypic
diversity (h) and nucleotide diversity (m; Nei and Li
1979) were calculated. Tajima’s D (Tajima 1989) was
calculated to test whether the chaffinch sequences con-
form to the expectations of neutral theory.

Results
Evidence Consistent with a Mitochondrial Origin
of the Control Region Sequences

Contiguous sequence spanning the 3’ terminus of
the ND6 gene, the tRNAC"™ gene, the entire control re-
gion, and a small portion at the 5’ end of the tRNAFPhe
gene was obtained from 10 finches representing four
species in two genera. For ND6, between 8 and 45 bp
were sequenced; they show 60.0% to 65.8% similarity
to the corresponding region in chicken mtDNA, and
translate appropriately with the mitochondrial genetic
code, having the same start codon as the chicken (ATG)
and revealing no frameshift or nonsense mutations. The
tRNASCM gene is 71 bp long in all individuals, and is
between 55.6% and 61.1% similar to the chicken gene
(with alignment gaps counted as mismatches) with no
mismatches occurring in the anticodon loop (GAA). Ad-
ditionally, when analyzed with PCFOLD (Zuker 1989),
the proper cloverleaf structure for this gene was re-
trieved (AG = —18.4 kcal/mol). Sequence similarity
among finches ranges from 74.7% between the blue
chaffinch and the greenfinch to 97.2% between the
brambling and the chaffinch. When all sequences are
compared, transition substitutions occur at 21 positions
and there are no transversions. Although very little of
the tRNAPhe gene was sequenced (9-15 bp), it again
appears to be homologous to the chicken gene in that
nucleotide type (purine or pyrimidine) is maintained at
each position, and sequence similarity is 60%—61.5%
where 13—15 bp are available for comparison.
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Primary Structure and Conserved Sequence Motifs

The alignment of the control region sequences of
the four finch species is presented in figure 1 (GEN-
BANK accession numbers are U76250 for the common
chaffinch, U76249 for the blue chaffinch, U76251 for
the brambling, and U56075 for the greenfinch). Uncor-
rected pairwise sequence similarity is 95.5%-99.6%
among common chaffinches, 99.7% between the two
bramblings and 100% between the two blue chaffinches
and the two greenfinches. The length of the control re-
gion ranges from 1,223 bp in the blue chaffinch to 1,237
bp in the greenfinch. Both the brambling and the com-
mon chaffinch control regions are 1,233 or 1,234 bp. No
obvious repeat structure, such as that identified in some
species of Charadriiform birds (Berg, Moum, and Jo-
hansen 1995), was identified, although a long tract of C
nucleotides near the 5' end of the control region is ap-
parent. The among-species alignment is characterized by
substitutions at 269 sites and alignment gaps at 37. Al-
most half (49.1%) of the substitution sites contain a
transversion, and the alignment gaps are generally 1-
2-bp indels.

A plot of number of variable sites in nonoverlap-
ping 50-bp segments (fig. 2) was used to examine the
distribution of variation across the control region. For
descriptive purposes, we delimited domains to encom-
pass regions of differing variability as follows: 5’ do-
main [—bases 1-400; central domain II—bases 401-
873; and 3’ domain IIl—bases 874-1252. The frequen-
cy of both substitutions and gaps is highest in the third
domain and lowest in the central region; base compo-
sition differences are also apparent among domains (ta-
ble 1). Estimates of the a parameter of the gamma dis-
tribution and the average number of substitutions per
site for the whole control region and for each domain
are given in table 2. Consistent with figure 2, the esti-
mate of number of substitutions per site is highest in the
third domain and lowest in the central domain. The ex-
tent of rate variation among sites (inversely related to
o) is highest in domain II, still extensive but lower in
domain I, and lowest in the third domain.

Finches have conserved primary sequence motifs
characteristic of the three domains in other vertebrates
(Southern, Southern, and Dizon 1988). In the central
domain, the E D, and C boxes are readily recognizable
(fig. 1), although quite divergent from the homologous
features of nonpasserines. They share 56%-60% se-
quence similarity with the same regions in the chicken,
values which exceed the chicken/human comparison
only for the C box (58.6% vs. 44.4%). These boxes are,
however, invariant among the species of the genus Frin-
gilla, and are highly conserved (92%-96.6%) in com-
parisons to the greenfinch (Carduelis). The 28-bp
CSB-1, spanning positions 876-903 of the among-spe-
cies alignment, is also highly conserved among chaf-
finches and the greenfinch (four variable sites), and is
75.0%-78.6% similar to the chicken CSB-1. Neither
CSB-2 nor CSB-3 could be unambiguously identified.
The consensus TAS (TACATtAAAaYYYAAT where Y
= C or T and lower case indicates an invariant base at
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chaffinch
blue chaffinch
brambling
greenfinch

chaffinch

blue chaffinch ....

Baker

Iz . 100
GCCTCACTC-ATCCTTCATCATCCCCCCCCCTTCCCCCCCCAACATGTTTTTCTTCATGT TTTTCAGGGTATGTATAATATGCATCGCACTCTCTGCCCC
..... G.. T it c et e T et .o P 1 4 O
......... TG. R S o S T T P T PITATY S
C...AGA. .CGGA——=—====== . . ittt rrnnnranenn GT..A..... A T T O T.A......A

Putative TAS Element 200

ATCAGACAGTCCATGAAATGTAGGACACCCCACATCATACGCTATGCCTCTCCACAAAACGCCCAAACATTATCTCCAAAACGGGTGATATTCGGCCAAT
. G

P S T P T T S S PPN

brambling A R O P i o e
greenfinch  ........ ... i, S G.A...... [ . TACCTC......... .
300
chaffinch GTCACTCCTAGACACATTCTTGTTTCAGGTACCATACAGCCCAAATTCTCCTACCCAAGGCCAAGCCGCARGCGTCGCCCACAGACT-AGACACTTATCT
blue chaffinch ....TCT..... Y Tovennn. G.G........ Tt ie e iee i eeaanenns T..... T.A..C....T....... A
brambling FO A 0 .C..‘..........T.A.....G.G....“..T.................‘.TA.‘..T AG.C......AC.....
greenfinch C CT.C..G.G........Ciuivvuuivn.. Toovnnn G.GovL . L TLCALLL. L ALLLL L TA....A....CC...G.T......
400
chaffinch ACTATACACA-ACTCCAACCTAGAGAACGAGGAATGTCCCTGTACACCTTTGAATTCCCCTAGTCTACTGAAT TCGCCCACCTCCTAGGTAAATGCTCTT
blue chaffinch ....CG..T..C....... O ettt TR et
brambling ves.G. Lo R0 - A e er e e et e et
greenfinch e T.AC....... N ¢ G..... - S - T.ooooues - S ACA.TG.C .G
JII F Box 500
chaffinch CCAACAGCCTTCAAGCACTCCCAAGCCAGAGAGCATGGTTATCTATTAATCGCGCTTCTCACGAGAACCG!GCTACTCAACG-TATGGGTGAATTAGGTT
blue chaffinch ......... O [ N
brambling et ierie ittt A .............. Gittiiie it teseaensasessenanacanoassanannronennnsnaans
greenfinch ....... ... . . i i, cieetreteseanteanes e G...C..GA......... C...
chicken .TC. AC.........GATC...A..C -C
D Box 600
chaffinch ATTGCCCT-CAGGCGCATACTTGTCCTCTTAATGCTCTTTTGCGCTATTGGTTGTAACTTCAGGATCATGAACTACACCACTCCTACCTCCTTGCTCTTC
blue chaffinch ..........c v o . TCLAG e ievinnnnnnnn. e tieerres e Ceeeeieeean ACC......oTivivnnnnens ceeeeeens
brambling Ceceseserenreescenne AC.AG....CA.......... et eesr et essesaser e annn +ACT. . .ee. GT.TCo v v v v venes
greenfinch eesALGol . ... AALCLAGLAALCT. .. .tiiinnenns Govinviennnnn .,..A...A-C..C....CT., TLOALLL L. e
chicken .CTC..... CCTCGG. .... CA... chlcken .CA..T...
C Box 700
chaffinch ACAGATACAAGTGGTCGGTTGAATATTCCTCCCTAATCTCATTACCTCGGCATACCGACCTCCTACACTTGTTTTTTTTTTAGCGTCTCTTCAATAAGCC
blue chaffinch .............. e C...... e eereesee e et eeee e N . Ceesssernees
brambling = ... .. i i ittt e N L
greenfinch T Ceereeeen 7 P O
chicken ..GA.GT..TC. .A.

800
chaffinch CTTCAAGTGCGTAGCAGGTGATATCTTCCTCTTGACATGTCCATCACATGACCGCCGAACATATGAATCCCCTAACACCCAGAATGTCATGGTTTGACGG
blue chaffinch ................. e e eieieee e Lo eeiieetoeesooesonnnonsossnnsonsssssansseessnnnnnonns
brambling Covvvnnn AG..... C e tee e ettt St te s ie ettt cersreen
greenfinch Covinenes AG T TA...CG..... ettt Ceessctsecsesannan Cooen

|III CSB-1 900
chaffinch ATAAGGTCGTCGCAAACTTGGCACTGATGCACTTTGACCCCATTCATGGAGGGCGCGCTACCTACCTCTAGACAATAAATAGTGTAATGGTCGCCGGACA
blue chaffinCh ......outiiiiiiiiiiiiriiennnnnnnesssannns B et tiitae ettt e C.C.Govvvvvrnnnn [
brambling Cereeeen e, Y [ P N Tovevnnnn
greenfinCh @ ... .. i i i it it i T o P

chicken ..TT.....-....C.T.T......
Inverted Repeat 1000
chaffinch TACCAATTATTATTCAATGTTCTAGGAACTTTCATTCAAACTCCATTTTATGCGTTATTTTTTTTTTATCTTGACATTTIIIGIImIIIIQAIQAAAAAA
blue chaffinch ...T........C.......... PP (o | A C..... Cttitttttttieteseeeeeesooeannnnnnssenenanns
brambling LLTT.G.A...... T T ..CTTGC. R 3 NP Tevinennnn
greenfinch TG G.TC.CT.A.C....... G..... .TCA.G..... L o e TG.Tole e
chicken ..T
1100
chaffinch ACAAACCATATTCTCCTACATTTTCCAAAACATTCATCATTCATTCATCATCAATTGACCTTCCTCCATTTTTTCTAATAAAAR-ACACATAACCATCA-
blue chaffinch ........... CTC...civvvinennnnns G..TG....C..C...CTG......A..T...... J o Covvnnn Tovennn e
brambling = ....... P o CA..T.......CCLuvvvinnnns G...Govvvians Tevennn
greenfinch TT.evounnn T.ATC....viiviennnnn T..A.T..... CA.~-....TT.A....A.TT...... TG.A...... GC..TC..T-..A.CG.TG..
1200
chaffinch CCATCATCACACCACAAAAAAAA-TCTACAAACAAACC--ACAGAACCTG-~---~— CCCTACCACTTC——CTTTTTAACCTCACCAAAAAACCAAACTAA
blue chaffinch ....... T.TCA...C.T.C.CT...C-..GG....TT.T....G.. T eeaeeCriiiinnnnnn. P
brambling = ......... TCA...C.T...TT..TCC........ T-.T...... 1 O CT ....... A...TC..CAC.....ivveuennnnns
greenfinch Teoonn. A.TCAT..C.TG.TCTA..CCA....... G.AT...C..A,..AATATT.....A..A. . TAAT.CA.C.TG.CAT.A. ... ccvuu.. A..
1252
chaffinch AATATAAAACATGATCAAAAAACATCAATCAACCACTTACCAAATTCCCCAA
blue chaffinch ....C.... ... ittt ittt it rennnns T....C
brambling B o c 2 T...T.A...... A....A.C
greenfinch PP ¢ PR T...T...A..A...TT.TAAGA.C..CC...T.C

FI1G. 1.—The alignment of the control region for the four finch species. Domains are indicated by a vertical dash above the first base of
each domain followed by the number of the domain. Primary sequence features (TAS, F D, and C boxes, and CSB-1) are shown in bold. The
inverted repeat associated with putative secondary structure is underlined. For CSB-1 and the E D, and C boxes the corresponding sequence
from the chicken (Desjardins and Morais 1991) is shown.

an indel site)

described by Foran, Hixson, and Brown species alignment might function as a TAS in finches,

(1988) could not be located in the finch domain I se- given that it directly follows the secondary structure for-
quences. However, the sequence 5'-CACATCA- mation in this domain (see below and fig. 3), and is
TACGCTAT-3' located at position 131 in the among- conserved among all four species.
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F1G. 2.—Plot of finch control region variability in 50-base windows. Substitutions are indicated with solid bars, and indels with clear ones.

Arrows denote domain boundaries.

Potential Secondary Structure

In the finches an AT-rich sequence occurs about
150 bp downstream of CSB-1, and we searched for pos-
sible cruciform-forming sequences (inverted repeats) in-
dicative of the bidirectional transcription promoter de-
scribed in the chicken (I’ Abbé et al. 1991). One was
found (AG = —5.9 kcal/mol) in the Fringilla species at
position 980 of the multiple alignment (fig. 1), although
it shares no primary sequence homology with the pro-
moter of other birds. Other putative secondary structures
were identified as follows. In domain I of the chaffinch,
a stem-and-loop and an adjacent cloverleaf (fig. 34; AG
= —11.8 kcal/mol) span positions 42-130 of the mul-
tiple alignment, directly upstream of the putative TAS.
The brambling and greenfinch sequences in this region
are capable of forming two stem-and-loops followed by
a partial (two-loop) cloverleaf-like structure (AG =
—12.3 and —14.5 kcal/mol for the brambling and green-
finch structures, respectively) which incorporates the

Table 1

Average Base Composition of the Entire Control Region
and the Three Domains in Fringilline Finches and the
Greenfinch

TAS. In the blue chaffinch, the partial cloverleaf is sit-
uated between two stem-and-loop formations (AG =
—9.3 kcal/mol overall), the latter of which encompasses
most of the TAS. Domain II and the first third of domain
IIT of all four species of finches are characterized by
extensive potential secondary structure formation, in-
cluding a partial cloverleaf (fig. 3B; AG = —13.4 to
—13.9 kcal/mol) occupying bases 818-897 of the mul-
tiple alignment and incorporating CSB-1 at its 3’ end.

Interspecific Variation

For the entire control region, pairwise sequence di-
vergence values range from 7.8% (common chaffinch
and blue chaffinch) to 19.6% (common chaffinch and
greenfinch). The proportion of transversions increases
with sequence divergence; transitions are four times
more numerous than transversions between the common
and blue chaffinches, but in any comparison with the
greenfinch, transversions outnumber transitions. Consis-
tent with the reduced G-content of the mitochondrial
genome, CeT transitions greatly outnumber A&G
transitions, and A&C or AT transversions are more

Table 2
Estimation of the o Parameter of the Gamma

NUCLEOTIDE e .
FREQUENCIES Distribution and the Average Number of Substitutions
(%) per Site Along the Tree () in Finches
SEGMENT A C G T Region m a
Whole control region (1,252 bp) .. 284 289 136 292 Whole control region ... .. 0.2525 0.4196
Domain I (400 bp).............. 26.5 329 144 262 DomainI............... 0.2467 0.4757
Domain II (473 bp) ............. 237 29.2 186  28.6 DomainIl............... 0.1194 0.1563
Domain I 379 bp) ............ 364 243 6.3 33.1 DomainIII.............. 0.4309 1.0915
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A

FiG. 3.—Putative secondary-structure formation in the finch control regions. A, The cloverleaf associated with domain I in the common
chaffinch. The box indicates overlap with the putative TAS element. B, The partial cloverleaf formation in domain III in all four finch species.

The box indicates bases that are part of CSB-1.

common than G&C or G&T transversions. A neighbor-
joining tree constructed from the sequence data recov-
ered the among-species relationships also obtained by
Baker and Marshall (1997) for a portion of the control
region (that is, [[[chaffinch, blue chaffinch] brambling]
greenfinch]).

Differences in variability among domains are evi-
dent from pairwise comparisons. Domain I sequences
share similar divergence estimates with the whole con-
trol region, but have an elevated proportion of transi-
tions (especially between purines) relative to transver-
sions (particularly those involving A). Sequence diver-
gence in domain II is greatly reduced (2.8%-9.1%), as
are ts/tv ratios (0.6-3.3). In particular, A&C and G&T
transversions are more numerous than in the control re-
gion as a whole. Divergences in domain III are almost
double those for the whole control region, but ts/tv ratios
remain similar to the overall values, reflecting a dimin-
ished proportion of transversions involving G in this
G-deficient domain (table 1). Relative rate estimates
(calculated by averaging among-species pairwise diver-
gence estimates and dividing by the lowest value) for
the whole control region and domains I, II, and III are
22,22, 1, and 4.2, respectively. Compared with rates
for the protein-coding genes cytochrome b, NADH de-
hydrogenase subunit 5, and ATPase 6 in these finches
(1.5-1.9; unpublished data), the first domain and the
whole control region are slightly faster than the coding
genes, but the second domain evolves at a slower rate,
and the third domain at a much higher rate. Neighbor-
joining trees constructed from each of the three regions
(not shown) have the same topology as the entire control
region tree, but statistical support varies. For example,
using the Kimura two-parameter method of distance es-
timation, the bootstrap confidence level (BCL, 500 rep-
licates) and branch length confidence probability (CP)
of the chaffinch/blue chaffinch node are both 99% for
the entire control region and the third domain. Domain
I values are still fairly high at 93 (BCL) and 92 (CP),

but for the less informative central domain these values
are only 53 (BCL) and 49 (CP).

Intraspecific Variability

The sequence of a 300-bp segment of domain I,
spanning positions 110-411 (fig. 1), was obtained for
42 chaffinches, and 22 variable positions define 17 hap-
lotypes (fig. 4). Only the island (Madeira) and one con-
tinental (Nefza) populations are characterized by distinct
haplotypes. Pairwise divergences are low and haplotypic
diversities are high within populations (table 3), except
in Madeira and Nefza. In the brambling population, sev-
en haplotypes are denoted by eight variable sites; hap-
lotypic diversity and sequence divergence are similar to
those in the Oslo and Asiago populations. Nucleotide
diversity is highest in Oslo and Nefza, and lowest in
Madeira.

Domain III sequences comprising 285 bp between
positions 929-1225 (fig. 1) obtained from 34 chaffinch-
es yield a similar pattern of common and divergent hap-
lotypes among regions (fig. 5). However, despite the
presence of nearly twice as many variable sites as in
domain I, only 12 haplotypes were identified. Within-
population pairwise divergences and nucleotide diver-
sities are lower in domain III than in domain I except
in Madeira and Nefza. Other than in Oslo (where only
five individuals were sampled) and Madeira, haplotypic
diversities are also lower in domain III comparisons. In
bramblings, one variable site defines two haplotypes,
and average sequence divergence, haplotypic diversity,
and nucleotide diversity are all lower in domain III than
in domain I (table 3).

Neighbor-joining trees, bootstrap confidence levels
(500 replicates), and branch lengths were calculated sep-
arately for the 17 domain I haplotypes (fig. 6A) and the
12 domain III haplotypes of the common chaffinch (fig.
6B), using the brambling sequence as an outgroup. In
both cases a similar pattern was obtained. All haplotypes
other than the divergent Nefza haplotype and the Mad-
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Variable Position
Hpoope 1222380220002202000380 opuation uerc
5934379868378356820001 viduals)
1 GTCATCGACA-CGCGATACCCT Oslo (4) Asiago (1) Nefza (5)
2 el et ettt Oslo (3) Asiago (2)
K 7Y - Oslo (2)
4 ceeeCiiiiiiinnann ceeen Oslo (1) Asiago (1)
5 Teeennnnnn. Teverenn. Asiago (2)
6 ATeeevnnn.. Aviiennnn. Oslo (1)
7 e Geverennnnnnnnn Oslo (1)
8 B e Oslo (1)
9 AT...... Gevererennns . Oslo (1)
10 B Asiago (1)
11 P T. Asiago (1)
12 Tewenn. T . Asiago (1)
13 B U Nefza (1)
14 - G.... Nefza (1)
15 .CT..T.G..CTATA...T.TA Madeira (9)
16 ..T..T.GT..TATA...T... Madeira (1)
17 ..T...AC...TATAGC.T... Nefza (2)

FIG. 4—Haplotypic variants of domain I sequences in common chaffinches.

eiran haplotypes form one group, with the Madeiran se-
quences as the sister clade and the divergent Nefza hap-
lotype basal to all others. Bootstrap values are reason-
ably high using the domain III sequences, but only the
major continental clade is well supported using the do-

main I sequences. Within the major clade, bootstrap val-
ues are low, and branch lengths are small.

Tajima’s D (Tajima 1989) was calculated for the
chaffinch population samples of domain I (n = 42, D
= 0.834, P > 0.01) and domain III (n = 34, D = 0.389,

Table 3
Within-Population Variability in Control Region Domains I and III of Common Chaffinches from Four Populations
and of the Brambling

Average Pairwise Haplotypic Nucleotide
Divergence Number of Diversity Diversity
Population N (d) Haplotypes (h) ()
Domain I Sequences
Common Chaffinches
Oslo .....oooivviiinn... 14 0.0058 8 0.89 0.0080
Asiago.......... ..o, 9 0.0066 7 0.94 0.0029
Nefza ...................... 9 0.0157 4 0.69 0.0068
Madeira. . ................... 10 0.0027 2 0.20 0.0015
Total ....................... 42 0.0183 17 0.89 0.1290
Bramblings ................... 10 0.0059 7 0.87 0.0026
Domain III Sequences
Common Chaffinches
Oslo .......ooo i, 5 0.0057 5 1 0.0022
Asiago............. ... ... 9 0.0037 5 0.81 0.0016
Nefza ...................... 10 0.0381 3 0.51 0.0162
Madeira. .................... 10 0.0041 3 0.64 0.0018
Total ..., 34 0.0371 12 0.87 0.1260
Bramblings ................... 9 0.0007 2 0.2 0.0003
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Variable Position
O ggpo0055oBALEALIHIII LI LL  poplion ambero

23344445833344456901111122222334466778800
92712396801968970110126823678785714281659

1 CTCCTCTTTACACTCGCTCCACAAAACTACCACAATATATA Oslo (1) Asiago (2) Nefza (7)

2 ettt e, AvTerenennnnn. Oslo (1)

3 Tevernnnn ettt A Oslo (1)

4 e ettt R Oslo (1) Asiago (4)

5 O O Oslo (1)

6 e, e, Tevernnnn G Asiago (1) Nefza (1)

2 O T..... e Asiago (1)

8 P Tevevennnnne Asiago (1)

9 ..T...C.CGTG..T.T..TCACC-C.CCTTGTGCCCC.CG Nefza (2)

10 «e..CT.......CT.TC.TCACC...C..T.T...CC..G Madeira (5)

11 .C..CT.......CT.TC.TCACC...C..T.T...CC..G  Madeira (4)

12 ...?2?2?.......CTAT.TTCACC...C..T.T...CC..G Madeira (1)

Fic. 5.—Haplotypic variants of domain III sequences in common chaffinches.

A.
Africa and
Europe
17 Nefza
brambling
B. 6
7
3
1004 4 Afgcaand
- 5 urope
2
8
12 !
2 196,10 ] Madeira
11
9 Nefza
brambling
1
0 .01

FiGc. 6.—Neighbor-joining trees constructed among the control region haplotypes, showing bootstrap values (500 replicates) at the nodes.
A, Relationships among the 17 domain I haplotypes, with the haplotype localities indicated. B, Relationships among the 12 domain III haplotypes,
with haplotype localities indicated. Haplotypes are designated by numbers as in figures 4 and 5.



P > 0.10) sequences. Neither data set yielded a D sig-
nificantly different from zero, so conformity of the data
to neutral expectations could not be rejected.

Discussion
Control Region Flanking Genes and Consistency
with a Mitochondrial Origin

The gene order around the control region in Frin-
gilline finches is the same as that of the babbler (Ed-
wards 1993b), chicken (Desjardins and Morais 1990),
quail (Desjardins and Morais 1991), duck (Ramirez, Sa-
voie, and Morais 1993), and snow goose (Quinn and
Wilson 1993) mtDNA genomes, but different from that
of mammals (Saccone, Pesole, and Sbisa 1991) and Xen-
opus (Roe et al. 1985). Furthermore, the flanking genes
do not appear to be evolving at a reduced rate relative
to other mitochondrial genes (the common chaffinch and
chicken mitochondrial cytochrome b, ATPase 6, and
NADH dehydrogenase subunit 5 genes are 80.0%,
77.8%, and 73.1% similar, respectively; unpublished
data). In fact, we found similar levels of divergence be-
tween the greenfinch and blue chaffinch tRNAS™ genes
as between the chicken and goose tRNAS!M genes (27%;
Quinn and Wilson 1993), a level of divergence which
may be explained by the hypothesis that the tRNAGH
gene is under reduced functional constraint in birds be-
cause it is not adjacent to the sense transcript of any
gene (Quinn and Wilson 1993). Additionally, the clo-
verleaf formation the finch tRNASU is capable of assum-
ing suggests that it is a functional gene. These resuits,
in combination with the identification of recognizable
features in the control region, are consistent with a mi-
tochondrial rather than a nuclear origin for the control
region sequences presented here.

Structural Evolution of the Control Region in
Passerines

In most respects, the finch control region is very
similar structurally to other avian control regions (Des-
jardins and Morais 1990, 1991; Ramirez, Savoie, and
Morais 1993; Quinn and Wilson 1993; Wenink, Baker,
and Tilanus 1993), although several minor exceptions
were revealed. In particular, the putative TAS-element
sequence of finches is quite divergent from the consen-
sus sequence for vertebrates (Foran, Hixson, and Brown
1988), which was unexpected given that the primary
sequence of the TAS is thought to be important to its
function. However, the position and association of the
putative TAS elements with secondary structure at the
5’ end of the finch control region indicate their involve-
ment in termination of D-loop synthesis. Another sig-
nificant feature is the absence of CSB-2 and CSB-3 in
finches. The CSBs are thought to act as processing sig-
nals for the generation of the RNA primers needed for
replication (Walberg and Clayton 1981). However, only
CSB-1 is clearly conserved among diverse vertebrates,
suggesting that primary sequence alone does not pre-
scribe function in the other CSBs. These CSBs are also
absent in some mammals (Saccone, Pesole, and Sbisa
1991), although they occur in the duck and possibly in
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the chicken (Ramirez, Savoie, and Morais 1993). Lastly,
the bidirectional promoter sequence motif (TPu-
TATATA) located downstream from CSB-1 in the chick-
en (Desjardins and Morais 1990), quail (Desjardins and
Morais 1991), and duck (Ramirez, Savoie, and Morais
1993) is not present in the finches, although a cruciform-
forming structure occurring in this region may act as a
substitute. An alternate explanation is that finches have
two promoters, in which case neither inverted repeats
nor primary sequence homology with other organisms
would likely exist.

Although variation in form of the 5’-TAS-associ-
ated secondary structure was evident among finch spe-
cies, such variability has been identified in other verte-
brates; in mammals and in Xenopus the structure is a
cloverleaf (Brown et al. 1986), but in the chicken and
goose it is a stem-and-loop (Quinn and Wilson 1993).
Interestingly, this secondary structure is adjacent to the
tract of C nucleotides in the control region of finches,
while in the snow goose a similar tract of C’s is found
within the stem-and-loop (Quinn and Wilson 1993). This
suggests a function for this primary sequence motif, pos-
sibly in termination of D-loop synthesis. Unlike the pu-
tative secondary structures of domain I, the CSB-1-as-
sociated secondary-structure sequence of domain III in
finches is highly conserved. In other vertebrates this re-
gion forms a full cloverleaf, thought to be involved in
initiation of D-loop synthesis (Brown et al. 1986; Quinn
and Wilson 1993), to which the conserved partial clo-
verleaf found here may be analogous.

Thus, flanking gene order, base composition, pri-
mary sequence features, and potential secondary-struc-
ture formation all appear to be conserved among birds,
and often among vertebrates. While the specific func-
tions of the conserved sequence blocks are uncertain,
their conservation among vertebrates suggests that they
are crucial for the regulatory functions encoded by the
D-loop, which spans the central domain in which they
are located (Southern, Southern, and Dizon 1988). Con-
versely, high levels of variation in parts of the control
region suggest that secondary structure is sometimes
more important than primary sequence in the mainte-
nance of control region functionality. Among Fringilla
species, for example, primary sequence in domain I has
diverged enough that secondary structure maintenance
is independent of sequence similarity. Moreover, the ex-
act nature of the secondary structure does not seem to
be important to the function of the molecule.

Patterns and Rates of Sequence Evolution

As in other birds and vertebrates, the finch control
region can be divided into three domains of variability,
with most of the substitutions and indels occurring in
the 5'- and 3’-flanking domains. The average number of
substitutions per site is highest in the third domain, and
the extent of rate variation among sites varies with do-
main. According to Yang and Kumar (1996), the o pa-
rameter indicates that the shape of the gamma distri-
bution is highly skewed over the entire control region
and in domains I and II (a < 1); most sites therefore
vary at low rates while a few change at high rates in
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these regions. The larger estimate for domain III (o =
1.09) indicates that rates in this region are approximately
normally distributed among sites.

Brown et al. (1986) suggested that the frequency
of indels relative to base substitutions in the control re-
gion decreases with increasing divergence. This trend is
not apparent with the finch sequences, nor does indel
frequency approach substitution frequency even within
populations. Population studies of control region se-
quences from white sturgeons (Brown, Beckenbach, and
Smith 1993), dunlins (Wenink, Baker, and Tilanus
1993), grey-crowned babblers (Edwards 1993a), and hu-
mans (Aquadro and Greenberg 1983) also reveal low
proportions of indels relative to substitutions. While the
mode of control region evolution may vary among lin-
eages, it does not appear that insertions and deletions
occur at extremely high frequency in the short term in
many vertebrates.

Unusually low ts/tv ratios in the conserved central
domain might reflect a mechanism to maintain its ele-
vated G+T content (47%). This is consistent with the
substitution biases observed in this domain, as A<>C
and GoT transversions would be unconstrained but
transitions disfavored. A possible functional advantage
of increased G+T content is that TnGm sequences may
be efficient templates for DNA primase (Murray 1990).
The substitution bias observed in domain I whereby pu-
rine transitions are favored at the expense of transver-
sions involving A is also not due to compositional bias,
as A is reduced and C is elevated in this region; again,
it may reflect a functional constraint.

For comparative purposes, the chaffinch control re-
gion appears to be evolving only slightly faster than
several coding mtDNA genes assessed for this group of
birds. The rate varies markedly among domains; in par-
ticular, it is reduced in domain II and elevated in domain
III. The domain I rate in finches is similar to the overall
rate for the whole control region. By way of contrast, a
hypervariable portion of domain I evolves at a very high
rate (20.6%/Myr/lineage) in geese (Quinn 1992), but
this rate only applies to a small hypervariable segment
and clearly cannot be extrapolated to the whole domain.
Similarly, sequence corresponding to domain I was es-
timated to evolve at four times the whole mtDNA ge-
nome rate in sturgeon (Brown, Beckenbach, and Smith
1993), although rates are thought to vary widely in fish,
and the observed rate may be affected by A+T bias
(Zhu et al. 1994).

In birds, relatively few studies have addressed dif-
ferences in rate among domains, either because the spe-
cies being compared are too divergent to allow it, or
because only one region was examined. In finches, the
third domain is more divergent in comparisons among
species, yet the first domain exhibits higher nucleotide
and haplotypic diversity and greater pairwise diver-
gences among individuals. In a comparison of dunlins
and turnstones Wenink, Baker, and Tilanus (1994) also
found more variability to be associated with domain III,
but within dunlins domain I was the most variable (un-
published data). Confusion regarding domain variability
may result from the level of comparison being evalu-

ated; it may be that change accumulates earlier in do-
main I, but that more overall divergence is tolerated in
domain III. This is consistent with the pattern of rate
heterogeneity observed among domains in finches; do-
main I is thought to contain a few highly variable sites
(mutational ‘‘hotspots’) among many invariant sites,
while domain III exhibits a normally distributed array
of rates. Variability among domains is similarly unpre-
dictable in mammals. For instance, domain III contains
the most variation in mice and rats (Brown et al. 1986),
whereas domain I is more variable in cetaceans (Hoel-
zel, Hancock, and Dover 1991). Because relative
amounts of variation in different control region seg-
ments likely result from many factors, these results em-
phasize the need for further research on the dynamics
of variability in diverse animals.

Utility for Population and Phylogenetic Studies

For phylogenetic studies among closely related spe-
cies, as were looked at here, the control region appears
to exhibit an appropriate level of variability. The tree
recovered for the finches is consistent with the bioge-
ography of the group, as the blue chaffinch and chaf-
finch occur sympatrically in the Canaries, and the blue
chaffinch is thought to be the product of an earlier in-
vasion from the same ancestral stock that later gave rise
to common chaffinches (Stresemann 1927-1934). The
third domain or the entire control region would be most
suitable, as the first two domains alone do not contain
sufficient information to give significant statistical sup-
port to nodes or branches of the tree.

Both domain I and domain III show promise for
within-population studies. Sequences from both domains
recovered similar relationships among chaffinch haplo-
types, revealing a phylogeographic split between island
and continental haplotypes and the existence of a diver-
gent, ancestral haplotype from Nefza. Higher bootstrap
support for the domain III tree results from greater di-
vergence among more distant comparisons in domain III
relative to domain I. However, bootstrap values within
the major clade of continental haplotypes are not notably
higher in the domain III tree versus the domain I tree,
and both haplotypic and nucleotide diversity are gen-
erally higher in domain I sequences among these hap-
lotypes. Finally, sequences from both domains showed
patterns of divergence consistent with neutrality, as in
other studies of avian control region sequences (e.g.,
Edwards 1993b). Thus, the choice of domain for a pop-
ulation study depends on the level of divergence among
haplotypes, and in many studies it will be advisable to
sequence both domains to increase the resolution in gene
trees.
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