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ABSTRACT

Sequence variations in the nuclear and mitochondrial genome of raptors offer a unique chance
to elucidate their evolutionary past, phylogeography and population structure as DNA contains a
blueprint of most evolutionary events. In this overview the ongoing efforts to study the evolution
and phylogeny of diurnal and nocturnal birds of prey has been summarized. DNA sequencing of
marker genes is undoubtedly the method of choice for this question. Considering the large number
of species concerned, the present data base is still fragmentary and much more work (e.g., more
taxa, additional genes) is needed to obtain a complete evolutionary scenario. Two other recent
examples of DNA studies (e.g., molecular sexing and turnover assessment) represent new molecular
tools to analyse the behaviour and ecology of raptors.

INTRODUCTION

Sequence variation in the nuclear and mitochondrial genome of animals (including birds) offers
a unique chance to obtain a deeper knowledge of their evolutionary past, both in terms of space and
time as DNA contains a blueprint of most evolutionary events. DNA studies have become a powerful
tool in most areas of biology, in order to understand the phylogeny, systematics, and phylogeography
of species, their ecology, population structure, breeding biology, paternity, and many other aspects
(overviews in Avise 1994; Hoelzel 1992; Karp et al., 1998; Hillis et al. 1996; Mindell, 1997; Nei
1996; Wink 1998).

The nuclear genome of vertebrates consists of approximately 3 x 10° nucleotides (in humans).
Theoretically, this large size could be a base for over 3 million distinct genes. In reality however, the
number of protein encoding genes ranges between 60000 and 100000 in humans and should be even
lower in less developed animals, Thus, only 3% of the genome represent low or single copy genes
(Fig. 1). The other 97% are rDNA repeats or non-coding introns, regulatory sequences, retroelements,
transposons, degenerate copies and pseudogenes (remnants of past evolutionary events), tandemly
repeated DNA sequences, such as telomeres, satellite DNA, minisatellites and microsatellites (Fig.
1). The mitochondrial DNA in animals and chloroplast DNA in plants have originated from bacterial
endosymbionts which fused with early eukaryotic cells. Organelle DNA consists mainly of protein
encoding and rRNA genes; introns and uncoding regions are rare (except for the D-loop in
mitochondria) (Fig. 2).
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Depending on the evolutionary, ecological or biological question, we can analyse particular
parts of the nuclear and mitochondrial genome. For studies in molecular evolution and systematics,
marker genes are selected either from mtDNA, cpDNA or ncDNA. In animals, mitochondrial DNA
evolves faster than nuclear genes and rDNA slower than protein encoding DNA. Interestingly, we
find the opposite behaviour in plant DNA, where mtDNA evolves much slower than ncDNA or

Figure 1. Schematic illustration of DNA sequences in the nuclear genome
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cpDNA (Fig. 3). For a finer analysis of phylogeographic patterns, population structures, breeding
systems and individual profiling in animal, more variable DNA sequences are needed. These can be
found in the mitochondrial D-loop, in introns of protein encoding genes, and especially in mini- and
microsatellites (Fig. 1). Whereas DNA sequencing is the major tool for phylogenetic studies, RFLP
analysis, DNA-fingerprinting with single and multilocus probes, and microsatellite PCR are the
methods of choice if a higher resolution is needed (overviews in Avise 1994; Hoelzel 1992; Karp et
al., 1998; Hillis et al. 1996; Wink & Wehrle, 1994; Wink 1998).

Figure 3 Schematic view of the use and evolutionary tempo of marker genes
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This review summarizes several papers given at the 5% World Conference of birds of prey and
owls with special focus on advances in molecular systematics and molecular ecology of raptors.

1. Molecular phylogeny and evolution of birds of prey and owls

Charles Darwin wrote to T.H. Huxley in 1857: “The time will come I believe, though I shall not
live to see it, when we shall have fairly true genealogical trees of each kingdom of nature...”.
Sequencing of marker genes from mitochondrial and ncDNA has made fast progress in the last 10
years, after the development of polymerase chain reaction (PCR) which has revolutionized most
areas of biology and medicine. Using sequences of marker genes, data on the molecular phylogeny
and systematics of all groups of organisms can be generated and are published at a fast speed, so that
Darwin’s dream will probably become true within the next decades. DNA results will not replace
studies in morphology, anatomy, behaviour or vocalizations, but will complement them. Sequence
analysis of marker genes are helpful

* toelucidate the evolutionary past of most organisms

* to distinguish between convergent and phylogenetic traits

* to identify monophyletic groups which share common ancestry

* to understand speciation

* toelucidate phylogeographic patterns, migration and colonisation

* together with morphology, anatomy, behaviour, acoustics etc. to reconstruct the “true”

phylogeny of a group of organisms
* tounderstand and maintain biodiversity
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Of major importance is the selection of the appropriate marker gene for the relevant evolutionary
time window. In order to study genetic relationships within families down to the species level,
sequences of mitochondrial DNA (Quinn 1997; Moore & DeFilippis 1977) are very helpful, such as
cytochrome b, 128 rRNA, ND2 and others (Fig. 2).

Nucleotide sequences of the mitochondrial cytochrome b gene have already been employed to
study the systematics and evolution of diurnal raptors and owls (Avise et al., 1994; Griffiths 1997,
Mindell 1997; from our laboratory: Seibold ez al., 1993, 1996; Heidrich & Wink, 1994, 1998; Heidrich
et al., 1995a,b, 1996; Helbig et al., 1994; Wink 1995, 1998; Wink & Seibold, 1996; Wink et al.,
1996, 1998a,b; Wink & Heidrich, 1999; Seibold & Helbig, 1995, 1996).

In our studies, the mitochondrial cytochrome b gene was amplified and sequenced from
approximately 35% of species and 50% of genera of diurnal raptors and 35% of species and 68% of
genera of owls. Figures 4 and 5 provide a schematic overview on the various procedures between
the starting point, a feather, tissue or blood sample and the final result as a phylogenetic tree. More
details can be found in the following books and reviews: Avise (1994); Hoelzel (1992); Karp et al.,
(1998); Hillis et al. (1996); Wink & Wehrle, (1994); Sambrook et al. (1989), Swofford (1993),
Kumar et al., (1993) and Felsenstein (1993).

Figure 4. Schematic illustration of the steps from sample to DNA-sequence.
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Fig. 6 represents a phylogenetic tree, reconstructed with Maximum Parsimony, for which we
have analysed 1 to 3 taxa from each genus of diurnal and nocturnal raptors and members from a few
other families. This tree should be regarded as a sort of “progress report” and not as a final resuit. A
better resolution and higher reliability of the relationships between genera and families will be obtained
when a complete data set is available, as long-branch attractions can be a major element of error
(often found in incomplete data-sets) which could also distort some relationships between families
in the tree shown in Fig. 6. Another reason, why we cannot resolve many of the deeper branches
unambiguously is because of homoplasy due to multiple substitutions.

834



Figure 5: From DNA-sequence to phylogeny
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A few phylogenetic relationships appear unequivocal already- at present. In most instances, the
taxa which have been grouped in a common genus represent a monophyletic assemblage. In some
instances we obtained good evidence for para- or polyphyletic groups, indicating that the systematics
need a revision. Such examples are:

*  Aquila and Hieraeetus form a paraphyletic clade; it would be plausible that Hieraeetus should

be merged in Aquila (Wink and Sauer-Giirth, this volume).
* Bubo, Ketupa, Nyctea, and Scotopelia form a monophyletic assemblage; a common genus
Bubo would be more appropriate for this complex (Wink & Heidrich, in press).

¢ Members of the genus Otus are polyphyletic and 3 clades can be distinguished. Here a split
into the genera Otus, Megascops and Ptilopsis has been proposed (Wink & Heidrich, in
press)

Members within defined terminal monophyletic groups should carry a common genus name.
We have several instances, that monotypic genera have been created, although they derive from the
same ancestor and form a closely related clade of birds. Examples are:

¢+ Within Old world vultures, 3 lineages are evident, a) Gypaetus, Neophron and Gypohierax,

b) Gyps and c) the Aegypius-complex with Aegypius/Torgos/Trigonoceps, and Sarcogyps as
monotypic genera, Because vulture group ¢ constitutes a monophyletic clade of species
which share many morphological and behavioural characters, it would be plausible to place
them in a single genus: The name Aegypius has already been proposed for this assemblage
(del Hoyo et al., 1994; Mundy et al., 1992).

The Black-shouldered kite, Elanus caeruleus, does not cluster within the Accipitridae, to which
this taxon has been attributed (Fig. 6); Elanus falls between falcons and owls and seems to represent
a unique group (family Elanidae?) of raptors. It would be interesting to find out whether Elanoides,
Gampsonyx, and Chelictinia which share some characteristics with Elanus are true Accipitridae or
more related to Elanus. The African Harrier-hawk Polyboroides typus shows many particular habits
and morphological traits, which makes it difficult to classify this taxon correctly. Polyboroides typus,
clusters at the base of the Accipitridae in the group of ancestral vultures of the Gypaetus/Neophron/
Gypohierax group and honeybuzzards (Fig. 6).
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Diurnal raptors have been grouped into 5 families, Accipitridae, Pandionidae, Sagittariidae,
Falconidae, and Catharthidae and placed in a common order Falconiformes (del Hoyo et al., 1994)
or the infraorders Falconides and Ciconiides, respectively (Sibley & Monroe, 1990). Morphological
and molecular data (Fig. 6) provide evidence that at least Cathartidae, Falconidae and Sagittariidae

Figure 6. Molecular phylogeny of diurnal and nocturnal birds of prey based on nucleotide
sequences of the cytochrome b gene (sequences are either unpublished from my laboratory
[Seibold, (1994); Heidrich (1998)], Griffiths (1997) or GenBank). Tree length 9268 steps,
C1=0.145, HI=0.855, RI=0.412. Illustration of a strict consensus tree from 6 equally
parsimonius trees.
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donot share direct ancestry with Accipitridae and Pandionidae, indicating that the order Falconiformes
or infraorder Falconides are apparently artificial units (Wink 1995; Wink et al., 1998) which combine
birds that share a common life style, especially behaviour and ecology.

For a more detailed discussion of phylogenetic relationships in diurnal and nocturnal raptors,
see Wink & Ristow, Wink & Sauer-Giirth and Wink & Heidrich in this volume.

2. Molecular sexing of raptors

Falcons, hawks, and eagles show a high degree of sexual dimorphism, so that adult sexes are
usually apparent. In vuitures, however, a size or plumage dimorphism is not visible. But gender is
important if ringing recoveries, recruitment rates or other ecological and behavioural data are to be
analyzed. For reintroduction programs of Black vultures Aegypius monachus, Griffon vultures Gyps
Julvus or Lappet-faced vultures Torgos tracheliotus knowledge of the sex of the birds is vital to
create successful breeding pairs.

The gender of vultures can be determined macroscopically via endoscopy. But this procedure is
stressful for the birds. Alternatively, sex chromosomes (female birds have ZW and males Z7
chromosomes) can be identified cytologically (Hatzofe & Getreide, 1990). If the size of the sex
chromosomes differs, the DNA content of erythrocytes can be determined by flow cytometry
(Nakamura ef al. 1990).

A rapid and more flexible approach is molecular sexing (Ellegren and Sheldon 1997) by

* Hybridisation with oligonucleotide or W-specific DNA probes (Griffiths 1992, Griffiths &
Holland 1990, Millar 1992, Millar ez al. 1994, 1996, Rabenold ez al. 1991)

* PCR-methods (Ellegren 1996, Ellegren & Sheldon 1997, Griffiths & Tiwari 1993, 1995;
Griffiths et al., 1992, 1996, Ogawa et al. 1997, Sabo et al. 1994). Whereas most methods are
specific for a single species, the methods of Ellegren (1996), Griffiths et al., (1996), and
Ogawa et al, (1997) have a much wider application range.

* Instead of specific PCR primers RAPD have been applied that amplify part of the female W
chromosome (Griffiths & Tiwari 1993).

Table 1. Molecular sexing of raptors by ISSR-PCR

Species (GACA), (GACA),+RAPD  Kahn
Vultures

Gyps fulvus X nd X
Aegypius monachus X nd X
Torgos tracheliotus X nd X
Neophron percnopterus no no X
Eagles

Agquila adalberti no X X
Agquila nipalensis nd nd X
Hieraaetus fasciatus X nd X
Haliaeetus albicilla no X X
Falcons

Falco eleonorae no no X

X= method works successfully; no= method fails; n.d.= not determined; Kahn = Kahn et al., (1998)

We have applied a new strategy using the single primer MW4 (GACA) . (Wink et al., 1998).
This method has been termed Inter Simple Sequence Repeat-PCR (ISSR-PCR). With (GACA),
several PCR products were obtained in DNA samples from A. monachus, G. fulvus, and T. tracheliotus
of which one or more display a sex-specific pattern; i.e. they were only present in females but absent
in males (Fig. 7,8). Specific PCR products of 450 or 550 nt length (marked with an arrow, Fig. 9),
can be attributed to females only, but are absent in males. Since 65-75% of DNA in the W chromosome
consists of repetitive sequences (Ellegren 1996, Ogawa ez al. 1997, Rabenold er al. 1991), we assume
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that the distinctive PCR products derive from DNA regions between microsatellite DNA. The
advantage of this protocol is that PCR can be performed at higher, more stringent annealing
temperatures as compared to RAPD primers of 10 nt length which reduces artifacts.

Figure 7. Schematic illustration of a PCR for molecular sexing with a single primer (ISSR-
PCR).
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We have applied the (GACA), PCR to a number of other species: It was successful with Crex
crex (Wink, 1998), but failed with eagles (Aquila adalberti), sea eagles (Haliaeetus albicilla), terms,
and bustards (Chiamydotis undulata). If the use of (GACA) , PCR fails then this primer can be used
in combination with a RAPD primer according to the protocol outlined in (Matioli & de Brito 1995)
(Table 1). Recently, Kahn et al. (1998) have published new PCR primers for molecular sex
determination in birds. Preliminary analysis in our laboratory showed that these primers work in
those species which could not be analyzed by our (GACA) ,-PCR (Table 1).

Figure 9. Examples of molecular sexing of raptors

A. Autoradiography of PCR products from (GACA) , PCR by high resolution gel
electrophoresis. PCR products of Gyps fulvus with a size of 550 nucleotides are diagnostic
for females (marked by arrow). Females of which the gender was established, are marked
with a black dot.

B. Autoradiography of PCR products from Neophron percnopterus using PCR primers for
chromosome-specific intron size differences in the avian CHD gene (Kahn et al., 1998).
Females (marked with a dot) can be recognized by a second doublet of bands.
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3. Determination of adult turnover and survival with DNA-Fingerprinting

Estimates for juvenile and adult survival are important population parameters in animals.
Traditionally, survival data are obtained by marking juvenile and adult birds with tags, rings, or
transmitters and to recover, trap, or monitor them during consecutive months and years. Reliable
survival estimates are available for only a limited number of raptor species (Newton 1979) although
knowledge of this parameter becomes increasingly important for conservation as many raptors are
now rare or endangered. We have chosen multilocus DNA (Wetton et al., 1987; Burke et al., 1991,
Hoelzel 1992) as a method for the determination of adult survival without the need to trap or mark
the adult falcons (Wink e al., 1999). As a first example, we have used blood samples from the Saker
Falcon Falco cherrug from Kazakhstan. As there is a high demand for this falcon in falconry, the
future of the species is uncertain, and survival estimates are of prime importance in assessing likely
trends in its populations.

Figure 10. Schematic illustration of the steps involved in DNA fingerprinting using
multilocus probes
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Our approach is based on the following assumptions: Many long-lived birds, especially raptors,
show a high degree of site and mate tenacity and breed together in the same territory for consecutive
years; this also applies to the Saker Falcon. Our strategy was {0 carry out multilocus fingerprinting
(Fig. 10) of nestlings from the same territory in consecutive years as in indirect approach to estimate
a minimal survival rate for adult Sakers.

« Nestlings of an individual brood are full sibs (band-sharing coefficients (BSC)= 0.5 to 0.8);
accordingly, band-sharing coefficients (Fig. 11) between full sibs do not differ between years,
but should differ significantly from those between unrelated birds (BSC=0.19)

+ If the breeding adults are identical in a territory in consecutive years, the band-sharing
coefficients of corresponding nestlings should not vary significantly between broods since
all young are full sibs.

+ If both partners have changed, then band-sharing coefficients between broods should be as
low as between unrelated individuals (BSC=0.19) and differ significantly from the BSC
value between broods (Fig. 11)
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* In cases that one adult bird has been replaced, band-sharing coefficients between broods of
the same territory should be significantly lower than those of full sibs but higher than those
between unrelated birds.

We have analyzed Saker broods of 16 territories between 1993 and 1997 and obtained a minimal
estimate of 82% for adult survival. A value of 82% is in the range found in other falcons: For F
eleonora annual survival and turnover is 87% (Ristow et al., 1991); for F. columbarius up to 70%
(Oliphant et al., 1993), for F. peregrinus 78-90% (Mearns & Newton, 1984; Court et al., 1989), and
for F. mexicanus 78-81% (Runde 1987).

Figure 11. Example of a DNA profiling of related (a,b) und nnrelated birds (c) and the
calculation of the corresponding band-sharing coefficients (BSC).
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This new approach using DNA fingerprinting has a number of advantages and disadvantages:

Pros:
* no need to catch adult birds
* minimal survival rates can be obtained in a minimum of 2 years
* method probably works in other species with a high site tenacity and mate fidelity

* data are reliable in case that no or a complete change took place

* exchange of one adult can lead to ambiguous results

* high “extra-pair paternity”, high divorce, emigration, etc., increase the apparant mortality

rate

However, the other methods used to determine turnover and survival, such as ringing, recapture
and telemetry also provide only minimal estimates only and have their intrinsic shortcomings. We
conclude that DNA fingerprinting provides a new and interesting alternative (Wink et al., 1999;
Kenward et al., 1999).

CONCLUSIONS

In this overview I have shortly summarized our ongoing efforts to study the evolution and
phylogeny of diurnal and nocturnal birds of prey. DNA sequencing of marker genes is undoubtedly
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the method of choice for this question. Considering the large number of species concerned, our data
base, although quite large at present, is still fragmentary and much more work (e.g., more taxa,
additional genes) is needed to obtain a complete picture. The other two examples (e.g., molecular
sexing and turnover assessment) are new molecular tools to study the behaviour and ecology of
raptors, which will not necessarily replace the traditional methods but rather complement them.
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