Science Advances
RAYAAAS

Supplementary Materials for
Hox genes control homocercal caudal fin development and evolution

Nicolas Cumplido et al.

Corresponding author: Nicolas Cumplido, nicump@gmail.com

Sci. Adv. 10, eadj5991 (2024)
DOI: 10.1126/sciadv.adj5991

The PDF file includes:

Supplementary Text

Figs. S1to S8

Tables S1 to S3

Legends for movies S1 and S2
References

Other Supplementary Material for this manuscript includes the following:

Movies S1 and S2



Supplementary Text

Expression patterns of zebrafish hox/3 genes

Tail. —At 1 dpf, all six hox13 paralogs were expressed in the tail bud, with varying anterior limits of
expression. The hoxc paralogs c/3a and c13b, had the broadest expression domains, which extended
more anteriorly. Particularly, c/3a expression extended into the fin fold. The hoxa and b paralogs, al3a,
al3b and b13a, showed similar and more posterior expression domains, while the hoxd paralog,
hoxdl3a, was confined to the posterior tip of the tail.

At 2 dpf, all hox13 genes, except for d13a, were expressed in the tail with distinct expression
patterns either in the mesenchyme around the notochord, the fin fold and/or the neural tube (Fig. S1).
The hoxc paralogs had broader expression domains that overlapped both soxa paralogs and the b13a
gene expression, while the expression patterns of Zoxa paralogs versus b/3a did not overlap and were
confined to either the anterior or posterior portion of the tail, respectively (Fig. S1). Overall, the b/3a,
cl3a, and c13b paralogs had strong labeling in the tail, while the expression of a/3a and al3b paralogs
was considerably fainter compared to their expression in the pectoral buds.

By 3 dpf, expression of only the a/3b, b13a, cl3a and cl13b genes was detected in the tail, with
varying expression domains (Fig. S2). In the ventroposterior portion of the notochord, a/3b had the
most anterior expression, followed by /#oxc paralogs and then b/3a. Dorsally, the most anterior domain
was observed in hoxc paralogs, followed by b/3a and al3b. At 4 dpf, al3b, b13a and cl3a genes were
detected, with the expression of a/3b much fainter compared to its expression in the pectoral fins.
Additionally, when considering the PU/U boundary (black arrow, Fig. S2) ventral expression of a/3b
was located at the PU/U boundary, while c/3a was also expressed at this boundary but reaching almost
the middle portion of the ural region. Conversely, b/3a was expressed in the posterior end of the ural
region. Dorsally, all these genes were expressed in the preural region, with the b/3a gene expressed also
in the dorsal portion of the ural region.

Between 1 and 3 dpf, the expression patterns of the two hoxcl3 ohnologs, c/3a and c13b were
highly similar, but c/3a expression persisted longer than c¢/3b expression (Figs. S1, S2), as previously
reported (26).

Pectoral fins. —Consistent with previous studies (32, 34), we detected expression of hoxa and hoxd
paralogs in the pectoral fin at 2, 3 and 4 dpf. At 2 dpf, these genes were expressed at the distal
mesenchyme of the pectoral fin bud, with d/3a expression confined to its posterior region (Fig. S1). At
3 dpf, al3a lost its proximal mesenchymal expression, and instead was expressed only in the distal fin
fold (34), resembling the pattern observed in the posterior portion of the tail between 1 and 2 dpf (Fig.
S1). We did not detect expression of b/3a or any of the hoxc paralogs in the pectoral fin at any time
point.

Proctodeum/Cloaca. —The proctodeum or embryonic cloaca is an ectodermal derivative that
invaginates and fuses with the hindgut to form the anus. As previously reported, a/3b (96) and d13a
(97) were expressed in this region, as well as a/3a, suggesting a hoxa/d expression pattern in this tissue.
Similar to the tail and pectoral fin, d/3a expression was located more posteriorly than other sox/3
paralogues.



Pronephric duct. —The pronephric duct is a component of the embryonic urogenital duct that arises
from the lateral plate mesoderm. It consists of two bilateral ducts located dorso-lateral to the gut, which
eventually terminate at the urogenital pore. Previous studies have shown that a/3b is expressed in this
region (96), and our findings confirm this expression from 1—to 4—dpf (Figs. S1, S2A). We also
observed the expression of ¢/3b in the same region, which persisted from 1 to 3 dpf (Figs. S1, S2A).

1.5 Hindgut. — The hindgut is the most posterior section of the digestive tract that fuses during
embryonic development with the proctodeum, creating a functional gastrointestinal tube. Previous
studies in zebrafish have only reported the expression of a/3a in this region (96). We observed al3a
expression in the most posterior portion of the hindgut at 1 dpf. Additionally, we report a previously
unobserved expression of ¢/3a in this region, extending further anteriorly (Fig. S1). Between 2 and 4
dpf, we observed strong in situ labeling of al3a, b13a and cl3a in the hindgut, with transient inclusion
of al3b at 3 dpf (Fig. S2A). Hence, the hoxa, b and c expressions in the hindgut resembled the activation
of the same genes during tail development (Fig. S2).

2. List of characters, their coding, and comments
Character 1. Number of preural vertebrae: more than six [0]; six or less [1].
Comments—Original character.

Character 2. Ural region in adults including: more than two ural centra (polyural condition) [0];
commonly two (or less) ural centra (diural condition) [1]

Comments—The diural caudal skeleton was proposed as a synapomorphy of teleosts by Patterson
(98). For further explanation on this character and the homology problems involved see Schultze
and Arratia (4, 7, 73), Wiley et al. (§2) and Cumplido et al. (40). Character 127 in Arratia (45) and
147 in Arratia (44).

Character 3. Ural neural arches modified as uroneurals: ural neural arches unmodified [0]; all or some of
the last ural neural arches modified as uroneurals [1]

Comments—Modified from Arratia (43). This character has been consistently used in systematic
studies of teleosts. See for instance: Patterson (42, 98), Brito (99), Grande and Bemis (71),
Schultze and Arratia (4, 7, 73, 100), Arratia and Schultze (74), and Arratia (43, 45, 101-103).
Character 132 in Arratia (45) and 152 in Arratia (44).

Character 4. Preural vertebrae 3 of adult individuals: with haemal arches autogenous or articulating with
the centrum [0]; fused with the centrum [1].

Comments—Modified from Arratia (43), which also included the preural vertebrae 2. Character
121 in Arratia (45) and 141 in Arratia (44).

Character 5. Neural spine of preural centrum 1: long, close or extending to the dorsal margin of the body
[0]; short or absent [1].



Comments—From Arratia (43). Character 123 in Arratia (45) and 143 in Arratia (44).

Character 6. Number of principal caudal rays: fewer than 19 [0]; 20 to 30 [1]; 19 [2]; more than 40 rays
[3].

Comments—Modified from Patterson (98), Patterson and Rosen (/04), and Arratia (44, 45, 101).
Character 148 in Arratia (45) and 173 in Arratia (44).

Character 7. Hypurals 2 and 3: without a space between them [0]; with a space (hypural diastema)
between them; non-applicable, e.g., fusion of hypurals [—].

Comments—From Arratia (43). Character 141 in Arratia (45) and 161 in Arratia (44).
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Fig. S1. Gene expression patterns of zebrafish hox13 paralogs at 1 and 2 dpf. /» situ hybridizations
were performed against al/3a, al3b, bi3a, c13a, c13b, and d13a to visualize their expression patterns.
(A), 1 dpf zebrafish larvae. Left panels, whole larvae in lateral view, scale bar at 0.5 mm. Right panels
provide a close-up of the tail, scale bar at 0.1 mm. (B), 2 dpf zebrafish larvae. Left panels, whole larvae
in lateral view, scale bar at 0.5 mm. Middle panels close-up to the anus, right panels close-up to the tail.
Middle and right panel scale bars at 0.1 mm. For A, B, The yellow arrowhead points at the expression in
the pectoral fins, the red arrowhead at the posterior end of either the hindgut (hg, purple arrowhead),
pronephric duct (pd, light blue arrowhead), or proctodeum/cloaca (pt, orange arrowhead).
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Gene expression patterns of hox13 zebrafish paralogs at 3 and 4 dpf. /» situ hybridizations
were performed against a/3a, al3b, bl3a, cl3a, c13b, and d13a at 3 and 4 dpf to visualize their
expression patterns. (A), 3 dpf zebrafish larvae. Left panels show larvae in lateral view, scale bar at 0.5
mm. Middle panels provide a close-up to the anus, scale bar at 0.1 mm. Right panels provide a close-up
to the tail, scale bar at 0.1 mm. (B), 4 dpf zebrafish larvae. Left panels provide a close-up to the anus,
scale bar at 0.1 mm. Right panels provide a close-up to the tail, scale bar at 0.1 mm. For A, B, yellow
arrowheads point at the expression in the pectoral fins, purple arrowheads highlight at the expression in
the hindgut (hg), and light blue arrowheads show /ox gene expression in the pronephric duct (pd). Black



arrows indicate the position of the end of the caudal artery that delimits the position of the PU/U
boundary. (C), Summary of the expression patterns of all zox/3 paralogs in different tissues over time.
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Cladistia (incl. bichirs & reedfish)
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(incl. minnows, catfishes & characins)

Protacanthopterygii

(incl. pikes & salmonids)
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Gadiformes (cods)

Holocentriformes (squirrelfish & soldierfish)
Batrachoidiformes (toadfish)

Sygnatharia (trumpetfishes & sea horses)

Pelagiaria (incl. mackerels & tunas)
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Anabantaria
(incl. gouramies, snakeheads & swamp eels)
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(incl. jacks, barracudas, remoras, flatfish)
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damselfishes, needlefish, silversides)
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Fig. S3. Reconstruction of hox13 gene repertoire evolution in actinopterygians. The presence vs
absence of each hox13 gene was determined by manually searching for each Hox cluster in annotated
genome assemblies of actinopterygians available on NCBI (see Table S1). The simplified phylogeny is
based on Betancur-R et al. (105), with the base of the teleosts resolved as a polytomy. Boxed, at the
bottom left of the figure, are the three possible scenarios of the most basally diverging group, including
Elopomorpha (705), Osteoglossomorpha (98) or Clupeocephala (/06) although these do not affect the
interpretations of #ox13 gene evolution. The presence of each gene is indicated by a coloured rectangle,
green for hoxal3, blue for hoxb13, red for hoxcl3, and yellow for hoxd13 orthologs. Empty (white)



rectangles indicate the absence of the respective gene. Zebrafish (Danio rerio) is in bold and indicated
with a red star. TGD, teleost genome duplication; SGD, salmonid genome duplication.
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Fig. S4. Description of b13a and c13a gene mutations and genotyping procedure. (A), Description
of the 10bp insertion mutation in »/3a and the 11-bp deletion in c/3a genes, both of which were
generated using CRISPR/Cas9. Both mutations cause a frameshift in the first exon resulting in an early
stop codon. The DNA binding homeobox (hbox) is encoded by the second exon in both genes. (B), An
incross of heterozygous b13a and c¢/3a mutant zebrafish, produced a mendelian ratio of inheritance for
the more than 70 F2 individuals tested. (C), Genotyping of both clutches was performed using a
heteroduplex mobility assay. In this assay, the presence of strands of different sizes in heterozygous fish
leads to the formation of a heteroduplex, which delays DNA migration during acrylamide gel
electrophoresis (red arrowhead). (D), Homozygous mutants were identified by adding homozygous
mutant DNA to each unknown sample. If the unknown sample was from a wild type or heterozygous
individual, the presence of the mutant DNA would cause a heteroduplex mobility shift, which could be



detected by the presence of a delayed band in the acrylamide gel (blue asterisk). Homozygous mutant
samples, on the other hand, would not generate this band, and were identified by the absence of the
delayed band (red asterisk).
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Fig. SS. Quantification of caudal fin phenotypes in b13a and c13a mutants. (A), Lower lobe length
relative to standard length in wild-type, heterozygous and homozygous b73a mutant siblings (n=14).
ANCOVA indicated no variation in lower lobe length between genotypes (F2,38=1.076, p=0.3510).
Shaded area represents the 95% confidence interval around the regression line. For B-E, n=b13a"":12,
b13a™:14,b13a”:14, c13a™*:13, cI13a*:15 and c13a”":12. Each graph presents the mean, and the
circle size is proportional to the number of individuals. (B), Procurrent ray number in both mutants.
Poisson regressions revealed significant increases in procurrent ray number in b/3a mutants
((*2=15.04, p=0.0005). ANOVA revealed significant reduction in procurrent ray number for c/3a
mutants (F,37=51.18, p<0.0001). Multiple comparisons indicated a c/3a gene-dosage effect. (C),
Principal ray number separated into upper and lower lobes in both mutants. Poisson regressions revealed
a significant increase in upper principal ray number in b/3a mutants (y*2=17.15, p<0.0001) but not in
lower principal ray number (y%2=0.82, p=0.66). Poisson regressions revealed a significant reduction in
both upper and lower lobes of ¢/3a mutants (upper: x*2=10.95, p<0.0042; lower: ¥*2=25.40,
p<0.0001). (D), Procurrent ray number separated into dorsal and ventral series in both mutants. Poisson
regression revealed a significant increase in ventral procurrent rays in b/ 3a mutants (y*2=14.75,
p=0.0006) but not dorsal procurrent rays (x*2=4.68, p=0.089). ANOVA revealed a significant decrease
in procurrent ray number in both upper and lower procurrent rays in c¢/3a mutants (upper: F2,37=30.81,
p<0.0001; lower: F2,37=33.58, p<0.0001). (E), Frequencies of the first principal ray being epaxial, or
longer than other principal rays in both mutants. (F), Cleared and stained skeletal preparations



highlighting the first principal and dorsal procurrent fin rays. The first principal ray (in red) is the first
non-bifurcating ray adjacent to a bifurcating ray. Epaxial rays (in purple) vs hypaxial rays (in green)
refer to the relation between fin ray bases and the position of the notochord (1 mm scale bar).
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Fig. S6. Dorsal, anal, pectoral, and pelvic fin ray and radial counts in single and double h13a”;
cl3a’” zebrafish mutants. The number of principal fin rays and radials for the zebrafish fins, excluding
the caudal fin, is shown (n=b13a™*:12, b13a™":14, b13a”":14, c13a*":13, c13a*:15 and c13a”":12,
bi13a’; c13a™:5). For paired fins, the number of left and right rays and radials were added. (A) Pectoral
fin: left side endoskeleton shown in a dorsal view. ANOVA revealed no significant count variations in
principal fin rays (b13a: Fa,24=1.85, p=0.19; c13a: F123=0.89, p=0.35), distal radials (b/3a:
F(1,24=0.96, p=0.34; ci13a: F122=1.85, p=0.19) and radials (b/3a: F,.24=0.37, p=0.55; cl3a:
F1,22=1.85, p=0.19). (B) Pelvic fin: left side shown in a ventral view. ANOVA revealed no significant
count variation in principal fin rays (b/3a: F1,24=0.85, p=0.37; cl3a: F1,23=0.0011, p=0.97) and radials
(b13a: F124=0.047, p=0.83; cl3a: F123=1.09, p=0.31). (C) Dorsal fin: lateral view of endoskeleton.
ANOVA revealed no significant count variation in principal fin rays (b13a: Fq,24=3.66, p=0.068; cl3a:
F1,23=2.01, p=0.17), distal radials (b13a: F1,24=1.10, p=0.30; c13a: F1,.23=4.18, p=0.05), middle radials
(b13a: Fap4=1.01, p=0.33; cl3a: F1,23=0.59, p=0.45) and proximal radials (b/3a: Fu4=2.01, p=0.17;
cl3a: F123=0.92, p=0.35). (D) Anal fin: lateral view of endoskeleton. ANOVA revealed a significant



reduction in principal fin ray counts for 5/3a mutants (F1,245=4.80, p=0.038) but not in c/3a mutants
(F1,22=0.12, p=0.74). No significant variations were found in anal fin distal radials (b/3a: Fq,.24=3.32,
p=0.081; ci3a: F122=0.12, p=0.74), middle radials (b73a: Fa,24=1.78, p=0.19; cl3a: F,2=0.28,
p=0.60) and proximal radials (b13a: F124=2.98, p=0.097; c13a: F1,22=0.12, p=0.74). In all
measurements, the mean of double mutant ray number was within the margins of normal variations.
Each graph presents the mean, and the circle size is proportional to the number of individuals. “ns”
indicates a non-significant ANOVA test. In each image, scale bar is 200 um, and anteroposterior axis is
indicated with an arrow. Abbrev.: co, coracoid; dr, distal radial; mco, mesocoracoid; mr, middle radial;
mtg, metapterygium; plb, pelvic bone; pr, proximal radial; ra, radial; sc, scapula; spl, splint; st, stay.
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Fig. S7. Quantification of vertebral phenotypes in b13a and c13a mutants. (A), Relationship
between the tip of the notochord (red arrowhead), the presence of an opisthural cartilage (yellow
arrowhead) and the posterior end of the hypural 5 (dashed line with a black arrowhead). Both mutants
exhibit an abbreviated notochord. For b—e, n=b13a"":12, b13a"":14, b13a”:14, c13a*":13, c13a":15
and c13a”":12, b13a™";c13a™:4. (B), Frequencies for the presence of an opisthural cartilage, an elongated
neural spine on the preural centrum 1, an articulating haemal arch on the preural centrum 3, and extra
distal radials in b/3a and c/3a mutants. (C), Epural number for both mutants. Poisson regressions
revealed no significant changes in epural number in both mutants (b13a: x*2=1.57, p=0.46; c13a:
2=0.55, p=0.76). (D), Hypural number for both mutants. Poisson regressions revealed a significant
decrease in hypural number in b/3a mutants (x*2=8.50, p=0.014) but not in c/3a mutants (y*2=1.05,
p=0.36). Post-hoc comparisons showed a significant effect in »/34”" mutants only. (E), Cleared and
stained skeletal preparations showing the presence of extra distal radials, either cartilaginous (in blue) or
ossified (in red) at the distal ends of hypurals 1 and 2, and the parhypural. Poisson regressions revealed a
significant increase in distal radial number in c/3a mutants (y%2=27.05, p<0.0001) but not significant in
b13a mutants (x*2=1.98, p=0.37). Post-hoc comparisons showed a significant effect in ¢/3a”" mutants
only. Scale bar is 100 um. Each graph presents the mean, and the circle size is proportional to the
number of individuals.
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Fig. S8. Morphological and ontogenetic description of the posterior end of the tail of b13a”";c13a”
double mutant fish. (A), micro-CT segmentation of the last four vertebrae of an adult double mutant,
showing extremely condensed and fused posterior elements. The last neural and haemal spines were
partially fused together. (B), A close-up on the posterior end of the body axis reveals a neural and
haemal canal all the way to the posterior-most element (purple), which implies the absence of hypurals
and other ural elements.



Table S1. Gene IDs for each hox13 gene present in a broad set of annotated genomes of
actinopterygians. For each species, the family, assembly number, and the NCBI gene ID for each /ox
gene, if present, is given. A dash () indicates the absence of the corresponding gene in the respective

gene cluster.

Species Family Assembly al3a al3b bi3a bi3b cl3a cl3b di3a di3b
Acanthopagrus fAcaLlatl.1
latus Sparidae (GCF_904848185.1) 119016198 119006236 119014195 - 119022528 - - -
AALO_Geno 1.1
Alosa alosa Clupeidae (GCF_017589495.1) - 125305489 125296091 - 125293421 125301534 125292652 -
Amphiprion AmpOcel.0
ocellaris Pomacentridae  (GCF_002776465.1) 111570269 111588836 111568215 - 111581487 - - -
fAnaTes1.2
Anabas testudineus  Anabantidae (GCF 900324465.2) 113153850 113170369 113160018 - 113167485 - - -
Anarrhichthys GSC_Weel 1.0
ocellatus Anarhichadidae  (GCF_004355925.1) 116387229 116386823 116379203 - 116382332 - - -
fAngAng!l.pri
Anguilla anguilla  Anguillidae (GCF_013347855.1) 118233193 118210810 118216130 - 118208357 118211264 118224185 -
Astyanax AstMex3_surface
mexicanus Characidae (GCF_023375975.1) 103021373 125802465 103043948 - 103031462 125787537 103046722 -
fBetSpl5.3
Betta splendens _ Osphronemidae  (GCF_900634795.3) 114865817 114843721 114860546 - 114858382 - - -
Brienomyrus BBRACH_0.4
brachyistius Mormyridae  (GCF_023856365.1) 125719156 125749217 - 125742441 125713053 125723646 125710344 -
fChaChal.1
Chanos chanos Chanidae (GCF _902362185.1) 115825775 115818678 115829565 - 115807888 115814502 115822611 -
fCheRos!.pri
Chelmon rostratus _Chaetodontidae  (GCF_017976325.1) 121619703 121610632 121620985 - 121612905 - - -
Ch_v2.0.2
Clupea harengus Clupeidae (GCF_900700415.2) - 105911402 105912847 - 105912700 105907699 105907975 -
Colossoma_macropo
Colossoma mum
macropomum Serrasalmidaec  (GCF_904425465.1) 118805088 118813412 118821189 - 118822780 118800031 118805755 -
fCotGob3.1
Cottoperca gobio  Bovichtidae (GCF _900634415.1) 115015782 115021485 115012486 - 115010850 - - -
Ctenopharyngodon HZGCO1
idella Xenocyprididae  (GCF_019924925.1) 127501065 127497339 127509312 - 127504894 127522540 127519347 -
Cynoglossus Cse v1.0
semilaevis Cynoglossidae  (GCF_000523025.1) 103394226 103388423 103393562 - 103385112 - - -
Cyprinodon ASM1607723v1
tularosa Cyprinodontidae  (GCF_016077235.1) 119779531 119772787 119778601 - 119785041 - - -
GRCz11
Danio rerio Cyprinidae (GCF_000002035.6) 570239 30438 559921 - 58059 58063 30407 -
Denticeps fDenClul.1
clupeoides Denticipitidae  (GCF_900700375.1) - 114789724 114793421 - 114798405 114800762 - -
Electrophorus fEleElel.pri
electricus Gymnotidae (GCF_013358815.1) 113580414 113571216 113569906 - 113570296 113572414 113582335 -
E.fuscoguttatus.final
Epinephelus _Chr vl
fuscoguttatus Serranidae (GCF_011397635.1) 125904682 125893496 125879368 - 125891524 - - -
Erpetoichthys fErpCall.3
calabaricus Polypteridae  (GCF_900747795.2) 114664210 - 114664381 114647630 - 127528919 -
fEsoLucl.pri
Esox lucius Esocidae (GCF_011004845.1) 105023650 105018810 105013260 - 105013634 105016993 105016222 -
Fundulus MU-UCD_Fhet_4.1
heteroclitus Fundulidae (GCF_011125445.2) 105934282 105926310 - - 105928933 - - -
gadMor3.0
Gadus morhua Gadidae (GCF_902167405.1) 115536261 115554199 115557907 - 115542510 - - -
SWU_Gaff 1.0
Gambusia affinis Pocciliidae (GCF_019740435.1) 122843743 122831439 122821262 - 122828352 - - -
GAculeatus_UGA_v
Gasterosteus ersion5
aculeatus Gasterosteidae  (GCF_016920845.1) 120826906 120809982 120827242 - 120829913 - - -
Girardinichthys DD _fGirMul XY1
multiradiatus Goodeidae (GCF_021462225.1) 124879185 124865511 124864643 - 124874917 - - -
Gouania fGouWil2.1
willdenowi Gobiesocidae  (GCF_900634775.1) 114472436 114478105 114468953 - 114467248 - - -
Gymnodraco fGymAcul.1
acuticeps Bathydraconidae (GCF_902827175.1) 117563002 117554052 117547479 - 117541974 - - -
Haplochromis NCSU_Asbul
burtoni Cichlidae (GCF_018398535.1) 102313663 102305000 102307949 - 102309054 - - -
Hippocampus ASM2543408v3
zosterae Syngnathidae  (GCF_025434085.1) 127603790 127601411 127590245 - 127596034 - - -
Hypomesus fHypTral
transpacificus Osmeridae (GCF_021917145.1) 124467241 124479323 124479662 - 124481039 124471218 124484894 -



IpCoco_1.2

Ictalurus punctatus _ Ictaluridae (GCF_001660625.2) 108257341 100528527 108275712 - 124481039 108281070 108266222 -
IGBB_LRoh.1.0
Labeo rohita Cyprinidae (GCF_022985175.1) 127182171 127178305 127163141 - 127154533 127173481 127170654 -
Larimichthys L_crocea_2.0
crocea Sciaenidae (GCF_000972845.2) 104940566 104927762 104927154 - 113747701 - - -
TLL_Latcal v3
Lates carcarifer Latidae (GCF_001640805.2) 108877307 108891462 108898525 - 108876406 - - -
Lepisosteus LepOcul
oculatus Lepisosteidae  (GCF_000242695.1) 102685955 - 102684356 - 102695065 - 102687373 -
Mastacembelus fMasArm1.2
armatus Mastacembelidae  (GCF_900324485.2) 113126226 113122525 113141170 - 113145809 - - -
Megalops fMegCypl.pri
cyprinoides Megalopidae ~ (GCF_013368585.1) 118796574 118784978 118794944 118786861 118781054 118779675 118788744 -
Melanotaenia fMelBoel.pri
boesemani Melanotaeniidae  (GCF_017639745.1) 121657123 121641975 121630574 - 121651751 - - -
Micropterus ASM2129224v1
dolomieu Centrarchidae  (GCF_021292245.1) 123976630 123968447 123963320 - 123974690 - - -
M_albus_1.0
Monopterus albus__Synbranchidae  (GCF_001952655.1) 109968138 109967340 109964752 - 109971443 - - -
NCSU_SB_ 2.0
Morone saxatilis Moronidae (GCF_004916995.1) 118342900 118336211 118322950 - 118324617 - - -
CIBA Mcephalus_1.
1
Mugil cephalus Mugilidae (GCF_022458985.1) 125020101 125016446 124997272 - 125004882 - - -
fMyrMurl.1
Mpyripristis murdjan _Holocentridae  (GCF_902150065.1) 115367737 115373564 115363531 - 115362656 - - -
Nothobranchius Nfu_ 20140520
Sfurzeri Nothobranchiidae (GCF_001465895.1) 107383371 107373760 107372950 - 107390910 - - -
Notolabrus fNotCell.pri
celidotus Labridae (GCF_009762535.1) 117827578 117822401 117831858 - 117821136 - - -
Notothenia NCo1
coriiceps Nototheniidae  (GCF_000735185.1) 104941128 104949896 104961652 - 104956898 - - -
ASM223467v1
Oryzias latipes _Adrianichthyidae (GCF_002234675.1) 101162380 101158301 101175240 - 101172814 - - -
Pangasianodon fPanHyp1.pri
hypophthalmus Pangasiidae (GCF _027358585.1) 113536158 113542465 113527999 - 113530408 113537872 113526107 -
fParRan2.1
Parambassis ranga _Ambassidae (GCF 900634625.1) 114450846 114448736 114440004 - 114438672 - - -
Paramormyrops PKINGS_0.1
kingsleyae Mormyridae  (GCF_002872115.1) 111846880 111839073 - 111845174 111837113 111854629 111838605 -
GENO _Pfluv_1.0
Perca fluviatilis Percidae (GCF_010015445.1) 120570779 120562706 120573967 - 120558388 - - -
Periophthalmus fPerMag] .pri
magnuspinnatus Gobiidae (GCF_009829125.1) 117378578 117384231 117374905 - 117373699 - - -
Pimephales EPA_FHM 2.0
promelas Leuciscidae (GCF_016745375.1) 120483476 120494977 120489151 - 120462838 120473470 120459864 -
ASM1765450v1
Polyodon spathula_Polyodontidae  (GCF_017654505.1) 121315113 - 121324053 - 121307103 - 121323563 -
Polypterus ASM1683550v1
senegalus Polypteridae  (GCF_016835505.1) 120515966 - 120517882 - 120526741 - 120531872 -
Pseudochaenichthy fPseGeol.1
s georgianus __ Channichthyidae (GCF 902827115.1) 117455526 117461369 117451460 - 117449376 - - -
ASM1883169v1
Puntigrus tetrazona ___ Cyprinidae (GCF_018831695.1) 122323997 122360656 122341821 - 122329075 122354330 122351297 -
Pygocentrus fPygNatl.pri
nattereri Serrasalmidae  (GCF_015220715.1) 108425156 108441525 108412326 - 108433367 108424576 108424277 -
fSalaFal.l
Salarias fasciatus Blenniidae (GCF_902148845.1) 115380987 115396613 115387337 - 115408331 - - -
fSalTrul.1
Salmo trutta A Salmonidae (GCF_901001165.1) 115175456 115187781 115197040 - 115167868 115150489 115155476 -
fSalTrul.1
Salmo trutta B Salmonidae (GCF _901001165.1) 115173940 115187701 115171015 - 115165528 115207926 115160778 -
fScaArgl.pri
Scatophagus argus _Scatophagidae  (GCF_020382885.2) 124074176 124064917 124073304 - 124063977 - - -
Scleropages fSclForl.1
formosus Osteoglossidae  (GCF_900964775.1) 108933365 108927390 108936910 108918676 108939194 108918377 - -
Scophthalmus ASM2237912v1
maximus Scophthalmidae  (GCF_022379125.1) 118292521 118302692 118288805 - 118316278 - - -
fSebUmb1.pri
Sebastes umbrosus ___Sebastidae (GCF_015220745.1) 119503423 119496298 119501162 - 119489931 - - -
Sdu_1.0
Seriola dumerili Carangidae (GCF_002260705.1) 111223387 111238797 111669768 - 111219155 - - -
Silurus ASM1480568v1
meridionalis Siluridae (GCF_014805685.1) 124376121 124384259 124396948 - 124399096 124402352 124382995 -
fSynAcul.2
Syngnathus acus ~ Syngnathidae  (GCF_901709675.1) 119130672 119136231 119126029 - 119119446 - - -



Tachysurus HZAU_PFXX_2.0
fulvidraco Bagridae (GCF_022655615.1) 113641606 113644199 113637995 113641954 113661989 113654529 -
fTakRub1.2
Takifugu rubripes _Tetraodontidae  (GCF_901000725.2) 101069611 101062469 101072102 101079732 - - -
Thalassophryne fThaAmal.l
amazonica Batrachoididae  (GCF_902500255.1) 117501877 117514506 117527962 117511652 - - -
fThuAlbl.1
Thunnus albacares  Scombridae (GCF 914725855.1) 122969662 122987517 122967155 122982087 - - -
fToxJac2.pri
Toxotes jaculatrix Toxotidae (GCF _017976425.1) 121192022 121186135 121198671 121194472 - - -
Trematomus fTreBerl.1
bernacchii Nototheniidae  (GCF_902827165.1) 117477647 117480696 117469296 117494396 - - -
ASM1685928v1
Xiphias gladius Xiphiidae (GCF_016859285.1) 120786631 120784448 120787991 120803580 - - -



Table S2. Character-taxon data matrix for the seven characters used in the character
reconstruction analysis. State [—] represents the character is not applicable. Missing or ambiguous
information is represented with [?]; T, extinct taxon.

Taxon Characters

1 2 31415 6 7
Amia calva 0 0 01010 0 0
tAmia pattersoni 0 0 0j0]O0 - 0
tAnaethalion 1 1 1 1 1 2 1
tAscalabos 1 1 1 1 1 2 1
tAspidorhynchus 1 0 1 0 1 1 0
tBelonostomus 1 0 1 0 1 0 0
tDomeykos 1 1 1 1 1 1 1
tDorsetichthys 1 0 1 0 1 1 1
tEbertichthys 1 1 - 1 1 2 1
Elops 1 1 1101 2 1
tEurycormus 1 0 1 0 1 1 1
Heterotis 1 - 0 1 0 0 1
Hiodon 1 1 1 110 172 1
+Hypsocormus 0 - 0] 0] O0 3 -
tLeptolepis coryphaenoides 1 1 1 1 1 2 0
Lepisosteus 0 0 0] 0] O0 0 0
+Luisichthys ? 1 1 0 1 - 1
tLycoptera 1 0/1 1 1 0 0 1
Megalops 1 1 1 1 1 2 1
TObaichthys 0 0 010 - 0 0
tOrthocormus 0 - 0] 0] O0 3 -
tPachycormus 0 - 0] 0] O0 3 -
tParapholidophorus ? 0 0] 0 - 1 0




tPholidoctenus serianus

0/3

tProhalecites

tProtoclupea

tTharsis

tVarasichthys

tVinctifer




Table S3. Oligonucleotides for each of the experiments performed in this work. Oligonucleotides
for in situ hybridization, single guide RNAs for CRISPR/Cas9 and genotyping primers for the
heteroduplex mobility assay are detailed.

Identifier

Oligonucleotide

hoxal3a ISH probes

> AGGTAACTTCTCGCCAAGCC 3’

F:5
R: 5> ATCCGTCTGCGTTTGTCCTT 3’
F:

hoxb13a ISH probes 5" GTTTGGTTGGAAGCGGCAAT 3’
R: 5" GCTATGGCGCGGTGTTTTTA 3’
hoxcl3a ISH probes: F 5> GGTCCTGCATCCACGCTGG 3’
R 5" CTGAGAGGTTGGTTGTCGCA 3’
hoxcl3b ISH probes F: 5> CTGGGCGGACACACTGATTT 3’
R: 5> CTCGGAGAGACTCGTTGTGG 3’
hoxcI2a ISH probes F: 5> AATCCATCGGAGTCGTGCAA 3’

R: 5> GGACAAAGCCTGTTCCCTCA 3’

sgRNA hoxbl3a 1

5’ _TAATACGACTCACTATAGGCGTAGGGGATGGGACCTGGTTTT
AGAGCTAGAA 3

sgRNA hoxbl13a 2

5> TAATACGACTCACTATAGGGCCATGGACAAGGCTAGAGTTTT
AGAGCTAGAA 3

sgRNA hoxcl3a 1

5 TAATACGACTCACTATAGGGCAGCGCTTTGCCCACAGGTTTT
AGAGCTAGAA 3

sgRNA hoxcl3a 2

5’ TAATACGACTCACTATAGGAGCGCTAGATGACGTCTGGTTTT
AGAGCTAGAA 3

sgRNA 3’ common primer:

5 AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGG
ACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC 3’

Heteroduplex mobility shift
assay against hoxbl3a

F: 5 GGAATCTGATGGCCCACTCG 3’
R: 5> TCAGACGTGACCGGGGTATC 3’

Heteroduplex mobility shift
assay against soxcl3a

F: 5 GCAGCCCGTGATATGACG ¥
R: 5’ CTGCAAGTTCACATTGTGCG ¥



Movie S1. Double mutant adult and larvae swimming. The movie shows the swimming behavior of
double mutant adults alongside wild type fish to highlight the differences in caudal fin morphology.
Notably, the fish in the video swim using their anal fin. Additionally, the movie includes footage of a
juvenile fish during the tail coiling stage, showcasing their unique swimming behavior.

Movie S2. Micro-CT video of double b13a”"; c13a”- mutant. Each vertebra is segmented in a different
color.
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