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Abstract. The entire mitochondrial DNA control re- Their conserved organization and slow molecular evolu-
gion (mtDNA D-loop) was sequenced in the seven extantion make D-loops of galliforms appropriate for phylo-
species ofAlectorispartridges. The D-loop length is very genetic studies, although homoplasy can be be generated
conserved (115 + 2 nucleotides), and substitution rates at a few hypervariable sites and at some sites which
are lower than for the mitochondrial cytochrongene  probably have mutated by strand slippage during DNA
of the same species, on average. Comparative analysesplication. Phylogenetic analyses of D-loopsAdécto-
suggest that these D-loops can be divided into three dads are concordant with previously published cytochrome
mains, corresponding to the highly variable peripheralb and allozyme phylogenies (Randi 1998)ectoris is
domains | and Ill and to the central conserved domain limonophyletic and includes three major clades: (1) basal
of vertebrates (Baker and Marshall 1997). Neverthelessharbara and melanocephala(2) intermediaterufa and
the first 161 nucleotides of domain | of thilectoris, graeca;and (3) recenphilbyi, magnaandchukar.Com-
immediately flanking the tRN&"Y, evolve at an unusu- parative description of the organization and substitution
ally low rate and show motifs similar to the mammalian patterns of the mitochondrial control region can aid in
extended termination-associated sequences [ETAS1 andapping hypervariable sites and avoid some sources of
ETAS2 (Shisaet al. 1997)], which can form stable sec- homoplasy in data sets which are to be used in phyloge-
ondary structures. The second part of domain | containsetic analyses.
a hypervariable region with two divergent copies of a
tandemly repeated sequence described previously iKey words: Mitochondrial DNA — Control region —
other species of anseriforms and galliforms (Quinn andAlectoris — Galliformes — Molecular phylogeny —
Wilson 1993; Fumihito et al. 1995). Some of the con-Avian extended termination-associated sequences —
served sequence blocks of mammals can be mapped Homoplasy
the central domain oRAlectoris. Domain Il is highly
variable and has sequences similar to mammalian CSB1.
The bidirectional transcription promoter HSP/LSP boxlntroduction
of the chicken is partially conserved among Hlectoris.
g;:; Ztrzg"t““f’" organlzgtlon can be found in the ?nse”_{he mitochondrial genome (MtDNA) of vertebrates is a
galliform species studied so far, suggesting tha

. . : small, circular molecule of 16,000-21,000 nucleotides
strong functional constraints might have controlled the(m) with a compact and conserved organization in most
evolution of the D-loop since the origin of Galloanserae.; *” P 9 '

but not all, of the studied species (Wolstenholme 1992;
Janke et al. 1994; Quinn 1997). It contains the genes for
2 ribosomal RNAs (rRNAs), 22 transfer RNAs (tRNAs),

Correspondence toE. Randi; e-mail: MET0217@IPERBOLE. 13 enzymes, and the control region (D-loop), which
BOLOGNA.IT regulates replication of the H strand and transcription of
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Fig. 1. Schematic comparison of mtDNA D-loop organization in B, C, D, E, F—conserved sequence blocks of the central domain;
mammals and Galliformes, with particular reference Alectoris. Oy—origin of H-strand replication; CSB1, -2, and -3—conserved se-
ETAS—extended termination-associated sequence domain and manguence blocks of the CSB peripheral domain; LSP—Iight-strand tran-
malian consensus sequences (ETAS1 and ETAS2) (&bisk 1997); scription promoter; HSP—heavy-strand transcription promoter.

R1 and R2—tandem repeats in the ETAS and CSB peripheral domains;

all mtDNA genes (Clayton 1992). A novel gene order of (Saccone et al. 1987); and (3) the tRR&adjacent do-
avian mtDNAs was described in chickens (Desjardinsmain Ill, which is highly variable due to nucleotide sub-
and Morais 1990) and other species of birds (Desjardinstitutions, indels, and VNTRs (R2 repeats) (Fumagalli et
et al. 1990; Desjardins and Morais 1991; Quinn and Wil-al. 1996; Hoelzel et al. 1994; Dufresne et al. 1996) and
son 1993; Marshall and Baker 1997). Quinn and Wilsoncontains conserved sequences of functional impor-
(1993) proposed a mechanism which could explain theance—the light- and heavy-strand promoters of tran-
generation of the avian mtDNA gene order by H-strandscription (LSP and HSP) (Clayton 1992), the origin of
displacement during replication, gene duplication, andhe H strand (Q), and short conserved sequence blocks
subsequent partial deletion. In consequence, the aviafCSB1, CSB2, and CSB3) (Walberg and Clayton 1981),
D-loop is flanked by the genes for tRNA' and  which have critical functions in priming mtDNA repli-
tRNAP"® and not by tRNA™ and tRNA"as is usual cation and controlling RNA/DNA transition (Chang and
for vertebrates (Fig. 1). Clayton 1987; MacKay et al. 1993; Sbisa al. 1997).
D-Loops are usually considered to be the most vari-These sequences are involved in potential secondary
able parts of mtDNASs, in terms of nucleotide substitu- structures (Brown et al. 1986).
tions, short insertions/deletions (indels), and dynamics of Shisaet al. (1997) recently described the comparative
variable-number tandem repeats (VNTRs). However structural organization of 26 complete D-loops from 10
site mutability and structural rearrangements are not dismammalian orders. They were able to identify two con-
tributed randomly across the entire region, but affect parserved extended termination-associated sequences
ticular hypervariable sites and domains (Lyrholm et al.(ETAS1 and ETAS2, which included the shorter TAS
1996; Yang 1996a). Therefore, mammalian D-loopssequences) in domain I, discussed presumptive roles of
have been partitioned into three domains (Fig. 1): (1) theCSB sequences in domain lll, and suggested adopting
tRNAC®"“-adjacent domain I, which contains sequenceshe following nomenclature for the three D-loop do-
associated with termination of H-strand replication mains: the ETAS domain | (adjacent to tRR/&in mam-
(TAS) (Doda et al. 1981) and often includes VNTRs (R1mals and tRNA"“ in birds), the central conserved do-
repeats) (Fumagalli et al. 1996), responsible mainly formain Il, and the CSB domain IlI (adjacent to tRR).
interspecific length variation and intraspecific hetero- The organization and evolutionary dynamics of avian
plasmy (Hoelzel et al. 1994; Zardoya et al. 1995; Fuma-D-loops have recently been reviewed by Baker and Mar-
galli et al. 1996); (2) the central conserved domain llshall (1997). Peripheral domains have hypervariable
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blocks (Quinn 1992; Edwards 1993; Wenink et al. 1996)AJ222727); (2) three Arabian red-legged partridges—melano-
and contain tandem repeats @allus (Desjardins and cephalal, -4, and -B (Saudi Arabia, Taif; AJ222734, AJ222735, and

. . oy AJ222736); (3) two red-legged partridgeg—rufa-11 (Spain;
Morais 1991; Fumihito et al. 1995), the lesser SNOW,y;552,0 ana rufa201 (Portugal: AJ222739); (4) two rock par-

goose (Quinn and Wilson 1993), Ciconiiformes (Wenink gigges—A. graeca2 (italian Alps; AJ222730) and. graeca3 (Italy,

et al. 1994; Berg et al. 1995), and passerines (Mundy e$icily; AJ222731); (5) two chukar partridgesi—chukar2 (Israel, Ne-
al. 1997). Some of these repeats include sequences siniev; AJ222728) and. chukar8 (Kirghizistan, Tianshan; AJ222729);
lar to CSB1 (Desjardins and Morais 1991; Ramirez et al 6) two Philby’s rock partridges-4. philbyt1 and -2 (Saudi Arabia,
1955; Quin and Wison 1993). Sequences correspondyt 5)%227% 27 222700180 () e P ok o
ing to TASs, CSB1, and LSP/HSP were identified in p325733).

chicken and quail (L’Abbeet al. 1991; Desjardins and

Morais 1991; Ramirez et al. 1993). The basic organiza- PCR Amplification and Sequencinghe entire mtDNA D-loops
tion of avian and mammalian D-loop seems roughlywere PCR amplified using the primers PHDL'{8GG ACT ACG
similar, although only a very limited number of bird GCT TGA AAA GC-3) and PHDH (3-CAT CTT GGC ATC TTC

. h b tudied f Rat d tt AET GCC-3) (Fumihito et al. 1995), whose’ Serminal nucleotides
Species have been studied so 1ar. kates and patterns gl positions 16,750 and 1255 of the chicken mitochondrial ge-

molecular evolution of avian D-loops are not Known, nome, respectively (Desjardins and Morais 1990). These primers con-
with the exception of a few studies at the populationsistently yield a single and very clean PCR product of the expected size.
level (Quinn 1992; Edwards 1993; Wenink et al. 1996). The mitochondrial origin of these amplifications was checked by com-

The phylogenetic content of avian D-loops has been eXparing nucleotide sequences obtained from PCR fragments of total and

lored onlv for m hasianid and fin i mitochondrial DNA isolated by an alkaline lysis procedure (Palva and
plored only Tor some phasia a passerine spec eI§alva 1985). Amplifications were performed with AmpliTaq DNA

(Fumihi.to et al. 1995; Marshall and Baker 1997)-_ _ polymerase (Perkin Elmer), 1.5MMgCl, in the reaction buffer, and
In this paper we present a study of the organizatiorusing the following thermal cycle in a 9600 Perkin Elmer machine:

and evolution of the mtDNA D-loop in partridges of the 94°C for 2 min, 94°C for 15 s, 55°C for 15 s, 72°C for 1 min (30

genusAlectoris. The seven living species in the genus Ycles). and 72°C for 10 min. PCR products were purified in low-

. . . ., .. melting agarose gels. All sequences were obtained by double-stranded
Alectoris (Aves, Galliformes, Phasianidae) are distrib- DNA cycle sequencing with the ABI Prism Dye Terminator procedure

uted in the Palearctic, China, the Himalayas, and southi an ABI 373 automatic sequencer, using the external primers PHDL
ern Arabia (see Randi 1996, Fig. 1). Their phylogeneticand PHDH and the internal primers PH-L400,&TT TAT TGA TCG
relationships have been investigated previously using alfCC ACC TCA CG-3; PH-L818, 3-GGA ATG ATC TTG ACA CTG
lozyme electrophoresis and nucleotide sequencing of th&TG CAC T-3 and PH-H521, 5TTA TGT GCT TGA CCG AGG

. . . AAC CAG-3' (E.A. Scott, personal communication, Manchester Met-
mitochondrial cytochromé (cyt b) gene (Randi et al. ropolitan University, Manchester, UK). Additional sequences were ob-

1992; Randi 1996). Here we aim to use D-loop nucleo-ajned from published literature: chicken (Desjardins and Morais 1990),
tide sequences to address the following questions: (1)apanese quail (Desjardins and Morais 1991), lesser snow goose

Can comparative analyses of closely related species su¢Ruinn and Wilson 1993), Pecking duck (Ramirez et al. 1993), 2 spe-
gest information on the structural organization and func-cies c_)f‘GaIIus (Fumihito et al. 1994), and 14 species of phasianids
. . . (Fumihito et al. 1995).

tional importance of avian D-loops? (2) Can the recon-

.StrUCte_d phylogenetlc relationships amdkigctqushelp . Sequence Analysisthe D-loop sequences were aligned with
in elucidating aspects of the molecular evolution of aviancLusTAL W (Thompson et al. 1994). The programs HAIRPIN and
D-loops? and (3) Can D-loops, or portions of D-loops, beRNAFOLD (in PG/GENE; IntelliGenetics) and LOOPDLOOP (Gilbert
used for phylogenetic inference, perhaps in associatiof992) were used to identify and draw potential secondary structures in
with other mtDNA genes? Our results suggest that théhe single-stranded D-loops. Nucleotide composition and genetic dis-

truct | izati d tt " | | | tances were computed using MEGA 1.01 (Kumar et al. 1993), with
structural organization and pattérns ot molecular evo u'pairwise exclusion of gaps. A maximum-likelihood (ML) test for het-

tion of the D-loop ofAlectoris (and probably of other erogeneity of substitution rates among domains was performed using
species of Anseriformes and Galliformes as well) are2LRHET (Gaut and Weir 1994). Compositional stationarity and appli-

similar to the mammalian homologous region. In particu_Cability of substitution models were tested with MODELS (Rzhetsky
lar. our data allow us to define. for the first time in birds and Nei 1995). Phylogenetic reconstructions were obtained by the ML

. ith imilari h method, the best suited for modeling the extremely heterogeneous sub-
two regions with sequence similarity to the two mam- stitution pattern of the D-loops, as implemented in the packages

malian ETAS, which were recently described by SlEia puzzLE 3.1 (Strimmer and von Haeseler 1996), MOPLHY 2.3 (Ada-

al. (1997). chi and Hasegawa 1996), and PHYLIP 3.5 (programs DNAML and
DNAMLK, Felsenstein 1993). Additional phylogenetic trees were
computed by neighbor-joining (NJ) (Saitou and Nei 1987) clustering of
the estimated percentage sequence divergence, using MEGA. Most-

Materials and Methods parsimonious (MP) trees were searched using PAUP 3.1.1 (Swofford
1993) with unordered character states, 10 replicates of random addition
of terminal sequences, and the branch-and-bound option.

DNA SamplesTotal DNA was extracted, using guanidinium thio- Robustness of the phylogenies was assessed by two approaches: (1)
cyanate (GUSCN) and diatomaceous silica particles (Sigma D5384) (¢he bootstrap (Felsenstein 1985), with 1000 resamplings followed by a
procedure modified after Gerloff et al. 1995), from 95% ethanol- NJ (MEGA) or a maximum-parsimony reconstruction (bootstrap option
preserved livers of the following samples (locality; EMBL accession in PAUP), and (2) the reliability percentages (RP), e.g., the number of
number of the D-loop sequences): (1) two Barbary partridgésbar- times the group appears after 1000 ML puzzling steps (PUZZLE)
bara-1 (Morocco, SalpAJ222726) andA. barbara8 (ltaly, Sardinia; (Strimmer and von Haeseler 1996).
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Results tRNAC®", apparently evolved at unusually low rates
among species (with only 5% variable sites), while the
second part of this domain was hypervariable (with 39%
Mitochondrial Control Region SequencesAdéctoris variable sites). Average substitution rates for the first (A)
and second (B) parts of domain I, central domain Il, and
It is well-known that nuclear sequences with homologydomain Il were 0.02, 0.20, 0.02, and 0.08, respectively.
to the D-loop exist in some avian and mammalian speThe presence of a conserved part within domain I, which
cies (Quinn 1997, and references therein). D-Loop seevolves at the same rate as the conserved central block,
quences ofA. barbara, rufa, graecaand chukar (one  suggests a peculiar organization of D-loopsAtdctoris
liver sample from each species) obtained from mitochon{schematic mammalian and avian D-loops are compared
drial DNA purifications were identical to the sequencesin Fig. 1).
amplified from the corresponding total DNAs. There-  An extensive comparative analysis of 26 entire mam-
fore, although the alkaline lysis procedure does not exmalian D-loops allowed Shisat al. (1997) to identify
clude possible nuclear DNA contaminations, we supposéwo long conserved sequence blocks in domain I. These
that these sequences are authentic mtDNA. The alignblocks include the formerly described TAS elements
ment of D-loops ofAlectoris was straightforward: se- (Doda et al. 1981; Foran et al. 1988) and have been
quence blocks were conserved and did not require exdenominated extended TAS (ETAS1 and ETAS2) (Shisa
tensive addition of indels (Fig. 2). D-Loops were 1153 ntet al. 1997). The remarkable sequence conservation of
long in philbyi, 1154 in barbara and chukar, 1155 in  the ETAS blocks across mammalian species which have
melanocephala, graecand rufa, and 1157 inmagna, evolved during the last 150 million years suggested that
with short intraspecific length variation among individu- ETASs might have important functional roles in control-
als of rufa, graeca,and chukar (nt 192 was deleted in ling the termination of H-strand synthesis (Sbitaal.
rufa-1; nt 994 and 1109 were deletedgraeca3 and -2,  1997). Two patrtially overlapping sequences with 67 and
respectively; and nt 1023 and 1024 were deleted imM5% similarity to the consensus mammalian ETAS1 and
chukar2). The two specimens ahagnadiffer for one  ETAS2 (see Shisat al. 1997, Fig. 3) can be identified
A-to-G transition (nt 212), and the twehilbyi differ for ~ and mapped in the central part of domain IAl&ctoris
one A-to-G transition (nt 518). Sequences were identica(Fig. 2) and other phasianids. The presence and sequence
between two specimens diarbara and threemelano-  conservation of avian ETASs remain to be confirmed
cephala.Short indels were introduced to optimize the when additional avian D-loops are available. Neverthe-
alignment exclusively in the two peripheral domains less, their presence in galliforms suggests close structural
(Fig. 3). Nucleotide substitutions also occurred more fre-and functional similarity among mammalian and avian
quently in peripheral domains, particularly at positionsD-loop domain |I.
153-316 and 978-1157 of the alignment (Fig. 2).

The distribution of variability, by visual inspection
and by plotting the number of variable sites along the
alignment (Figs. 2 and 3), suggests that the D-loops oComparative analysis of the alignment allows the iden-
Alectoris can be descriptively divided into three do- tification of various conserved motifs in the three do-
mains: a variable domain I (nt 1-316), with 22% variable mains of D-loops ofAlectoris (Fig. 2).
sites (including indels) amonglectoris; a central con-
served domain Il (nt 317-784), with only 5% variable  Part A of ETAS Domain | (nt 1-161 in Fig. 2)here
sites amongAlectoris; and a variable domain 1, span- are three blocks of conserved sequences which are simi-
ning the origin of replication Qto the end of the D-loop lar to motifs previously identified in other avian and
(nt 785-1160), with 14% variable sites. Average substi-mammalian species. The first block is perfectly con-
tution rates for the three domains were 0.12:0.02:0.08served amondilectorisand has sequence similarity to
corresponding to relative proportions of 6:1:4, respecthe “goose hairpin” as described iAnas caerulescens
tively. These rates were significantly differenp & by Quinn and Wilson (1993, Fig. 2). The secondary
0.001, as estimated using 2LRHET). Substitution ratestructure of this hairpin is determined by a stem of seven
among sites were also heterogeneous, with the followingomplementary Cs/Gs and by a loop containing a TCCC
values of the gamma parametess= 0.16-0.27, and motif also present in mammalian D-loops (Douzery and
= 0.86-0.79 (as estimated using PUZZLE). Randi 1997), which was associated experimentally with

The observed differences in substitution rates amongermination of H strands (Dufresne et al. 1996). There
D-loop domains ofAlectoris correspond to differences are two copies of TCCC, mapping at nt 21-24 and 182—
among the correspondent D-loop domains in other spe185, which flank the cloverleaf putative secondary struc-
cies of birds (Baker and Marshall 1997), on averageture formed by single-strand domain | (Fig. 5). The
Nevertheless, the distribution of the variable sites within“goose hairpin” is present in the D-loops of 16 species
domain | of Alectoris was markedly nonrandom (Figs. of phasianids (Fumihito et al. 1994; 1995), andAinas
2 and 3). The first 161 nucleotides, adjacent to theplatyrhyncos(Ramirez et al. 1993) (Fig. 4a).

Mapping Conserved Motifs of the Avian D-Loop
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35 cloverleaves are very similar, and (3) stem-loop struc-
tures of the cloverleaves always include the “goose hair-
30 - pin” and the central part of ETAS1 and ETAS2.

25 Part B of ETAS Domain | (nt 162—-316 in Fig. Z)he
second part of the ETAS domain maps immediately up-
20 stream to the CSB1 motif and can be divided into two
blocks, each one containing a sequence of about 60 nt
with similarity to the repeat of anseriforms and galli-
forms (Desjardins and Morais 1991; Quinn and Wilson
1993; Ramirez et al. 1993; Fumihito et al. 1994, 1995).
These repeats have a core sequence 27-29 nt long similar
CSB1, as described in chicken and goose (Desjardins and
Morais 1991; Quinn and Wilson 1993), which partially
corresponds to the “invariant” sequence as defined by
Fumihito et al. (1994). The first copy of this sequence is
very variable amonglectorisand has a low similarity to

the second copy [i.e., the “original” copy of Fumihito et

al. (1994)], and therefore we call it the “pseudo-copy”
(Fig. 2). Tandem duplications of the “original” copy
were found in red junglefowlGallus gallug and green
junglefowl (G. variug and can be inserted at approxi-
mately position 236—240 in the alignment Afectoris,

i.e., between the “pseudo” and the “original” copies.

Number of variable sites

0 |
Position in
sequences: 1 600 1160
Domains: |- ETAS Il - Central Iil - CSB

Fig. 3. Plot of the number of variable sites, in a sliding window of 50
nucleotides, in the control region éfectoris. The number of single-
nucleotide indels are indicated liyack bars.

The second block, perfectly conserved amdxige-

toris, has sequence similarity to mammalian TASS, - cenral Conserved Domain Il (nt 317-784 in Fig. 2).
cluding the highly conserved motif GTGCAT, which is tha central domain ofAlectoris spans 468 very con-

present in all phasianids and anseriforms sequenced SQued nucleotides, from the hypervariable site 317 at the

far (Fig. 4b). A putative TAS sequence has been identiy of the ETAS domain to the beginning of the putative

fied in domain | of chaffinches and greenfinch (Marshall 0,, sequence block at nucleotide 785 (Fig. 2). Several
and Baker 1997). The motif GYRCAT (¥= C/T; R = nserved blocks of the central domain are similar to the
AIG) is widespread in domain | of arange of mammaliang £ b and C boxes of vertebrates and other avian

D-loops (Douzery and Randi 1997), and apparently ithagpecies (Quinn and Wilson 1993; Marshall and Baker
been duplicated in the R1 repeats of many species, infgg7- spisaet al. 1997).

cluding the opossum (Gemmel et al. 1996), several ro-
dents (Stewart and Baker 1994; Fumagalli et al. 1996),
and ungulates (Douzery and Randi 1997). Its functional CSB Domain Il (nt 785-1160 in Fig. 2A poly(C)
importance is suggested by both comparative (Douzergequence (nt 785-794), similar to thg, ©f mammals,
and Randi 1997) and experimental (Dufresne et al. 1996)naps just a few nucleotides downstream from the puta-
findings. These GYRCAT and TAS motifs are included tive CSB1 (nt 807—-832). CSB1 includes a TATA box,
in the putative ETAS1 sequence block Afectoris (nt  identical to the active site of LSP/HSP of chicken
63-121; Fig. 2), which has 67% similarity to the mam- (L'’Abbé et al. 1991), and the GGACAT motif, which
malian consensus ETAS1 sequence (Shkisal. 1997).  was apparently duplicated in the ETAS domain. These
The third block has sequence homology to avianmotifs are also present and highly conserved in CSB1 of
CSB1 (cf. the motif GGACAT at positions 156-161 and chaffinches and greenfinch (Marshall and Baker 1997).
826-831). This block is very conserved among galli-In the D-loops ofAlectorisit is difficult to identify se-
forms, AnasandAnser(Fig. 4c), but includes the hyper- quences corresponding to mammalian CSB2 and CSB3
variable site 153. The CSB1 motif is included in the (but see Ramirez et al. 1993;"Hid et al. 1997). The
putative avian ETAS2 block (nt 109-169; Fig. 2), which bidirectional LSP/HSP promoters (L’Abbet al. 1991)
has 45% similarity to the mammalian consensus ETASZre almost perfectly conserved. A stable hairpin is pos-
sequence (Shisat al. 1997). Single-stranded domain | sible immediately upstream from the promoters (1019—
can form potential secondary cloverleaf structures. Thel035), and farther upstream is the most variable part of
configurations of cloverleaves can slightly vary in dif- the CSB domain, which is rich in poly(T) and poly(A)
ferent species oflectoris (Fig. 5), although (1) four strings. The CSB domain @flectorishas no tracks of the
stable hairpins are always possible at the three conservadpeats described in Ciconiiformes (Wenink et al. 1994;
blocks (underlined in Fig. 2), (2) the free energies of theBerg et al. 1995).
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(a) Alignment of the “goose hairpins”

Anser caerulescens 50
Anas platyrhyncos 30
Perdix perdix 35
Alectoris* 34
Bambusicola thoracica 36
Chrysolophus pictus 35
Phasianus versicolor 35

(b) Alignment of the putative TAS sequences and GYRCAT motifs (underlined)

Anser caerulescens
Anas platyrhyncos

ACCCCCCCCCCCCTCCCCCCCCGEGCGEEET

ACCCCCCCCCCCTTCCCCCCCCAGGGETTGCGGGGTA

GTACCCCCCCTTTCCCCCCCAGGGAGGGTAT
GTACCCCCCCTTTCCCCCCCAGGGGGGGTAT
GTACCCCCCCTTTCCCCCCCAGGGGAGGTAT
GTACCCCCCCCTTCCCCCCCAGGGGGEGTAT
GCACCCCCCCCTTCCCCCCCAGGGEGGEETAT

TTATGCATATTCGTGCATAGATTTATAT
TTATGCATAT-CGTGCATACATTTATAT

Fig. 4. aAligned “goose hairpins.” The
underlinednucleotides indicate complementary
positions in the stem of hairpins. *This sequence
is shared by all seven speciesAlectorisand the
phasianidCoturnix sinensis, C. coturnix,
Polyplectron bicalcaratum, Argusianus argus,
Pavo cristatus, P. muticus, Chrysolophus pictus,
Lophura nycthemera, Syrmaticus humiae, Gallus
lafayettei, G. sonneratii, G. variugndG. gallus.

Perdix perdix 67 CTATGTACAG-CGTGCATATCTTTGTGT b Aligned GYRCAT moifs within the putative
Alectoris® 66 CTATGCATAATCGTGCATATATTTATAT : ;

Coturnix sinensis** 66 CTATGTATAATCGTGCATACATTTATAT TAS sequt_ances ohlectorisand qther galhfo_rms
Argusianus argus 67 CTATGTATAATTGTACATACATTTATAT and anseriforms. GYRCAT motifs arenderlined.

Consensus mammalian TAS

*This sequence is shared by all seven species of
Alectorisand the phasianid€oturnix coturnix,

Pavo cristatus, P. muticus, Syrmaticus humiae,
Chrysolophus pictus, Gallus lafayettei, G. varius,
andG. gallus.**The sequence ofoturnix
sinensisis shared withrBambusicola thoracia,
Polyplectron bicalcaratum, Lophura nycthemera,
Phasianus versicolorand G. sonneratii.The
consensus mammalian TAS sequence is from
Foran et al. (1988)c Alignment of CSB1 and

(c) Aligment of CSB1 and CSB1-like sequences

TATTGGATGAATGCTCGTTGGACATAG
TATTTAGTGAATGCTCGATGGACATAC
TATATAGTGAATGCTTGCCGGACATAT

CSB1 Anser caerulescens
CSB1 Anas platyrhyncos
CSB1 Coturnix coturnix

CSB1 Gallus gallus 867 TATTTAGTGAATGCTTGTCGGACATAT CSB1-like sequences. Numbers indicate 5
CSBl Alectoris 806 TATATAGTGAATGCTTGTCGGACATAT nucleotide positions in the alignment Afectoris
CSB1-like Alectoris 145 TATAT-GT-A*A--—--- CGGACAT (Fig. 2) or in the original alignments (see
211 GGACAT Materials and Methods). For sequence sources, see
284 GGACAT Materials and Methods.

Sequence Divergence and Phylogenetic Relationships and the discrete gamma model (Yang 1996b) with four to
AmongAlectoris Species eight rate categories, showed (Fig. 7) tAabarbaraand
melanocephalavere basal in the phylogenetic treefa
The average nucleotide composition of the D-loop ofandgraecawere intermediate, and then there was a clus-
Alectoriswas A = 26.3%, T= 32.5%, C= 26.8%, and ter of derived species includirghukar, magnaandphil-
G = 14.4%, with a bias against G, which is usual for thebyi. The ML tree was fully resolved; only 15 (7.1%) of
mtDNA sense strand of vertebrates (Wolstenholmethe 210 analyzed quartets were unresolved, although RP
1992). Tke G + C biases of the D-loop ofAlectoris  values were lower for the internodes joinirpukar,
(41.2%) and finches (42.5%) are very similar and not aphilbyi, andmagna.The Tamura and Nei model with a
extreme as reported for other vertebrates [65g+ C is  uniform rate of substitutions among sites produced a ML
only 30% in the D-loops of rainbow fish (Zhu et al. tree with a similar topology, but the relationships among
1994)]. Nucleotide frequencies were not significantly chukar, magnaandphilbyi were totally unresolved. The
different among species, and thus the Tamura and Ne¥VIL ratio test of gamma vs uniform rate was highly sig-
(1993) model is an appropriate estimator of genetic disnificant (Al = 147.25, Y%x® = 9.24 at the 1% signifi-
tances. Genetic distances were 0.0-2.0% within speciesance level with df= 7). As variable sites are concen-
3.0-6.0% between species, and about 20% betwémm  trated in short parts of the sequences where they are
toris and the phasianid outgroups. There was a trendlanked by other variable sites, we have used the auto-
toward saturation of transitions (Ti) at genetic distancesorrelated model of Schoeniger and von Haeseler (1994),
greater than 2.0%. Ti bias declined from 9.0 (within spe-which produced a topology and RP values identical
cies) to 1.3 (among species)Adectorisand was always to the tree shown in Fig. 7, although its log-likelihood
<1.0 among theéAlectoris and the outgroups (Fig. 6a). was significantly lower than the discrete gamma model
D-loops ofAlectorisexpressed a significant phylogenetic (Al = 44.44). The same topology was obtained by
signal g, = -1.17,p < 0.01 (Hillis and Huelsenbeck MOLPHY, using the Hasegawa et al. (1985) model, with
1992)]. ML phylogenetic analyses (Strimmer and vonTi/Tv = 4.0 (estimated from the data using PUZZLE)
Haeseler 1996), with Tamura and Nei (1993) distancesnd local rearrangement search. DNAML and DNAMLK
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Transversion numbers Control-region
C 40
@ % asynonymous substitutions |
35 ~ B %s substitutions . . .
ynonymons substiut .-I Fig. 6. aPlot of the observed number of transitions relative to the
20 -| LI | observed number of transversions for pairwise comparisons between
™ the control regions oAlectorisand the outgroup&allus gallusand
o5 | = J Coturnix japonica.These points are interpolated by a second-order
regression line passing through the origin, with= 1.98 andb, =
e 20 d —0.01.b Plot of the pairwise percentage substitutions in the entire
£ l; - cytochromeb [1143 nt (Randi 1996)] relative to the control region
5 u ‘.- (115 + 2 nt) of Alectoris. These points are interpolated by a
£ 157 L second-order regression line passing through the origin, byith
© * 1.62 andb, = -0.068. In the case of similar rates of substitution,
10 the data points are expected to lie on the diagonal. The single data
o point below the diagonal, indicating a higher rate for the control
51 ///// region, is the intraspecific comparison An graeca.c Plot of the
o s //' compehe? VPllepy pairwise percentage substltutlon._c, at synonymous and_ asynonymous
positions of the cytochromk relative to the control region of
Alectoris.In the case of similar rates of substitution, all the data
(') 1’ ; ‘ ‘ ‘ ‘ points are expected to lie on the line. Asynonymous substitutions
3 4 5 6 7 evolve much more slowly and synonymous substitutions evolve
Control-region much more rapidly than substitutions in the control region.

(in PHYLIP), with empirical base frequencies, Ti/lwv 327, using informative characters only; consistency in-
4.0, and a uniform rate of substitution across sites andlex Cl = 0.624; retention index R& 0.757) was iden-
regions, produced two identical trees, corresponding tdical to the ML tree, but bootstrap values amarigkar,
the tree in Fig. 7, except for a reorganization of themagna,and philbyi were lower than 50% and the po-
cluster of recenphilbyi, magnaandchukar(i.e., philbyi lytomy was unresolved (not shown).

was basal to derived sisteragnaandchukap. The ML
ratio test of DNAMLK (ML method with the molecular
clock) vs DNAML (ML method without the molecular
clock) topologies was not significanA( = 4.32, ¥2x?
= 9.24 at the 1% significance level with & 7; com-
parisons amonglectorisexcluding the outgroups), sug- Organization and Evolutionary Dynamics of the

gesting that D-loop sequences evolved with fairly con-Control Region ofAlectoris

stant rates among lineagesAiectoris.Discrete gamma

models allowed estimation of the shape parameter Comparative analyses of the organization and evolution
0.16-0.27, which can be used to compute pairwiseof avian D-loops can help to identify conserved se-
Tamura and Nei gamma distances. The resulting NJ treeguences of putative functional importance, to describe
had topologies similar to that of the tree in Fig. 7, butthe organization of domains and the dynamics of nucleo-
bootstrap values amoraipukar, magnaandphilbyiwere  tide substitutions, VNTRs, and indels at different levels
always lower than 50%. The single MP tree (lengtk- of evolutionary divergence. The three domains of the

Discussion
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Gallus other galliforms. The “pseudo” copy has only 58%
similarity amongAlectoris species and is highly diver-
graeca-3 gent from the “original.” The second and third tandem
graeca-2 duplications of this repeat itGallus (Fumihito et al.
magna 1994) can be inserted between the “pseudo” and the
“original” copies of Alectoris (Figs. 1 and 2). As
philbyi pointed out by Quinn and Wilson (1993) and Fumihito et
— chutkar al. (1994), the second and third duplications#llus
. % rufi are the most divergent, while the first is almost identical
Alectoris ™ to the “original” copy. This pattern of divergence
m melanocephala among repeats conforms to a model of unidirectional
barbara replication slippage (Fumagalli et al. 1996). However,
Coturnix comparative analyses of D-loops suggest that this

mechanism has been activated at least two times during
| | ] the evolution of anseriforms and galliforms, which, ac-
0.00 - o 0.20 cording to Sibley and Ahlquist (1990), are sister clades
Maximum likelihood DNA distance joined in the superorder Galloanserae. The first duplica-
Fig. 7. Maximum-likelihood phylogenetic tree among control-region tion probably occurred before their evolutionary split-
sequences oflectoris. This tree was obtained using PUZZLE 3.1 ting, about 66 million years ago (mya), and produced the
(Strimmer and von Haeseler 1996), with 10 sequences (1 for each, >’ do” f the “original.” Th ,f' t duplicated
species and 2 foA. graecg, the Tamura and Nei (1993) substitution pseudo COp}’ 0 ; e orlglnq. _e Irst duplicate
model with discrete gamma-distributed rates (4 categories), and 10060PY has lost its original functions, if any, and started to
puzzling steps. The number of quartets analyzed was 210; there werevolve faster, just as is expected for the evolution of a
15 (7.1%) unresolved quartets. The number of constant sites was 85Bseudogene. This “pseudo” copy and the 20 nucleotides

(68.7%). The estimated transition/transversion ratio was 1.62 (SE . . . . . -
0.20). The estimated gamma rate heterogeneity parametas 0.86. flanking its 3 side constitute the region of hypervari

The log-likelihood of the tree was —3940.07. Reliability percentages@Dility of D-loops ofAlectoris. A string of only 50 nt at
(RP >50%), e.g., the number of times the group appears after 1000 MIpositions 201-250, corresponding to 2.8% of the total
puzzling steps, are reportetbove each internodeBootstrap values  |ength of the D-loop ofAlectoris, has 33 substitutions,
(>50%), obtained by PAUP after 500 replicates of the parsimony tree o respnonding to 27% of the total 128 observed variable
are reportedelow each internodeBranch lengths are proportional to . . . .
the maximume-likelihood DNA distances estimated by PUZZLE positions (Flg. 3)' Apparently, the mechanism of dUp“'
through the neighbor-joining procedu@allusandCoturnixwere used ~ cation has been silenced during the early evolution of the
as outgroups. Galliformes, but it was reactivated, or retained,Gal-

lus, where it produced conserved copies in the red

D-loop of Alectorisevolve at highly different rates. The Junglefowl and heteroplasmy in the green junglefowl
conserved part A of the ETAS domain has sequence@zum'h'to et al. 1994). It is noteworth that recently pub-
similar to the TAS motifs described in mammalian and!ished D-loop sequences of South American platyrrhine
other avian species; it includes repeated TCCC stop siglfimates, the marmosets (ger@allithrix), have an “in-
nals and short sequences similar to CSB1. These motif§ertion” sequence, shared with some Old World pri-
of putative functional importance are associated with po/nates (human, gibbons, and chimps), which is flanked
tential cloverleaf or hairpin secondary structures. Duringby two direct repeats with TAS-like sequences and is the
the cycles of mtDNA replication and transcription, most most variable part of domain I (Tagliaro et al. 1997).
of the nascent H strands are abortive in mammals andhis “insertion” sequence is located between ETAS1
terminate within domain | at ETASs (Clayton 1992; and ETAS2 (Sbhisat al. 1997). Both mammalian and
Shisaet al. 1997). The role of TASs and secondary struc-avian conserved ETAS sequences are interspersed by
tures in blocking the extension of H strands duringshort variable indels; they are separated by variable num-
mtDNA replication has been demonstrated repeatediypers of nucleotides in mammals, but they are partially
(Doda et al. 1981). It is therefore plausible that ETAS overlapping inAlectoris.The presence, organization, and
domain A contains the critical sequences for regulationsequence conservation of ETASs in birds will be ana-
of H-strand termination and that its very slow rate of lyzed more carefully when other D-loop sequences are
molecular change amonijectorisspecies, and perhaps available.
among galliforms in general, is the consequence of The central domain of the D-loop is very conserved
strong selective constraints. among theAlectoris species and the other galliforms.
The hypervariable part B of ETAS domain has two Nevertheless, there are some sites that might have mu-
blocks of sequences similar to the tandem repeats ddated several times and that are polymorphic within spe-
scribed in anseriforms and iGallus. The “original” cies. For example, according to the reconstructed phy-
copy (Fumihito et al. 1994) of these repeats is conservetbgeny of Alectoris,nt 316 had a C-to-T transition from
amongAlectoris(72% similarity on average) and among barbara to all the other species but reverted to C in
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derivedchukar. Also, site 442 reverted to C iphilbyi,  might be randomly generated by strand slippage during
magna,and chukar. Sites 334, 385, 396, 442, 518, and DNA replication and can be quickly eliminated by drift
647 are polymorphic imufa, philbyi,andchukar.There-  or stabilizing selection for optimal length of the mtDNA
fore, the CCB ofAlectorishas sequences which include molecules (Rand 1993). However, the position of
predominantly invariable sites plus a few interspersed/NTRs near the origins of replication or at sites of ter-
hypervariable sites. mination of the H strands, the presence of copies of
This pattern of heterogeneous substitution rate amongegulatory sequences within the repeats, and the potential
sites is well-known for the D-loops of other vertebrate to fold in secondary structures suggest that VNTRs can
species, including humans (Lyrholm et al 1996; Yangprovide multiple sites for starting and stopping DNA
1996a). Variable rates among sites and domains generateplication (Dufresne et al. 1996; Douzery and Randi
rapid saturation of Ti at the few hypervariable positions1997). Therefore, some classes of VNTRs could confer
and produce lower Ti biases, as observed in comparisongplicative advantages to the mtDNAs (Kuzminov 1996)
of D-loops and protein-coding mtDNA genes (Zhu et al. and persist for millions of years in particular lineages
1994). The low bias toward Ti has been related to theBiju-Duval et al. 1991; Stewart and Baker 1994). How-
lower G+C content of D-loops (Zhu et al. 1994), but ever, the VNTRs confined upstream from the functional
most probably it is due to the extreme heterogeneity ofignals of termination and the very limited presence of
substitution rates among sites (Lyrholm et al. 1996). Ho-VNTRs among anseriforms and galliforms suggest that
moplasy might also derive from nucleotide substitutionsfunctional constraints on the generation of VNTRs and
generated by strand slippage at DNA replication (Vogleron the control of mtDNA terminations could be stronger
et al. 1997). In the variable part of the CSB domain ofin avian than in mammalian D-loops. Peripheral domain
Alectoristhere are some strings of poly(T) and poly(A) | of chaffinches and greenfinch had a TAS-like element
(Fig. 2), which can generate strand mispairing and slip-associated with a cloverleaf secondary structure, the cen-
page. This domain has an unexpectedly high frequencyral domain Il had sequences similar to the F, D, and C
of transversions at adjacent nucleotides: 22 of 44 variboxes, and the peripheral domain Il had a CSB1 asso-
able sites (50%, excluding indels) have transversions, vsiated with secondary structures (Marshall and Baker
only 22 of 84 (26%, excluding indels) sites in the other1997). As in Alectoris, the length of the D-loop was
domains. For example, downstream from a long poly(T)conserved among three species of chaffinches and the
string, nt 890-892 show one or two unusual T-to-A greenfinch (average length, 123 7 nt). Therefore, con-
transversions amongarbara, graeca3, rufa, andmela-  trasting with the widespread presence of VNTRS in
nocephala.The same is true for sites 922, 923, 1073—mammals, the length of the D-loop is very conserved in
1076, 1084-1085, and 1109-1111 (Fig. 2). the studied species of galliforms and passerines, suggest-
ing strong stabilizing selection for optimal size of the
avian mtDNA.
Different Organization of Mammalian and Avian The CSB domain has no obvious tracks of CSB2 and
Control Regions CSB3 in Alectoris and passerines (Marshall and Baker
1997), but these blocks are also absent in some mam-
Most of the tandemly repeated sequences of mammaliamals, and their functional importance has been ques-
D-loops have two traits in common: (1) they are locatedtioned (Saccone et al 1991; Marshall and Baker 1977;
upstream from the origin (R2 repeats), or downstreanShisaet al. 1997; Douzery and Randi 1997). Moreover,
from the termination (R1 repeats), of the H strands; andhe finches did not show sequences similar to the tran-
(2) they contain duplicated TAS sequences and, in somecription promoters mapped in duck, chicken, quail, and
cases, CSB1-like motifs. Therefore, sequences assochlectorisspecies (Marshall and Baker 1997). Thus, com-
ated with termination of the H strands map upstreanparative analyses suggest that, although blocks of se-
from the VNTR regions in mammals (Fig. 1). On the quences similar to regulatory sites are always present in
contrary, the D-loops oAlectorisand all the other gal- peripheral domains of avian and mammalian D-loops,
liforms and anseriforms studied so far have the highlytheir functions are not related strictly to conserved se-
conserved part of the ETAS domain with TAS sequencesgjuence motifs or secondary structures, but they are rela-
and other putative signals of termination of the nascent Hively free to evolve or to coevolve with the nuclear
strands, which always map downstream from the VNTRgenes coding for the protein factors essential for mtDNA
region (Fig. 1). An important consequence of the pecu+eplication and transcription (Clayton 1992; Sbhétaal.
liar organization of the D-loop of galliforms is that the 1997).
hypervariable part of the ETAS domain, with its tan-
demly duplicated copies of the repeat, should always beE
replicated within the nascent H strands. D-Loop tandemA
repeats are known to be transcribed during replication of
mammalian mtDNA (MacKay et al. 1993). Most of the sites that are free to vary are restricted to
It has been suggested that mitochondrial VNTRsshort regions within the ETAS and CSB domains of the

volutionary Rates and Phylogenetic Utility of the
vian D-Loop
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D-Ioop, where the few hypervariable sites have experi- DP (ed) Avian molecular systematics and evolution. Academic
enced repeated substitutions, probably due in part to Press, New York, PP 49-80 - i
strand slippage at DNA replication. Highly skewed dis- B9 T. Moum T, Johansen S (1995) Variable numbers of simple
. . . . . tandem repeats make birds of the orders Ciconiiformes heteroplas-
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