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Abstract 
Sequences of the mitochondrial genome were employed to study the phylogenetic relationships of the Palearctic buzzards (genus Buteo). In a first 
approach a 2.5 kb PCR fragment comprising the section between ND6 and 12s genes was isolated from Buteo buteo hureo, cloned and sequenced. 
The gene order corresponds to the novel arrangement described for Folco peregrinrrs by Mindell et al. (1998). The fragment includes a non coding 
section between the /RNAG'" and /RNAPh' genes consisting of a 338 bp nonrepetitive section followed by a cluster of 23 tandem repeats with a 
unit length of 48 bp. Since this noncoding section seems to be the remnant of an ancestral duplicated control region, it was named pseudo-control 
region (YCR). For the phylogenetic investigation a highly variable 205 bp subsection of the YCR was analysed from 31 specimens comprising 
the species Buteo buteo, Burro rufinus, Buteo oreopllilus, Buteo llemilosius, and Buteo lrigopus. 
Comparison of the 31 V C R  sequences revealed 18 different haplotypes, which can be divided into six distinct groups. The haplotypes of B. 

liemilosius and B. Iagopus are clearly separated, the same is true for the haplotypes of the subspecies B. b. japonicus. Although the haplotypes of 
B. rufinus are found in a separate clade (with two clusters), this clade contains also four specimens of B. buteo and B. oreophilus. The remaining 
cluster contains taxa from the buteo and ~ulpinus groups as well as three specimens of B. o. trizonatus. According to our data the YCR appears 
as an appropriate marker sequence for differentiation at the species level. Within the B. buteolB. rufinuslB. oreophil~rs complex the status of B. 
rufinus, and perhaps B. b. joponicus, as a separate species is underlined. In contrast, the species status of B. oreophilus seems debatable. No 
unambiguous genetic differentiation was found among the subspecies, with the exception of B. b.,jripo~~icus. 
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Introduction 
The genus Bureo is distributed almost world-wide, except in the 
Australasian region and Antarctica. According to del Hoyo et 
al. (1994) the genus comprises currently 28 species, among them 
10 Old World species. The centre of our interest is the Common 
Buzzard Buteo buteo (Linnaeus 1758), which breeds throughout 
the Palearctic region including several Atlantic and Med- 
iterranean islands. Based mainly on plumage colour and 
pattern, morphometric measurements, and to some extent also 
on ecological characters, different numbers of subspecies have 
been described by various authors. In the Handbook of the Birds 
of the World (del Hoyo et al. 1994) l l subspecies are listed. 
Some taxonomists classified the subspecies into three distinct 
groups (Voous 1960; Vaurie 1961; Glutz v. Blotzheim et al. 
1971; Cramp and Simmons 1980; James 1984). The following 
taxonomic grouping can be considered as a compromise sum- 
marizing the classification systems of various authors. 

1. The buteo group includes the nominate subspecies Buteo 
buteo buteo from the European continent as well as the 
Atlantic and Mediterranean island forms (Madeira: B. h. 
harterti, Azore Islands: B. b. rothschildi, Canary Islands: B. 
b. insularum, Cape Verde Islands: B. b. bannermani, Corsica 
and Sardinia: B. h. orrigonii). All island forms are residents 
(Bannerman and Bannerman 1963-68; Hazevoet 1995), as 
is the case with some populations of the nominate race. 
All the other populations are migrants, partial migrants, or 
short-distance migrants, whereby the portion of migrants is 
variable depending on the geographic region. 

2. The vulpinus group, much less variable in coloration and 
pattern than the buteo group, includes the migratory B. b. 
vulpinus (breeding distribution: north-eastern Europe, West 
Siberia to Jenissej; winteringgrounds: mainly East and South 
Africa) and the resident subspecies B. b. n~enetriesi (Crimea, 
Caucasus to North Iran), as well as (after Glutz v. Blotzheim 

et al. 1971) B. b. 'pojana' (Apennine Peninsula) and B. b. 
'hispaniae' (Iberian Peninsula). B. b. vulpinus and B. b. bu~eo 
are thought to interbreed in a contact zone in eastern and 
south-eastern Europe. 

3. Thejaponicusgroup contains four subspecies which are paler 
coloured than the members of the former groups: B. b. japon- 
icus (East Siberia, Japan), B. b. refectus (Western China), B. 
b. royoshimai (Bonin Island), and B. b. oshiroi (Daito Island) 
(James 1986; del Hoyo et al. 1994). Only the continental B. 
b. japonicus migrates south to India and Indochina, whereas 
the other taxa of the japonicus group are residents. So far, 
no interbreeding between B. b. vulpinus and B. b. jnponicus 
has been recorded. 

Although B. buteo is the most common raptor species in 
many parts of Europe (Gtnsbal 1997), its taxonomy at the 
subspecies level remains unclear in many aspects. This refers 
not only to the nominate subspecies B. h. buteo and the island 
populations of the huteo group (Vaurie 1961; Brown and Ama- 
don 1968; Glutz v. Blotzheim et al. 197 1 ; Stresemann and Ama- 
don 1979; Weick 1980; James 1984; Hazevoet 1995), but also 
to the uulpinus and japonicus groups. Both B. b. vulpinus and B. 
b. japonicus have been raised to species rank by Peters (1931) 
and Swann (1926). 

The relationships between B. buteo and several congeneric 
species are also still a matter of debate. One example is the 
resident Mountain Buzzard Buteo oreophilus Hartert and Neu- 
mann, 1914; which lives in mountainous areas of East Africa. 
The range of nominate B. o. oreophilus is disjunct from that of 
the southern subspecies B. o. trizonatus (Brown etal. 1982; 
Kemp and Kemp 1998). The taxonomic status of B. o. ore- 
ophilus and B. o. rrizonntus is still unsettled and has been dis- 
cussed repeatedly (Meinertzhagen 1954; Rudebeck 1957; Sieg- 
fried and Frost 1973; James and Wattel 1983). The 
interpretations span from lumping B. oreophilus with B. buteo 
(e.g. Rudebeck 1957) to proposing full species status for both 
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Gene order in non-avian vertebrates 

Standard gene order in birds (e.g. Gallus) 
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ND5 

Novel gene order in birds (e.g. Falco) 
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2.5 kb fragment from Buteo 

Cyt b 

Fig. 1. Rearrangements of the mitochondrial gene order (modified after Mindell et al. 1998). The common gene order of nonavian vertebrates is 
compared to that of Gallus (standard gene order in birds), Falco (novel gene order) and Buleo (structure of the 2.5 kb fragment determined in the 
present study for B. b.  buteo, B. b .  vulpinus, and B. rufinus). Hatched areas designate tandem repetitive sections. The primer binding sites used for 
amplification of Buteo fragments are indicated by arrows. The YCR of Buteo clearly corresponds to the nc region of Folco. The expected binding 
sites of primers Cytb-l and Thr-l (according to the sequence of Falco) are also shown. Since no PCR products could be obtained using these two 
primers in combination with either N D 6 3 ,  N D 6 2 ,  or  12s-1, the gene order of the region 5' of ND6 seems to be rearranged with respect to the 
gene order in Falco. With the primer pair NDG2-rev/YCR-l-rev a 379-bp fragment was amplified for the phylogenetic analysis 

subspecies (oreopliilus and trizonatus) (James 1986). An argu- 
ment supporting the former hypothesis is that vulpinus (the 
long-distance migrating subspecies of B. buteo) commonly win- 
ters in South Africa at  a time that coincides with the breeding 
season of B. oreophilus. The possibility that some individuals 
might stay for longer and occasionally interbreed with B. ore- 
ophilus cannot be excluded. 

In the present study we tried to  elucidate the unresolved 
phylogeny of B. buteo and its relatives in a molecular approach. 
Analyses of mitochondrial (mt) sequences of the genus Buteo 
have not yet been extensively performed. Mindell et al. (1997) 
investigated the 12SrRNA and the cytochrome oxidase I (COO 
genes of several avian species including two members of the 
genus Buleo (B. buteo, B. jamaicensis). Another study was per- 
formed by Wink et al. (1998), where a partial sequence (length 
300 bp) of the cytochrome b (cyt b) gene was used as a molecular 
marker. The results of this study indicated that B. b. buteo does 
not differ from B. b. vulpinus. Furthermore, Wink et al. (1998) 
suggested that B. oreopl7iIus should be regarded as a subspecies 
of B, buteo. However, this interpretation must be seen as pre- 
liminary since the cyt b gene might be not variable enough to 
detect differentiation at low taxonomic levels. Since our study 
deals with low level systematics, it seemed advisable to use the 
most variable part of the mitochondrial (mt) genome, the con- 
trol region (CR), as a phylogenetic marker. 

Sequencing of the first complete vertebrate mt genomes sug- 
gested that gene content as well as  gene order are highly 
conserved. But more recently published sequence data indicate 
that the organization of the mt genome of vertebrates is much 
more plastic than hitherto thought (for review see: Quinn 1997). 
A major rearrangement within the mt genome of chicken and 
other galliform birds has been described by Desjardins and 

Morais (1990). It comprises the cyr b gene, the NADH dehydro- 
genase subunit 6 gene (ND6), and three tRNA genes (Fig. 1). 
Subsequently, this particular gene order has been found in 

T 

several other avian species, suggesting a rearrangement at the 

Control Region P 

basis of the avian branch that might be shared by all recent bird 
species. However, the idea of an avian standard gene order was 
refuted by the discovery of a new mitochondrial gene rearrange- 
ment found in Falco peregrinus and other birds (Mindell et al. 
1998). In this novel arrangement (Fig. 1) the C R  has moved to 
a location between the cyt b and ND6 genes and contains 
tandem repeats at both ends. At the site corresponding to the 
CR in the standard gene order of birds (between ND6 and 12s) 
there is a short noncoding sequence (169 bp) followed by a large 

F 

cluster of 27 bp tandem repeats. This section was designated 
'nc' for noncoding sequence (Mindell et al. 1998). Until now, it 
is not known, if the gene order found in F. peregrinw is the 

12s 

same as in other members of the Falconiformes. Thus, for our 
study it appeared necessary to determine the gene order in B. b. 
buteo in a first step. Furthermore, we wanted to define variable 
sections, which subsequently should be isolated from various 
taxa of B. buteo and its close relatives for a phylogenetic analy- 
sis. 

Materials and methods 
Samples 
Samples investigated in this study are listed in Table 1, including also 
the questionable taxon B. b. 'pojana'(b.poj-l), irrespective of its present 
validity. The specimens analysed included the following taxa: B. b. 
bureo, B. b. insularurn, B. b .  liarlerti, B. b. vulpinus, B. b .  tnenetriesi, B. 
b .  'pojnna', B. b.,japonicus, B. rujinus rifinus, B. r.  cirrensis, B, oreophilus 
oreopliilus, B. o .  Irizonatus, Buteo hemilosius, B. lagopus la,qopus, B. l .  
pallidus. Three types of tissue were used: blood, feather, skin (from the 
pads of the feet), which are also specified in Table I. 
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Table I. Specimens investigated. For the specimens we have used abbreviations of the subspecies names 

B. h. menetriesi 

B. b. japonicus 

B. b. 'pojancr' 
B. b. insularum 
B. b. harterti 
B. o. oreopl~ilus 
B. o. trizonarirs 

Taxon Specimen Geographic origin Source Tissue 

B. h. hureo b.but-2 Haringsee, A 1997 EGS, H. Frey bl 
b.but-5 Haringsee, A 1997 EGS, H .  Frey bl 
b.but-l l Goteborg, S 1904 NMW 57.050 sk 
b.but-12 Lauternbach/Rhon, D 1975 NMW 73.801 sk 

B. h. uulpinus b.vul-l Eilat, 1L 1998 IBC, R. Yosef bl 
b.vul-8 Eilat, IL 1998 IBC, R. Yosef bl 
b.vul-13 Orel, RUS 1943 NMW 45.519 sk 
b.vul-14 Tomsk, RUS 1901 NMW 57.040 sk 
b.men-2 Tiflis, G O  1902 NMW 57.038 sk 
b.men-3 Caucasus, G O  1905 NMW 30.571 sk 
b.jap-l Japan 1886 NMW 57.087 sk 
b.jap-2 Mt. Fuji, J 1903 NMW 57.089 sk 
b.jap-3 N-Kunsu, TJ 1927 ZMB 35.364 sk 
bjap-4 Kuangtun, TJ 191 5 ZMB 312.524 sk 
b.jap-5 Kiantschun, TJ ZMB B398NO I sk 
b.poj-I Tuscany, I 1832 NMW 57.090 sk 
bins-I Gran Canaria, E 1909 NMW 30.482 sk 
b.har-3 Madeira, P 1998 P. Sziemer fe 
o.ore-l Lake Tanganjika, EAT 1910 NMW 3.787 sk 
o.tri-3 Drakensberg, SA 1998 NMW, A. Gamauf sk 
o.tri-4 Jonhersberg, SA 1940 TM 24.273 sk 
o.tri-5 Western Cape Prov., SA 1998 WB, A. Jardine fe 
o.tri-6 Knysna, SA 1909 TM 6.281 sk 

B. r. rujinus r.ruf-l Hortobagy, H 1998 M. Dudas fe 
r.ruf-3 Israel 1998 Tel Aviv , R. Rado bl 
r.ruf-9 Kokdjar, K Z  1900 NMW 14.543 sk 

B. r. cirtensis r.cir-l0 Algier, D Z  l839 NMW 57.033 sk 
B. hemitasius hem- l Central Asia NMW 10.785 sk 

hem-2 Altai, RUS 1887 NMW 56.684 sk 
B. I. lagopus Hag-I Seyring, A 1961 NMW 87.604 sk 
B. I. pullidus I.pal-l Kolyma, NE Siberia, RUS 1905 NMW 8.855 sk 

EGS, Owl and Raptor Rehabilitation Center (Haringsee); IBC, International Birdwatching Center (Eilat); NMW, Museum of Natural History 
Vienna; TM, Transvaal Museum (Pretoria); WB, World of Birds (Hout Bay); ZMB, Zoological Museum of Humboldt University Berlin; bl, 
blood sample; sk, skin sample; fe, feather sample. 

DNA extraction 
DNA from blood samples (stored in EDTA buffer) was extracted by 
overnight incubation a t  37°C in extraction buffer (IOmM TrisHCl 
pH 8.0, lOmM EDTA, 50mM NaCI, 40mM dithiothreitol, 1% SDS, 
O.Smg/rnl proteinase K). DNA was purified by two PC1 (phe- 
nol : chloroform : isoamylalcohol, 25 : 24 : 1) and one C1 (chloro- 
form : isoamylalcohol, l : I) extractions followed by precipitation with 
1/10 vol. 3 M NaAc, 3 X Vol. EtOH. DNA extractions from museum 
samples (feathers or  skin) were performed in a 10% Chelex (Biorad) 
solution containing proteinase K (0.5 mg/ml). After incubation (over- 
night, 37"C, with agitation) solutions were heated to 95°C for 5 min 
and centrifuged for 1 min. The supernatant was purified using the QIA 
Quick PCR Purification Kit (QIAGEN) with a final volume of 100/tl 
elution buffer. DNA solutions were stored in aliquots to avoid too 
frequent thawing. For both blood and tissue samples negative controls 
with pure extraction buffer were prepared for the polymerase chain 
reaction (PCR) experiments. 

PCR amplification 
PCR was carried out with an Eppendorf Thermocycler in a volume of 
25 PI, containing 1 unit Dynazyme DNA polymerase (Finnzymes OY), 
1 PM of each primer, and 0.2mM of each dNTP. The solutions were 
heated to 95°C (2min) and then put through 30 reaction cycles: 95°C 
(10 S), annealing temperature (IOs), 72°C (I min/l kb expected length), 
followed by a final extension at 72°C (IOmin). The primers used for 
PCR amplification are listed in Table2. For PCR reactions with DNA 
from blood samples 5G200ng template were used. Optimal amounts 
of template from Chelex extractions were determined empirically (2- 
10pl of the DNA solution). If necessary, re-amplifications were per- 

formed with 1-2 p1 template. Negative controls for PCR reactions were: 
(I)  control extractions; (2) A.d. instead of template. 

Cloning and sequencing 
Relevant PCR products were extracted from agarose gels using the 
QlAquick Gel Extraction Kit (QIAGEN) and cloned (TOP0 TA Clon- 
ing Kit", Invitrogen). Sequencing (both directions) was performed by 
MWG-Biotech (Ebersberg, Germany) with a Li-Cor Sequencer. Align- 
ments were produced with the program CLUSTAL X (Thompson et 
al. 1997) and improved manually. 

Accession numbers 
The sequences determined in the course of the present study are regis- 
tered under the following GenBank accession numbers: AF202185- 
AF202218. 

Results 
Section between ND6 and 12s 
O u r  first a i m  w a s  t o  isolate the  section between N D 6  a n d  1 2 s  
f r o m  B. b. buteo. C o m p a r i n g  av ian  N D 6  sequences obtained 
f r o m  G e n B a n k  w e  constructed P C R  primers specific for  the 
N D 6  gene (ND6-1, ND6-2; Fig. 1). A s  the  1 2 s  sequence o f  B. 
buteo is already k n o w n  (Mindell e t  al. 1997), it was  easy t o  
select a primer pair  ( N D b 1 / 1 2 S - 1 )  appropr ia te  t o  amplify a 
f ragment  spanning  the  region f r o m  the  N D 6  t o  the  1 2 s  gene. 
PCR amplification f r o m  B. b. buteo yielded a fragment o f  a b o u t  
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Table 2. PCR Primers. The Binding sites refer to the mt sequence of Gallus domesticus (GenBank accession number: X52392) with the exception 
of the two primers binding within the YCR. In these cases the binding sites refer to the cloned 2.5 kb fragment of B. b. buteo. The primer 12s-1 
(marked with *) is reverse to L1091 published by Knight and Mindell (1993) 

Primer Sequence 5'-3' Binding site Target gene 

ND6-l 
ND62 
ND62-rev 
N D 6 3  
12s-l* 
YCR- I 
YCR-l-rev 
Phe-l 
Thr- l 
Cytb-l 

CCCGAATCGCCCCACGAG 
CTAATCCTTCTCCCTATTATGG 
CCATAATAAGGCGACGGGTTAG 
CGGTTGGATmAGTGGTGTTGC 
ATAGTGGGGTATCTAATCCCAGTTT 
CCAAACACCACTGGAGTTCC 
GGAACTCCAGTGGTGTTTGG 
ATCTTGGCATCTTCAGTGCC 
AACG/ATTGGTCTTGTAAACC 
ACCCATTCATCATCATTGGC 

ND6 
ND6 
ND6 
ND6 
12s 
Y C R  
V C R  
~ R N A ~ I "  

!RNAT'" 
cyt h 

2.5 kb which was cloned and sequenced (Fig. l). The gene order 
in this region turned out to be the same asin the novel rearrange- 
ment described for F. peregrinus (Mindell et al. 1998) including 
a nc-equivalent located between the tRNAG'" and tRNAP'" 
genes. The nc-equivalent comprises a 338 bp nonrepetitive sec- 
tion followed by a cluster of 23 tandem repeats with a unit 
length of 48 bp. From this result it could be assumed that B. b. 
buteo possesses the same rearranged version of the mt genome 
that has been described for F. peregrinus. However, as might be 
expected for these only distantly related taxa, a reasonable 
alignment of the nc-sections could not be achieved. Mindell et 
al. (1998) hypothesized that the nc-section could have orig- 
inated from a duplication of the entire CR followed by the 
degeneration of one copy. Following the hypothesis that the 
nc-section of B. b. buteo is the remnant of an ancestral dupli- 
cated CR, we designated this sequence pseudo-control region 
(VCR). 

Section between cyt b and ND6 
The next step was to isolate the section between cyt b and ND6 
in order to determine the position of the genuine C R  of B. b. 
buteo. For this purpose PCR amplifications were performed 
with six combinations of primers binding at  both flanks of the 
presumptive location of the CR deduced from the F. peregrinus 
gene order (Table2): Two primers binding within the cyt b 
(Cytb-l) and tRNAThr (Thr-l) genes, and three primers binding 
within the ND6 (ND6-2, ND6-3) and 12s  (12s-I) genes 
(Fig. l). With the exception ofprimer Thr-l all primer sequences 
are deduced from known sequences of B. buteo (Seibold and 
Helbig 1995: cjjt h; Mindell et al. 1997: 12s; this study: ND6). 
However, no PCR products were obtained in any of these 
experiments. Thus we concluded that the respective positions 
of cyt b and /RNAThr in B. bureo are different with respect to 
the gene orders of both F. peregrinus and Callus gallus f. dom. 
If just the CR was missing at this location, at least a small 
fragment (e.g. Cytb-I/ND6-3: 0.4kb) should be amplified as 
was the case in a control experiment with G.  gallus. These 
findings suggest that the mt genome of Buteo has experienced 
another major rearrangement that will be investigated in a 
separate project. Consequently, for our phylogenetic study of 
the genus we modified our plan and decided to use the VCR as 
an alternative marker sequence. 

Comparison of the 2.5 kb fragments 
For further investigation of the YCR we isolated the cor- 
responding fragment from B. b. aulpinus and from the related 

species Buteo rujnus. Sequence comparisons reveal that these 
taxa are closely related. In the coding regions (ND6, 12S, 
tRNAG1", and tRNAP"") we found an intraspecific divergence 
between the subspecies (buteoloulpinus) of 0.09%, whereas the 
interspecific divergence (R. b. buteo/B. rujnus, and B. b. aulp- 
inus/B. rujnus) measured 0.46 and 0.55%, respectively. Pairwise 
divergences of the nonrepetitive part of the YCR are higher, 
ranging from 1.2% (intraspecific: buteo/uulpinus) to 1.8% (inter- 
specific: B. b. vulpinus/B. rujnus) and 2.9% (interspecific: B. b. 
buteo/B. ruJinu.7). The lower divergence values in the coding 
regions compared to the noncoding sequences within the same 
PCR fragment indicate that the sections studied are indeed 
from the mt genome. The possibility that the fragments may be 
derived from nuclear pseudogenes ('numts') can therefore be 
excluded. 

The 48 bp tandem repeats comprising the main part of the 
VCR (in B. h. buteo, B. b. vulpinus, and B. rujnus) are highly 
conserved, interspecifically (among taxa) as well as within indi- 
viduals (repeat units within one cluster). Between B. buteo and 
B. rujnus all but two repeat units proved identical. Within 
clusters, only one substitution was found in a single repeat in 
the clone from B. b. buteo (23 repeats sequenced), no sub- 
stitution was found in B. b. aulpinus ( l4  repeats sequenced), and 
one in a single repeat of B. rufinus (12 repeats sequenced). The 
most plausible explanation for the conservation of repeat units 
within the clustered array is concerted evolution through homo- 
genization processes. However, the low degree of divergence 
between the tandem repetitive clusters of B. buteo and B. rujnus 
is surprising. Since strong selective constraints on the repetitive 
section of the YCR seem unlikely, a recent split between the 
taxa can be assumed. A bias in the homogenization mechanism 
in favour of a particular repeat unit could account for the 
uniformity of the clusters. 

Number of tandem repeats - heteroplasmy 
Length polymorphism of the 2.5kb fragment due to different 
numbers of repeat units (mitochondrial variable number of 
tandem repeats = mtVNTRs) was also observed among indi- 
viduals of both B. buteo and B. rujnus. Moreover, different 
PCR fragments were obtained even within the same individual 
suggesting heteroplasmy. It is also possible that the intra-indi- 
vidual variation of fragment size is caused by DNA slippage 
during PCR (Masuda et al. 1998). Amplification with primers 
binding close to the repetitive cluster (YCR-l/Phe-l) using the 
cloned 2.5 kb fragment of B. buteo as a template gave rise to a 
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main PCR product of the expected size of 1298 bp (23 repeat 
units) and, in addition, to a ladder of fragments representing 
different multimers of the repeat unit. By increasing the anneal- 
ing temperature this effect could be reduced, as well as by the 
use of primers with binding sites located further from the cluster 
(e.g. NDC2-rev/Phe-l, NDC2-rev/l2S-l). With the primer 
pair NDC1/12S-1 only one or  two additional bands were 
observed and those were initially ascribed to heteroplasmy. 
Although this interpretation is plausible, the effects of het- 
eroplasmy are hard to distinguish from possible PCR artefacts. 

The mtVNTRs within the YCR could be considered as an 
alternative genetic marker to characterize the populations and 
to detect recent gene flow. Yet, as Lunt et al. (1998) pointed 
out, mtVNTRs should be used with caution. Above all, the 
mechanisms generating mtVNTR diversity are unknown and 
PCR-generated differences in repeat numbers can be also a 
serious technical problem. Moreover, only germline tissue 
should be assayed to exclude the influence of somatic heter- 
oplasmy. For Buteo final evidence for the presence of different 
mt haplotypes within one individual has still to be established 
by Southern blot experiments used in many studies to  prove 
heteroplasmy (e.g. Wilkinson and Chapman 1991; Berg et al. 
1995; Fumagalli et al. 1996). As long as we d o  not know how 
frequently heteroplasmy of mtVNTRs occurs in Buteo, the 
application of this phylogenetic marker is not advisable. 

Phylogenetic analysis 

For  the phylogenetic analysis we made use of our extensive 
bird collection at  the Museum of Natural History in Vienna. 
Additional samples were obtained from other sources (Table l). 
Thus we were able to analyse specimens from a broad geo- 
graphic area covering the distribution ranges of the various 
taxa of B. buteo and of several related species (B. hemilasius, 
Buteo lagopus). The geographic origins of the 31 samples are 
depicted in Figs2 and 3. The distribution ranges overlap in 
several regions. In particular, the migration range of the long 
distance migrator B. h. vulpinus allows for contact with several 
other taxa on its route to the wintering grounds (e.g. B. b. 
n~enetriesi, B. rujnus, B. oreophilus). 

As a marker sequence we chose the YCR, the most variable 
subsection of the 2.5 kb fragment. Using the primer pair N D C  
2-rev/YCR-l-rev we amplified a 379-bp fragment (length in the 
cloned fragment of B. h. buteo) spanning from the ND6 gene to 
an apparently conserved region within the VCR, upstream of 
the repetitive cluster (Fig. 1). For most of the tissue samples 
(which were up to 170-year-old) this was the upper size limit 
for PCR amplification. All PCR fragments were cloned and 
sequenced. 

An alignment of the 31 sequences (length without primers: 
340 bp) confirmed the results obtained with the 2.5 kb frag- 
ments: The sections comprising part of the ND6 gene (without 
primer: 61 bp) and the tRNAG'" gene (74bp) are conserved 
(4.4% variable sites). Two transitions are found within the ND6 
region (b.but-l l ,  r.ruf-10) which leave the reading frame intact. 
In hem-l one C is missing in a stretch of 5 C. This I bp deletion 
would cause a frame shift in the ND6 gene, and thus may be 
either the result of a recent mutation or of a PCR artefact. Since 
the sequences of hem-l and hem-2 are identical in the rest of 
the ND6 region and differ by only two substitutions within the 
YCR, it is unlikely that the hem-l fragment is derived from a 
numt. Within the I R N A ~ ' "  gene four autapomorphic sub- 
stitutions were found (three transitions: in b.but-12, b.har-3, 
and b.vul-14; one transversion in o.tri-5). In contrast to the 

conserved coding regions, the 205 bp YCR section (without 
primer) contained 44 variable sites (21.5%). Again, the different 
degree of divergence between coding and noncoding sections 
indicates that the PCR fragments came from functional 
mtDNA. 

Comparison of the 31 YCR sequences revealed 18 different 
haplotypes (Fig.4) which fall into six distinct groups. Three 
groups are taxonomically heterogenous, one group comprises 
the five specimens of B. b. japonicus, one the two of B. herni- 
Iasius, and one the two subspecies of B. lagopus. In Fig. 5 the 
relationships among the haplotypes are depicted as a minimum 
spanning network. The haplotypes of B. lagopus (two sub- 
species) and B. l~ernilasius are clearly separated by long branches 
originating from a hypothetical haplotype H1 (although an 
alternative linking of B. lagopus to the major group of B. buteo 
haplotypes is equally likely). The haplotypes of B. b. japonicus 
radiate also from H1 but represent three diverged types sug- 
gesting an early split of the mitochondrial lineages. From H1 a 
short branch leads t o  the most common haplotype of our sam- 
ple (nine specimens) which is linked to five similar haplotypes 
differing by up to three substitutions. This group comprises taxa 
from the buteo and vulpinus groups as well as three specimens of 
B. o. trizonatus. The central main haplotype is linked via H5 to 
two groups containing the four specimens of B. rujnus, and in 
addition four specimens of B. huteo and B. oreophilus. The 
average distance from the central main type to B. hemilasius 
measures 5.6%, to B. Iagopus4.4%, and to B. b. japonicus 3.7%. 
For  comparison, the respective distance to B. rujnus is 1.8%. 
Since neither B. hemilasius nor B. lagopus appear to be suitable 
outgroups, rooting of the network is not meaningful. 

Discussion 
Gene order in Buteo 

The gene order in the various species of Buteo, as determined 
in our study, resembles that described for F.peregrinus (Mindell 
et al. 1998), with a noncoding region (YCR) located within 
the section between ND6 and 12s. However, the gene order 
apparently has been rearranged in the region upstream of ND6 
and thus the position of the genuine control region remains a 
puzzle. Mindell et al. (1998) could show that a similar arrange- 
ment of the ND6112Sregion occurs in four different bird orders, 
the Cuculiformes (Cuculidae), the Passeriformes (Suboscines), 
the Piciformes (Picidae), and the Falconiformes (Falconidae). 
Only for Smithornis sharpei (Passeriformes) and F. peregrinus 
(Falconiformes) the noncoding sequences are available for com- 
parisons with the sequences from members of the genus Buteo. 
Whereas in S. sharpei the 301 bp equivalent to the YCR contains 
no repeats, the corresponding section of F. peregrinus (1 69 bp  
nonrepetitive, 25 copies of a 27 bp repeat) has a structure com- 
parable to that of the Buteo species (338 bp nonrepetitive, 23 
copies of a 48 bp repeat). Masuda et al. (1998) isolated a section 
from the mt genome of Aquila chrysaetos that was interpreted 
as the equivalent of the CR. However, taking into account the 
internal structure, it appears more likely that this sequence 
corresponds to the YCR: The A. chrysaelos sequence consists 
of a nonrepetitive stretch of 472 bp followed by several 49 bp 
tandem repeats. Sequence and copy number of the repetitive 
part have not been published. In the nonrepetitive parts of the 
YCRs the overall similarity between the sequences from the 
taxa of Buteo and that of A. chrysaetos measures 62% but there 
are several shorter stretches of unequivocal homology. So far, 
species of three falconiform genera (Aquiln, Buteo, Falco) rep- 
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Fig. 2. Distribution of the brrteo-culpinus/B. oreopl~ilus complex and geographic origin of the samples. The distribution ranges of B. b. buteo (dark 
grey), B. b. oulpinus (light grey), B. b. menetriesi (black), and B. b. juponicus (grey) are shown. Shaded areas delineate the summer distribution, 
spotted areas the winter distribution. The contact zone of B. b. buteo, B. b. menetriesi, and B. b. oulpinus is hatched. Although we have not 
included samples of B. b. refeectus, its distribution range in western China is also indicated. The distribution ranges of B. o. oreophilus (black areas 
in East Africa) and B. o.  trizona~tis (dark grey area in South Africa) are also shown. Sample designation corresponds to Table 2 

resenting the families Accipitridae and Falconidae were found 
to possess a YCR with similar structural features. Thus, it 
could be hypothesized that these YCRs originated from a single 
rearrangement in an ancestral lineage. Yet, without having 
determined the location of the genuine CR (in members of the 
genera Buteo and Aquila as well as other Falconiformes) this 
question cannot be answered definitely. 

What are the possible mechanisms producing rearrangements 
of the mt gene order? Intermolecular exchanges involving 
unequal crossing over o r  gene conversion have been proposed 
for mt genomes of elephant seals (Hoelzel et al. 1993). Hom- 
ologous DNA recombination has been shown to occur in mam- 
malian (Thyagarajan et al. 1996) and nematode (Lunt and 
Hyman 1997) mitochondria. Generation of sequence rearrange- 
ments through transposition has been suggested by Macey et al. 
(1997). A frequently postulated mechanism causing structural 
changes is based on duplication followed by deletion events and 
sequence erosion through random mutations in one of the two 
duplicated sections (Quinn 1997; Mindell et al. 1998). Models 
for the generation of duplications and for concerted evolution 

via slipped strand mispairing are discussed by Quinn and Wil- 
son (1993), Casane et al. (1997), Quinn (1997), and Kumazawa 
et al. (1998). Repetitive sequences have been found within the 
CRs of various vertebrates. The occurrence of tandem repeats 
in the C R  of F. peregrinus as well as in the YCRs suggests a 
possible role in the duplication process. If we accept duplication 
as  the main rearrangement mechanism, we could expect that 
pseudogene formation through sequence degeneration in one 
of the duplicated copies occurs randomly. Thus, different gene 
orders should arise in the various lineages after longer evol- 
utionary periods, depending on stochastic loss of redundant 
sequences and random pseudogene formation. The different 
positions of the CRs in the taxa of Buteo and Falco could also 
be explained by subsequent rearrangements in the lineage of 
the genus Buteo following the duplication of the CR in the 
common ancestor 

YCR phylogeny 
The analysis of 31 samples has to be considered as a pilot 
project intended to provide a basis for more detailed phylo- 
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Fig. 3. Distribution of B. ru$nus, B. /temilr,sius, and B. lryopus and geographic origin of the samples investigated. The distribution range of B. r. 
rujinlis is depicted in grey (breeding area hatched, wintering grounds spotted). The range of B. r. cirtensis in North Africa is shown in grey (winter 
distribution spotted) and that of B. hemilasius in dark grey (winter distribution spotted). The small map on the right side shows the distribution 
range of B. logopus with breeding regions in dark grey and wintering grounds in light grey. The two samples of B. lugoptrs belong to the subspecies 
B. I. Ia,qopus (northern Europe) and B. I. pollidus (North and East Siberia). Sample designation corresponds to Table 2 

genetic studies. According to our preliminary results the YCR 
appears as an appropriate marker sequence for differentiation 
at  the species level. The taxonomic status of both B. hernilasius 
and B. Iagopus is well supported by the YCR data. There is no 
indication for a close afinity between B. hernilasius and B. 
rufintrs, which have been considered as conspecific taxa by Har- 
tert (1914) and Meinertzhagen (1954). 

The situation with B. buteo and its relation to B. ru$nus and 
B. oreopl~ilus is more complex. In B. rufinus two distinct groups 
of haplotypes can be distinguished, both originating from a 
common branch (Fig. 5) which is separated from the central 
main type. However, identical haplotypes are found in B. b. 
menetriesi, B. b. )ojaiza', and B. oreophi1u.s. Another group of 
haplotypes, the main type and its derivatives, comprises B. b. 
buteo (including the island forms B. b. harterti and B. b. insu- 
fururn), all B. b. vulpinus specimens, one B. b. menetriesi, and 
three specimens of B. oreophilus. Thus, with the exception of B. 
b. ,japonicus (see below), the haplotypes of the B. buteo sub- 
species are not differentiated. Over the last 40 years the status 
of the various island forms have been juggled about by several 

authors (Vaurie 1961; Brown and Amadon 1968; Glutz v. Blot- 
zheim et al. 197 1 ; Stresemann and Amadon 1979; Weick 1980; 
James 1984, 1986; Hazevoet 1995). In this study we have 
included only two individuals from Madeira and Gran Canaria 
(B. b. l~arterti, B. h. insularurn), which clearly belong to the main 
haplotype. Yet, this lack of differentiation cannot be generalized 
from such a small sample. Nevertheless, the preliminary results 
suggest gene flow among the subspecies of B. buteo (except B. 
b. japonicus). Moreover, the status of B. oreophilus as a separate 
species seems debatable. The haplotypes of B. oreopllilus do not 
form a separate cluster but instead are patchily distributed, 
occurring in the B. rufinus clade as well as in the main type and 
its derivatives. Thus, the classification of B. oreophilus as a 
subspecies of B. buteo proposed by Rudebeck (1957) and 
recently by Wink et al. (1998) is supported. On the other hand, 
the subspecies B. b. japonicus is found in a separate cluster 
consisting of rather distinct haplotypes. These haplotypes are 
more diverged suggesting an early split of this lineage from 
the remaining taxa of B. buteo. Together with the geographic 
distribution and morphological differentiation (James 1986) the 
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Nucleotide positions 
00000000000000000000000111111111111111111122 
00122233456666777777889001122333345556679900 
36703904151259023579234092819025921260844513 

Specimen 

b-but-5 
b.but-12 
b.but-2 
b.but-l1 
b. har-3 
b. ins-l 
b.vu1-l 
b.vul-8 
b.vul-13 
b.vul-l4 
b. men-2 
o. tri-5 
o. tri-3 
0 .  tri-6 

b. jap-l 
b. jap-4 
b. jap-5 
b.jap-3 
b. jap-2 

hem-? 
hem-l 

l. lag-l 
l.pal-l 

aat-cagtg-actc-atatttaaattacactaattgattaacac 

.g.- ................................. C...... 

.g.- ....................... t.. . . . . . . .  C...... 

.g.- ....................... t . . . . . . . . .  C...... 
.g.- ....................... t. . . . . . . . .  C...... 
... t .... a- ....-g............. t.............. 
... t....a-....-g.............t.............. 
... t .... a- ....-g............. t. ............. 
. . .  t .... a- ....-g............. t.............. 
...-.....-... t-gc ......g c.g ... C... ..... &a 
. . . - . .  a..-...t-gc....g..c.g...c..c....c....a 
...-.....-... t-gc ....... c.g ... c. ....g....... - - . . . . . . . . . . . .  -9.g.. c...c.....c....a........ 
..c- ..... t ....-g.............. c.g.. ...... .g- 

B. rufinus 

? 

B. b. buteo 

B. oreophilus 

Fig. 4. Variable sites within the Y C R .  
The positions relate to the alignment of 
the 205 bp section starting with the first 
nucleotide of the V C R .  Six distinct 
groups of haplotypes become apparent. 
Identical positions are shown as (.), 
gaps as (-). Sample designation cor- 
responds to Table 2 

Fig. 5. Minimum spanning network of 
haplotypes. Numbers at the branches 
denote mutational steps (substitutions 
or indels). HI to H5 represent hypo- 
thetical branching points. The links of 
H4 to either the main haplotype or H1 
are equally likely. Sample designation 
corresponds to Table 2 
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genetic da ta  can serve as a n  argument supporting species level 
for B. b. jnponicus, a s  has  been proposed already by Swann 
(1926). However, the separated status of B. h. japonicus has 
to  be confirmed by analysis of additional samples from the 
continental breeding area. In other raptor species a similar 
differentiation pattern between eastern and western taxa (with 
a contact zone following approximately the Jenissej river) has 
been observed. In  these cases the taxa have been raised to  
species level rather recently (del Hoyo et  al. 1994): Western and 
Eastern Honeybuzzard (Pernis apiuorus, Pernis ptilorhynchus), 
and Western and Eastern Marsh Harrier (Circus neruginosus, 
Circus spilonotus). 

Regarding B. rujinus, the haplotypes are found o n  a separate 
branch underlining the status a s  a distinct species. T h e  occur- 
rence of  identical haplotypes in other taxa suggests either inter- 
specific gene flow (introgression of m t  haplotypes from B. ruj-  
nus into other taxa) o r  polymorphism (comprising the two B. 
rujnus haplotypes and the central main type) in the common 
ancestor. Although the position of  one  haplotype (b.men-3) of 
B. b. menetriesi in one of  the B. rujinus clades is consistent with 
the classification put forward by Swann (1926), the clustering 
of the other haplotype (b.men-2) with the main type is more in 
accordance with the current taxonomic interpretation. In any 
case, B. bufeo, B. rujnus, and B. oreophilus are a t  least closely 
related. This assumption conforms with those authors, who 
considered B. buteo conspecific with B. oreophilus (Hartert  1925; 
Wink et  al. 1998) o r  B. rujnus (Meinertzhagen 1954). The  
various contradictory classifications based o n  morphological 
characters reflect the lack of  unambiguous genetic differ- 
entiation. In  our  opinion the three species may have either 
arisen from a recent radiation or are still sharing a common 
gene pool. T h e  taxa of the buteo and vulpinus groups together 
with B. rujnus and B. oreophilus can be considered to  form one 
'superspecies'. 

T h e  low degree of genetic differentiation is in accordance 
with the idea that  in the course of  the Pleistocene ice ages the 
distribution range of the ancestor of  the present superspecies 
has been repeatedly contracted, not  allowing speciation to  be 
completed during this period. T h e  earliest fossils of  B. buteo 
and B. rufinus (Isturitz, Spain) have been ascribed to  the Wiirm 
II/III period (6400&10000 years ago) (Elorza 1990). Although 
the recolonization of  new habitats after glaciation periods may 
have allowed morphological and behavioural (e.g. migration) 
adaptations, these selection processes may have involved only 
a limited number of nuclear genes (Fry and  Zink 1998). 
However, the m t  genome and thus the distribution and diver- 
gence of haplotypes has not necessarily been affected. Conse- 
quently, differentiation of  the m t  genome may still lag behind 
the fast phenotypic diversification of the taxa. 
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Zusammenfassung 
Evolution einer Pseudo-Konfrollregion im mitochondrialen 
Genom der palaark fischen Bussarde (Genus Buteo) 

Die phylogenetischen Verwandtschaftsbeziehungen innerhalb der 
palaarktischen Bussarde (Genus Bureo) wurden mit Hilfe von Sequen- 
Zen des mitochondrialen Genoms untersucht. In einem ersten Ansatz 
wurde ein 2.5 kb PCR-Fragment, welches den Abschnitt zwischen den 
Genen ND6 und 12s umfallt, aus B. b. buteo isoliert, kloniert und 
sequenziert. Die Genanordnung entspricht der von Mindell et al. (1998) 
fiir Falco pere,qrinus beschriebenen Sequenz. Sie umfal3t einen nichtko- 
dierenden Bereich zwischen den Genen fiir 1RNAG'" und rRNAPh' und 
besteht aus einem nichtrepetitiven Abschnitt gefolgt von 23 Tandemko- 
pien von je 48 bp Lange. Da es sich bei diesem nichtkodierenden Bereich 
um ein Relikt einer ehemals duplizierten Kontrollregion zu handeln 
scheint, wurde dafur die Bezeichnung Pseudo-Kontrollregion (YCR) 
gewahlt. Filr die phylogenetische Untersuchung wurde ein hochvariab- 
ler Abschnitt (205 bp) der YCR in 3 1 Individuen der Arten B. bureo, B. 
rufinus, B. oreophihrs, B. hemilasius, und B. lagopus analysiert. Beim 
Vergleich der 3 1 YCR-Sequenzen konnten 18 verschiedene Haplotypen 
gefunden werden, die sechs Gruppen zugeordnet werden konnen. Die 
Haplotypen von B. hemilasius und B. lagopus sind klar abgetrennt, 
dasselbe gilt fiir die Haplotypen der Unterart B. b. jnponicus. Obwohl 
sich die Haplotypen von B. rujnus auf einem getrennten Zweig (mit 
zwei Clustern) befinden, enthalt dieser auch vier Haplotypen von B. 
bureo und B. oreophilus. Zur restlichen Gruppe dhlen Taxa der buteo 
und ~ulpinus Guppen sowie drei lndividuen von B. o. rrizonatus. Auf 
der Basis unserer Daten erscheint die Y CR als geeignete Markersequenz 
fur die Differenzierung auf Artebene. Innerhalb des B. buteolB. 
ruJinus/B. oreophilrrs Komplexes wird der Status von B. rujnus, und 
eventuell B, h. jrrponicus, als getrennte Art unterstutzt. Im Gegensatz 
dazu erscheint der Artstatus von B. oreophiltn eher fragwiirdig. Zwi- 
schen den Unterarten konnte keine eindeutige genetische Differenzie- 
rung festgestellt werden, eine Ausnahme bildet lediglich B. b. japonicus. 
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