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ABSTRACT

Within developmental biology, the digits of the wing of birds are considered on
embryological grounds to be digits 2, 3 and 4. In contrast, within paleontology, wing digits are named
1, 2, 3 as a result of phylogenetic analysis of fossil taxa indicating that birds descended from theropod
dinosaurs that had lost digits 4 and 5. It has been argued that the development of the wing does not
support the conclusion that birds are theropods, and that birds must have descended from ancestors
that had lost digits 1 and 5. Here we use highly conserved gene expression patterns in the developing
limbs of mouse and chicken, including the chicken talpid2 mutant and polydactylous Silkie breed
(Silkie mutant), to aid the assessment of digital identity in the wing. Digit 1 in developing limbs does
not express Hoxd12, but expresses Hoxd13. All other digits express both Hoxd12 and Hoxd13. We
found this signature expression pattern identifies the anteriormost digit of the wing as digit 1, in
accordance with the hypothesis these digits are 1, 2 and 3, as in theropod dinosaurs. Our evidence
contradicts the long-standing argument that the development of the wing does not support the
hypothesis that birds are living dinosaurs. J. Exp. Zool. (Mol. Dev. Evol.) 304B:86–90, 2005. r 2005
Wiley-Liss, Inc.

INTRODUCTION
A remarkable difference currently exists between the fields of developmental biology and
paleontology regarding the naming of the digits of
the tridactyl wing of birds. Within developmental
biology, wing digits are named 2, 3 and 4. This
identification is supported by the position of the
primary axis of cartilage formation, a conserved
sequence of cartilage formation and spatial proximity among skeletal elements of developing limbs
which runs along the ulna and digit 4 in
pentadactyl amniotes (Fig. 1a i-ii; Oster et al.,
’88; Burke and Feduccia, ’97), including crocodiles
(Müller and Alberch, ’90), the closest living
relatives of birds. In the wing, the primary axis
is observed to run through the ulna into the most
posterior functional digit, suggesting that this
digit is the 4th and, by inference, that the digits
anterior to it are digits 2 and 3 (Fig.1a iii;
Hinchliffe, ’84; Burke and Feduccia, ’97; Hinchliffe, 2002). Additionally, small mesenchymal
condensations flanking the developing functional
digits are present in the embryonic wing that can
be interpreted as vestiges of digital condensations
1 and 5 (Fig. 1a iii; Larsson and Wagner, 2002;
Kundrát et al. 2002; Nowicki and Feduccia, 2002),
r 2005 WILEY-LISS, INC.

providing further support to the 2, 3, 4 identification of wing digital condensations (Fig. 1a iii).
The embryological nomenclature of the wing
digits is in contrast with that used in the field of
paleontology. Extensive phylogenetic analyses of
fossil taxa have repeatedly indicated that birds are
living theropod dinosaurs (Holtz, ’98; Sereno, ’99;
Witmer, 2002). The three-fingered theropod ancestors of birds had lost digits 4 and 5, as indicated
by the presence of reduced digits 4 and 5 in early
theropods, and the striking morphological resemblance of the three remaining digits to those of
Archaeopteryx (Fig. 1b i-vi; Ostrom, ’77; Sereno,
’93; Padian and Chiappe, ’98; Wagner and Gauthier, ’99). This has led to the alternative naming
of the digits of the wing of birds as digits 1, 2 and
3. The apparent discrepancy between paleontological and developmental information has led to
fundamentally different interpretations. It has
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Fig. 1. Digital identity in the bird wing. (a) Schematic
representations of developing limbs. (i) early stage (ii) late
stage of a pentadactyl limb (iii) embryological naming of
digital condensations (iv) digital identity as suggested by the
evolutionary origin of birds and the expression of Hoxd12 and
Hoxd13. (b) Phylogenetic homology of the wing digits to digits
1, 2 and 3 of dinosaurs. Taxa to the right share a more recent
common ancestor with living birds (Neornithes). (i) Heterodontosaurus (ii) Coelophysis (iii) Deinonychus (iv) Archaeopteryx (v) Sinornis (vi) duck embryo (day 12.5).

Fig. 2. Expression of Hoxd12 (left) and Hoxd13 (right) of
developing limbs. (a) Forelimb of wildtype mouse (stage 12.5,
n¼6 for each gene) (b) Foot of wildtype chicken (day 8, n¼8)
(c) Foot of the Silkie chicken mutant (day 8, n¼8) Hoxd12 is
expressed in ectopic digit 2 (d) Foot of the talpid2 chicken
mutant (day 7, n¼2). No digit 1 is formed. (e) Wing of the
chicken (day 7, n¼8) (f) Wing of the chicken (day 8, n¼7).
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been argued that the embryological condition of
the bird wing does not support the proposal that
birds are theropod dinosaurs, and that birds must
have descended from an ancestor that had already
lost digits 1 and 5 (Burke and Feduccia, ’97;
Feduccia, ’99a,b; Galis et al., 2003; Feduccia,
2003). Alternatively, the well supported relations
of birds among theropod dinosaurs have led to
different proposals of change in the embryological
pathway of digits 1, 2 and 3 (Chatterjee, ’98;
Garner and Thomas, ’98; Wagner and Gauthier,
’99). One of these hypotheses (Wagner and
Gauthier, ’99; Larsson and Wagner, 2001) proposes that a homeotic transformation of the
identity of digital condensations has occurred,
such that digital condensations 2, 3 and 4 actually
develop into digits 1, 2 and 3.
Here we introduce molecular evidence to aid the
assessment of digital identity in the wing of birds.
Recent work has shown that a signature pattern of
expression of the Hoxd12 and Hoxd13 genes is
related to the development of digit 1 (Chiang et al.,
2001; Litingtung et al., 2002; Ros et al., 2003). At
late stages of both mouse and chicken embryos
(12.5 dpc in mouse, day 5 in chicken and later),
Hoxd12 is not expressed in digit 1, but it is
expressed in all other digits (Knezevic et al., ’97;
Chiang et al., 2001; Ros et al., 2003; Chen et al.,
2004). Hoxd13, in turn, is expressed in all digits,
including digit 1 (Fig. 1a ii; Chiang et al., 2001;
Ros et al., 2003; Chen et al., 2004). The use of the
expression patterns of Hoxd12 and Hoxd13 to
identify digit 1 is further supported by experiments in mouse indicating the expression pattern
of these genes is causally relevant for normal
development of this digit. Forced expression of
Hoxd12 in all digits leads to homeotic transformation of digit 1 to a more posterior identity, as
suggested by increased length and the presence of
three phalanges (Knezevic et al., ’97). The knockout of Hoxd13 leads to abnormal development of
digit 1, which is shorter and presents fusion of
both phalanges into a single element (FromentalRamain et al., ’96; Zákány et al., ’97).
We examined and analyzed the expression of
Hoxd12 and Hoxd13 in late stages of mouse and
chicken embryos. To test further whether the
expression of these genes can be used to distinguish digit 1, we also examined mutant chickens in
which the antero-posterior patterning of the
autopod is affected. We have synthesized molecular evidence that identifies the anteriormost
functional digit of the wing to be digit 1, in
accordance with the 1, 2, 3 identity of the wing
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digits as observed in the hand of theropod
dinosaurs (Fig. 1a iv).
MATERIALS AND METHODS
In situ hybridizations were carried out in
developing limbs at late stages, when individual
digits can be easily identified. Mouse embryos
were collected at 12.5 dpc. Embryos of wildtype
chicken were collected at 7 and 8 days of
incubation. Embryos of the chicken polydactylous
Silkie breed were collected on day 7 and day 8.
Embryos of the chicken talpid2 mutant were
collected on day 7 of incubation. Embryos were
then fixed overnight in 4% paraformaldehyde,
rinsed in PBS, dehydrated in a sequence of
methanol concentrations and preserved in methanol 100% at 201C. Antisense probes for chicken
and mouse Hoxd12 and Hoxd13 labeled with
digoxigenin were prepared to visualize the transcripts of these genes in the developing limbs.
In situ hybridization was carried out following
standard procedures described by Nieto et al.
(’96). Hoxd12 and Hoxd13 cDNA probes were
obtained from C. Tabin (chick) and D. Duboule
(mouse). Chick polydactylous Silkie breed and
talpid2 mutants were obtained from chicken
flocks maintained at the University of WisconsinMadison.
RESULTS AND DISCUSSION
In both forelimbs and hindlimbs of the mouse,
and in the hindlimb of the chicken, there is no
controversy regarding the identity of digit 1. In all
of these limbs, the biphalangeal digit 1 expresses
Hoxd13 but does not express Hoxd12. All other
digits express both Hoxd12 and Hoxd13 (Fig. 2
a,b). Additionally, the expression pattern related
to digit 1 formation is also conserved in mutants
presenting an altered antero-posterior patterning
of the autopod. In Silkie mutants, an ectopic digit
frequently develops anterior to digit 1. This
ectopic digit closely resembles digit 2 in being at
the same time triphalangeal, longer than digit 1,
and shorter than digit 3 (which has four phalanges
in the foot). Despite its anterior position, this
ectopic digit expresses Hoxd12 according to its
morphological resemblance to digit 2 (Fig. 2c).
Expression of Hoxd12 in Silkie mutants remains
absent in digit 1. In the talpid2 mutant, survivors
to late stages form hindlimbs with only posterior
digits, and a digit 1 does not form (Litingtung
et al., 2002). In the talpid2 mutant, absence of

digit 1 is accompanied by coincident expression
of Hoxd12 and Hoxd13 along the entire autopod
(Fig. 2d). The expression of Hoxd12 and Hoxd13
has also been shown to relate to the development
of digit 1 in the limbs of mutant mice (Litingtung
et al. 2002). In Gli3/ or Shh/Gli3/ mice,
posteriorized limbs where no digit 1 is formed, a
coincident expression of Hoxd12 and Hoxd13 is
reported along the entire digital arch, resembling
that found in the chicken mutant talpid2. In the
Shh/Gli3þ/ mouse, additional biphalangeal digits resembling digit 1 are reported not to express
Hoxd12 but to express Hoxd13 (Litingtung et al.,
2002). It is notable, therefore, that in the wing of
the chicken, expression of Hoxd12 is absent in the
anteriormost digit, and expression of Hoxd13 is
present (Fig 2 e,f). Despite the fact that this digit is
considered to develop from digital condensation 2,
the expression of Hoxd12 and Hoxd13 suggests it
is digit 1 (Fig. 1a iv). A digit 1 identity for the
anteriormost digit of the wing is also suggested by
its biphalangeal morphology. The difference between biphalangeal digit 1 and triphalangeal digit
2 is present in most pentadactyl amniotes (Carrol,
’88) and is found as far back as the ancestors
shared with the Devonian pantetrapod Tulerpeton
(Wagner and Gauthier, ’99).
Published analysis of Hox gene expression in
chicken limbs at early stages, previous to the
morphological definition of individual digital condensations, is not of much help for distinguishing
the precursor cells of digit 1 (Nelson et al. ’96).
The signature expression pattern allowing identification of digit 1 may not be fully established until
later stages. Other descriptions of early stages
report that expression of Hoxd13 is absent in the
precursor cells of digit 1 (Vargesson et al., ’97;
Zákány et al., 2004). Cells of digit 1 must therefore
acquire the expression of Hoxd13 at later stages.
Strong support for this view is indicated by the
aforementioned observation that, in the absence of
Shh function in both mouse and chick limbs, only
a digit 1 forms (Chiang et al., 2001, Ros et al.,
2003). In limb bud stages of Shh/ and oligozeudactyly mutants, Hoxd13 is initially expressed in
limb buds and then becomes undetectable. However, Hoxd13 is re-expressed as a prelude to the
condensation of the single biphalangeal digit that
then forms; Hoxd12 is not expressed at this time
(Chiang et al., 2001; Ros et al., 2003). It is
reasonable to conclude that there is a digit 1
specific locus in the Hoxd13 promoter and its
function is Shh independent. Despite recent fossil
evidence, such as the discovery of feathered
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oviraptorid and dromaeosaurid theropods (Ji et al.,
’98; Xu et al., 2003), doubt on the ancestry of birds
has persisted due to the argument that the
development of the wing does not support the
relationship of birds among theropods (Galis et al.,
2003; Feduccia, 2003). In contrast, our molecular
evidence on wing development is in accordance
with a 1, 2 and 3 identity of the wing digits, as
expected for theropods. The question of whether
birds are theropods is fairly general and an
abundance of fossil taxa are available to answer
it (Witmer, 2002). Developmental observations,
although apparently compelling, must be regarded
with caution when used as substitutes for phylogenetic analysis in identifying the relationships
among organisms.
The combined evidence indicating the anteriormost functional digit of the wing is digit 1 opens
an interesting question regarding the identity of
the anteriormost transitory mesenchymal condensation, which has been proposed to be a vestige of
digital condensation 1. According to the hypothesis of a homeotic transformation, the development of digits 1, 2 and 3 was taken over by digital
condensations 2, 3 and 4. From this perspective,
the anteriormost mesenchymal condensation may
correspond to a dormant digital condensation that
developed into digit 1 before the occurrence of the
homeotic transformation (Larsson and Wagner,
2002). Recent work on the development of digital
identity has shown that digital condensations
remain undetermined until late stages, allowing
for the experimental homeotic transformation of
digital identity (Dahn and Fallon, 2000). This
suggests that the natural occurrence of homeotic
transformation of digits is developmentally possible. The hands of kiwis and tyrannosaurs may
represent further cases of natural homeotic
transformation of digits (Wagner and Gauthier,
’99). An alternative interpretation is that the
anterior transitory mesenchymal condensation of
the wing is comparable to a prepollex. The
prepollex is a small mesenchymal condensation
found anterior to digit 1 in the embryos of such
distantly related tetrapods as the frog, opossum,
and guinea-pig (reviewed in Galis et al., 2001).
Generally the prepollex resembles the anteriormost mesenchymal condensation of the bird wing
in being small-sized and transitory, without
developing into a digit, but in some anuran species
it can ossify and even present several phalanx-like
elements (Fabrezi, 2001).
The expression of Hoxd12 and Hoxd13 in
relation to digit 1 formation both in the hand
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and foot of the distantly related mouse and
chicken suggests this signature pattern will be
present in most amniotes. Although within developmental biology the naming of the wing digits as
2, 3 and 4 has become a standard procedure, our
molecular evidence in combination with the
evolutionary origin of birds suggests these digits
are in fact 1, 2 and 3.
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