


Painting of the unique specimen of C. estudilloi prepared by Albert E. Gilbert from a photograph taken by
Dr J. Estudillo Lopez and kindly made available by Dr S. Strahl.
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Abstract. We examined 474 base pairs of mitochondrial DNA (mtDNA) sequences to determine whether
the nominal curassow species Crax viridirostris Sclater, 1875, and Crax estudilloi Allen, 1977, both known
from single specimens, should be considered representatives of a species to be known as C. viridirostris
Sclater, 1875, or whether both are descended from hybridization events involving species of the Great
Curassow C. rubra complex. The mtDNA sequences of eszudilloi were identical to those of the Blue-billed
Curassow C. alberti, and those of viridirostris were identical to those of the Yellow-knobbed Curassow C.
danbentoni. We argue that the simplest interpretation of these findings is that at unknown times in the
ancestry of estudilloi and viridirostris, hybridization events occurred involving maternal parents of a/berti and
danbentoni, respectively. This interpretation is easily reconciled with viridirostris having been a captive bird in
a Buropean zoo but is not so easily reconciled with eszudilloi having been obtained as a chick in Bolivia. We
discuss this difficulty and other possible explanations of the data, all of which we consider to be less pref-
erable than the hybrid origin interpretation. Acepted 1 March 1999.
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INTRODUCTION specimens and sharing the otherwise unique

characteristic in the genus Crax of a greenish
Among the unsolved riddles of Neotropical — cere (Plate, Fig. 1). Here we report on an
ornithology ate the identities of two curas-  attempt using molecular methods to clarify
sows (Craciformes: Cracidae: Crax, sensu Sib-  the identities of the specimens on which these
ley & Ahlquist 1990), each known from single ~ two names were based. We begin with an
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FIG. 1. Compatison of the heads of the unique
specimens of C. viridirostris (A) and C. estudilloi (B)
to show differences in bill, cere and bare ocular
skin. Note the two independent (i.e., not con-
nected, bulbous wattles on either side of mandible
of viridirostris lacking in estudilloi. Also note differ-
ent shape of bills. The bicolored bill of both is
also notable — see text. Prepared by Albert E.
Gilbert based on examination of the holotype of
C. viridirostris and on a photograph of C. estudilloi
taken by Dr J. Estudillo Lopez and kindly made
available by Dr S. Strahl.

account of the histories of the two names and
we cite pertinent literature in some detail
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because much of it was published in journals
that are not readily accessible. For the same
reason, we have included several illustrations
of the birds involved.

Crax viridirostris Sclater, 1875. In 1875, PL.
Sclater felt
strained to place on our register a Curassow
which I met with in the Gardens of the Zoo-
logical Society of Amsterdam, during a recent

“somewhat unwillingly con-

visit, and which, having been most kindly lent
to me by Mr Westerman, is now in the [Lon-
don Zoological] Society’s gardens.” After the
bird died it was prepared as a study skin at the
Natural History Museum, London. Sclater
(1875) described this bird as a new species,
Crax viridirostris. (We have not yet attempted
to see whether there is any surviving docu-
mentation that might reveal more of the oti-
gins of this bird.) Based on its plumage of
glossy black with white crissum and white-
tipped rectrices, it is a male. Sclater (1875) fur-
ther noted that viridirostris “is perhaps most
closely allied to Crax alberti [the Blue-billed
Curassow which is endemic to northern
Colombia and is the only blue-cered Crax
species], having a large caruncle on the lower
mandible as in that species. But this and the
swollen cere are of a pale green colour instead
of blue.” Later, Sclater (1879) wrote that
alberti “‘is unquestionably considered its near-
est ally, and it is possible that the change of
cere from blue into greenish-yellow may be
an individual variation.”

Taibel (1950) published a 1939 photo-
graph of a captive bird fitting the description
of viridirostris but known to be a male hybrid
between blue-cered alberti and yellow-cered
Great Curassow C. rubra. He concluded that
viridirostris must have been based on a hybrid,
a conclusion easily reconciled with the origi-
nal specimen of viridirostris having been a cap-
tive bird in a European zoo. Vaurie (1967,
1968) and Delacour & Amadon (1973) placed
viridirostris in the synonymy of alberti.



DNA EVIDENCE ON THE IDENTITY OF CRAX SPP

FIG. 2. Sketch of the unique individual of C. estudilloi, prepared by Albert E. Gilbert, based on a photo-
graph of the live bird taken by Dr J. Estudillo Lopez and kindly made available by Dr S. Strahl. Note the
white on the rectrices and plumage similar to viridirostris with main differences being on the head and bill

(see Fig. 1).

Lastly in connection with introducing vir:-
dirostris, Dr Daniel Brooks forwarded the fol-
lowing remarks (pers. comm.) made after he
examined the unique specimen of viridirostris:
“The entire top of the head comprised short
cutls extending far back, as I've noted for C.
alector compared to other Crax. Also the head
(and neck) appear slightly larger, and the head
is shaped more like a/ector than other species
of Crax. The measurements (cm) are: wing
chord 39, tail 41, tarsus 11. There is a bare
eye patch (not characteristic of alberti or blu-
menbachii) and as with other male Crax, the
body is completely black with a white abdo-
men . . . the bill is bicoloured - mostly black-

ish with a horn coloured tip ... The casque
ornamentation has a very small bulbous
structure on top, and two small independent
(not connected in centre) bulbous structures
below. Overall, the casque ornamentation is
quite shrivelled, reduced and a dark blackish
colour, with only a hint of dark green, mostly
on one side. This is probably to do with aging
of the specimen (prepared in 1875) or less
likely, the specimen was not yet sexually
mature (i.e., 3 years).”

In further correspondence, Dr Brooks
speculated that wviridirostris may have been
derived through hybridization between afector
and globulosa.
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Crax estudillor Allen, 1977. The name Crax
estndilloi first appeared in an editorial note pre-
ceding an article by Dr Jesus Estudillo Lopez
about a putative new species of curassow
(Lopez 1977, see Plate and Fig. 2). The name
was apparently offered as a suggestion for
formal dedication. The spirit in which the
suggestion was made was one of recognizing
Dr Estudillo’s work on and knowledge of the
Cracidae. Unfortunately and unintentionally,
however, nomenclatural priority was estab-
lished. As Vuilleumier & Mayr (1987) later
remarked: “the name is valid and is available
in the literature, although the format of the
description fails to follow the rules of the
International Code of Zoological Nomencla-
ture and the journal in which the description
was published is very obscure. Such practice
must be discouraged very emphatically.”

Dr Estudillo described his discovery of
estudillo thus (E. Lopez 1977): “I found the
bird three years ago in Bolivia on the eastern
slopes of the Andes near the village of Ixima
[s2¢. = Ixiamas, 222 metres asl, see Paynter
1992] in an indian hut at the shore of the
Tequije River that flows into the Rio Benii [si¢
= Beni]. Unfortunately the indian who had
the bird didn’t speak Spanish so much to my
regret I was not able to get any information
about where he found the bird. When I got
the Curassow it was a young chick, probably
not older than 5-6 weeks.”

The bird, whose provenance from the
above remarks cannot be certainly attributed,
was then raised to adulthood in aviaries in
Mexico. One of us, A. E. Gilbert, examined
colour photographs of the live bird and pre-
pared a painting from them. He noted that as
an adult, eszudilloi closely resembled viridirostris,
but there were several notable differences:
estudilloi had a light aquamarine green knob
and cere (not yellow-green); it lacked wattles,
and by its glossy black plumage with white
crissum and white-tipped rectrices, it too was
presumably a male. Its bill was bi-coloured,
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being ivory-buff at its tip and for most of its
length but with a narrow, vertical stripe of
black bordering the cere. The large perioph-
thalmic ring was dull grey with prominent
patches of bright aquamarine. It was said to
have a whistling call, but to our knowledge no
sound recordings were made. Dr Francois
Vuilleumier of the American Museum of Nat-
ural History reported examining the bird in
1983 when it was seven years of age and
noted that it looked much like another adult
Crax in the aviaries. That bird, he was told,
was a hybrid, though its putative parental spe-
cies were unknown (Vuilleumier & Mayr
1987). After the estudilloi individual died, its
carcass was donated to Louisiana State Uni-
versity’s Museum of Natural Science through
the efforts of Drs Estudillo Lopez and Stuart
D. Strahl (Remsen & Traylor 1989), but it was
so decomposed when it was received that it
was prepared as a skeleton with some feathers
and breast muscle also preserved (Cardiff &
Remsen 1994). Remsen & Traylor (1989),
Vuilleumier & Mayr (1987) and Vuilleumier ez
al. (1992) further discussed the introduction
of C. estudilloi Allen, 1977, into the literature
and considered it a “species inquierenda’. We
also note, however, that Dr Estudillo invited
many ornithologists to view this bird at his
aviary and that he made another trip to
Bolivia, hoping to obtain more birds, espe-
cially a female, but was unsuccessful.

Remsen & Traylor (1989) and del Hoyo
(1994) remarked that the abnormal greenish
cere colour of estudilloi has been or might be
attributed to various factors such as inade-
quate or inappropriate nutrition and hybrid-
ization, and noted the need for further study
of the bird’s identity.

In view of the above, we formulated two
hypotheses concerning the identities of estudil-
loi and viridirostris: either they are a single spe-
cies to be known as C. wviridirostris Sclatet,
1875, or they are hybrids between one or
more combinations of species from the C.
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TABLE 1. List of specimens studied and their provenance when known.

Taxon Sample number Provenance Sequenced for
cytochrome & t-lys/ATPase 8
C. estudilloi LSUMZ B29828 Bolivia (see text) + +
C. viridirostris ~ NHM 1889.6.1.302 London Zoo + +
C. alberti 6184 Captive bird + +
C. alberti 1006 Wild-caught, locality unknown; + -
now captive in Houston
Zoological Gardens

C. danbentoni 6364 Captive bird - +
C. danbentoni 6305 Captive bird + +
C. rubra LSUMZ B14200 Captive bird + +
C. rubra LSUMZ B10362 Captive bird + +
C. fasciolata LSUMZ B18929 Captive bird + +
C. fasciolata LSUMZ B16810 Captive bird + +
C. globulosa LSUMZ B10360 Captive bird + +
C. globulosa LSUMZ B5359 Captive bird + —
C. alector ANSP 8225 Iwokrama Reserve, Guyana + -

rubra complex to which they clearly belong
based on the generally black body plumage
and recurved crests. (In the Discussion we
consider the further alternative that both esz-
dilloi and viridirostris could be separate, valid
species.) If they are hybrids, the putative
Bolivian provenance of estudilloi would sug-
gest that the two Crax species occurring in
that country, yellow-cered fasciolata and red-
cered globulosa, would be the most likely can-
didate parental species of at least that bird. If
anything, however, it seems unlikely that
these two species should produce hybrid
progeny with a greenish cere. Perhaps a more
likely combination is one that involves blue-
and yellow-cered species as parents. How-
ever, the only blue-cered species of the C.
rubra complex, C. alberti, is endemic to north-
ern Colombia and is not known to occur nat-
urally anywhere near Bolivia. Because the

type specimen of estudilloi was reportedly
obtained from Bolivian indians, natural
hybridization involving alberti seems unlikely.
C. viridirostris, on the other hand, was a cap-
tive bird in a zoo and could more feasibly
have been a hybrid between alberti and any of
the following yellow-cered taxa, viz., C. rubra,
the Yellow-knobbed Curassow C. daunbentoni,
or the nominate subspecies of the Black
Curassow, C. a. alector. The shape of the cere
or its red colour would seem to render
unlikely the possibility of any of the following
as parental taxa: the western subspecies of
Black Curassow C. alector erythrognatha, the
Wattled Curassow C. globulosa, and the Red-
billed Curassow C. blumenbachi.

We have used maternally inherited mito-
chondrial DNA (mtDNA) techniques to test
these hypotheses through fresh examination
of the original specimens on which the names
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hMaternal Parent Species A

Maternal Parent Species B

l

FIG. 3. Diagram showing the rationale of the approach used here to determine the status of C. estudillo.
and C. viridirostris. Males are represented by squares and females by circles. MtDNA of species A is
represented by the dark inner circles and that of species B by the clear inner circles. Nuclear DNA

is indicated in the outer squatres and circles which are hatched for species A and clear for species B.

Both offspring in this example are hybrid females between species A and B. They have equal
contributions of nDNA from each parent as shown by the combinations of shading and non-
shading in the outer circles of the hybrids. In this example they have different mtDNA becausc
their maternal parents were different species and this is shown by the different patterns of the innet

circles.

were based. If estudilloi and viridirostris are con-
specific, then we predicted that (1) their
mtDNA sequences would be at least as diver-
gent from those of other Crax species as the
latter are from each other, (2) the level of
divergence between wviridirostris and  estudilloi
would be within the range of intraspecific
divergences in Crax, and (3) in a phylogenetic
analysis, their mtDNA sequences would align
with each other and apart from other Crax
species. By the alternative hybrid origin
hypothesis, the mtDNA sequences should
closely match at least one other Crax species
depending on whether the maternal parents
were the same or different species. This
expectation hinges on the fact that mtDNA
of the maternal species involved in a hybrid-
ization event will appear unchanged not
just in the immediate F1 progeny but in every
matriline

generation of the descending
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from the female in the original hybridization
until it is changed by mutation (see Fig. 3).
Also under a hybrid origin, the mtDNAs
of estudilloi and viridirostris should align in a
phylogenetic analysis with their putative
maternal parent(s). More specifically, if the
maternal parents of estudilloi and viridirostris
were the same species, then the mtDNA
sequence divergence between estudilloi and
viridirostris should lie within the range of
intraspecific divergences in that putative
parental species. If their maternal parents
were different species, then the mtDNA
divergence between estudilloi and viridirostris
should be within the range of divergence
between the two putative maternal parent
species. Finally, in a phylogenetic analysis
the two individuals should cluster with the
species identified as the putative maternal
parent(s).



MATERIALS AND METHODS

Samples. Table 1 lists the samples of all mem-
bers of the C. rubra complex that we have
been able to study and their provenance. All
samples except that from alector were from
birds raised in captivity. Details follow for the
key samples of estudilloi and wviridirostris. For
estudillo, a piece of decomposed muscle tissue
stored in alcohol and which had itself been
subsampled from a parent sample (LSU
B29828) in DMSO, was obtained from the
sole specimen of C. estudilloi Allen, 1977. For
viridirostris, a piece of bone and scute taken by
R. Fleischer from the unique specimen of C.
viridirostris Sclater, 1875, held in the Natural
History =~ Museum,  England ~ (NHM
1889.6.1.302) was used. All other samples
were of whole blood (albert)) or liver and
heart in DMSO buffer or frozen.

DNA extraction and PCR amplification. Follow-
ing recommended protocols for comparisons
between “ancient” and recent DNA samples
(Austin ez al. 1997), all extractions and
sequencing of estudilloi and viridirostris wete
done in a dedicated ancient DNA laboratory
before work commenced on the other species
in a separate location. Accordingly, mtDNAs
from
extracted and sequenced by B. Slikas in Wash-
ington at the Smithsonian National Zoologi-
cal Park (SNZP), where the laboratory is in a
building free of “modern” DNA extracts and
PCR products. All other species were analy-
sed in L. Joseph’s laboratory at the Academy
of Natural Sciences of Philadelphia (ANSP).
ANSP work did include an attempt to repli-
cate the estudilloi and viridirostris sequences, but
only after the initial SNZP sequences had
been obtained. Also at ANSP, after all initial
sequences had been obtained, fresh extrac-

estudilloi  and  viridirostris were first

tions were prepared and sequenced in order
to assess the repeatability of the sequences.
Extractions at SNZP of the estudilloi and

DNA EVIDENCE ON THE IDENTITY OF CRAX SPP

viridirostris samples followed standard proto-
cols for ancient DNA samples: all tubes and
reagents were UV-treated for > 20 minutes
prior to use, pipettors were disassembled and
cleaned with a 10% bleach solution after each
extraction set, and only filter tips were used
on pipettors. Fach extraction set (5 samples)
included an extraction control (i.e., a tube
containing only extraction buffer, carried
through the same steps as the actual sam-
ples).

At SNZP, small (Imm x 3mm) pieces of
tissue from the samples of estudilloi and virid-
irostris were chopped finely with a sterile scal-
pel blade and incubated overnight at 55°C in
750 ml of extraction buffer (10 mg/ml DTT,
1 mg/ml proteinase K, 1% SDS, 10 mM Ttis,
2 mM EDTA, 10 mM NaCl) on a rotating
platform. After incubation, the samples were
purified with two phenol extractions, fol-
lowed by a single chloroform extraction. The
samples were concentrated with Centricon-
30 columns (Amicon, Inc.), and the volume
of each was adjusted to 120 ml with sterile,
UV-treated water. Each extract was aliquotted
into four tubes, and the tubes were heated at
65°C for 10 minutes to destroy any DNAase.
The extracts were stored at -20°C in the
ancient DNA laboratory. PCR reactions were
set up in the ancient DNA laboratory, but
PCR and post-PCR steps were performed in
the main genetics laboratory, housed in a dif-
ferent building. At ANSP, genomic DNA was
extracted for all samples except ANSP 8225
with the QIAGEN blood and tissue extrac-
tion kits following the manufacturer’ instruc-
tions. MtDNA was purified from ANSP
8225, which was a frozen tissue sample, with
the Wizard MiniPrep kit (Beckman ez al.
1993).

At SNZP, PCR amplifications were done
in 50 pl reactions with 3 ul of template and
final concentrations (mM) of MgCl,, dNTPs
and primers of 1.5, 0.2 and 0.6, respectively,
and 0.2 pl of Amplitaq Gold Tag polymerase;
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45 cycles were run with an annealing tempera-
ture of 48°C. PCR amplifications at ANSP
were done in 25 pl volumes with equal vol-
umes of template and reagent mix in which
final concentrations (mM) of MgCl,, dNTPs
and primers were 0.95, 0.19 and 0.2, respec-
tively, with 0.06 pl of GIBCO Tag polymerase
and no bovine serum albumin; 30 cycles were
run with annealing mostly at 48°C and in one
case at 50°C.

Two segments of the mitochondrial
genome were amplified and sequenced. A
fragment of 375 base pairs (bp) of the cyto-
chrome 4 gene was amplified using primers
L.14990 (5- AAA AGC TTC CAT CCA ACA
TCT CAG CAT GAT GAA A -3) and
H15305 (5- AAA CTG CAG CCC CTC
AGA ATG ATA TTT -3’), where the num-
bers give the position of the 3’ end of the
primer in the chicken Gallus gallus mitochon-
drial genome (Desjardins & Morais 1990). For
C. estudilloi, a second fragment of 358 bp,
including a portion of the genes for CO II
and lysine transfer RNA (hereafter t-lys), the
entite ATPase 8 gene and a portion of that
for ATPase 6, was amplified using primers
1.8929 (5>- GGA CAA TGC TCA GAA ATC
TGC GG -3 - cited as CO2GQL by Green-
berg et al. 1998) and H9240 (5- GTC RAA
GAA RCT TAG GTT CAT -3’ - cited as
AGMNH by Greenberg ¢ al. 1998) and both
of which were developed by G. Seutin and E.
Bermingham. For C. wiridirostris, a smaller
fragment (235 bp) was amplified using prim-
ers 1.9051 (5>- CAC CAG CAC TAG CCT
TTT AAG -3’) and H9241 (5- TGG TCG
AAG AAG CTT AGG TTC A -3’). At ANSP,
only the first two of these primer pairs were
used.

Sequencing and analyses. Amplified products at
SNZP were sequenced using cycle sequencing
with dye-labelled ddN'TPs and visualized with
an ABI 373 automated sequencer. Those
sequences were edited and aligned using
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Sequencer 3.0 (1995; Gene Codes Corpora-
tion, Ann Arbor, MI). ANSP amplification
products were purified using the QIAGEN
PCR product purification kit following the
manufacturer’s instructions. They were then
sequenced with a Thermo-Sequenase fluores-
cent labelled primer cycle sequencing kit
(Amersham RPN 2438) and visualized with a
Licor Long ReadIR 4200 bi-directional auto-
mated sequencer. All Crax sequences were
aligned at ANSP with CLSTAL-V (Higgins et
al. 1992). PAUP 3.1.1 (Swofford 1993) was
used to calculate sequence divergences and to
derive phylogenetic trees using parsimony
with steepest descent, random addition of
taxa, mid-point rooting and a range of weight-
ing schemes (transversions weighted 5:1, 10:1
over transitions, no weighting). Since results
with and without weighting were similar, we
present results with no weighting. As different
combinations of individuals and genes were
sequenced, phylogenetic analysis was first
done on the data from the two genes sepa-
rately and then on a pooled data set only for
those individuals sequenced for both genes.

RESULTS

A total of 474 bp of sequence were aligned
across all taxa examined except alector for
ATPase 8, for which good sequence was not
obtained (Appendix). All sequences have
been lodged in Genbank, accession numbers
AF106485-AF106507. The aligned sequences
comprised 253 bp from the cytochrome &
gene and 221 bp from t-lys/ATPase subunit 8
genes. Two or more individuals were
sequenced in the following combinations of
species and genes: alberti, rubra, fasciolata and
globulosa for cytochrome b and daubentoni, rubra
and fasciolata for t-lys/ATPase 8 (Appendix).
Sequences of estudilloi and viridirostris obtained
at the SNZP laboratory were from the heavy
strand primers H15331 and H9260. Some t-

lys/ATPase 8 sequence from estudilloi was



later obtained independently at the ANSP
laboratory with the light strand primer
1.8929. Though different instruments and
protocols were used in the two laboratories
for DNA extraction, PCR and sequencing,
the reverse complement sequence of the
ANSP 1.8929 estudilloi sequence matched the
SNZP H9260 estudilloi sequence precisely.

In the cytochrome 4 sequences, three, one
and twenty-one polymorphic sites were at
first, second and third codon positions,
respectively. The mean proportions of A, C,
G and T nucelotides were 0.25, 0.36, 0.15 and
0.24, respectively, the relatively low propor-
tion of G being characteristic of avian
mtDNA. These sequences were aligned with
published cytochrome 4 sequences from a
Plain Chachalaca Ortalis vetula (Genbank
accession number 1.08384) and translated
completely into amino acids; amino acid
replacements were at only three sites relative
to the estudilloi reference sequence. In the
ATPase 8 sequences excluding the tlys
sequences at the 5” end of the t-lys/ATPase 8
region, there were four, three and thirteen
polymorphic sites at first, second and third
positions, respectively; the mean proportions
of A, C, G and T were 0.32, 0.31, 0.10 and
0.23, respectively. The ATPase 8 sequences
(excluding t-lys) also translated completely
and the resulting amino acid sequences were
aligned with homologous Rbez amino acid
sequences (Genbank accession number
Y16884) (Appendix). Amino acid replace-
ments were at six sites relative to the estudilloi
reference sequence.

The sequences of estudilloi were identical
with those of alberti, and sequences of virid-
Zrostris were identical with those of daubentoni.
Sequence identity was also observed as fol-
lows: for cytochrome 4 - between the pairs of
alberti and between both fasciolata samples and
one rubra sample, B10362; for t-lys/ATPase 8
- between the pair of daubentoni individuals
and between rubra B10362 and globulosa
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B10360. Depending on whether calculated
from the sequences separately or in combina-
tion, uncorrected intraspecific sequence
divergences ranged from zero to 4.7% with
mean values of 1.3% or 2.1%. Again depend-
ing on whether calculated from the cyto-
chrome & and t-lys/ATPase 8 sequences
separately or in combination, interspecific
divergences not involving estudilloi and vir:-
dirostris ranged from zero to 6.9% with mean
values varying from 3.8% to 4.0%. Sequence
divergences between estudilloi and wviridirostris
ranged from 4.7% (cytochrome ) to 7.0% (t-
lys/ ATPase 8).

In phylogenetic analyses, the cytochrome
b data yielded four most parsimonious trees
of 30 steps with a consistency index of 0.83.
In the strict and 50% consensus trees, danben-
toni aligned with viridirostris and estudilloi with
alberti. The sequences from rubra, globulosa and
Jasciolata paraphyletic.  One
sequence, B14200, was the sister of the estudil-
loif albert; sequences with which it formed a
separate clade. The other rubra sequence,
B10362, aligned with fasciolata. Similatly, one
globulosa sequence, B10360, aligned with alector
and the other, B5359, lay on a separate
branch. Analysis of the t-lys/ATPase 8 data
yielded a single tree of 27 steps with a consis-
tency index of 0.93. The tree had two clades,
one with estudilloi/ alberti and the wviridirostris/
daubentoni sequences and another in which the

were rubra

two fasciolata sequences were the sister to the
two rubra and single globulosa sequences. The
two rubra sequences were again paraphyletic.
Analysis of the pooled data produced a single
shortest tree of 55 steps with a consistency
index of 0.89 and with a topology broadly
similar to that of the cytochrome & tree. The
rubra sequences were again paraphyletic, with
rubra sample B14200 the sister of estudilloi/
alberti. Because of the extent of paraphyly, the
sequences wetre checked by repeating afresh
all extraction and sequencing protocols for t-
lys/ATPase 8 from the original tissue samples
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and the sequences so obtained agreed with
the initial sequences.

DISCUSSION

Our to use mtDNA
sequences to discriminate between the two

central aim  was
hypotheses that estudilloi and viridirostris are a
single valid species or that they are descended
from hybridization events involving one or
more combinations of Crax spp. The follow-
ing key findings emerged from our study. The
sequences we obtained of estudilloi and alberti
are identical and those of wiridirostris and
danbentoni are identical. Sequence identity was
also seen intraspecifically in daubentoni for t-
lys/ATPase 8 and in alberti and fasciolata for
cytochrome 4 and interspecifically between
one rubra individual and the fasciolata individu-
als for cytochrome 4. The divergence between
estudilloi and viridirostris, aside from being equal
to that between alberti and danbentoni, is well
within the range of other interspecific values
and is twice the mean intraspecific diver-
gence, though at the high end of the intraspe-
cific range. In phylogenetic analyses estudilloi
aligned with alberti, viridirostris with danbentoni,
and sequences from rubra, fasciolata and globu-
Josa were not monophyletic.

In terms of our main goals and expecta-
tions, the simplest interpretation of our
results is that both estudilloi and viridirostris are
descended from hybridization events at an
undetermined time in the past involving
maternal patents of alberti and danbentoni,
respectively. This interpretation explains the
sequence identity between estudilloi and alberti
and that between viridirostris and daubentoni. 1t
is also consistent with the sequence diver-
gence between estudilloi and viridirostris being
close to the mean of interspecific compari-
sons and well above that for intraspecific val-
ues. It is easily reconciled with the known
captive origin of viridirostris, but not so easily
with the putative Bolivian provenance of estx-
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dilloi. This is because the parent of estudilloi
inferred from the DNA data, a/berti, is a rela-
tively narrowly distributed endemic from
northern Colombia not known to occur any-
where near Bolivia. To reconcile this interpre-
tation of the sequence data with the putative
Bolivian origin of estudilloi, one has to postu-
late unlikely events such as inadvertent mixing
of samples at the source of the estudilloi mate-
rial or an ancient hybridization event that
involved alberti in the ancestry of the estudilloi
individual. In this regard, native peoples
across the Amazon region have from time
immemorial kept curassows as pets. The pos-
sibility of a hybridization event occurring
under such circumstances cannot be ruled
out. We also note that although opportunities
for natural hybridization to occur among the
members of the C. rubra complex are few,
Blake (1955) remarked that alberti and rubra
have been collected a few miles apart in the
valley of the upper Rio Sinu in Colombia.
Thus, hybridization between them in that area
is possible. As 7ubra is a yellow-cered species,
one might predict that green-cered individuals
resembling estudilloi could be found in that
region if habitat remains. Note that the bi-
coloured bill pattern of estudilloi described in
the Introduction is identical to that seen in
male 7u#bra, for which it is diagnostic. We note
that members of the rubra complex are essen-
tially allopatric so that opportunities for natu-
ral hybridization among any pairs of species
will be few.

By the alternative view that estudilloi and
viridirostris are conspecific, the sequences we
obtained from them would clearly be para-
phyletic. Given the paraphyly we
observed in the other species (and which we

have

discuss below), this need not necessarily be
unreasonable. However, it would be discon-
certing in view of the existence of only two
specimens collected more than 100 years
apart, one of which was a captive bird in a
European zoo. The lack of field observations



of such a species adds to the concern. The
observations that sequence divergences
between estudilloi and viridirostris were twice
the mean of intraspecific values and close to
the mean of interspecific comparisons in
Crax would be difficult to explain under this
interpretation, although we note again that
the divergence between them is at the high
end of observed intraspecific values.

Two other interpretations might also be
considered. First, estudilloi and viridirostris may
both be valid species, but it would then be
difficult to explain the mtDNA sequence
identity between estudilloi and alberti and that
between wviridirostris and  danbentoni. Also by
this view, multiple origins or losses of the
greenish cere colour would almost certainly
have to be postulated, such as the colour hav-
ing independently evolved in estudilloi and viri-
dirostris or having been ancestral and lost in
other taxa. These sequences seem unlikely.
Also, one might consider that estudilloi and vir-
idirostris are simply colour phases of albert; and
danbentoni, respectively. Several Crax species
do have distinctive colour phases of plumage,
and some of these were originally described
as different species. Thus, Crax annulata
Todd, 1915, was based on a rare black and
white female plumage of C. alberti, and Crax
incommoda Sclater, 1872, was similarly based
on a rare variant female plumage of C. dauben-
toni. 'This interpretation is easily reconciled
with the sequence identity between estudilloi
and alberti and that between viridirostris and
danbentoni, but an explanation would be
needed for why the most distinctive feature
of these birds, their greenish ceres, arose
independently in aberrant individuals of
alberti and danbentoni. Also by this view, the
putative Bolivian provenance of the estudilloi
individual would imply that a/berti has a most
remarkable and unusual distribution pattern
among Neotropical birds. In short, we con-
sider these two explanations unlikely.

Although one might argue that our data
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cannot absolutely reject the hypothesis that
estudilloi and viridirostris are representatives of
a species to be known as C. viridirostris Sclater,
1875, we conclude from our data that hybrid
origins of estudilloi and viridirostris must be
seriously considered as the preferable
hypothesis. This is despite the difficulty of
reconciling hybrid origins with the putative
Bolivian origin of estudilloi. We consider the
likelihood of estudilloi and wviridirostris both
being distinct, valid species to be vanishingly
small. Our conclusion should be tested with
study of nuclear DNA markers.

Finally, we comment briefly on the para-
phyly observed among our samples of rubra,
globulosa and fasciolata. This needs to be inter-
preted in the light of the captive origins of
the birds used in this study, the availability of
pedigree data for only some of them, and the
propensity of Crax species to hybridize in
captivity (Delacour & Amadon 1973, del
Hoyo 1994). We reiterate that until it is
changed by mutation, the mtDNA of the
maternal species involved in a hybridization
event will appear unchanged in every genera-
tion of the matriline descending from the
female in the original hybridization. In the
case of Crax spp, the external phenotype of
male progeny from females on that matriline
could come to resemble the paternal parent
in the original cross if the males are derived
through repeated backcrossing to individuals
of the paternal species. For an example of
this phenomenon see Joseph & Moritz
(1993). Therefore, unpedigreed birds used in
this study that had the external phenotype of
one species could easily carry the mtDNA of
another species. A corollary of this argument
is that the mtDNA of wiridirostris that we
observed as being identical to that of dauben-
tfoni may in fact have been of another species
if hybridization events had occurred in the
ancestry of the captive daunbentoni individuals
we used. The same might be said of our
observation that the mtDNA of estudillo is
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identical with that of a/berti but in that case
one of the albert; individuals was a wild-caught
bird. Nonetheless, we consider these possibil-
ities unlikely if only because two individuals
of both daubentoni and alberti were involved. In
conclusion, until a phylogenetic analysis of
Crax spp is done with wild-caught individuals,
it would be premature to attach much signifi-
cance to the paraphyly we have observed
among these species. Rather, we suggest that
it should flag awareness in later work of the
possible presence of paraphyly in these spe-
cies.

ACKNOWLEDGMENTS

We acknowledge the generous assistance of
Dr Jesus Estudillo Lopez in helping us study
this problem and we are also grateful to Drs
D. Amadon and R.S. Ridgely for encouraging
us to attempt its resolution. Dr Robert Prys-
Jones of the Natural History Museum, Tring,
gave permission for a small sample of bone to
be taken from the unique individual of C. virs-
dirostris, that task having been done by Dr R.
Fleischer. Dr ].V. Remsen, Jr. and Donna
Dittmann at the Museum of Natural Science,
Louisiana State University, kindly made avail-
able some of the material they hold from the
unique individual of C. estudilloi (prepared by
Steven W. Cardiff) and of other cracids as
shown in Table 1; Dr Remsen commented on
the manuscript. Dr Rochelle Plassé of the
Cracid Specialist Group, Dr Joe Flanagan and
Lee Schoen of the Houston Zoo and Drs
Patrick Morris and David Rimlinger, and
Anne Sawyer of the San Diego Zoo all gener-
ously supplied critical samples of other Crax
species. Generous help in preparing illustra-
tions was offered to the artist by Drs Jesus
Estudillo Lopez, Joseph Lindholm,Josep del
Hoyo, Rochelle Plassé, Robert Ridgely and
Stuart Strahl, and Rae Anderson, Peter Col-
ston, Diane Madsen, and Guy Tudor. Genet-
ous help was also offered either as technical

140

assistance, materials, comments on the manu-
script, helpful discussions or encouragement
by L. Belasco, D. Brooks, P. Escalante, C.
Hughes, H. Hotz, C. Spolsky, S. Strahl, T.
Uzzell and T. Wilke. G. Seutin and one anony-
mous reviewer made helpful comments on
the manuscript.

REFERENCES

Austin, . J., A. B. Smith, & R. Thomas. 1997. Palae-
ontology in a molecular world: the search for
authentic ancient DNA. TREE 12: 303-306.

Beckman, K. B.,, M. F. Smith, & C. Orrego. 1993.
Purification of mitochondtial DNA with Wiz-
ard minipreps DNA  purification
Promega Notes 43: 10-13.

Blake, E. 1955. A collection of Colombian game
birds. Field. Zool. 37: 9-23.

Cardiff, S. W, & J. V. Remsen, Jr. 1994. Type speci-
mens of birds in the Museum of Natural Sci-

system.

ence, Louisiana State University. Occ. Pap.
Mus. Nat. Sci. 68: 1-33.

Delacour, J., & D. Amadon. 1973. Curassows and
related birds. American Museum of Natural
History, New York.

Desjardins, P, & R. Morais. 1990. Sequence and
gene organization of the chicken mitochondrial
genome: a novel gene order in higher verte-
brates. J. Mol. Biol. 212: 599—634.

Greenberg, R., P. Cordero, S. Droege, & R. Fleis-
cher. 1998. Morphological adaptation with no
mitochondrial DNA differentiation in the plain
swamp sparrow. Auk 115: 706-712.

Higgins, D. C., A. J. Bleasby, & R. Fuchs. 1992.
CLUSTAL-V: improved software for multiple
sequence alignments. Comp. App. Biosci. 8:
189-191.

del Hoyo, J. 1994. Family Cracidae (chachalacas,
guans and curassows). Pp. 310-363 ir del
Hoyo, J., A. Elliott, & J. Sargatal (eds.). Hand-
book of the birds of the world, Vol. 2. Lynx
Edicions, Barcelona.

Joseph, L., & C. Moritz. 1993. Hybridization
between the Atherton and White-browed
Scrubwrens: detection with mitochondtrial
DNA. Emu 93: 93-99.

Lopez, J. E. 1977. New species of curassow discov-



ered. Game Bird Breeders, Aviculturists, Zool-
ogists and Conservationists’ Gazette 26 (6): 6—
7.

Paynter, R. A. 1992. Ornithological gazetteer of
Bolivia. Museum of Comparative Zoology,
Harvard.

Remsen, J. V,, Jr., & M. A. Traylor. 1989. Anno-
tated list of the birds of Bolivia. Buteo Books,
Vermillion, South Dakota.

Sclater, P. L. 1875. On the curassows now or lately
living in the Society’s gardens. Trans. Zool.
Soc. Lond. 9: 273-288.

Sclater, P. I.. 1879. Supplementary notes on the
curassows now or lately living in the Society’s
gardens. Trans. Zool. Soc. Lond. 10: 543-546.

Sibley, C., & J. Ahlquist. 1990. Phylogeny and clas-
sification of birds. Yale Univ. Press, New
Haven.

DNA EVIDENCE ON THE IDENTITY OF CRAX SPP

Swofford, D. 1993. Phylogenetic analysis using
parsimony. Version 3.1.1s. Illinois Natural His-
tory Survey, Chicago.

Taibel, A. M. 1950. Genesi della especie Crax virid-
irostris Sclater alla luce della sperimentazione
ibridologica. Boll. Zool. 17 Suppl.: 543-547.

Vaurie, C. 1967. Systematic notes on the bird fam-
ily Cracidae. No. 9 The genus Crax. Am. Mus.
Novitat. 2305: 1-20.

Vaurie, C. 1968. Taxonomy of the Cracidae (Aves).
Bull. Am. Mus. Nat. Hist. 138: 133-258.

Vuilleumier, E, M. LeCroy, & E. Mayr. 1992. New
species of birds described from 1981 to 1990.
Bull. Br. Ornithol. Club Suppl. 112A: 267-309.

Vuilleumier, F. & E. Mayr. 1987. New species of
birds described from 1976 to 1980. J. Ornithol.
128: 137-150.

141



(44"

APPENDIX. Alignments of light strand cytochrome b and t-lys/ATPase 8 sequences examined in this study from
Crax spp. Sequences are given in the 5’ to 3’ direction from left to right, top to bottom. Sample numbers
(see Table 1 for details) of the indicated individuals are as follow: estudilloi B29828; albertil - 6184;
alberti2 - 10006; viridirostris — NHM 1889.6.1.302; daubentonil - 6304; daubentoni2 - 6305; rubral - B14200;
rubra?2 - B10362; fasciolatal - B18929; fasciolata2 - B16810; globulosal - B10360; globulosa2 - B5359;
alector — ANSP 8225.

1. Alignment of cytochrome b sequences.

estudilloi ACCCAAATCCTCACTGGCCTCCTACTGGCCATACACTACACTGCAGACACTACCCTCGCCTTCTCCTCCGTAGCTCATAC
1= 30 8 o1 e 1
L= 3 o1 e 1
VIPIAITOSELIS vttt ittt ittt ittt ittt teneseneeenns Gttt it i it i i i e e c..C..
daubentoni2 o i i i e e e Gttt i ittt i i e e e c..C..
rubral e i e i 2 Gttt it i it it i it i e i e e C..
a0 o = Gttt i i i i e e Gevvvnnnn
fasciolatal i e i e i e e e e e e e Gttt it i it i i i e Gevvvnnnn
FAasCIiolata@lZ vt e e e e e e e Gttt i it i i i e Gevvvnnnn
globulosal @ i i i e e e e Toweiieennn Gt ittt i i i i e [C
GLoDULOSA2 v e e e e e e e e Gt i it i i it i e Tttt ii i
AleCctor i e i e e e Toweiineennn Gttt it i i i i e Gevvvnnnn
estudilloi ATGCCGGAACGTCCAGTATGGCTGACTAATCCGCAACCTACACGCAAACGGTGCCTCATTCTTCTTCATCTGCATCTACC
1= 3 o1 T e 1
1= 3 o1 e 1
viridirostris ...... ittt e e e e i e e L
daubentoni2  ...... Dt ettt e et e e i e e e T
rubral = i i i Gttt it i i i i i e i e Gt i e i i e e
rubra?2 T AL e Bt et e i e i i e e e e Gttt i e i i e e
fasciolatal T AL e e e e e i e i e i e e e et i i i e i e e
fasciolata2 T AL e et et it i i e e e Gttt i e i e i e e e
globulosal WTU AL e Ao T oot e ettt ittt Co i ettt i it i i e
globulosa2  ...... Aueiiininnnn Coe ettt i i i i e i e Co e e ettt i it i e i

alector ..., Avevvnnnn Ao T oot ettt ittt Co i ettt ittt i i

T L HAASO[
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APPENDIX. Continuation.

Alignment of cytochrome b sequences. Continuation.

estudilloi TGCACATTGGCCGCGGCCTCTACTACGGCTCATACCTTTACAAGGAAACCTGAAACACAGGAGTTATCCTCCTACTAACGCTTATAGCAACTG
L= 08 2T o 1
L= 08 5T o o 1
Viridirostris .C.uevieeeernnnns T oo ettt n i eateaennonsenns Dt iin i Gt it i i et 2
daubentoni?2 i e T et ettt e et aeennoannnns Dt ii e I 3
rubral e i i e e e e e e e R L 2 3
rubra? i e e T et ittt i e n s ntenssnsnnns At iii i N GTA. it ii i
fasciolatal C i i e Tt et nsnsennenenenennnns Attt Gt ittt it GTA. e vt nnnnns
fasciolata2 O T oottt t e e eennnnnnnnnns Attt inenns [ GTA. ettt en s
globulosal Covnnn Covinnnnnn T oot ettt ittt Attt i i e i e e e GTA. . i i i
globulosa? C e Tt ettt ettt ettt e it i e i e e e 3
alector Covnnn Covinnnnnn T et ettt et asenneannnns Bl et e ettt et e e GTA. .ttt ie i

2. Alignment of t-lys/ATPase 8 sequences. The first 70 bp are from the t-lysine gene and the start codon of
the ATPase8 gene is underlined.

estudilloi ATTAAGAAGCTATGAATCAGCACTAGCCTTTTAAGCTAGAGAAAGAGGCCCACCCATCCTCCTTAATGGCATGCCTCAGCTAAA
L= 1 o1 o 1

Viridirostris 2222222 22 2 2 2 2 Yt iG e it i i it et e et e A
daubentonil i e e e e e s L 2
daubentoni2 @ i e e i e e e e S Dt in i i
rubral i Geve? i iiii i . D et e e A.?2...
rubra2 = o e N I C I 2..Geiii, e Gttt it ittt it i et A.....
£asciolatal i et e e e e e [ [ C..A.....
fasciolatal  ciiiii it (G L Cinininiananannnns ?2C..A . ...
globulosal ..ttt Geve?iiiinnnnn [ Cetn it i ittt A.o...

ddS XP D 10 ALLLNHAI HHIL NO HONHAIAHT VNd
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APPENDIX. Continuation.

Alignment of t-lys/ATPase 8 sequences. Continuation.

T .LH HAASO[

estudilloi CCCAAATCCATGATTTATCATCTTCCTATTGACATGATTAACCCTCTCCCTGCTTATTCAACCAAAATTGTTATCATTTACCCC
L= oY= ok o3 1
Viridirostris c.vevevesens L Ao Civinnnnnnnn Attt it
daubentonil  ............ [ N A..... [ At
daubentoni2  ...i0ieie... L R Ao, Covinnnnnnns Attt
rubral P € CoCuiviiininnnn Bttt Tttt it enenans Cov it i i tiie i
rubra2 0 i N
fasciolatal  ............ [ Coneeieeeeeenn
fasciolata2  ...iiiiivnnn L Covvniii e
globulosal — ............ L

estudilloi AACAAACCCTCCATCAAACAAAGCCCTGGTAACTAAAACCACCCCATGAACCT

Albertil i i e e e et it e s
viridirostris ........ TC e et ettt ienannnns AC. . i ennnnnn Teeeenennn
daubentonil  ........ TC ittt it i iannns AC. . v vinvnnnnn Tevinnnnns
daubentoni2  ........ TC e it ettt ianananns AC. . vt ennnnnn Teeeennnnn
rubral ..., Gttt it 2
rubra2 = i Coti et it i i A.Civivennnn N Geviewnnn
fasciolatal  ......... Chotie it iin i 72N ?
fasciolata2  ....ve... Ci it ii it i 2 22727227

globulosal — ......... Gttt A.Civivinnnn 2., G




