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Salamanders and lungfishes are the only sarcopterygians (lobe-
finned vertebrates) capable of paired appendage regeneration,
regardless of the amputation level. Among actinopterygians (ray-
finned fishes), regeneration after amputation at the fin endoskel-
eton has only been demonstrated in polypterid fishes (Cladistia).
Whether this ability evolved independently in sarcopterygians and
actinopterygians or has a common origin remains unknown. Here
we combine fin regeneration assays and comparative RNA-sequencing
(RNA-seq) analysis of Polypterus and axolotl blastemas to provide
support for a common origin of paired appendage regeneration in
Osteichthyes (bony vertebrates). We show that, in addition to poly-
pterids, regeneration after fin endoskeleton amputation occurs in
extant representatives of 2 other nonteleost actinopterygians: the
American paddlefish (Chondrostei) and the spotted gar (Holostei).
Furthermore, we assessed regeneration in 4 teleost species and
show that, with the exception of the blue gourami (Anabantidae),
3 species were capable of regenerating fins after endoskeleton am-
putation: the white convict and the oscar (Cichlidae), and the gold-
fish (Cyprinidae). Our comparative RNA-seq analysis of regenerating
blastemas of axolotl and Polypterus reveals the activation of com-
mon genetic pathways and expression profiles, consistent with a
shared genetic program of appendage regeneration. Comparison
of RNA-seq data from early Polypterus blastema to single-cell RNA-
seq data from axolotl limb bud and limb regeneration stages shows
that Polypterus and axolotl share a regeneration-specific genetic
program. Collectively, our findings support a deep evolutionary
origin of paired appendage regeneration in Osteichthyes and provide
an evolutionary framework for studies on the genetic basis of
appendage regeneration.
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Atypical osteichthyan paired fin (i.e., pectoral and pelvic fin)
is composed of an array of proximal fin radials (the endo-

skeleton), followed distally by the fin rays (the dermal skeleton).
The tetrapod limb evolved from paired fins in Devonian sar-
copterygians. During this transition, the fin ray dermal skeleton
was lost and the elaborate limb endoskeleton emerged, consist-
ing of a proximal segment, the stylopod (humerus and femur), an
intermediate segment, the zeugopod (radius/ulna, tibia/fibula),
and a distal segment, the autopod (manus and pes) (1). There-
fore, whereas fin rays have no direct homologous counterpart in
tetrapod limbs, the limb endoskeleton and the endoskeletal el-
ements of fish paired fins share deep homology (2, 3) (Fig. 1A).
Among sarcopterygians, the capacity to regenerate the limbs

and fins after amputations severing the endoskeleton has been
reported only in 3 groups: frogs (4), salamanders (5), and lungfishes
(6). Although adult frogs cannot regenerate limbs, this capacity is
exhibited by tadpoles before metamorphosis (7). Recent fossil ev-
idence has shown that limb regeneration occurred in basal am-
phibians before the emergence of stem salamanders, caecilians, and
frogs; hence, this capacity is likely an ancient, plesiomorphic feature
of tetrapods (8, 9). Recently, transcriptome analysis revealed strong
similarities between the transcriptional profiles deployed in lungfish
fin and salamander limb blastemas (LBs) (6). Altogether, current

data support the hypothesis that tetrapods inherited a limb re-
generation program from sarcopterygian fish ancestors (10).
Among actinopterygians, teleosts, such as zebrafish, have been

broadly used for fin regeneration studies, yet their regenerative
abilities are thought to be limited to the dermal fin ray skeleton
(11, 12). However, evidence of tail regeneration after endo-
skeleton amputation has been shown in zebrafish (13). Thus far,
only 2 actinopterygian species, both from the earliest branching
ray-finned fishes, the Polypteridae, have been found to fully re-
generate paired fins, including the endoskeleton: the Senegal
bichir Polypterus senegalus (14, 15) and the ropefish Erpetoichthys
calabaricus (15). Currently, our understanding of the evolution of
appendage regeneration is hindered by limited knowledge of the
regeneration capabilities across fish clades. To address this, we
assessed fin regeneration capacity in key taxa representing all ex-
tant major actinopterygian clades and examined gene-expression
profiles of limb and fin regenerating blastemas via RNA se-
quencing (RNA-seq) in Polypterus.
Here we provide evidence of regeneration after amputation at

the fin endoskeleton in the American paddlefish (Chondrostei),
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the spotted gar (Holostei), 2 cichlids, and 1 cyprinid (Teleostei),
which together with polypterids (Cladistia), constitute living
representatives of all major actinopterygian lineages. Furthermore,
we show that regenerating blastemas of axolotl and Polypterus
activate common genetic pathways and expression profiles. We
also find that early blastema transcriptomes from Polypterus
and axolotl deploy a shared regeneration-specific genetic program.
Altogether, these findings suggest that regeneration of paired fins
and limbs has a deep evolutionary origin.

Results
Fin Regeneration in Nonteleost Actinopterygians. The American
paddlefish (Polyodon spathula) is a descendant of the early-diverging
actinopterygian clade (Chondrostei, Acipenseriformes) (Fig. 1A).
Paired fins of paddlefish are supported proximally by an elaborate
endoskeleton. We chose to assess regeneration of pelvic fins,
which have an endoskeleton compartment more readily accessible
to amputations (Fig. 1B). We performed 8 pelvic fin amputations
of juvenile fish and assessed regenerative growth 4 wk later (Fig.
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Fig. 1. Phylogenetic distribution of appendage regeneration after endoskeleton amputation among vertebrates and of fin regeneration in nonteleost
actinopterygians. (A, Upper) Schematic representation of endoskeleton and dermal skeleton of vertebrate appendages. (A, Lower) A time-calibrated ver-
tebrate phylogeny depicts the state of current knowledge at the time this study was undertaken. Lineages containing one or more species capable of fin or
limb regeneration after endoskeleton amputation are denoted in blue, those incapable denoted in orange, and those where no information exists in black.
(B) Cleared and stained juvenile paddlefish at 75 dpf; pectoral and pelvic fins denoted. (C) Ventral view of a specimen with regenerated right pelvic fin at
28 dpa; arrowheads denote amputation site. (D) Ventral view of the cleared and stained specimen shown in C, displaying endoskeletal regeneration distal to
the amputation site. (E) Spotted gar with pectoral and pelvic fins denoted. (F) Left pelvic fin before amputation. (G) Skeletal staining of fin removed by
amputation; dotted line shows amputation site across the endoskeleton. (H) Ventral view showing regenerated left fin at 257 dpa and uninjured right fin. (I)
Skeletal staining of the regenerated fin. (I′) Close-up view of the regenerated endoskeleton. (J) Skeletal staining of the uninjured right fin. (J′) Close-up view
of uninjured right fin endoskeleton (Scale bars: 5 mm in B and 1 mm in C, D, G, I, I′, J, and J′). Reg, regenerated. In panels B–J′ anterior is to the left.
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1C). We found that at 28 d postamputation (dpa), 6 of 8 fish
showed chondrogenic outgrowth and repatterning distal to the
amputation plane (Fig. 1D). All specimens displayed heteromorphic
regeneration, where the regenerated endoskeleton and dermal
skeleton morphology differed from the original, with significant bi-
furcations of radials occurring at the amputation plane, as well as
novel condensations and of cartilaginous bars (Fig. 1D and SI Ap-
pendix, Fig. S1 A–D). In 4 of 6 fish with regenerative outgrowths
there was significant regrowth of the dermal fin-fold, including the
formation of lepidotrichia. In sum, these results showed that juve-
nile paddlefish are capable of fin regeneration after amputation at
the fin endoskeleton.
Gars (Lepisosteus oculatus) are members of the Lepisosteiformes

(Holostei) and, together with polypterids and the chondrostean
paddlefish, constitute living representatives of the 3 principal
nonteleost clades of living actinopterygians (16) (Fig. 1A). We
performed pectoral fin amputations across the endoskeleton (Fig.
1 E–G) on 15 individuals and followed regenerative outgrowth for
∼8 mo. A total of 11 of 15 fish displayed various degrees of re-
generation, from partial to near complete regrowth, and the
regenerated fin radials and rays were often shorter and misshapen
(Fig. 1 H–J′ and SI Appendix, Fig. S1 E–H). Therefore, as seen in
paddlefish, regeneration was mostly heteromorphic. Nevertheless,
collectively, our results on gar and paddlefish, together with previous
reports in polypterids, suggest that the capacity for regeneration
after fin endoskeleton amputation is a common feature among living
nonteleost actinopterygians.

Fin Regeneration After Endoskeleton Amputation in Teleosts. Given
the observations above, the question of whether paired fin re-
generation after endoskeleton amputation could extend to the
teleost clade was reexamined. To this end, we selected 2 cichlid
species, the white convict (Amatitlania nigrofasciata) and the
oscar (Astronotus ocellatus), in which the pectoral fin endoskel-
eton compartment was sufficiently large and accessible for am-
putations (Fig. 2 A and E). As seen in gar, regeneration after
amputation at the fin endoskeleton progressed slowly and was
followed for several months. At 160 dpa, fin regeneration was
observed in 6 of 8 white convicts (Fig. 2B and SI Appendix, Fig.
S2 A and D). Similarly, 3 of 4 oscars showed fin regeneration at
90 dpa (Fig. 2F and SI Appendix, Fig. S2 G and J). In both
species, the extent of regeneration varied, and regenerated fins
differed from the original morphology. Skeletal staining of the
amputated fins confirmed that amputation planes crossed the fin
endoskeletons, removing the distal ends of the radials (Fig. 2 C
and G and SI Appendix, Fig. S2 H and K). In white convicts,
regenerated fin radials displayed discrete distal outgrowth and
some radials partially recovered the original morphology (Fig. 2
D and D′ and SI Appendix, Fig. S2 C, C′, F, and F′). Fin radial
distal outgrowth was occasionally associated with hypertrophy
and the regenerated dermal skeleton was characterized by fin
rays that were shorter and reduced in number (Fig. 2D′ and SI
Appendix, Fig. S2 C′ and F′). In oscars, regenerated fin radials
also showed distal outgrowth and hypertrophy and fin rays were
shorter and reduced in number (Fig. 2 H andH′ and SI Appendix,
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Fig. 2. Evidence of regeneration after endoskeletal fin amputation in teleosts. (A) Side view, white convict specimen (Inset) and its left pectoral fin; ar-
rowheads denote amputation site. (B) Regenerated fin at 160 dpa. (C) Skeletal staining of fin removed by amputation; dotted line denotes amputation site
across the endoskeleton. (D) Skeletal staining of the regenerated fin at 160 dpa. (D′) Close-up view of the regenerated endoskeleton. (E) Side view, oscar
specimen (Inset) and its left pectoral fin; arrowheads denote amputation site. (F) Regenerated fin at 90 dpa. (G) Skeletal staining of fin removed by am-
putation; dotted line shows amputation site across the endoskeleton. (H) Skeletal staining of the regenerated fin at 90 dpa. (H′) Close-up view of the
regenerated endoskeleton. (I) Side view, blue gourami specimen (Inset) and its left pectoral fin; arrowheads denote amputation site. (J) Fin at 90 dpa, black
dashed line denotes edge of fin stump. (K) Skeletal staining of fin removed by amputation; dotted line shows amputation site across the endoskeleton. (L)
Skeletal staining of the fin at 90 dpa. (L′) Close-up view of the endoskeleton. (M) Side view, goldfish specimen (Inset) and its left pectoral fin; arrowheads
denote amputation site. (N) Regenerated fin at 75 dpa. (O) Skeletal staining of fin removed by amputation; dotted line shows amputation site across the
endoskeleton. (P) Skeletal staining of the regenerated fin at 75 dpa. (P′) Close-up view of the regenerated endoskeleton (Scale bars: 5 mm in A, E, I, and M;
1 mm in B–D′, F–H′, J–L′, and N–P′). Arrowheads indicate endoskeleton (D′, H′, L′, and P′).
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Fig. S2 I, I′, L, and L′). Altogether, these results demonstrate
that despite being predominantly heteromorphic, regeneration
of paired fins following amputation through the endoskeleton is
observed in these cichlids.
To further expand our sampling across teleosts, we selected

2 additional species for regeneration assays: the blue gourami
Trichogaster trichopterus (Anabantiformes) and the goldfish
Carassius auratus (Cypriniformes), whose lineages are estimated
to have diverged from the Cichliformes 117 and 230 Mya, re-
spectively (17). We assayed 7 blue gouramis for the ability to
regenerate after amputation at the endoskeleton level (Fig. 2 I–K
and SI Appendix, Fig. S2 M–O′). However, fin outgrowth was not
observed in amputated fins at 90 dpa (Fig. 2 L and L′). Goldfish,
however, were capable of fin regeneration after endoskeleton-
level amputations (n = 9) (Fig. 2 M–O and SI Appendix, Fig. S2
S–X′). At 75 dpa, regenerated goldfish fins had new endoskeletal
elements and fin rays, although the endoskeletal elements were
shorter and hypertrophied and the fin rays were reduced in
number and length (Fig. 2 P and P′). Importantly, evidence of
regenerative fin outgrowth was observed in regeneration-
competent teleosts (white convict, oscar, and goldfish) as early
as 30 dpa (SI Appendix, Fig. S2Y).
Overall, our findings showed that fin regeneration after am-

putation at the endoskeleton is found in representatives of all
major living actinopterygian clades. We interpret these findings
as best fitting a scenario where fin regeneration after endoskeleton
amputation is a complex ancestral trait that has been subsequently
retained in some species, such as those shown to be regeneration-
competent in our assays. In this scenario, blue gouramis and other
regeneration-incompetent species represent loss of regeneration
capacity. Together with previous reports in salamanders and
lungfish, our findings are consistent with the hypothesis that the
ability to regenerate appendages after endoskeleton amputation
was likely already present in Osteichthyes before the divergence of
the actinopterygian and sarcopterygian lineages.

Axolotl and Polypterus Deploy Common Genetic Pathways during
Appendage Regeneration. Given our findings, we hypothesized
that actinopterygian fins and salamander limbs may share a
common, ancient genetic program for appendage regeneration.
To examine this, we generated RNA-seq data from Polypterus fin
blastema (FB) and uninjured fin (UF), and axolotl LB and un-
injured limb (UL) (SI Appendix, Fig. S3 A–D). We produced
3 independent RNA-seq libraries from pools of Polypterus UF
and FB at 9 dpa (18), a stage where new cartilage condensation is
starting to form (14) (see, for example, Fig. 5B). We also gen-
erated 3 independent RNA-seq libraries from pools of axolotl
UL and LB at 14 dpa (19), equivalent to a medium-late bud
stage (20). Spearman correlation coefficients among biological
replicas were greater than 0.71, corroborating the reproducibility
of RNA-seq runs (SI Appendix, Fig. S3E). Reads from all runs
were used to produce de novo assemblies of reference tran-
scriptomes for both Polypterus and axolotl (SI Appendix, Fig.
S3F). Differential gene expression (DGE) analysis of the axolotl
LB vs. UL revealed 562 down-regulated and 1,443 up-regulated
genes. Our axolotl DGE data correlate well to publicly available
axolotl limb regeneration RNA-seq profiles, with up- and down-
regulated genes showing equivalent transcripts per million
(TPM) values in all RNA-seq replicas (21) (SI Appendix, Fig. S4
A and B and Datasets S1 and S2). Next, we performed DGE
analysis of the Polypterus FB vs. UF and found 379 down-
regulated and 957 up-regulated genes, including genes typically
down-regulated (Mybpc2, Casq1, Myoz1, Smpx, Tnnt3) or up-
regulated (Mmp11, Sall4, Msx2, Sp9, Wnt5a, Fgf8, and Fgf10) in
axolotl blastemas (22–26) (Fig. 3A and Dataset S2). qPCR profiles
of 12 differentially expressed targets were largely consistent with the
Polypterus RNA-seq data (SI Appendix, Fig. S4C). Our comparison
of axolotl and Polypterus blastema DGE datasets revealed that

35.31% of the genes up-regulated in the Polypterus FB possess
homologs up-regulated in the axolotl LB as well (Fig. 3B). To
determine the expected overlap between the 2 DGE datasets by
chance, we produced 1,000 lists containing 957 Polypterus genes
randomly sampled from the 14,274 genes annotated in our Poly-
pterus reference transcriptome. We found that the mean percent
overlap expected by chance is 9.36%. When we computed the
percent overlap into a z-score, which measures how many SDs the
percent overlap between our Polypterus FB and axolotl LB is
above the random expected mean, we found that the 35.31%
overlap corresponds to a z-score of 21.38, and is significantly
different from the expected overlap by chance (Fig. 3C). Next, we
performed a gene set enrichment analysis (GSEA) to compare
appendage regeneration signatures of axolotl LB to our Polypterus
DGE dataset. Our analysis revealed that genes overexpressed in
our axolotl LB dataset were significantly enriched among genes
up-regulated in the Polypterus FB (Fig. 3D). Analysis of enriched
gene ontology (GO) categories showed that Polypterus blastema is
enriched for several GO terms also associated with axolotl LB,
including appendage morphogenesis, extracellular matrix organi-
zation, and chromatin remodeling (Dataset S3). Furthermore, we
found that 179 of 265 (67.54%) of the enriched GO categories
in the Polypterus blastema were also enriched in the axolotl
blastema transcriptome (Fig. 3B).
Next, we performed a pathway overrepresentation analysis on

the blastema up-regulated genes in Polypterus and axolotl. A
graphical representation of this data shows each top-level path-
way as a central circle, connected to other circles representing
the next level lower in the pathway hierarchy (Fig. 3E; see zoom-
in on a section of the cell cycle pathway). Our analysis revealed
that 88.1% (155 of 176) and 88.7% (118 of 133) of enriched
pathways in Polypterus and axolotl, respectively, fall into 7 of
26 broader categories, namely extracellular matrix organization,
cell cycle, DNA replication, DNA repair, metabolism of pro-
teins, metabolism of RNA, and gene expression (transcription).
We found that 90 of 133 (67.7%) overrepresented pathways in
axolotl LB were shared with the Polypterus FB dataset, including
pathways involved in collagen formation, extracellular matrix
organization, regulation of TP53 activity, and cell cycle. Con-
versely, among down-regulated genes, we found that 14 of 28
(50.0%) shared overrepresented pathways between Polypterus
and axolotl, including pathways involved in muscle contraction
and metabolism (SI Appendix, Fig. S5 and Dataset S4). Collec-
tively, our findings revealed substantial similarities of gene ex-
pression, GO enrichment, and pathway overrepresentation
profiles between Polypterus and axolotl blastemas.

Axolotl and Polypterus Early Blastemas Share a Genetic Appendage
Regeneration Program. Various signaling pathways deployed
during axolotl limb regeneration are also activated during limb
development, suggesting that regeneration largely recapitulates
development (27). A recent single-cell RNA-seq (scRNA-seq)
analysis comparing axolotl LBs to developing limb buds found
a high correlation between gene-expression profiles of late-stage
LBs and developing limb buds. On the other hand, early-stage
3-dpa and 5-dpa axolotl blastemas showed a more unique,
regeneration-specific gene-expression profile (28). To determine
whether Polypterus and axolotls deploy a common regeneration-
specific genetic program during early stages of regeneration, we
generated transcriptome data for Polypterus early fin blastema
(EFB) at 3 dpa (18), when the regenerated tissue lacks any no-
ticeable cartilage condensation (see, for example, Fig. 5A). Pools
of 3-dpa blastemas were used to generate 3 RNA-seq libraries,
and reads were subsequently mapped to our Polypterus reference
transcriptome (SI Appendix, Fig. S3 A–D). Spearman correlation
coefficients among replicas were greater than 0.84, attesting to
the reproducibility of RNA-seq runs (SI Appendix, Fig. S3E).
DGE analysis of the Polypterus 3 dpa vs. Polypterus UF showed
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3,554 genes up-regulated and 705 genes down-regulated (Fig. 4A
and Dataset S2). Among the up-regulated DGE dataset, we
detected many genes previously found up-regulated during early
regeneration, such as Hmox1, Steap1, Fgf10, Tgfb1, Msx2, Mmp8,
and Il11 (Fig. 4A). Other genes previously implicated in axolotl
limb regeneration in candidate gene studies, in high-throughput
assays, as well as genes involved in both development and re-
generation were also up-regulated in the Polypterus 3-dpa DGE
dataset, such as Fen1, Nrg1, Tp53, Cirbp, Hoxa9, Tgfa, Mmp11,
and Cxcl8 (Il8) (26, 28, 29).
Early stages of salamander limb regeneration are character-

ized by an inflammatory response associated with macrophage
recruitment and up-regulation of cytokines, such as Il-1 (30).
Recently, Il-8 was found to be required for axolotl limb re-
generation (29). Signaling via reactive oxygen species (ROS) has
also been identified to be among the earliest cues involved in the
initiation of limb and tail regeneration in salamanders and
Xenopus (31–33). To determine which pathways were enriched in

Polypterus EFB vs. FB, we compared overrepresented pathways
in 3-dpa and 9-dpa Polypterus DGE datasets (Dataset S4). A
graphical representation of these data revealed the most dis-
tinctive top-level pathway categories among each dataset (Fig.
4B and SI Appendix, Fig. S5). Polypterus 9-dpa blastema showed
strong overrepresentation of pathways in DNA repair (such as
mismatch repair and processing of DNA double-stranded break
ends), which was not observed in 3-dpa blastema (Fig. 4B).
Conversely, overrepresented pathways in the Polypterus 3-dpa
blastema were found in the broader categories of the immune
system (such as IL-1 signaling), signal transduction (such as
degradation of Axin and degradation of Gli1 by the proteasome),
and cellular responses to external stimuli (such as cellular re-
sponse to stress, which includes components of ROS signaling)
(Fig. 4B). Overall, the DGE and overrepresented pathway pro-
files of Polypterus 3-dpa blastema show activation of signaling
programs previously implicated in limb regeneration initiation
in axolotl.
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Next, we sought to determine which axolotl blastema or de-
velopmental stage best correlates with our 3-dpa Polypterus DGE
dataset. To achieve this, we used publicly available axolotl
scRNA-seq data to generate mock transcriptomes in which a
gene’s TPM value corresponds to the mean TPM value obtained
from all sequenced cells in each condition. Mock transcriptomes
were made for scRNA-seq data from LB stages (3, 5, 8, and
11 dpa) and limb bud developmental stages (St40 and St44) (28).
Then, we created DGE datasets of genes up-regulated in each of the
above-mentioned regeneration and developmental stages relative
to the scRNA-seq mock transcriptome corresponding to the un-
injured 0-dpa limb (Dataset S5). Next, we used GSEA to find

which axolotl DGE dataset best correlates to our Polypterus 3-
and 9-dpa DGE datasets. Our analysis showed that the highest
enrichment score is obtained when comparing our Polypterus 3-
dpa DGE to the axolotl scRNA-seq 3-dpa DGE dataset (Fig. 4
C and D), with decreasing enrichment scores for later axolotl
regeneration stages (5, 8, and 11 dpa) and for limb bud stages
(St40 and St44) (SI Appendix, Fig. S6). Whereas our Polypterus
9-dpa DGE dataset also showed high enrichment score com-
pared with 3- and 8-dpa axolotl scRNA-seq DGE, a comparably
high score was also seen for the comparison with limb bud St40
scRNA-seq DGE (Fig. 4D). We concluded that in contrast to
the 9-dpa blastema, the Polypterus 3-dpa blastema correlates
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better with early axolotl blastemas than with developing axolotl
limb bud DGE datasets.
To identify a putative regeneration-specific genetic program

shared by Polypterus and axolotl, we first sought to subtract from
the axolotl blastema DGE datasets those genes up-regulated in
limb bud DGE datasets. To this end, we combined the up-
regulated gene list of axolotl scRNA-seq 3- and 5-dpa DGE
dataset, which added up to 2,417 genes. From this list we removed
1,905 genes corresponding to genes also found up-regulated in
limb bud St40 and St44 DGE datasets. In the remaining 512 genes,
which correspond to the axolotl regeneration-specific gene list, we
found that 194 genes were shared with the Polypterus 3-dpa DGE
dataset (Fig. 4E and Dataset S5). Pathway overrepresentation
analysis showed that this shared set of regeneration-specific genes
between Polypterus and axolotl is enriched for pathways, such as
IL-6 signaling, cell–extracellular matrix interactions, ROS signal-
ing, and activation of matrix metalloproteinases (Fig. 4F and
Dataset S6). These results show that Polypterus and axolotl deploy
a common, regeneration-specific genetic program in early-stage
blastemas.

Regeneration-Specific Expression Pattern of Select Genes in
Polypterus Early and Late Blastemas. Finally, we sought to assess
the spatial patterns of expression of genes found in our
Polypterus DGE datasets by in situ hybridization in histological
sections of blastemas at 3 and 9 dpa (Fig. 5 A and B).Msx1 encodes
a homeobox transcription factor capable of inducing de-
differentiation of myotubes (34), is up-regulated during limb
regeneration in salamanders (24, 26, 35), and is expressed in
blastema mesenchymal cells of Xenopus froglets (36). Similarly,
we detected Msx1 expression in the Polypterus blastema mesen-
chyme at 3 dpa, and also in mesenchymal cells near the ampu-
tation site at 9 dpa (Fig. 5 C and D). Fgf10 expression has been
detected in regenerating blastema mesenchyme of Xenopus
froglets and axolotl (36, 37). As seen in amphibian blastemas,
Fgf10 was expressed in mesenchymal cells in the 3-dpa blastema
(Fig. 5E). At 9 dpa, signal was seen in mesenchymal cells near
the amputation site and did not extend to the regenerating fin
fold (Fig. 5F). Adam8 encodes a metalloprotease associated with
skeletal muscle regeneration (38). Adam8 has not been pre-
viously linked to limb regeneration. However, it was found up-
regulated in our Polypterus 3 dpa and axolotl scRNA-seq 3- and
5-dpa DGE datasets. Our results show Adam8 highly and broadly
expressed in blastema cells and cells proximal to the amputation
site at 3 dpa (Fig. 5G). At 9 dpa, expression is restricted to a few
mesenchymal cells along the regenerating blastema (Fig. 5H).
Dio3 encodes a deiodinase that catalyzes the inactivation of the
thyroid hormone and is up-regulated in Polypterus 3 dpa and
axolotl scRNA-seq 3- and 5-dpa DGE datasets. In mice, satellite
cell-specific genetic ablation of Dio3 impairs skeletal muscle
regeneration (39). We detected scattered Dio3 expression in
mesenchymal cells proximal and distal to the amputation site at
3 dpa (Fig. 5I). At 9 dpa, Dio3 expression is mostly distal to the
amputation site and discretely detected in mesenchymal and
epithelial cells along the regenerating fin fold (Fig. 5J). Finally,
Runx1 encodes a runt-related transcription factor required for
myoblast proliferation during muscle regeneration in mice (40)
and up-regulated during limb regeneration in salamanders (41).
At 3 dpa, we detect Runx1 expression in the blastema and in cells
proximal to the amputation site (Fig. 5K). At 9 dpa, Runx1 signal
is detected in mesenchymal cells near the amputation site, at the
base of the regenerating fin fold, and does not extend distally
(Fig. 5L). In situ hybridization with control sense probes did not
yield signal (SI Appendix, Fig. S7). In sum, our results revealed
the expression patterns of genes implicated in both Polypterus
and axolotl appendage regeneration and showed that Msx1 and
Fgf10 expression in Polypterus blastema resembles the expression
patterns described in axolotl and Xenopus froglets.

Discussion
Here we provide evidence of a wide phylogenetic distribution of
appendage regeneration after endoskeleton amputation across
diverse fish lineages (Fig. 6). In all species examined, the mor-
phology of regenerated fins differed substantially from uninjured
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Fig. 5. Expression pattern of select genes in Polypterus early and late
blastemas. Longitudinal histological sections of Polypterus blastemas at
3 dpa (A, C, E, G, I, and K) and 9 dpa (B, D, F, H, J, and L); all panels show
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fins. Heteromorphic regeneration has been previously reported
for salamanders (42), lungfish (6), and dermal fin ray regener-
ation in teleosts (43). Repeated fin amputations also result in
abnormal endoskeleton morphologies in Polypterus (15). In our
study, all 5 regeneration-competent species examined showed
varying degrees of heteromorphic regeneration. These findings
suggest that a great variability of fin regenerating capacity may
exist among actinopterygians. Nevertheless, in the species ex-
amined, regenerative outgrowth was the most common outcome
of fin amputation at the endoskeleton level.
Extensive taxonomic sampling is essential to establish the di-

rection of evolutionary change. In addition to our data in non-
teleosts, we present data from 3 teleost species (2 cichlids and
goldfish) representing lineages that split over 230 Mya (17), in
which amputation at the pectoral fin endoskeleton resulted in
heteromorphic fin regeneration. It is important to note that, as
we observed in blue gouramis, lack of regenerative capacity may
be widespread in teleosts. However, because Anabantiformes
(and teleosts in general) are nested within regeneration-competent
clades, we argue that secondary loss of regenerative capacity is
the most likely scenario in blue gouramis or other potential teleost
species lacking fin regenerative capacity. Presence of regeneration
in a species may also result from reacquisition of regenerative
capacity. In the end, additional taxonomical sampling and regen-
eration assays will aid in establishing the polarity of evolutionary
change within fish lineages and possibly provide a valuable source
of new research organisms for comparative studies of appendage
regeneration.
Our transcriptome comparisons showed significant similarities

in gene-expression profiles between Polypterus and axolotl blas-
temas. In agreement with our findings, a recent transcriptome
study showed that the Polypterus 4-dpa blastema triggers a sim-
ilar genetic program to that described in axolotl and lungfish
appendage regeneration (44). Here we show that many genes
and pathway-detected Polypterus 9-dpa blastema are also observed
during axolotl regeneration. However, as shown in a recent study
(28), late blastemas also display significant similarity to the genetic
program of limb buds. Conversely, we also show that the genetic
program deployed in the Polypterus 3-dpa blastema compares best
to 3-dpa axolotl blastema, and pathways traditionally associated

with initiation of limb regeneration, such as expression of cyto-
kines and ROS signaling, were also detected in the Polypterus early
blastema. Our in situ hybridizations in Polypterus blastemas show
mesenchymal expression of Msx1 and Fgf10, as seen in blastemas
of axolotls and Xenopus froglets. Furthermore, we also provide
expression patterns in Polypterus blastemas for genes previously
implicated in axolotl limb regeneration.
In our compiled list of 194 regeneration-specific genes com-

monly deployed by Polypterus and axolotl, we have excluded
genes up-regulated during axolotl limb bud stages. However, it
is important to note that developmental genes may have
regeneration-specific roles in addition to those identified in the
context of development. In mice where Shh has been genetically
inactivated (45) or in developing salamanders treated with the
Shh inhibitor cyclopamine (46), the stylopod and zeugopod form,
and only the digits are affected. During axolotl limb regenera-
tion, however, continuous Shh inhibition blocks regeneration
entirely, and a limb does not form (47, 48), suggesting that Shh
plays a role in the initiation of limb regeneration distinct from its
role during autopod development. Fgf10, expressed in the apical
ectodermal ridge during development, is expressed in mesen-
chymal cells during limb regeneration in axolotl, and in Xenopus
froglets expression is dependent on nerve supply (36).
In conclusion, the search for genes linked to fin and limb re-

generation has been mostly pursued without a well-founded
evolutionary context. If fin and limb regeneration have a com-
mon evolutionary origin, then genes facilitating regeneration in
extant species are likely part of an ancient genetic program,
whereas species without the capacity likely lost this ability over
evolutionary time. Furthermore, gain or loss of cis-regulatory
elements controlling a regeneration-specific gene-expression
profile may explain the broad yet uneven distribution of append-
age regeneration in animals. Therefore, an evolutionarily informed
approach based on the comparative analysis of regenerating limbs
and fins will offer a more powerful method to identify a shared
genetic program underlying vertebrate appendage regeneration,
providing a prime target for future biomedical intervention.

Methods
Animal Work. Polypterus (P. senegalus), oscar (A. ocellatus), white convict
(A. nigrofasciata), goldfish (C. auratus), and blue gourami (T. trichopterus) were
maintained in individual tanks in a recirculating freshwater system at 24 to
28 °C with aeration. All animals used were anesthetized in 0.1% MS-222
(Sigma) before amputations. Experiments and animal care were performed
following animal care guidelines approved by the Animal Care Committee at
the Universidade Federal do Para (protocol no. 037-2015). Axolotls
(Ambystoma mexicanum) were obtained from the Center for Regenerative
Therapies (Dresden, Germany) and maintained in accordance with the ani-
mal care guidelines at the Museum für Naturkunde Berlin (Germany).
Paddlefish (P. spathula) embryos were obtained from Osage Catfisheries (Osage
Beach, MO), and were raised at 18 °C in recirculating large-volume fresh-
water tanks, in accordance with approved Institutional Animal Care and Use
Committee (IACUC) protocols at Kennesaw State University (protocol no. 16-
001; former institution of M.C.D.), and James Madison University (protocol
no. A19-02). Spotted gar (L. oculatus) were obtained as embryos from
hormone-induced spawns of wild-caught broodstock from bayous near
Thibodaux, Louisiana, raised in 150- to 300-gallon tanks, in accordance with
approved Institutional IACUC protocols at Michigan State University (pro-
tocol no. AUF 10/16-179-00).

Pectoral fins of Polypterus fish ranging from 5 to 8 cm (n = 30) were bi-
laterally amputated across the endoskeleton. A portion of the amputated
fins, encompassing the endoskeleton elements, was sampled and labeled as
UF tissue (n = 6), and FB tissue was sampled from the left and right fins at
3 dpa (n = 14) and 9 dpa (n = 10). Fish were killed in 300 mg/L of MS-222
(Sigma). Samples were used for histology or stored in RNAlater (Sigma) for
RNA extraction and subsequent qPCR or RNA-seq experiments. Axolotls
ranging from 8 to 12 cm (n = 6) were anesthetized in 0.1% MS-222 (Sigma)
and forelimbs were bilaterally amputated at the level of the upper arm. A
portion of the upper arm tissue was sampled and labeled as UL, and LB
tissue was sampled at 14 dpa (n = 6: 3 pools of 2 individuals each). All
tissues collected were stored in RNAlater (Sigma) for RNA extraction and

Cartilaginous fish

Lungfish

Amphibians

Amniota

Polypterids 

Paddlefish

Gar

Teleosts

0300400500 (Mya)

Ord Sil Car Per Present day Dev 

Fig. 6. Hypothesis for the evolution of limb and fin regeneration after
endoskeleton amputation in vertebrates. Regeneration-incompetent line-
ages are shown in orange, lineages with one or more regeneration-
competent species are shown in blue; black arrowhead indicates the origin
of paired fin regeneration and white arrowhead loss of limb regeneration.
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subsequent RNA-seq experiments. Juvenile paddlefish (n = 8) were anesthetized
in 0.1% MS-222 (Sigma) at 48 d postfertilization (dpf) and pelvic fin ampu-
tations were performed (49). Fish were raised for 28 dpa, to a total length of
8 to 13 cm, then killed with a lethal dose of MS-222 (Sigma), fixed in 4%
paraformaldehyde (PFA) in PBS, and stored in methanol at −20 °C until
analysis. Specimens were cleared and stained as previously described (49)
and photographed with a Zeiss SteREO Discovery.V12 microscope with
MRc5 camera. Gar ranging from 20 to 27 cm in total length and between
263 and 298 dpf were anesthetized with 160 mg/L MS-222 (Sigma), tagged
with uniquely numbered Floy tags, and the left pectoral fin was amputated
at the endoskeleton level. Fins were fixed in 2% PFA in PBS and stored in
80% ethanol. Pectoral fin regeneration (n = 15) was documented with a
Nikon D7100 DSLR camera and a 40-mm macro lens. Fish were sampled at
various stages of regrowth following killing in 300 mg/L MS-222 (Sigma).
Four oscars (10 to 15 cm), 8 white convicts (6 to 8 cm), 9 goldfish (9 to 10 cm),
and 7 blue gouramis (8 to 10 cm) were used in this study. Pectoral fins were
amputated at the endoskeleton level. Sampled fins were fixed 4% PFA in
PBS for subsequent skeletal preparation. Regeneration was assessed at
75 dpa in goldfish, at 90 dpa in oscars and blue gouramis, and at 160 dpa in
white convicts. Subsequently, fish were killed in 300 mg/L MS-222 (Sigma),
fixed in 4% PFA in PBS, and stored in 100% ethanol. Pectoral fin re-
generation was documented with a Canon PowerShot SX510 HS camera for
oscars and with a SMZ1000 stereoscope (Nikon) for the other fishes.

Library Preparation and Illumina Sequencing. For transcriptome sequencing,
total RNA from different tissues was extracted using TRIzol Reagent (Life
Technologies). A 2-step protocol, with the RNeasy Mini Kit (Qiagen) and
DNaseI treatment (Qiagen), was used to purify the RNAs and remove residual
DNA. mRNA sequencing libraries were constructed using TruSeq RNA Library
Prep Kit v2 or the TruSeq Stranded mRNA Library Prep (Illumina). Polypterus
and axolotl reference transcriptomes and transcript abundance estimation
were obtained from the sequencing of 3 biological replicates of blastemas at
3 dpa (Polypterus, 3 pools of 4 fin pairs), at 9 dpa (Polypterus, 3 pools of 2 fin
pairs), at 14 dpa (axolotl, 3 pools of 2 limb pairs), and 3 biological replicates
of UFs or ULs, performed on an Illumina 2500 Hiseq platform or Illumina
NextSeq 500 with 100-bp paired-end reads (NCBI Sequence Read Archive project
nos. PRJNA480693 and PRJNA480698).

Bioinformatic Analysis. Polypterus and axolotl reference transcriptomes were
assembled de novo using Trinity with default parameters (50) (SI Appendix,
Fig. S3 A–D). For each run, all read datasets were mapped to reference
transcriptomes using CLC genomic workbench with default parameters
(Qiagen). For comparison between runs, expression data per transcript were
summed by human homolog gene cluster (HHGC) using a bash script. As
previously described (41), the HHGCs were defined by grouping transcripts
with an e-value of 10−3 when compared by BLASTx against the Human NCBI
RefSeq database (11/2016). For each HHGC, the expression was calculated in
TPM, and the comparison was based on t test considering 2 conditions (EFB/FB/
LB and UF/UL) with 3 independent biological replicates. A similarity matrix be-
tween runs shown in SI Appendix, Fig. S3E was calculated using TPM values for
each Human Cluster Gene, a log2 and z-score transformation, and Spearman
rank correlation in Morpheus software (https://software.broadinstitute.org/
morpheus). A list of enriched GO terms was produced using the Gene On-
tology Consortium web-based tool (51, 52). DEGs with false-discovery rate
(FDR)-adjusted P values smaller than 0.05 were ranked from highest to lowest
fold-change (FC) values, and the corresponding ranked list of gene symbols
was used for GO enrichment analysis. GO enriched categories were significant
when P values were 0.05 or less. Reactome pathway overrepresentation was
assessed using the Reactome web-based analysis tool, providing a gene list as
input (53, 54), and then ranking results according to the overrepresentation
score. Venn diagrams were generated using BioVenn (55).

Corroboration of Axolotl DGE Datasets by Comparison with Publicly Available
Data. Five runs were downloaded from publicly available axolotl RNA-seq
runs (21). Three were from RNA-seq of axolotl nonregenerating upper arm
tissue (SRR2885871, SRR2885875, SRR2885873) and 2 of a proximal blas-
tema (SRR2885866, SRR2885865). Each run was mapped on our axolotl
reference transcriptome using CLC genomic workbench with default pa-
rameters (Qiagen), and expression data in TPM was calculated by HHGC
(Dataset S1).

Interspecies Transcriptome Comparisons. The overlap between up-regulated
genes in blastemas of 9-dpa Polypterus and 14-dpa axolotl was tested us-
ing z-scores. One-thousand random subsets of the same size sampled from
the Polypterus reference transcriptome were generated (https://github.com/

marcosp-sousa/matapi). Because this set follows a normal distribution (Shapiro–
Wilk normality P < 2.2e-16), z-scores were used for statistical significance.
The 2-tailed P value from Fig. 3C was obtained using the normal distribution
function in R [2*pnorm(abs(Polypterus 9 dpa Z-score), lower.tail = F)].
Enrichment of the regeneration profile of axolotl limb at 14 dpa in the
Polypterus regeneration profile at 9 dpa (Fig. 3D) was calculated using
GSEA desktop application (http://software.broadinstitute.org/gsea/index.jsp).
ScRNA-seq data tables containing TPM values from a previous study on axolotl
regeneration (28) were used for cross-species comparison of appendage re-
generation profiles. FC values from each stage of axolotl limb regeneration or
limb development was calculated by directly dividing mean expression values
(TPM) of a given gene by the corresponding value in the UL. From these mock
transcriptomes, lists of up-regulated genes with FC > 4 were used for GSEA
comparisons and lists of up-regulated genes with FC > 2 were used for other
comparisons. A heatmap of GSEA enrichment scores, shown in Fig. 4D, was
generated with log2 and z-score transformed values in Morpheus software
(https://software.broadinstitute.org/morpheus).

qPCR. Polypterus blastemas of 9 dpa and UF were used for RNA extraction
and subsequent DNase treatment and purification, performed as described
for RNA-seq library preparation. Left and right pectoral fins at 9 dpa of
1 animal were used in each biological replicate. For UF, the proximal region
of 1 pectoral fin with the rays removed was used in each biological replicate.
cDNA was prepared using the SuperScript III First-Strand Synthesis SuperMix
(Thermo Fisher Scientific) with 0.5 μg of total RNA and oligo dT primers.
Gene-specific oligos for qPCR assays were designed using Primer Express
Software v3.0 (Thermo Fisher Scientific) and used in a final concentration of
200 nM to each primer. qPCR was carried out using GoTaq Probe qPCR
Master Mix (Promega) in a final volume of 10 μL, in a StepOnePlus Real-Time
PCR System (Applied Biosystems), as previously described (6). Relative mRNA
expressions were calculated using the 2-ΔΔCT method (56).ΔCTs were obtained
from CTs normalized with Tubb levels in each sample. Each qPCR determi-
nation was performed with 2 (UF) to 3 (9 dpa) biological and 3 technical
replicates. Expression in Polypterus UF (mean value of 2 biological replicates)
was used as a reference to obtain relative expression levels in the re-
generation time point of 9 dpa. Oligos used are provided in SI Appendix,
Table S1.

Histology and in Situ Hybridization. Regenerating fins of Polypterus at 3 dpa
(n = 2) and 9 dpa (n = 2) were sampled, embedded, and frozen in OCT
(TissueTek). Frozen sections (20 μm) were obtained on a Leica CM1850 UV
cryostat and positioned on Color Frost Plus microscope slides (Thermo Fisher
Scientific). Sections were fixed as previously described (6), and stored at
−80 °C for H&E staining or in situ hybridization. Riboprobe templates for in
situ hybridization were produced by a 2-round PCR strategy: first-round PCR
produced specific fragments (400–500 bp) of selected genes and in a second
PCR a T7 promoter sequence was included at either 5′or 3′end of the frag-
ments for generation of templates for sense or antisense probes. Primers are
listed in SI Appendix, Table S2. The riboprobes were synthesized using T7
RNA polymerase (mMESSAGE mMACHINE Transcription kits, Ambion) and
DIG-labeling mix (Roche). In situ hybridization was performed as previously
described (57), using 300 ng of DIG-labeled riboprobe per slide. Slides were
photographed on Nikon Eclipse 80i microscope and the images were pro-
cessed on the NIS-Element D4.10.1 program.

Statistical Analysis. For each transcript and HHGC, mean TPM value between
UF/UL and EFB/FB/LB conditions was compared with a 2-tailed t test. A
transcript or HHGC is classified as differentially expressed when its FC is su-
perior to 2 or inferior to −2 and FDR-adjusted P value is inferior to 0.05. GO
enrichment and Reactome pathway overrepresentation analyses were per-
formed using the GO Consortium and Reactome web-based tools, using
Fishers exact P value or a statistical (hypergeometric distribution) test, re-
spectively. qPCR analysis data were analyzed using a 2-tailed Welch’s cor-
rected t test using GraphPad Prism v5.0 for Windows (GraphPad Software).
GSEA P values were estimated with 1,000 permutations.

Data and Materials Availability. All data are available in the main text or
SI Appendix.
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