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Abstract

Natural selection has sculpted tetrapod limbs and digits into a tremendous morphological
diversity, but the underlying developmental mechanism remains unclear. This leads to an
enduring debate concerning the identity of the three digits of bird wing. Here we use comparative
digit transcriptomics across six tetrapod species to examine gene expression signatures of digit
evolution. Here we show that the avian wing digits are homologous to reptilian forelimb digits
1,3,4. We find that birds uniquely increase fore-hindlimb transcriptome divergence during
development, relaxing constraints and facilitating wing and foot digit specialization. We identify
many limb- or digit- identity associated genes that have a biased expression between fore- or
hind-limb, or toward specific digits. There are more limb and digit biased genes among the avian
lineages than in other tetrapod lineages. Our work reveals ancient regulatory networks that
maintain limb and digit molecular identity through persistent differential expression. We also
show that this conserved network does not preclude independent digit evolution, especially when

developmental constraints are reduced.



Introduction

Crown tetrapods have evolved remarkable interspecific variations in limbs, particularly in the
number and morphology of hand or foot digits from a pentadactyl ancestor dated about 350
million years ago!. This comprises one of the most prominent examples for adaptive evolution,
by which an appendage is sculpted for different locomotive (e.g., running, flying and swimming)
and prehensile functions. Hence the evolutionary and developmental mechanisms of limb and
digit patterning are at the forefront of interdisciplinary studies, which in turn generate many
enduring controversies among paleontologists, evolutionary-, and developmental biologists?.
Most of these controversies reflect the prevalent difficulty or the inconsistency in establishing
homology of traits across species (e.g., fish fin and teleost limb®) using different (e.g.,
morphological vs. gene expression) criteria®. One classic debate that has lasted for nearly 200

yearSS, 6,7,8,9,10

concerns the identities of avian wing digits. Extant adult birds have between one
and three wing digits, and between two and four foot digits. Traceable reduction of forelimb digit
numbers from five to three in fossils from the more distant to their closer avian relatives provides
a key evidence for the dinosaur origin of birds!. It also supports a parsimonious scenario that the
avian ancestor might have lost the digit 4 (ring finger) and 5 (pinky), i.e., with an identity of
1,2,3 of the remaining digits during the limb-to-wing transition. However, embryological and
transcriptome data of chicken embryonic digits suggest an identity of either 2,3,4" 1213 or 1,3,4%
11,14 respectively. The outcome of the ongoing debate about interpretations of digit identity from
different biological disciplines not only has broad implications for inferring homology of many
other serial homologous body parts (e.g., vertebrae) but provide a testable paradigm to advance
our understanding of the concept of homology.

Two mutually non-exclusive hypotheses have been proposed to reconcile the issue, and
both acknowledge the most anterior digit (MAD) has a distinguished expression profile from
others during its outgrowth. The difference is that the MAD hypothesis emphasizes the
distinctive expression pattern of 5’-Hox genes at the MAD, i.e., activation of Hoxal3, and
reduced expression of Hoxd12, regardless of its positional identity. It even questions the
necessity of distinguishing between non-MAD digits or numbering them with different
identities™. This seems to be supported by a recent work that found almost no transcriptional

factor that is differentially expressed among non-MAD digit positions and that is shared among



all tetrapods*. While the ‘frameshift’ hypothesis acknowledges the existence of digit identity
and does not focus on specific genes. It assumes the digit identity is not rigidly linked to a
condensation position (“positional identity’) specified in the limb bud but that in birds the wing
digit 1 with a distinguished expression profile from others during its outgrowth (‘outgrowth
identity 1°, D1) grows at the condensation position of digit 2 (positional identity 2, C2)°. Both
hypotheses were recently challenged by a broad examination across 18 amniotes of three
posterior Hoxd genes’ expression in their digits!’ that showed many species-specific variations of
expression in the most anterior digit; although some cases of variations could reflect species-
specific degeneration (e.g., the emu wing) or adaptation (e.g., the mole limbs®8). Another
challenge specifically to the MAD hypothesis is that in the silkie mutant with polydactyl, the foot
has a digit with the morphology and gene expression of digit D1 but is not the most anterior
digit!®, showing that digit position does not necessarily determine the developmental digit
identity.

The mechanism of such evolutionary lability of digit identity can be understood with
respect to sequential phases of limb development?® 2122, Natural selection can target genes that
function at any phase of development and convergently impact the eventual number and
morphology of digits. For example, digit loss in artiodactyl mammals and jerboa are caused by
mutations either tinkering with the expression of Sonic hedgehog (Shh) receptor PTCHL1 in the
early stage of limb bud?3, or those causing apoptosis of digit cells at a much later stage®*. The
classic morphogen model, proposed by Wolpert back to the 1960s, proposes that Shh from the
Zone of Polarizing Activity at the posterior part of limb bud instructs the positional identity of
digits along the anterior-posterior (AP) axis?®. However, recent studies suggested the
requirement for Shh for digit specification is very time-restricted and involves a downstream
relay signal that is still not known?®. On the other hand, studies in chicken hindlimb showed that
each digit is characterized with a unique SMAD1/5/8 activity specified by the BMP signaling at
each respective posterior interdigit tissue?’. In short, models for specifying the early digit
positional identity remain controversial?®. What generates the molecular fingerprint of the late
outgrowth identity of each digit also remains unclear.

In this work, we collected and compared transcriptomes of individual developing digits in
hindlimbs and forelimbs across six representative species spanning the tetrapod phylogeny (Fig.



1a), to elucidate the development and evolution mechanisms underlying the interspecific
variation of digits. Previous works used the four chicken hindlimb digits as reference to infer the
outgrowth identities of three forelimb digits® . A better solution is to align the avian digits of
respective limbs against those of their pentadactyl outgroup. Moreover, little attention has been
paid to the molecular and functional disparity between the fore- and hind-limbs (FL-HL), despite
it has been known for long that they are initiated by different (Thx5 or Thx4) transcription
factors?®. Such disparity is expected to be greatly amplified in birds and humans, the only two
groups of animals that independently evolved obligate bipedalism (compared to facultative
bipedalism in some lizards and other primates)®°. In this work, besides revisiting the two
hypotheses about avian digit identity™ ¢, we propose and test a new hypothesis here that
obligate bipedalism has contributed to overcoming ancient FL-HL developmental constraints and
facilitated the functional specialization of avian digits. Besides the varied number of digits of
both wings and feet, birds exhibit a great diversity of digit configurations in the foot. For
example, toe orientation (e.g., anisodactyl of most passerines vs. zygodactyl of parrots) has been
proposed to have played an important role during the avian speciation! 3233, With the newly
identified molecular fingerprint genes of each individual digit of each species, we reconstruct the
stepwise integration of different genes into the regulatory network specifying the digit outgrowth

identity during tetrapod evolution.
Results

Digit transcriptome and molecular fingerprint genes

We choose to study three birds (chicken, ostrich, emu), two reptiles (Siamese crocodile and
Chinese softshell turtle), and one amphibian, the axolotl, taking both the phylogenetic breadth
and digit diversity into account (Fig. 1a). To study development and molecular evolution of
these species’ digits, we collected a total of 112 transcriptomes of limb bud and individual
developing digits. Samples were collected in replicates with high repeatability (Pearson’s
correlation, P<0.001, R>0.9, Supplementary Fig. 2), separately from forelimbs and hindlimbs
spanning three developmental stages, i.e., Hamburger-Hamilton stage 21 (HH21, limb bud),
HH28 and HH32 (digits) of three birds, and corresponding stages of other species
(Supplementary Data 1) according to the limb morphology. All studied species but axolotl

(Supplementary Note) do not exhibit pronounced heterochrony between FL-HL morphology in



development®*. Each digit was dissected with its posterior interdigital tissue, i.e., the digit-
specific outgrowth identity signaling molecules®. The digit samples are named as C1 to C5 from
anterior to posterior reflecting their positional identity. The avian wing digits hence were labeled
as C2,3,4° (Fig. 1a).

This large transcriptome dataset allows us to define the molecular fingerprint genes (MFG)
as those genes that are preferentially upregulated or downregulated in a certain digit relative to
others in either hindlimb or forelimb in at least one of two sampled stages, based on the
distribution of expression breadth matrices of all genes across all digit samples (Materials and
Methods). The MFGs defined here are used to be cross examined with the previously reported
characteristic genes for each digit. More importantly, they enable later comparison of individual
digit to understand the specific evolutionary changes of likely different functional categories
across stage and species. Indeed, the differential expression patterns of these genes are consistent
with their reported RNA in situ hybridization results among mouse or chicken digits
(Supplementary Data 2). Particularly, identification of MFGs in most digits indicates existence
of their molecular identity other than the MAD (see below). While the other global analyses,
including the unsupervised clustering of these digit transcriptomes and the total numbers of
differentially expressed genes (DEGs) between any of the two digits are used for establishing the
homologous relationship and comparing the overall digit divergence level between different
species, as performed in*,

By including published data'* of two other species, the green-anole lizard, and the mouse, in
the subsequent analyses, this work comprises the largest limb/digit comparative transcriptome
dataset known to date. Overall, birds have a significantly (Proportion test, P < 0.05) higher digit
individuality, measured by normalised number of differentially expressed genes (DEGs) between
any of the two digits (Supplementary Fig. 3, Supplementary Data 3), than other studied
tetrapods. This provides evidence for greater developmental individuation and possibly
functional specialization of avian digits. Among the studied non-avian reptiles, the anole lizard
was shown to have an extremely low level of digit individuality®*. This is probably a derived
state, because we found in this work crocodile, turtle and mouse have a similarly higher level of
digit individuality than the anole (Supplementary Fig. 3). Both turtle and crocodile are

pentadactyl from embryo to adult except for the crocodile HD5 (Fig. 1a), and they are known to



have a much slower genome evolution rate than other vertebrates®®. This makes them a more

appropriate reference than other tetrapods to be compared with birds.

Evidence for the frameshift and MAD hypotheses about the avian digit identity
To resolve the digit identity of birds, we aligned the transcriptome of individual digit of birds
against those of turtle and crocodile by hierarchical cluster analysis (HCA) of limb-related genes
(Materials and Methods, Supplementary Fig. 4). Under the frameshift hypothesis'*, we
expected that the avian C2 wing digits to be clustered with the crocodile/turtle C1/D1 (in
pentadactyl species, C1 is equal to D1 and so on) digits, or other mismatches in any digit
between its positional and outgrowth identities. Interestingly, while we confirm frameshift of
wing digits, we unexpectedly found evidence of frameshift also in foot digits: the C2 digits of all
three bird species, except for the ostrich lacking the C2 foot digit, are clustered with the C1
forelimb and hindlimb digit of crocodile/turtle, supporting that in both avian wings and feet, a
digit with a D1 outgrowth identity grows from a C2 position (Fig. 1b). PCA analyses between
forelimb and hindlimb digit transcriptomes within each bird showed consistent clusterings of
forelimb C2 with hindlimb C1% * (Supplementary Fig. 5). In avian feet, the clustering of both
C1 and C2 digits with a non-avian reptilian D1 suggests a possible two-step model of how the
frameshift could have occurred: the digit at the C2 position first substituted its outgrowth identity
with D1, followed by the loss of digit at the C1 position. Most other wing digits C3 and C4 of
three birds, except for the ostrich wing digit C4, do not show frameshifts and are clustered
respectively with the reptilian D3 and D4. These results together support that of Stewart et al.
2019 and an avian wing digit identity of 1,3,4, as well as the hypothesis of Xu and Mackam?Z.
We discovered here other new cases of frameshift, they include the ostrich foot C5 and axolotl
foot C5 clustered with the reptilian D4, and the emu foot C3 and C4 digits clustered respectively
with reptilian D4 and D5. Unlike MAD, few genes have been previously reported to have
specific or biased expression patterns in other digits. These newly inferred cases of frameshift
require future tests of the newly identified genes (e.g., Hoxc12, Bmp3) shared between digits of
different positions between different species (Supplementary Data 4).

A second expectation from the frameshift hypothesis is that digits of one positional
identity would be characterized with MFGs indicating another outgrowth identity. Indeed, MFGs

of most frameshifted digits (e.g., avian wing digits C2) have the highest overlapping percentage



with the orthologous MFGs of another digit in the non-avian reptiles (e.g., FD1) (Fig. 1c,
Supplementary Fig. 6), except for certain digits influenced by lineage-specific degeneration
(e.g., ostrich foot C5, Fig. 1a, Supplementary Note). Specifically, the frameshift hypothesis
predicts the C2 digits of avian wings to exhibit characteristic expression patterns of the classic
‘MADness’ genes™ %, i.e., absence of the posterior Hox genes Hoxd10-12. Indeed, these genes
show a conserved downregulation in the D1 relative to the other digits across almost all studied
tetrapods except for axolotl, in the mouse C1 but in the avian wing C2 digits (Fig. 1d,
Supplementary Fig. 7). Another gene, Hand2, shows a similarly conserved low expression
pattern in the D1. It is an upstream positive regulator of Shh 3, and seems to have persisted its
polarized expression toward the posterior end from limb bud to digit stages of both forelimbs and
hindlimbs, forming an expression gradient across digits of most studied species except for ostrich
(Fig. 1d, Supplementary Fig. 7). After taking species specific variation into account, we
identified many other genes that have a conserved pattern of upregulation in the D1 relative to
other digits, in either early or late digit stage, as new candidates of D1 identity genes. They
include Alx1/4, DIx5/6, Lhx9, Msx1, Pax9, Zic3, etc.. Contrary to the specific downregulation of
Hand?2 the anterior digit, all of them were reported to have an anterior specific or biased
expression in the limb bud3 3% 4%:41" (see below). Mouse mutants of many of these genes show
specifically in the thumb or anterior digits phenotypes of polydactyly or digit loss (e.g., Alx4%2,
Msx143, Pax9*, DIx5/6%°). As for the overlapped MFGs of D3 and D4 of birds, despite the
limited overlapping size between birds and non-avian reptiles (Supplementary Fig.6), we
provide the full list of those shared MFGs (Supplementary Data 7, Supplementary Fig.8).
Among these, several candidates are noteworthy: for example, Smocl, which is shared in the D3,
has been reported to associate with syndactyly affecting the middle digits in mice*®, and Shh,
identified in the D4 comparison, has well-established roles in posterior digit identity?®. These
examples of genes offer preliminary molecular support for the proposed digit homology. One
caveat is that there are only 2 to 80 orthologous MFGs that can be compared between birds and
reptiles, a much lower number than the 4741 genes that are involved in the above clustering and
PCA analyses. Therefore, we only consider the pattern of MFG here as side evidence for the

frameshift hypothesis, similarly for the MAD hypothesis below.



In addition to the posterior Hoxd genes, conserved expression of other D1 identity genes
(Fig. 1d, Supplementary Fig. 7) seems to support the MAD hypothesis in most studied species
except for axolotl (Supplementary Note). Among amniotes, if we exclude species with a
degenerating D1 (Fig. 1a) given its unusual expression pattern (see below), the MAD hypothesis
is only supported in chicken, crocodile and mouse. These species show the highest numbers of
MFGs of D1 compared to those of other digits (Supplementary Fig. 3), suggesting a ‘stronger’
identity of D1. However, other digits clearly have their respective MFGs that are highly
conserved across tetrapods (see below). In addition, hierarchical cluster analysis of digit
transcriptome within species shows a mixed picture among species, with D1 being clustered
separately from all other digits only in forelimbs of two birds and mouse but not in other limb
samples (Supplementary Fig. 9). Overall, the MAD hypothesis that the characteristic expression
pattern of posterior Hoxd and their interacting genes in the D1 shaping its unique morphology, is

supported in some but not all examined tetrapods in our results.

Evolution of transcriptome disparity between forelimbs and hindlimbs in birds

With the established identity and homology of individual avian digits vs. those of reptiles, we are
able to compare each corresponding digit between FL-HL, within and between species. In the
limb bud stage, the transcriptomes of all three bird species evolve significantly (z-test, P < 0.05)
faster than the crocodile, with turtle as an outgroup (Fig. 2a, Supplementary Fig. 10a). In the
digit stages, all birds have a significantly (Proportion test, P < 0.05) higher total numbers of FL-
HL DEGs (Wald test, adjusted P < 0.05, Fig.9Fold-change>2) between all corresponding digits
than the two non-avian reptiles (Fig. 2a). This is particularly pronounced in the D1: compared to
two other reptiles, all three birds show a significant (Fisher’s exact test, adjusted P < 0.01)
decrease of shared MFGs between FL-HL, but a significant increase of wing or feet specific
MFGs (Supplementary Fig. 11). Overall, there is a 3 to 9 fold increase in the total number of
non-redundant MFGs of D1,3,4 of forelimbs and hindlimbs in birds (D2/5 are not counted
because they are absent in most birds and not comparable) than in other tetrapods. These results
indicate a higher diversification of digits within and between bird species. This can be attributed

to evolution of obligate bipedalism, and relaxation of developmental constraints on forelimbs



and hindlimbs in theropod ancestor of birds*’. We next ask specifically what genes are involved
in the divergence between FL-HL and how they dynamically change during development.

During limb development of all three birds, the number of FL-HL DEGs continuously
increases from limb bud to later between each pair of corresponding digits in birds, but remains
at a low and constant level in the two non-avian reptiles (Fig. 2b, Supplementary Fig. 10b), a
constant level after an increase in axolotl (Supplementary Note). This provides direct evidence
for elevated FL-HL functional divergence in both development and evolution of birds compared
to other tetrapods. The increased DEG number of birds suggests that expression changes in a few
upstream genes in limb buds, mostly Hox genes (Fig. 2a, Supplementary Data 5), consistent to
the established role of Hox genes as master regulators of limb patterning*® 4, and amplified the
functional specialization in the later developed digits. These Hox genes that only recently
became a FL-HL DEG in the ancestor of Archosauria or birds, show changes of expression
specifically in the forelimb (e.g., Hoxall and Hoxd8) or hindlimb (e.g., Hoxd10) or in both
(Hoxc12) relative to their orthologs in outgroup species (Fig. 2c, Supplementary Fig. 12-13).
The forelimb bud biased genes mainly include the Hox paralogous group genes 4 and 5 (HoxPG4
and 5) that express along the lateral plate mesenchyme and regulate the forelimb position®® 5% 51
and several posterior Hoxd8-10 genes (Supplementary Fig. 13). Most of these Hox genes were
shown to be predominantly expressed in the proximal parts of chicken and mice limb buds*: >
%334 presumably dictating the upper arm/leg differences between birds and mammals, except for
Hoxb4, d10 and c12 (Supplementary Data 6).

The phylogenetic distribution of all FL-HL limb bud DEGs reveals a layered architecture
of limb identity specification, with a conserved core network shared across tetrapods
progressively supplemented by lineage-specific additions toward the avian ancestor. This
ancestral regulatory network is inferred from the conserved patterns of FL/HL bud differential
expression across all studied tetrapods or aminotes (Fig. 2¢). It includes the reported forelimb
initiation transcription factor (TF) TBXS5, hindlimb initiation TFs TBX4, PITX1, ISL15% %657,
and posterior Hox genes Hoxc9-11 and Hoxb9. Consistently, these four posterior Hox genes have
been reported to have a hindlimb bud specific expression pattern in chicken®, and some act as
Tbx5 suppressors®. Our results suggest that they have acquired the hindlimb patterning role

already in the tetrapod ancestor. In addition, Tbx5/4, Pitx1, Hoxb9 and Hoxc10 were reported to



have differential expressions in either pectoral or pelvic fin bud in zebrafish and little skate® ¢
61,62, 63,64 g ggesting their functions of specifying different appendage identity can be dated even
to the origin of paired appendages in stem gnathostomes.

Interestingly many genes have preserved their FL-HL DE patterns from the limb bud until
the digit stages. The tetrapod-wide FL-HL bud DEGs Thx4/5, HoxC10/11 (Fig. 2c) are
differentially expressed between FL-HL in almost all tetrapod digits at both examined stages,
and Archosauria- and avian-wide FL-HL bud DEGs Hoxd10 and Hoxd8 exhibit DE in fewer
digits, stages and species (Fig. 2d, Supplementary Fig. 14-15). These genes could coordinate
with the other 31 identified Archosauria- and avian-wide FL-HL digit DEGs (Supplementary
Data 5) and contribute to the much more pronounced morphological differences between FL-HL
digits of birds than other tetrapods. Remarkably, among the 33 digit DEGs, 11 were reported to
have functions related to the AP patterning or feather formation (Fig. 2d, Supplementary Data
6). A prominent avian wing digit bias gene of AP patterning is Tbx3, which was reported to
specify D3 and D4 in chicken hindlimb® and particularly, also have much higher and prolonged
expression in the bat wing digits relative to mouse digits®. Other feather development genes
include the feather primordium inhibitor Bmp4 differentially expressed in the hindlimb digits and
the forelimb digit biased stimulators Fgf20 and Wnt7a, as well as other feather (Edar, Gata3,
Sath157:68.69 or specifically flight feather (Sim17°) patterning genes. It remains to be examined
whether and how these feather patterning genes are regulated by the avian-wide increase of
Hoxd8 (in both limb bud and digits), and decrease of Bmp4 expression in the wing (Fig. 2c-d),
given that Hoxd8 was also reported to co-express with Shh in the feather buds™. In conclusion,
we identify across the limb development course candidate genes which have been specifically
altered in birds for their expressions and likely underlie the elevated functional disparity between
FL-HL.

Evolution of molecular fingerprint genes across tetrapods

There are clearly more expression diversifications between digits of forelimb or/and hindlimb in
birds than in other studied tetrapods (Supplementary Fig. 3, Fig. 2a-b). We next ask how
obligate bipedalism can potentially contribute to functional specialization of avian digits evolved
for flight or running. We propose that the transition to obligate bipedalism in the dinosaur



ancestor, i.e., the uncoupling of forelimbs from functional and developmental constraints of
weight-bearing locomotion’?, might lead to relaxation of purifying selection or adaptive
evolution and transcriptional changes in both forelimbs and hindlimbs. One possible scenario
that we can test in this work is that birds might have evolved specific pleiotropic genes that are
differentially expressed between FL-HL and also among the digits. This requires us to first map
all MFGs onto the tetrapod phylogeny and identify the avian specific MFGs, based on their
presence/absence of orthologous MFGs in other species.

We find none of the avian-specific MFGs are generated by gene duplications
(Supplementary Fig. 16) : they are instead pre-existing genes that have acquired avian-specific
expression biases toward certain digit through regulatory changes. And acquisition of avian
MFGs seems to have occurred probably after the species divergence, because the number of
species specific MFGs is 2 to 8 fold higher than that of the inferred avian ancestor, and different
birds show different distributions of MFG numbers toward forelimb or hindlimb (Fig. 3a). And
this elevated number of MFGs in birds is not a technical artifact resulting from their reduced
digit number (three vs. five), both a comparison restricted to homologous digits (D1, D3, and
D4) and a permutation test (randomly subsampling three digits from pentadactyl species, n =
1,000 simulations) consistently reproduced significantly higher MFG counts in avian lineages,
with all simulated distributions falling below the observed avian values (empirical P < 0.001;
Supplementary Fig. 17). Furthermore, the MFG genes identified across all three analyses
showed high concordance, with around 80% of the original MFG set consistently recovered in
the other two analyses, confirming that the three approaches identify largely the same set of
MFGs. This suggests that functional specialization of FL-HL digits continued independently
after obligate bipedalism originated in the avian ancestor, mainly through regulatory changes of
shared orthologous genes specific to the respective avian lineage. For example, the emu-specific
degenerating wing D4 has a significant (Fisher’s exact test, adjusted P < 0.05) higher proportion
of MFGs relative to the avian or Archosauria ancestor (Supplementary Fig. 18). Among the
internal nodes of tetrapod phylogeny, MFGs of different tetrapod nodes share the enriched (one-
sided Hypergeometric test, adjusted P < 0.05) GO terms involved in the development of
appendage, skeleton, cartilage and muscles. And MFGs of the avian ancestor are enriched for

GOs of BMP signaling regulation (Fig. 3c, Supplementary Data 9). Notable BMP-interacting



avian-specific MFGs include the BMP antagonist Grem1 that has shifted its expression from the
posterior end in vertebrate ancestor’ to the anterior digit in birds, and the key AER component
Fgf8 associated with digit elongation” that becomes biasedly expressed in the avian anterior
wing digit but not in other tetrapods. In total, we identified 20% (108 out of 564) of total MFGs
of the avian ancestor and each bird species is also differentially expressed between FL-HL buds
or digits, indicating that a substantial fraction of digit identity genes in birds have acquired
expression biases associated with limb type — consistent with a pleiotropic coupling between
digit patterning and forelimb-hindlimb differentiation. However, few of them have been studied
for their functions during limb bud or digit patterning, except for Sim17°, and the emu-specific
wing-biased Nkx2.5 (Supplementary Fig. 19). Sim1 has been found to be wing-biased (Fig. 2d),
and also a D4 MFG shared by all birds. While the cardiac muscle transcription factor Nkx2.5 was
reported to be expressed in the wing buds of emu, but not in those of other birds, contributing to
the overall wing muscle reduction of emu?.

A previous study comparing adjacent digits identified few conserved DEGs shared across
four amniotes, except for the D1/D2 comparison, and concluded lack of conserved
developmental identities of amniote digits, with the exception of D1, In contrast, we here
defined the MFGs by comparing the focal vs. all the rest digits of either forelimb or hindlimb and
also allow for lineage specific changes when mapping all MFGs onto each phylogenetic node
(e.g., Hand2 in Fig. 1d, Materials and Methods). This allows us to reveal that tetrapods in fact
share some of MFGs that respectively define the conserved outgrowth identity of each individual
digit (Fig. 3a, Supplementary Data 7-8). In addition, the scope of conservation of some MFGs
likely can be extended beyond tetrapods: when we examined all of the genes reported to have AP
biased expression in the fin buds of more basal types of jawed vertebrates (lungfish, zebrafish,
catshark and little skate) 4% 73 76.77. 78 a]| of them show consistent expression biased toward the
anterior or posterior tetrapod digits (Supplementary Fig. 20). For example, the genes reported to
have anterior expression in the fin buds of catshark Pax9, Zic3, and Alx4*! have a higher
expression in the anterior digits of all studied tetrapods in this work, and vice versa for the
posterior genes (Fig. 3b, Fig. 1d, Supplementary Fig. 21). This suggests the existence of an
ancient jawed vertebrate regulatory network that has been co-opted to specify and maintain the

AP polarity throughout development from limb bud to digits in extant tetrapods, in parallel to the



ancient network that distinguishes the anterior and posterior paired appendages (Fig. 2d). This
AP specification network is more precisely confirmed by our analyses of single-cell RNA-seq
data of mouse and emu limb bud™ &, for which we defined the anterior and posterior cell
populations with the reported anterior (Alx4 etc.) and posterior (Shh etc.) gene markers® (Fig.
3d). Several tetrapod-wide anterior MFGs preferentially expressed in the D1 (e.g., Msx1), and
posterior MFGs of D5 (Shox2, Hand2 etc.), as well as some amniote-wide D1 identity genes
(e.g., Hoxd11/12) identified in this work have a biased expression in the anterior or posterior
cells of mouse and emu limb buds (Fig. 3e, Supplementary Fig. 22-23).

In conclusion, we inferred an ancestral gene network dated to at least the jawed vertebrate
ancestor, whose AP specification function probably continues to play a role during development
of the limb bud and individual digits. We also identified substantial numbers of genes that have
specifically evolved novel expression patterns, possibly novel functions among birds between
FL-HL and also in certain digits.

Discussion

Serial homologs like tetrapod limbs, digits and insect wings comprise classic models for
elucidating the mechanisms of developmental pattern formation?? 828, On the other hand, their
variations within and between species have been inspiring more interest than controversy® &,
Because they also provide a paradigm for revealing the molecular mechanisms underlying
various forms of evolutionary changes including gain, loss or modification of some of the
repetitive body units without changing the cell fate*, on top of their often shared and highly
conserved underlying genetic and developmental modules®. A very challenging prerequisite to be
established before reconstructing any of these evolutionary changes is the resolution of the
homologous relationship and character identity, if any, of each of the serial homologous units.
Here we focus on such a paradigm, namely that of tetrapod digits, and dispel speculations about
the lack of different digit identities'* *> by reporting the MFGs (Fig. 3, Supplementary Data 7).
We further provide comparative transcriptomic evidence insights into how the limb and digit
identities are maintained by the conserved gene regulatory networks dated to the ancestor of
jawed vertebrates and tetrapods (Fig. 4). Axolotl is considered in the network conservation
against its divergent developmental program, e.g., pre-axial dominance and heterochrony®*. As
an obligate paedomorph, the axolotl retains larval features throughout adult life due to the



absence of thyroid hormone-driven metamorphosis®, and these life history differences may
influence digit transcriptomic profiles and thus complicate cross-species comparisons involving
this taxon. Indeed, despite being an outlier in some of the aspects, our analysis reveals that core
gene regulatory networks remain deeply conserved across all tetrapod, allowing us to robustly
distinguish deep homology from lineage-specific adaptations.

By aligning individual avian digit transcriptomes against their pentadactyl outgroup reptiles,
we first disentangle the long-term controversy about the avian wing digit identity and reveal that
the three avian wing digits are respectively clustered with the reptile digit 1,3,4, confirming the
results of 14, and identify new cases of frameshifts in the hindlimbs (Fig. 1b-c). These results
together suggest that, the positional and outgrowth identities of a certain character can vary
during the course of development, confounding the homology inference of the character. It is
also parallel to the experiment, where ectopic expression of Tbx4 in the wing field can induce a
leg-like structure, and vice versa for that of Thx5°® >’

Besides possible mutations or changes of expression in Hox genes, the underlying
mechanism of generating such mismatches of avian digit identities can be also understood by the
switch between separate signaling centers that are active and self-organizing at different phases
of limb development?® 2122 e g. from limb bud to the digit outgrowth stages. The positional
identity instructed early by ZPA/AER in limb buds can be disconnected from the developmental
or outgrowth identity mainly by the influence of the posterior interdigital tissue, resulting in the
frameshift of a certain digit. Such disconnection has long been implicated by the pattern that
digits with the same positional identity can have drastically different morphologies between
different species. For example, a dolphin digit 2 of fin has 9 phalanges compared to 3 phalanges
of mouse and human forelimb digit 22%, and in fact in the ancestral mammalian hand. Another
implication of such disconnection is that after the positional identity is specified, for example for
the HD5 across archosaurs®’, only vestigial (for crocodile and ostrich, Fig. 1a) or no digit (for
other birds in this study) grows at this position. Interestingly, the avian frameshift cases observed
in this work, regardless of wings or claws, are only found between digit identity 1 and 2, and
between 4 and 5. Such non-random combinations might be caused by the fact that digits with
positional identities of 4 and 5 arise from a common origin of Shh-expressing ZPA cells®® 8,

possibly making them more interchangeable with each other than other digits. For digit 1 we find



some evidence supporting the MAD hypothesis®®, and it has the highest number of MFGs,
besides the reported Hox genes, compared to other digits in all studied species (Fig. 3b). This
implicates its conserved stronger developmental identity than any other digits, thus possibly a
stronger selective constraint to retain the MAD during evolution. By contrast, there are no
conserved MFGs shared by any of the two studied species (except axolotl) in digit 2 (Fig. 3a,
Supplementary Fig. 16), making it possibly more dispensable during development and
evolution, contributing to its more frequent frameshifts with the nearby digit 1. This conclusion
is strongly supported by developmental evidence but raises questions of how such a replacement
is or is not reflected in the paleontological evidence. We encourage a re-examination of the fossil
record in the light of these developmental findings.

With a different definition of characteristic genes or MFG of each digit from a previous
study®, we identified distinct sets of MFGs for respective digits at different tetrapod nodes,
providing clear evidence that not only the MAD, but other digits (except for the digit 2) also
have highly conserved outgrowth identities (Fig. 3). It is important to note that the MFGs
defined in this work are those biasedly, but not necessarily uniquely expressed within a certain
digit. This is a less stringent criteria to identify the characteristic genes associated with certain
digit, which accounts for our different results, i.e., there are identity-associated genes, from the
previous study**. We further show that such digit identities are specified or maintained by some
genes (e.g., Alx4 in D1, Hoxd10, Hand2 in D5) that show differential AP expression in both fish
fin and tetrapod limb buds, and have preserved such bias until the tetrapod digit stage. While
some genes, e.g., Hoxal3 and Gli3 only have AP biased expression in the limb bud® % %92 byt
have no expression bias found at the digit stage. Another set of highly conserved genes across
the development and evolution processes involve those that specify the FL-HL identity®:. Many
genes that show a tetrapod-wide bias toward either fore- or hind-limb bud have preserved such
bias until the digit stage (Fig. 2c-d). Additionally, some of these genes, e.g., Tox4/5%, Hoxc10,
Hoxb9% have biased expression in the pectoral/pelvic fin buds of teleosts. All these results
support that the extant limb and digit identity gene regulatory networks can be dated to the stem
lineage of jawed vertebrates (Fig. 4), with additions of limb- (Fig. 2a) or digit- (Fig. 3a) identity
genes into the networks during subsequent species divergence. A major gap in our current

knowledge of the limb and digit patterning process is how cells can maintain their positional



identities during the developmental switch from one signaling center (ZPA) to another
(PID/PFR). These persistently biased genes toward the anterior or posterior end of the autopod
identified in this work likely play an important role in the cell memory and should be the focus
of future experimental tests.

On top of such highly conserved limb and digit identity regulatory networks, in birds, we
have found much larger developmental and molecular differences than other quadrupedal
tetrapods between forelimbs and hindlimbs. And increased molecular and morphological
diversity of digits probably have occurred after the avian species radiation. Although we have
identified many genes, particularly Hox genes that have only recently acquired an expression
bias toward FL-HL limb bud in the ancestor of birds or Archeosaur (Fig. 2a), we are not able to
draw causal conclusions between the evolution of obligate bipedalism vs. increased avian digit
diversity, due to the knowledge gap mentioned above. And whether and how relaxation of
functional constraints resulting from obligate bipedalism contributes to the diversification of
avian digits remains an intriguing topic. Our observation that ~20% of avian MFGs show biases
in both limb type and digit identity points to a tight evolutionary coupling between digit
patterning and forelimb-hindlimb (FL-HL) differentiation in birds. This supports the idea that
such diversification may involve the direct evolution of pleiotropic, avian-specific genes that are
differentially expressed both between FL-HL and among digits. While we currently lack reported
experimental evidence linking upstream avian-specific FL-HL biased genes to downstream
avian-specific MFGs, we cannot exclude the possibility that this occurs through the evolution of
a new regulatory hierarchy between them. Further investigation is needed to elucidate these
regulatory pathways. Ultimately, elucidating whether obligate bipedalism drove avian digit
diversification through regulatory rewiring or modular evolution remains an intriguing frontier,
and it is to be investigated at the wake of functional genomics at the single-cell level, from a
hierarchical perspective of homology 8.

Methods

Data collection

All of the animal embryos were sampled after the approval from the Laboratory Animal Welfare
and Ethics Committee of Zhejiang University. For the three birds, fertilized chicken (White

Leghorns), emu and ostrich eggs were obtained from farms nearby Hangzhou, Lishui and Xi’An



and the eggs were incubated at 37.5, 36.5, 37 °C respectively with a humidity around 65-75%.
We collected the samples at Hamburger and Hamilton stage 21, stage 28 and stage 32 embryos®®
% The hindlimb shape was used as a morphological criterion to stage embryos, with the
Hamburger-Hamilton stage for chickens and also for emu and ostrich embryos. Stage 21 was
characterized by slightly asymmetrical leg buds, while stage 28 featured a second digit and third
toe longer than the others, creating a pointed contour in the digital and toe plates. By stage 32, all
digits and toes have significantly lengthened, with thin, concave-webbed structures forming
between them. Corresponding stages of other vertebrate species were chosen according to the
similarity of their digit morphology with chicken (Supplementary Data 1). We collected the
Chinese softshell turtle eggs from a farm nearby Hangzhou, and incubated them at 30°C. We
collected limb bud and digit samples on 10, 18 and 28 days according to the staging work of%’.
We collected the Siamese crocodile eggs from a farm in Beihai, and incubated them at 33°C. The
samples were collected on 12, 24, and 31-33 days according to staging work of®. Axolotl larvae
were bred in freshly dechlorinated tap water at 18-20 °C with a 12 -hour light-dark cycle. The
axolotls were deeply anesthetized using 0.03% ethyl-p-aminobenzoate, and the limbs were
collected separately according to their limb morphology that are morphologically consistent with
other species. The forelimb buds were collected on 6-8 dph (days post hatching), and hindlimb
buds and early stage forelimb digital primordia were collected on 18-21 dph due to the
developmental heterochrony®®. Late stage forelimb and early hindlimb digital primordia were
collected on 28-32 dph. Late hindlimb digits were collected at around 84 dph®. For all samples,
we collected each digit including its posterior interdigital mesoderm (Supplementary Fig. 24)
from forelimb and hindlimb respectively. Left and right limb bud or digit samples were collected
as replicates from the same individual embryo for 6 species, and placed immediately in the
RNAlIater (Sigma-Aldrich) solution. RNA was extracted from each sample with TRIzol®
(Thermo Fisher Scientific)®®. Then paired-end libraries were constructed using NEBNext®
UltraTM RNA Library Prep Kit for Illumina® (NEB, USA) and 2Gb paired-end reads of 150bp
long were produced for each library. We also collected additional forelimb and hindlimb samples
from six species and fixed them in ethanol overnight for Alcian staining. The samples were then

transferred to acetone overnight. Alcian blue and alizarin red staining were performed for 1-2



days. Embryos were cleared with 1% KOH, then placed in 50% glycerol/KOH solution until

transparent, and finally transferred to 100% glycerol for long-term storage®.

Sequence Alignment, gene counting, and normalization

We used the genomes of chicken genome (GRCg6a,GCA 000002315.5), emu (ZJU2,
GCA_016128335.2), ostrich (ASM69896v1, GCA_000698965.1), Australian saltwater crocodile
(CroPor_compl, GCA_001723895.1, which is the closest-related species with available genome
to Siamese crocodile), Chinese softshell turtle (PelSin_1.0, GCA_000230535.1), and axolotl
(AmexG_v6.0-DD) as reference for aligning the RNA-seq reads with HISAT2 (2.1.0)1%, The
alignment rates between the RNA-seq reads vs. the reference genomes range between 70 to 90 %
(Supplementary Data 10). Raw gene counts were counted by featureCounts(v2.0.1) and
normalized by transcripts per million (TPM) method for estimating the gene expression level'%,
Other published transcriptomes of the digits of the forelimbs of Anolis, and mouse!4, were
mapped to the Anolis genome (AnoCar2.0 (GCA _000090745.1)) and mouse genome
(GRCm38.p6 (GCA _000001635.8)) following the same pipeline mentioned above. 4,741 limb-
related genes were compiled using Mouse Genome Informatics (MGI)'° and Chicken Embryo
Gene Expression Database (Geisha)®. Specifically, we extracted the genes that have been
characterized with limb or digit expression or mutant phenotypes in limbs or digits or annotated
with limb or digit development GO terms in MGI. We also included the genes that have been
reported to have expression evidence (by whole mount RNA in situ hybridization) in chicken

limb.

Molecular fingerprint genes (MFGs) and Degree of Digit Individuality (DDI)

We define MFGs as those that are upregulated or downregulated relative to the rest digits in at

least one of the sampled developmental stages. The upregulation or downregulation index was

mT1-% ; nL1-8 1 .
measured byL; £, =—""2— (1)or Zizg 174, %, = —— (2) according to®,
n-1 maxi<isn(x;) 1-n MiNy<i<n(x;)

where the x is the TPM of the respective digit, and n is the tissue number. A value higher than
0.5 was used as the cutoff for defining MFGs according to the distribution of the index values of
each species (Supplementary Fig. 25). For each clade, clade-specific MFGs were identified as

genes exhibiting a conserved pattern of upregulation or downregulation in at least half of the



species, including the most ancestral ones (e.g., four out of the seven tetrapod species studied,
including axolotl). We used OrthoFinder (version 2.2.6)'% with the -f command to perform a
comparison of the complete protein sequences from three bird species (chicken, emu and
ostrich), the Chinese softshell turtle, and the Australian saltwater crocodile. Then we identified
avian-specific gene duplications, and we compared them with the identified avian-specific MFGs
to determine whether any of the avian-specific gene duplications were also our defined MFGs.
We define DDI by pairwise ANOVA test to find the genes that were differentially expressed
between any two digits in the limb as in'*. gimFit and gImLRT functions of the EdgeR (Release

3.1) package!®®

were used to test for differential expression of adjacent digits of chicken, emu,
ostrich, crocodile, softshell turtle, Anolis, mouse, and axolotl. We filtered the genes with fold
change of more than 2 as candidates. Numbers of each differential expressed candidate gene
were counted in each species, and then we divided the numbers by the digit number in each limb

of different species as the DDI value.

Gene expression analyses

To exclude the reported confounding factors from the lowly-expressed or housekeeping genes
when performing the HCA, we extracted a non-redundant set of 4741 limb patterning
orthologous gene groups, which either have a mutant with defective limb/digit phenotypes (e.g.,
Hoxd13, Pitx1)1%" 1% or a limb/digit specific expression pattern in mouse or chicken (e.g.,
Hoxc10,Thx5, Supplementary Fig. 4)% 1, Indeed, using chicken hindlimb digits as a test,
clusters of individual digits can be better separated by transcriptomes of limb-related genes than
those of all genes (Supplementary Fig. 26). Hierarchical clustering and 1000 bootstrapping
analyses were performed on the square root transformed TPM values with the R package
pvclust!®, We generated the clusters of different samples from the correlation-based dissimilarity
matrix using the average-linked method**. We used TreeExp*!! to estimate the branch lengths of
gene expression with TPM values of limb related genes. Relative rate tests of Z-scores were
calculated based on sampling variance of the expression distance. We defined the DEGs between
fore- and hind-limb buds with the deseq function of DESeq2'?. Genes with log2FoldChange
more than 1 and padj less than 0.05 were defined as DE genes. We inferred the branch-specific
forelimb and hindlimb expression changes by PhyDGET %3, We first normalized and



transformed the RNA-seq read counts of forelimb and hindlimb digits of each species into
log2(cpm) (log2 transform of counts per million), then tested the expression difference across
seven species using BayesTrait (v3.0.2)14 under a null model that hypothesizes constant rate
changes and alternative models. Marginal log-likelihoods were compared to calculate the Bayes
factors, which improved alternative model fit. And the genes can be defined with branch-specific

changes of expression levels in the forelimb or hindlimb relative to their orthologs in outgroups.
Analysis of the scRNA-seq data

Published mouse limb bud E10.5 and emu limb HH25 data’® & were downloaded and aligned to
the mouse (GRCm38.p6 (GCA_000001635.8)) and emu (ZJU2, GCA _016128335.2) genome

respectively. We used CellRanger*®®

with default parameters and then the matrices were
processed to Seurat!®, Counts were scaled by LogNormalize, and they were clustered using
FindNeighbors and FindClusters. We used FindAllIMarkers to identify specific markers, and
then the cell clusters were annotated according to reported limb markers’®. Mesenchymal clusters
were retained and re-clustered. The markers were re-identified only in mesenchymal clusters,

and then the overlapping genes with MFGs are found.

GO analysis

The GO enrichments were produced by Metascape!!’, and the orthologous gene to mouse of
MFGs are given to this online tool. All genes in the genome were used as the enrichment

background.

Statistics & Reproducibility

No statistical method was used to predetermine sample size. No data were excluded from the
analyses; The experiments were not randomized; The Investigators were not blinded to allocation
during experiments and outcome assessment. Two biological replicates were collected per limb

bud/ digit per developmental stage per species.
The following statistical tests were used in this study:

Pearson's correlation was used to assess the repeatability of biological replicates (P < 0.001, R >
0.9).



Proportion test was used to compare the normalised number of DEGs between digits across
species, and to compare the total number of FL-HL DEGs between birds and non-avian reptiles
(P <0.05).

Wald test (adjusted P < 0.05, fold-change > 2) was used to identify differentially expressed genes
(DEGS) between forelimb and hindlimb digits.

Fisher's exact test (adjusted P < 0.01 or P < 0.05) was used to compare the proportion of shared
MFGs between FL-HL, and to assess the proportion of MFGs in degenerating digits relative to

ancestral nodes.

z-test (P < 0.05) was used to compare transcriptome evolutionary rates between birds and

crocodile.

One-sided Hypergeometric test (adjusted P < 0.05) was used for GO enrichment analysis of

MFGs across tetrapod phylogenetic nodes.

Permutation test (n = 1,000 simulations, empirical P < 0.001) was used to confirm that elevated

MFG counts in avian lineages are not a technical artifact of reduced digit number.

Data availability

The RNA-seq data generated in this work for axolotl, turtle, crocodile, chicken, emu and ostrich
are available in the NCBI Sequence Read Archive (SRA) database: PRINA1258050
[https://www.ncbi.nlm.nih.gov/bioproject/PRINA1258050]. The published RNA-seq data of
mouse and Anolis digits used in this study are available in the Gene Expression Omnibus (GEO)
repository: GSE108337 [https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE108337].
The published scRNA-seq data of mouse limb used in this study are available in the ENCODE
portal: ENCSR713GIS [https://www.encodeproject.org/experiments/ENCSR713GIS/]

Code availability

Scripts for analysing data and plot figures are available on Github at

https://qithub.com/KangWwen/Evolution-of-limb-and-digit-identity/
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Figure Legends/Captions (for main text figures)

Fig. 1. Development of tetrapod digits and molecular evidence for the frameshift and MAD
hypotheses. a We studied six tetrapod species (chicken, ostrich, emu, Siameses crocodile,
Chinese soft-shell turtle, and axolotl) for their limb bud and individual developing digit in
forelimbs and hindlimbs at three corresponding embryonic stages. Cartilage staining with Alcian
blue of each collected digit sample is shown here. b Hierarchical clustering of transcriptomes of
individual digits of three bird species and axolotl with those of turtle and crocodile. We label the
clustering patterns that indicate a frameshift by boxes, and show nodes with bootstrap values of
80 or lower, after 1000 bootstraps. ¢ Percentage of overlapping MFGs between the frameshifted
digits of birds/axolotl and the other digits of turtle or crocodile to the overall MFGs in each digit.
d Normalized expression levels of MADness orthologous genes in mouse, crocodile, chicken,
ostrich and axolotl, each of which shows downregulation (the upper panel) or upregulation (the
lower panel) relative to other digits. All animal icons were created by the authors.

Fig 2. Increased gene expression disparity between forelimb and hindlimb in birds. a We
show the scaled rates of gene expression evolution in limb buds of birds and crocodiles, taking

the turtle as an outgroup on the phylogenetic branches. Forelimb bud biased genes (red) and



hindlimb bud biased genes (blue) are shown on the respective branch. Radar plots show for each
species the number of forelimb and hindlimb biased genes for each digit in the early (dashed
lines) and late (solid lines) stages. b We show the numbers of nonredundant FL-HL DEGs (two-
sided Wald test, fold-change > 2, adjusted P < 0.05) during development for the six studied
tetrapod species, and limb bud stage of mouse. ¢ Heatmap of Log2 fold-change differences of
gene expression level between forelimb- or hindlimb bud, with forelimb biased gene names
shown in red, hindlimb biased gene names shown in blue. Colored arrow labels indicate genes
with significant branch-specific expression changes relative to outgroup orthologs (Wilcoxon
test, adjusted P < 0.05): red labels indicate significant changes in forelimb expression in the focal
lineage (upward arrow: higher expression; downward arrow: lower expression); blue labels
indicate significant changes in hindlimb expression (upward arrow: higher expression;
downward arrow: lower expression). d Heatmap of Log2 fold-change differences of gene
expression levels between each corresponding digit (D1, D3, and D4) of forelimbs and hindlimbs
of each species in early and late stage digits. DEGs shared between the limb bud stage and digit
stages are highlighted in bold. Forelimb-biased gene names are shown in red, hindlimb biased
gene names are shown in blue, with genes that are specifically upregulated relative to outgroups
marked with an upward arrow, and those downregulated with a downward arrow. Both
outgroups in b and c are defined hierarchically: Archosauria-level comparisons use non-
archosaurian reptiles as the outgroup; Aves-level comparisons use non-avian archosaurs as the

outgroup.

Fig. 3. Molecular fingerprint genes across tetrapods. a The phylogenetic distribution of
MFGs across tetrapods. The tree panel shows the scaled color branches to the summed number
of MFGs from D1 to D4. D5 is not counted here given its degeneration in archosaurs. Limb-
related MFGs for each digit are shown on the corresponding branches. b Reported anterior
(upper panel) of posterior (lower panel) biased genes in the fin bud show the same bias among
the tetrapod digits. Density plots show the normalised gene expression levels (TPM) of orthologs
of these anterior/posterior fin bud genes* 73 76.77. 78 in all of the tetrapod anterior (D1,2) digits
and posterior (D4,5) digits. ¢ Gene Ontology enrichment of MFGs assigned to each phylogenetic

branch shown in a. The size of the circles is scaled to the number of genes enriched in each GO



term, while the color indicates the negative log10 p-value. d UMAP visualization of E10.5
mouse forelimb bud scRNA-seq data, colored by the average normalized expression of anterior
and posterior marker genes. e UMAP visualization of E10.5 mouse forelimb bud scRNA-seq

data of average expression for several tetrapod-wide anterior or posterior MFGs.

Fig. 4. Evolution of appendage and digit identity gene networks. We identify components of
these two inferred ancient networks and show them at the ancestor branch of jawed vertebrates,
based on their conserved expression in the forelimb/hindlimb or in the anterior/posterior side of
limb bud or digit shown in Fig. 2 and 3. Some genes might be added into the network during the
subsequent divergence of tetrapods (e.g., Isl1, Hoxcll, Msx1), or that of Aves (e.g., those related

feather development).

Editorial Summary:

Comparative transcriptomics of digits from six tetrapod species reveals that bird wing digits are
homologous to reptilian digits 1, 3, 4, and that bipedalism relaxed developmental constraints, enabling
diversification of avian forelimb digits.

Peer review information: Nature Communications thanks the anonymous reviewer(s) for their
contribution to the peer review of this work. A peer review file is available.
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