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Abstract

The amniote digits have undergone recurrent modifications, with the diversified molecular mechanisms more studied
among mammals than reptiles. Here we focus on the emu wings and ostrich feet, both of which experienced species-
specific digit changes driven respectively by secondary flight loss and adaptation to running. By comparing their digit
transcriptomes to those of chicken and alligator, we identified different gene networks in skeleton/muscle development
responsible for the degenerated digits in archosaur ancestors and emu, but those in epidermal development for the
load-bearing digit of ostrich. These results provide new clues for developmental programs of different cell types

between different digits, on which natural selection can convergently operate.
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Introduction

Most extant tetrapods have a pentadactyl ground state of digits
with repeated modifications to the number and morphology of
certain digits, as a result of species-specific adaptation for differ-
ent locomotive purposes. The molecular mechanism underlying
the reduction or loss of individual digits is informative for the digit
specification and evolution program, and has been elucidated in
various mammals. It involves either reduced expression of the re-
ceptor of limb-patterning morphogen Shh, Ptch1 early in the limb
bud of cattle and pig; or involves, during later stages, increased
expression of apoptosis-associated genes (e.g. Bmp4) in certain
digits of jerboa, horse, and camel (Cooper et al. 2014). Little is
known about how some digits became lost in other tetrapods.
Birds comprise a great model for studying digit evolution and de-
velopment with their great diversity of digit number and configur-
ation (different numbers of toes facing forward/backward
between species) (Raikow 1985; Botelho et al. 2014; Botelho et al.
2015), likely because of functional specialization between wings
vs. feet (Abourachid 2006). Most birds have 3 wing digits, while
the emu (Dromaius novaehollandiae) further completely loses the

other 2 vestigial digits during development due to secondary loss
of flight. Previous works reported decreased expression of fgf10
(Young et al. 2019), and increased expression of an cardiac tran-
scriptional factor Nkx2.5 (Farlie et al. 2017) likely account for the het-
erochronic and attenuated development of the emu limb bud. But it
is unknown what genes are associated with digit loss at later devel-
opment. The ostrich (Struthio camelus), a distinct ratite lineage that
lost flightindependently of the emu, retains the 3 wing digits for sex-
ual display (Feduccia and Nowicki 2002; Farlie et al. 2017), but de-
velops 5 digits in embryonic feet and loses digits 1, 2, 5 during
later development. Its retained hindlimb digit 3 is the major load-
bearing digit (Schaller et al. 2011), and is supposed to be highly
adapted for fast and long-distance running. Therefore, ratites offer
opportunities for dissecting mechanisms of both functional degen-
eration and adaptive evolution of individual digits in response to
the transition of locomotive modes.

Results and discussion

To identify the candidate genes responsible for developmental
changes of ratite digits, we collected transcriptomes from individual
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developing digits of 2 ratites (emu and ostrich) and chicken (Gallus
gallus) (without those modifications mentioned above), together
with 2 pentadactyl reptiles (Siamese crocodile (Crocodylus siamen-
sis) and Chinese softshell turtle (Pelodiscus sinensis)) as outgroups,
sampled separately from forelimbs and hindlimbs at 2 developmen-
tal stages ((Wang et al. 2011), see Materials and Methods). Although
the 2 emu wing digits and the 3 ostrich hindlimb digits, as well as
crocodile hindlimb digit 5, lack bony structures in the adult, they
proceed through a cartilaginous stage during embryogenesis, as
confirmed by Alcian blue staining (Fig. 1, Figure S1). And as the iden-
tity of 3 avian wing digits remains a subject of debate, the embryo-
logical and morphological evidence support most birds’ digit
identity as a 2-3-4 identity (Kundrat 2009; de Bakker et al. 2013;
de Bakker et al. 2021), while the transcriptomic analyses reveal mo-
lecular signatures of a 1-3-4 identity (Stewart et al. 2019). Given the
transcriptomic nature of this study, we follow the latter nomencla-
ture (thumb, middle, and ring finger).

To investigate the molecular mechanisms of digit loss or modi-
fication, we focused on the candidate genes showing significant
gene expression changes through 2 complementary approaches.
First, we identified molecular fingerprint genes (MFGs)—genes
that are preferentially up- or downregulated in a given digit with-
in the same species in at least one of the 2 sampled stages
(Materials and Methods). Second, we identified the genes show-
ing fast change in expression (FCEGs) relative to homologous dig-
its in other species in at least 1 of the 2 sampled stages (Materials
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and Methods; Table S1). Collectively, the union of these 2 sets al-
lowed us to prioritize candidate genes potentially associated
with digit degeneration or adaptive modification.

While most of these digits have undergone changes after the spe-
cies divergence from the Archosauria ancestor, the hindlimb digit 5
(HD5) could have evolved degeneration either in the ancestor of
Archosauria or independently in ostriches and crocodiles. It is ab-
sent in all adult birds but has a vestigial form in embryos of ostrich
and crocodiles, after its positional identity is specified (de Bakker
et al. 2013) (Fig. 1). To distinguish the 2 scenarios, we examined
the MFGs and FCEGs genes (termed together “candidate genes’
hereafter) in HD5s of the 2 species and found that 70% and 77%
of the crocodile and the ostrich orthologous candidate genes are
shared. This suggests that the HD5 was present and started to de-
generate in the Archosauria stem lineage, and it further became
completely lost in most dinosaurs and modern birds (Gauthier
1986; Gatesy 1995). The candidate genes of degenerating ostrich
and crocodile HD5s are enriched (hypergeometric test, P < 0.05)
for Gene Ontology (GO) terms of skeleton, muscle, and skin devel-
opment (Fig. 2b, Table S2). Particularly, genes of skeleton develop-
ment all show downregulation of expression relative to other digits:
the upstream chondrocyte differentiation genes Sox9, Runx2, and
Acan are all downregulated in ostrich and crocodile HD5s, as well
as in the ostrich HD1 relative to other digits of the same and hom-
ologous digits of related species (Fig. 2a, Figure S2). Mouse mutants
of these genes show many skeletal disorders, including shortened
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Figure 1 Degeneration and adaptive evolution of individual Archosaur digits. We studied 2 ratites (emu and ostrich) and chicken, together with 2

pentadactyl reptiles (Siamese crocodile and Chinese softshell turtle) for their individual developing digit in forelimbs and hindlimbs. Cartilage staining
with Alcian blue of each collected digit sample is shown in the right panel, with the degenerating digits and putatively adaptively evolving digit marked
by black and red arrows. The Venn diagrams on the branches show the overlapped candidate genes for the degenerating HD5 of ostrich and crocodile,
and also the number of overlapped candidate genes responsible for all the degenerating emu forelimb digits | and IV (FD1, FD4) vs. ostrich hindlimb
digits I, I, and V (HD1, HD2, HD5). The circle adjacent to HD3 represents the gene number responsible for the adaptation of ostrich hindlimb digit IIl
(HD3). The schematic illustrations of adult digits are based on the anatomical descriptions in (Delfino et al. 2010; de Bakker et al. 2013; Gregorovicova

et al. 2018).
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Figure 2 Candidate genes for the degenerating or adaptively evolving ratite digits. a) The normalized expression of the genes with reported
muscle-related functions in the emu forelimb digits in HH28, skeletal-related functions in the ostrich hindlimb digits in HH28, and epidermal-related
functions in the ostrich hindlimb digits in HH40. The different triangles mark the degenerated digits (down triangles) or adaptively evolving digits (up
triangles). b) The upper panel shows the Gene Ontology (GO) enrichment patterns of candidate responsible genes for each digit that undergoes
degeneration or adaptive evolution in each species. The circle size is scaled to the number of candidate genes of respective GO terms (shown in the
y-axis, different GO terms are grouped into neuron, skeleton, muscle, and skin development, shown by icons) corresponding to each digit (x-axis). The
circle color is scaled to the negative log10 P-value according to the hypergeometric test, with the blue color showing the downregulated genes, and the
red color showing the upregulated genes compared to the homologous digits of other species. The lower panel shows the trend of expression changes of
some example genes in each GO term shared among different degenerating digits. c) Different gene regulatory networks (lwamoto et al. 2013;
Cruet-Hennequart et al. 2015; Deng et al. 2015; Hinds et al. 2016; Chavez et al. 2017; Imran et al. 2017; Ganassi et al. 2018; Valenti et al. 2018; Kwon et al.
2020; Dalle Carbonare et al. 2022) are involved in the degeneration of ostrich/crocodile HD5 and emu forelimb FD1/4. The few shared genes are shown
between the upper and lower panels, and gene names are colored for either being upregulated (red), downregulated (blue), or showing different trends

of regulation between digits (green).

(brachydactyly) and malformed digits (Buxton et al. 2001; Byrnes
et al. 2010; Ryoo et al. 2010; Gibson and Briggs 2016; Dateki 2017;
Csukasi et al. 2019; Lefebvre et al. 2019).

By contrast, fewer than 3% of the candidate genes for the de-
generating emu forelimb digit 1, 4 (FD1,4) and ostrich HD1,2,5 are
shared, and the same candidate genes or genes of the same GO
terms often show opposite changes of gene expression between
different digits (Fig. 2b), indicating independently evolved emu
wing and ostrich foot digit degeneration after the divergence of
the 2 species (Fig. 1). The few shared genes include the growth
factor Fgf23 that is upregulated in the ostrich HD2 and emu
FD1 relative to other digits of the same species. Its overexpres-
sion in mice leads to impaired bone mineralization and muscle
weakness (Lu and Feng 2011; Si et al. 2021). And Akt1, a key regu-
lator of osteoblast and osteoclast activity, is downregulated in
ostrich HD5 and emu FD1/4. The disruption of this gene in mice

produces dwarfism and reduced ossification of cartilage (Cho
et al. 2001; Kawamura et al. 2007; Fukai et al. 2010). Several other
shared genes however show opposite patterns of expression
changes between emu and ostrich in the degenerating digits,
such as the growth factors Gdf2 and Tbhx20 (Kirk et al. 2007;
Hodgson et al. 2020) and the gene Wnt9b, all of which are re-
ported to be critical for skeleton or muscle development (Lan
et al. 2006) (Fig. 2b, Figure S3).

Overall the degeneration of emu wing digits predominantly in-
volves pathways of muscle development, while that of ostrich feet
digits involves mainly downregulation of many skeletal develop-
ment genes, according to their contrasting gene numbers and sig-
nificance levels of the enriched GO terms of skeleton or muscle
development pathways (Fig. 2c). The pattern of emu is consistent
with a recent study of emu embryonic wings of earlier stages,
which attributed the wing degeneration to immobilization of
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wing buds caused by cell death and differentiation arrest of
muscle progenitor cells into autopodial muscle (Tsuboi et al.
2024). The cardiac muscle development TF Nkx2.5 was reported
to be abnormally activated in the emu wing bud (Farlie et al.
2017), and we found here it is also upregulated in all the emu dig-
its relative to their homologs of other species (Fig. 2a).
Interestingly, its downstream gene Tnnt2 (Wei and Jin 2016) is up-
regulated in the emu degenerating wing digit 1, but downregu-
lated in the digit 4 compared to other birds, and we confirmed
this with whole mount RNA in situ hybridization (Figure S4). The
similar opposite expression changes between D1 and D4 have
been observed for other cardiac (e.g. Tnnl) and skeletal (e.g.
Myog) muscle development genes (Fig. 2a). In fact, the candidate
genes annotated with muscle development GO terms are more
often upregulated in the emu wing D1, but downregulated in
the emu wing D4 (Fig. 2a and Figure S5). These results together
show that even for the same species, different digits can have dif-
ferent mechanisms of degeneration, possibly influenced by their
different identities related to the AP positions. Although previous
works reported apoptosis with a TUNEL assay in the chicken wing
digit 4 (de Bakker et al. 2021), we did not observe a significant
(Wilcoxon test, P < 0.05) upregulation of apoptosis-related mark-
er genesin the degenerating digits relative to the retained digits in
most of the studied species, except for an upregulation of Bakl in
the emu FD1, and Apafl in the crocodile HD5 (Figure S6).

To characterize the expression signatures of adaptive evolution
in ostrich HD3, we compared gene expression between each ostrich
and chicken hindlimb digits across 5 (HH28 to HH40) corresponding
developmental stages, and identify differentially expressed genes
(DEGs) specific to HD3 (Materials and Methods, Figure S7). Almost
all HD3-specific DEGs were found at stage 40 and exhibit an upregu-
lation of transcription relative to their chicken orthologs. And they
seem to involve few genes of skeletal and muscle development.
Instead, GO analysis indicated that they are enriched for “intermedi-
ate filament organization”, “formation of the cornified envelope”,
and “cell-cell junction organization” (Fig. 2b). By stage HH40, we
found upregulation of many epidermal-related genes. Those genes
comprise core structural keratins and cornification regulators (e.g.
Krt24, Krt75, Krt80 (Ho et al. 2022)), master transcription factors di-
recting keratinocyte differentiation (e.g. KIf5, Cdknla (Kreis et al.
2019; Lyu et al. 2022)), and critical intercellular junction stabilizers
essential for withstanding high mechanical stress (e.g. Pkpl, Pkp2,
Gjb2 (Richard 2001, lossa et al. 2011; Rietscher et al. 2016)). This is
consistent with the reported thicker epidermis and extra toepad
structure of this digit relative to the only other retained HD4 and
homologous digits of other species (EIl-Gendy et al. 2012), for pro-
tecting the soft tissue and absorbing the concussion during walking
and running.

In conclusion, our results provide molecular evidence consist-
ent with developmental patterns and the morphological reduc-
tion of hindlimb digit V described in basal dinosaurs and their
relatives (Sereno and Novas 1992; Sereno 2012). Paleognaths
have long captivated evolutionary biologists as a classic model
for debating biogeographical vicariance versus convergent evo-
lution, specifically regarding whether flightlessness was a single
ancient event or evolved independently. Consistent with the phy-
logenomic consensus supporting multiple independent losses
(Harshman et al. 2008; Widrig et al. 2025), we found that the
emu and ostrich evolved independent modifications to their
wings or feet, involving different skeletal or muscle

developmental genes in the degenerating digits. While the os-
trich specifically in one hindlimb digit with expression changes
in genes of epidermal development and cell adhesion to adapt
for running.

Methods and materials

Data collection

All of the animal embryos were sampled after 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 near-
by Hangzhou, Lishui, and Xi’An, and the eggs were incubated at
37.5, 36.5, and 37 °C, respectively, with a humidity around
65% to 75%. We collected the samples at Hamburger
and Hamilton stage 28 and stage 32 embryos (Hamburger and
Hamilton 1992; Brand et al. 2017). The hindlimb shape was
used as a morphological criterion to stage embryos, with the
Hamburger-Hamilton stage for chickens and also for emu and os-
trich embryos. Stage 28 (we defined it as an early digit stage) fea-
tured a second digit and third toe longer than the others, creating
a pointed contour in the digital and toe plates. By stage 32 (we de-
fined it as a late digit stage), all digits and toes have significantly
lengthened, with thin, concave-webbed structures forming be-
tween them. Corresponding stages of other vertebrate species
were chosen according to the similarity of their digit morphology
with that of the chicken. We did not collect the samples of hind-
limb digit 5 of the chicken, and digits 1 and 5 of the emu, because
they are barely detectable during dissections (Figure S8). We also
collected cartilage or boned individual digits of chicken hindlimb
D1 to D4, and ostrich hindlimb D2, D3, and D4, in stage 36, stage
38, and stage 40 stages according to their embryonic morphology
(Hamburger and Hamilton 1992; Bai et al. 2023), for the Alcian
blue/alizarin red staining and following analysis on the degener-
ation of hindlimb D2 and the adaptive evolution of hindlimb D3 in
ostrich. 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 18 and 28 days according to the staging
work of (Tokita and Kuratani 2001). We collected the Siamese
crocodile eggs from a farm in Beihai and incubated them at
33°C. The samples were collected on 24 and 31-33 days according
to the staging work of Ferguson (1985). For all samples, we col-
lected each digit, including its posterior interdigital mesoderm
from the forelimb and hindlimb, respectively. Left and right digit
samples were collected as replicates from the same individual
and placed immediately in the RNAlater (Sigma-Aldrich) solution.
RNA was extracted from each sample with TRIzol (Thermo Fisher
Scientific) (Chomczynski and Mackey 1995). Then, paired-end li-
braries were constructed using NEBNext UltraTM RNA Library
Prep Kit for Illumina (NEB, USA), and 2Gb paired-end reads of
150 bp long were produced for each library. We also collected
additional forelimb and hindlimb samples and fixed them in etha-
nol overnight for Alcian staining. The samples were then trans-
ferred to acetone overnight. Alcian blue and alizarin red
staining were performed for 1 to 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 (Ovchinnikov 2009).
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Read mapping and analysis of gene
expression

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) as reference for aligning the RNA-seq reads with
HISAT2 (2.1.0) (Kim et al. 2019). The alignment rates between the
RNA-seq reads vs. the reference genomes range between 70% and
90%. Raw gene counts were counted by featureCounts(v2.0.1) and
normalized by transcripts per million (TPM) method for estimating
the gene expression level.

Identification of candidate responsible
genes

We define MFGs as those that are upregulated or downregulated
relative to the rest of the digits in either of the sampled develop-
mental stages. The upregulation or downregulation index was

measured by 26113 % = 2 or T gL
cording to Kryuchkova-Mostacci and Robinson-Rechavi (2017),
where xis the TPM of the respective digit, and n is the tissue number.
Avalue higher than 0.5 was used as the cutoff for defining MFGs ac-
cording to the distribution of the index values of each species. We
inferred the fast change in expression genes related to digit degen-
eration, with expression changes in the emu forelimb (D1, D4), os-
trich hindlimb (D1, D5), and crocodile hindlimb (D5) by PhyDGET
[https://www.github.com/peaselab/phydget] (Pease et al. 2022).
We first normalized and transformed the RNA-seq read counts of
the digits of each species into log2(cpm) (log2 transform of counts
per million), then tested the expression difference across seven spe-
cies using BayesTrait (v3.0.2) (Pagel et al. 2004) under a null model
that hypothesizes constant rate changes and alternative models.
Marginal log-likelihoods were compared to calculate the Bayes fac-
tors, which improved the alternative model fit. And the genes can be
defined with species- or branch-specific changes of expression lev-
els relative to their orthologs in outgroups. For the putative adap-
tively evolving genes of the ostrich HD3, we performed differential
expression analysis using DESeq2 (Love et al. 2014) by constructing
a combined grouping factor encompassing species and digit to
model the orthologous gene counts. Specifically, for each matched
stage from HH28 to HH40, genes were defined as ostrich
HD3-biased only if they simultaneously fit 2 criteria: (1) exhibiting
significant differential expression in the ostrich HD3 compared to
both digits (HD2 and HD4); and (2) exhibiting significant differential
expression in the ostrich HD3 compared to the homologous chicken
HD3 at the identical stage. We use a threshold of |log2(FoldChange)|
> 1 and adjusted P-value < 0.05.

ac-

Gene ontology (GO) term analysis

The GO enrichments were produced by Metascape (Zhou et al.
2019), and the orthologous genes to mouse for digit degener-
ation were provided to this online tool. All genes in the genome
were used as the enrichment background.

Whole mount in situ hybridization

RNA was extracted from a HH28 chicken limb as described earl-
ier, and cDNA was synthesized using the High-Capacity cDNA
Reverse Transcription kit. PCR products were purified and cloned
into the pSPTI9 vector using the ClonExpress Ultra One Step
Cloning Kit (Vazyme). Vectors were transformed into DH5a com-
petent cells. Sense and antisense probes were generated by lin-
earizing plasmids transcribed with T7 polymerase. Probes,
labeled with digoxigenin (Sigma-Aldrich), were hybridized with
chicken, emu, and ostrich embryos at 70 °C. The in situ hybridiza-
tion method followed the GEISHA Project of Whole Mount In Situ
Hybridization Protocol for mRNA Detection [http://geisha.
arizona.edu/].

Supplementary material

Supplementary material is available at Molecular Biology and
Evolution online.
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