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Abstract

The amputation of a teleost fin rapidly triggers an intricate maze of hierarchically regulated signalling

processes which ultimately reconstruct the diverse tissues of the appendage. Whereas the generation of the fin

pattern along the proximodistal axis brings with it several well-known developmental regulators, the

mechanisms by which the fin widens along its dorsoventral axis remain poorly understood. Utilizing the

zebrafish as an experimental model of fin regeneration and studying more than 1000 actinopterygian species,

we hypothesized a connection between specific inter-ray regulatory mechanisms and the morphological

variability of inter-ray membranes found in nature. To tackle these issues, both cellular and molecular

approaches have been adopted and our results suggest the existence of two distinguishable inter-ray areas in

the zebrafish caudal fin, a marginal and a central region. The present work associates the activity of the cell

membrane potassium channel kcnk5b, the fibroblast growth factor receptor 1 and the sonic hedgehog

pathway to the control of several cell functions involved in inter-ray wound healing or dorsoventral

regeneration of the zebrafish caudal fin. This ray-dependent regulation controls cell migration, cell-type

patterning and gene expression. The possibility that modifications of these mechanisms are responsible for

phenotypic variations found in euteleostean species, is discussed.

Key words: actinopterygii; euteleostei; evo-devo; fibroblast growth factor receptor 1; fin regeneration;

inter-ray; knck5b.

Introduction

The dermal component of zebrafish fins consists of rays and

inter-rays. Each ray comprises two contralateral, bracket-like

hemi-rays. Both hemi-rays are symmetrically segmented,

branched and show distal actinotrichia fibrils. These rays

are connected by inter-ray membranes. In the last 15 years,

hundreds of articles have reported on the regulatory prop-

erties acting during the development and regeneration of

the caudal fin, providing a better view of these processes.

During development, the caudal fin is ventral, but a dorsal

flexion changes its position to the caudal margin of the

body. This morphological change transforms the original

anteroposterior (AP) axis into the final ventrodorsal (VD),

normally named dorsoventral (DV), axis of the fin. Whereas

the fin grows along the proximodistal (PD) axis at its distal

margin, it widens along the DV axis (see Fig. 1A) and thick-

ens along a third contralateral left-right (LR) axis (Fig. 1A,B;

Mar�ı-Beffa & Murciano, 2010) at all fin positions. Cell lin-

eage specification, pattern formation and size control along

specific axes are general features of the development of

the vertebrate dermoskeleton (Dur�an et al. 2015) and these

are also present in zebrafish fins (Mar�ı-Beffa & Murciano,

2010; Dur�an et al. 2015; Wehner & Weidinger, 2016).

The caudal fin regenerates after a cut (Broussonet, 1786),

forming a very complex (Yoshinari et al. 2009) and increas-

ingly interesting blastema of nine different proliferating

cell lineages (Knopf et al. 2011; Sousa et al. 2011; Tu &

Johnson, 2011; Stewart & Stankunas, 2012). Whereas caudal

fin regeneration has been the subject of classic papers (e.g.

Morgan, 1902; Goss & Stagg, 1957; Kemp & Park, 1970),

recent molecular studies of this process in zebrafish disclose
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several controlling molecular mechanisms (e.g. Akimenko

et al. 2003; Pfefferli & Ja�zwi�nska, 2015; Wehner & Wei-

dinger, 2016). These mechanisms are normally active along

one of the three different axes of the fin (Fig. 1A; Mar�ı-

Beffa & Murciano, 2010). The best examples of these one-

axis studies are those focused on the regulation of regener-

ation along the PD axis of the fin (e.g. G�eraudie et al. 1994;

White et al. 1994; Akimenko et al. 1995; Quint et al. 2002;

Lee et al. 2005; Stoick-Cooper et al. 2007; Sims et al. 2009).

These studies have revealed cross-interactions between

specific distal epidermal domains (Lee et al. 2009; Wehner

& Weidinger, 2016) and the underlying mesenchyme. These

interactions are mediated by specific signalling pathways

(e.g. Laforest et al. 1998; Poss et al. 2000; Quint et al. 2002;

Lee et al. 2005; Whitehead et al. 2005; Smith et al. 2008;

Chablais & Ja�zwi�nska, 2010; Blum & Begemann, 2015) and

control blastema formation and distal outgrowth (Johnson

& Bennett, 1999; Nechiporuk & Keating, 2002; Akimenko

et al. 2003; Mar�ı-Beffa & Murciano, 2010; Wehner & Wei-

dinger, 2016). These signalling processes regulate the

hierarchical transcription of genes in cell type-specific lin-

eages (Wehner et al. 2014; Dur�an et al. 2015; Wehner &

Weidinger, 2016; Fig. 1B). For example, the osteoblast lin-

eage that ultimately up-regulates osterix (Brown et al.

2009; Knopf et al. 2011) and osteocalcin transcripts (Sousa

et al. 2011) are regulated by the epidermal Sonic (Quint

et al. 2002) or Indian (Avaron et al. 2006) hedgehog sig-

nalling pathway (Armstrong et al. 2017), which are acti-

vated by several other regulators from the distal fibroblast/

epidermal domain (Laforest et al. 1998; Lee et al. 2009;

Wehner & Weidinger, 2016). Recently, bioelectric signalling

has also been found to regulate fin growth rate (Monteiro

et al. 2014), pattern and size (Perathoner et al. 2014), open-

ing new avenues of research. However, few of these studies

have analysed the potential molecular mechanisms control-

ling fin morphogenesis along the other two axes, or have

studied other fish species.

Regarding the DV axis, our group has updated classic

experiments (Nabrit, 1929) on caudal fin regeneration

(Mar�ı-Beffa et al. 1996, 1999; Murciano et al. 2001, 2002;

Mar�ı-Beffa & Murciano, 2010). From these studies, ray/inter-

ray interactions have been proposed locally to regulate

both the rate of outgrowth (Morgan, 1902) and the mor-

phogenesis of each ray of the regenerating fin (Mar�ı-Beffa

& Murciano, 2010). These local inter-tissue interactions

would control the widening of rays and inter-rays and the

branching of the rays in the strict vicinity during outgrowth

of the distal fin blastema (Mar�ı-Beffa et al. 1999; Murciano

et al. 2001, 2002; Mar�ı-Beffa & Murciano, 2010). The gener-

ation of the pattern and size of the complete fin would

depend on the iteration of these inter-tissue interactions

along the DV axis of the fin at each ray/inter-ray boundary

(Mar�ı-Beffa & Murciano, 2010). These ray/inter-ray bound-

aries restrict positioning of migrating osteoblast and mes-

enchyme during development and regeneration (Tu &

Johnson, 2011), which is established by retinoic acid-depen-

dent signals (Blum & Begemann, 2015).

In this paper, we study both the cellular and molecular

mechanisms controlling ray-dependent inter-ray formation

and widening in zebrafish, and the natural variation of

inter-ray membranes among actinopterygian species. Ray/

inter-ray interactions have been studied by partial ablation

or ray grafting (Murciano et al. 2002). Proliferation and

migration of specific cell lineages have been tracked by bro-

modeoxyuridine (BrdU; Santamar�ıa et al. 1996), epidermal

DiI (Poleo et al. 2001) and endothelial transgenic (Lawson &

Weinstein, 2002; Bayliss et al. 2006) labelling. Bioelectric sig-

nalling during inter-ray wound healing and regeneration

have been analysed using the another long fin (alf)dty86d

gain-of-function mutation of the two-pore domain potas-

sium (K+) channel coded by the zebrafish knck5b gene (Per-

athoner et al. 2014). The involvement of fibroblast growth

factor receptor 1 (FGFR1)-like tyrosine kinases and the Sonic

hedgehog (SHH) signalling pathway (Poss et al. 2000; Quint

et al. 2002; Fig. 1B) activities during inter-ray healing and

Fig. 1 Anatomy and some signalling pathways controlling regenera-

tion of the caudal fin of Danio rerio. (A) Adult zebrafish specimen.

Rectangle engulfs caudal fin. Discontinuous line shows rays between

R2 and R17. Double arrows show body and fin axes. Double asterisks

represent pectoral fins. Do, dorsal; SL, standard length. V, ventral. (B)

Model of interactions between three different cell types – epidermis

(beige), mesenchyme fibroblast (blue ovals) and osteoblasts (brown

ovals) – in several ray blastema domains (Lee et al. 2009; Wehner &

Weidinger, 2016). Light blue area is blastema mesenchyme. Arrows

and broken lines, respectively, suggest activation and repression. Wnt-

b catenin signalling activates fgf3 transcription and FGF3 activates

FGFR1 receptor in distal mesenchyme (Wehner & Weidinger, 2016).

Ptc1 is expressed in osteoblasts (Laforest et al. 1998). The activity of

proteins in blue and red have been modified experimentally. L and R,

left and right; Po and D, proximal and distal.
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regeneration have also been studied by chemical inhibition.

Finally, inferences about variations observed in a large

sample of euteleostean species have also been drawn from

zebrafish experiments to propose hypotheses for future

Evo-Devo studies.

Methods

Animal husbandry

Fishes were kept in a circulating system (Aquatic Habitats, USA). We

obtained AB wild type (Fig. 1A), Tg(fli1a:EGFP)/AB transgenic and

alfdty86d mutant specimens of zebrafish Danio rerio as offspring

(Westerfield, 1995) of males and females commercially supplied

from ZIRC, Oregon. We also used specimens of goldfish Carassius

auratus obtained from a local pet shop. Regeneration experiments

with zebrafish took place at 28.5 °C and those with goldfish were

carried out at 25 °C. Fishes showing abnormal adult or regenerating

fin morphologies were discarded. Operations and handling of fishes

were done under the principles approved by National Laws (Direc-

tives 98/81/CE and 2000/54/CE, Law 32/2007 BOE 268, and Royal

Decree Laws 178/2004 and 367/2010, Spain).

Experimental fin conditions

Fishes were anaesthetized with 0.2 mg mL�1 tricaine methanosul-

phonate (MS222, Sigma, St. Louis. MO, USA) in Tris buffer (Wester-

field, 1995). Each operated fish was then laid on a glass slide

inclined over the side of a small Petri dish with the head in anaes-

thetic solution and the caudal fin dry, out of the solution. The cau-

dal fins were considered symmetrical and thus either the dorsal or

the ventral lobe was indiscriminately chosen for operation. The rays

were numbered R1 to R18, following their serial position along the

dorsoventral axis (Fig. 1A).

The caudal fin of 11 developing zebrafish were first dissected

after euthanasia in an overdose of 0.2 mg mL�1 MS222, embedded

in paraffin, sectioned and stained for histological studies (Becerra

et al. 1983). Six other live adult transgenic fishes and four goldfish

were anaesthetized and used for pigment and endothelium studies

without any previous operation. Zebrafish spontaneously showing

abnormal fin morphologies in tanks were also anaesthetized and

studied.

Experiments to study inter-ray wound healing and regeneration

(Fig. 2)

Complete fin cuts. Caudal fins were cut approximately two

segments proximal to the first ray branching (Fig. 2A; after

G�eraudie et al. 1994). To study fin morphometry or cell-type

presence after complete regeneration, 12 wild type and

eight Tg(fli1a:EGFP)/AB and alfdty86d zebrafish fins were cut.

Caudal fins from five wild type specimens were cut and sam-

pled 4–5 days post-amputation (dpa) for histological studies.

Five additional wild type C. auratus fishes were also cut and

BrdU injected at 4 dpa. The caudal fins of 76 specimens were

cut and used for inhibitor experiments.

Ray cuts. In general, one or several neighbouring rays (al-

ways including the third dorsal or ventral) were transversally

cut at proximal positions (Goss & Stagg, 1957). Healing and

regenerating fins were used for morphological, cell function

and gene expression studies (Fig. 2B; Supporting Information

Table S1). Cell migration was studied by DiI-labelling before

cutting. Cell division studies used intraperitoneal injection of

BrdU 2 days post operation (dpo). In situ hybridization was

carried out to study gene expression.

Ray grafts. A proximal fragment of the first large ray (R1 or

R18) was grafted into the proximal region of the inter-ray

between the central rays (R9–R10) of the caudal fin. Before

implantation, grafted rays were extracted and rotated 90°

clockwise or anti-clockwise (Fig. 2C,D) to join the internal

margin of the ray and the central host inter-ray (Fig. 2D).

The distal part of the graft normally remained outside of

the fin after implantation. Leucophores were used for label-

ling (Murciano et al. 2002). In all, 37 specimens were used in

this experiment, five of them for histology and morphometry

(years 2000–2002).

Inhibitor administration

Cyclopamine (alkaloid inhibitor of Sonic/Indian hedgehog, SHH/

IHH, pathway, Sigma-Aldrich) and tomatidine (control alkaloid,

Sigma-Aldrich; Watkins et al. 2003) were dissolved in ethanol 100°

to final stock concentrations of respectively 1 and 100 mM and

stored at �20 °C. This inhibitor attaches to the protein Smoothened

(Smo), a transducer regulated by SHH/IHH receptor Ptc1, and pre-

vents signal transduction of the pathway (Chen et al. 2002).

Recently, off-target effects of cyclopamine on cell proliferation have

been documented in zebrafish that preclude any conclusion on cell

division control (Armstrong et al. 2017). Moreover, different con-

centrations of SU5402 (inhibitor of the tyrosine kinase activity of

FGFR1 and other FGFRs; Calbiochem, Germany) was dissolved in

dimethylsulphoxide (DMSO) to a stock concentration of 34 mM and

stored at �20 °C. SU5402 most efficiently inhibits FGFR1 activity by

repressing its tyrosine kinase activity (IC50 = 0.03 lM; Sun et al.

1999). DMSO was used as an SU5402 control. Fish treatments were

carried out in beakers with 100 mL of water from the circulating

system. Different quantities of stock solutions were added to the

water to obtain the final experimental concentration of each

reagent (Supporting Information Table S2A,B). Fishes were fed with

ZM-fish Ltd food once every experimental day except at 1–2 and 8–

9 dpa.

Different concentrations of cyclopamine were administered to 39

fishes to inhibit the Ptc1-pathway to various degrees (Table S2A).

Different concentrations of SU5402 were also added to the water

of a total of 23 fishes (Table S2B). As a cyclopamine-negative con-

trol, tomatidine was added. DMSO at 0.01 or 0.004% was indiscrimi-

nately used as a control of SU5402 treatments. Regenerating fishes

were left in 100 mL of system water in groups of two or three. All

fins were sampled and processed for morphometry at 12 dpa (see

commentaries on Supporting Information Figures).

Specimens on loan

In all, 49 adult or young fish specimens of 42 actinopterygian spe-

cies were lent by the Museo Nacional de Ciencias Naturales (MNCN)

in Madrid, Spain (years 2001–2002, 2007). These specimens were

used to characterize inter-ray morphologies. Each specimen shown

here is identified by its Museum code.

Anatomy and morphometry

Fin anatomies were first visualized under the dissecting microscope

(SMZ800, Nikon, Japan). The standard length (SL; length frommouth

© 2018 Anatomical Society
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to caudal fin base) of most fishes (Fig. 1A, Table S2A,B) was mea-

sured. To visualize pigment and endothelial cell patterns, adult and

regenerating Tg(fli1a:EGFP)/AB transgenic fins were photographed

in a light and fluorescence magnifying microscope (Multizoom

AZ100, Nikon; Axioskop, Zeiss). For correct morphometry, all fins

regenerated under inhibitor treatments were opened before pho-

tographing or sampling (Fig. 2E). The complete extensions of these

caudal fins were done with a thin brush over a glass cover-slide

where the fins were slowly dried for 2 min (Fig. 2E). As the angle

generated by the caudal fin web normally ranges between 80° and

90° (data not shown), two lines at a 90° angle were drawn over the

slide to guide the correct fin extension (Fig. 2E). Fins were discarded

if the distal margin was partially broken during an extra-extension

or if the mounted fin was incompletely opened, showing creased

inter-rays. Opened fins were cut, fixed in phosphate-buffered saline

(PBS) 4% paraformaldehyde pH 7.4 (12 h at 4 °C), mounted and

photographed with a Polaroid DMC camera for morphometry. All

actinopterygian specimens lent by MNCN were received in 100�
ethanol. Before photographing, each specimen was sequentially

immersed in 96°, 75°, 50° ethanol and water for 1 h.

Digital morphometry was done using an IMAGEJ 1.43u program

(nih.gov, USA). Morphometric variables were measured to analyse

inter-ray widening and distal outgrowth (Fig. S1A–D and below).

Pigment cell distribution was measured by counting the number of

marginal and central inter-rays with pigments in digital images.

Non-parametric statistical analysis of morphometric data used the

Mann–Whitney U-test at various levels of significance (SPSS, version

11.5, SPSS Inc., Chicago, IL, USA). Basic statistics (mean and standard

deviation) were obtained from an EXCEL datasheet (Microsoft Office

Excel 2007).

Transgenic, BrdU and DiI-labelling

Endothelial cells were tracked in vivo using a Tg(fli1a:EGFP)/AB zeb-

rafish line specimen as stated above (Lawson & Weinstein, 2002;

Bayliss et al. 2006). Fishes with complete fin or ray cuts were

injected intraperitoneally at 2 or 4 dpo with BrdU (Sigma) in Hanks

solution (Westerfield, 1995) at a dose of 0.25 mg g�1 wet weight.

At 24 h after injection, samples were obtained, processed histologi-

cally and immuno-stained (Santamar�ıa et al. 1996). DiI-labelling was

carried out by injections (Poleo et al. 2001) in the stump of cut rays

or in neighbouring rays (Fig. 2B).

Histology and in situ hybridization

Histological sections were obtained after fixation in PBS 4%

paraformaldehyde pH 7.4 (12 h at 4 °C), paraffin or ‘CryoWax’

(Dur�an et al. 2011) embedding and staining with haematoxylin-

eosin-picrosirius (Becerra et al. 1983) or Mallory’s trichrome (Pearse,

1985; Kiernan, 2015). Sections were photographed in a Zeiss Axios-

kop (Zeiss, Germany) or a Multizoom Nikon AZ-100 microscope

under Nomarski optics. RNA antisense probes against msxa, msxc,

msxd (Akimenko et al. 1995), shh (Laforest et al. 1998), bmp4 (Mur-

ciano et al. 2002) or dlx3 (Akimenko et al. 1994) genes were

obtained after Quint et al. (2002). Fins after ray cuts were fixed

A

D E

B C

Fig. 2 Surgical operations carried out in the experiments. (A) Transversal cut of a caudal fin about two joints proximal to first ray branching posi-

tions (circles). (B) One ray and four neighbouring rays cut in the lobes of the same fin. Red circles show positions of DiI injection. (C) Grafting with

previous 90° rotation of a proximal fragment of ray 1 (R1) into the inter-rays between rays 9 and 10 in the fin. (D) 3D drawing showing the opera-

tion in the discontinuous square in (C). A proximal R1 fragment (in dark grey) (1) is cut out from the ray, rotated 90° (2 and 3), and grafted (4) in

the central inter-ray. Do and V, dorsal and ventral positions in the original ray fragment. (E) Caudal fin completely opened over a calibrated slide.

The angle between lines is 90°. D, distal; gR1, grafted ray 1; Po, proximal; R1–3, R9, R10, R13–R18, rays 1–3, 9, 10, 13–18 in dorsoventral series.

Scale bar: 5 mm.
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with 4% paraformaldehyde stained with probes and whole-

mounted (Akimenko et al. 1995; Laforest et al. 1998). Photographs

were taken in a Nikon Eclipse E 800 (Nikon, Japan) microscope.

Results

To investigate the mechanisms controlling the widening

during outgrowth of the inter-rays, we studied caudal fin

development and regeneration in zebrafish. The rays of

the caudal fin of Danio rerio are branched except for the

dorsalmost and the ventralmost large rays and all lateral,

small procumbent rays. We have studied both inter-rays

that neighbour the rays until the first branching and the

new inter-ray formed between both branches. To avoid

compensatory inter-ray narrowing after formation of ray

dichotomies, other inter-rays distal to these positions or

those neighbouring non-branched rays were not consid-

ered here.

Histological features can define two distinct inter-ray

regions in zebrafish

In young or adult zebrafish caudal fins (15–38 mm SL), the

inter-rays are not histologically homogeneous. The mar-

ginal region abutting the ray is always thicker than the cen-

tral regions located more than 150 lm away (Fig. 3A;

Table 1). This is also observed in the flag-like inter-ray

(Fig. 3B) external to the long, lateral non-branched rays.

This marginal region shows mesenchyme fibroblasts and

a vein, and is frequently pigmented (Fig. 3A). Irrespective of

the pigment band or PD position studied in Tg(fli1a:EGFP)/

AB transgenic fins, melanophores, long-ray leucophores or

blood vessels are more often found, and the cell nuclei den-

sity is significantly lower in marginal than in central inter-

ray regions (Fig. 3C–F; Table 1). The marginal vein (Huang

et al. 2003) runs parallel to the ray, whereas the central ves-

sels are randomly oriented (Fig. 3D). Veins also run parallel

to ray branches at the internal inter-ray margins arising

from vessels outside the ray in many different sprouting

patterns. The new inter-rays formed after ray dichotomy

and normal marginal regions are similar but show low-sig-

nificance differences in cell density and xantophore or leu-

cophore presence (Table 1). Both are equal to rays and do

not show significant differences in any histological parame-

ter studied (Table 1). Distal actinotrichia also differentiate

in ray and marginal inter-rays, but not in centralmost

regions. During development, all marginal regions show

similar features and remain almost constant in width,

whereas central regions widen at different rates depending

on their positions (not shown). This general pattern is also

observed in the caudal fin of goldfish (Supporting Informa-

tion Fig. S2).

Two specializations are found in zebrafish marginal inter-

rays. The first is found in the inter-ray external to the lateral

long rays (R1 or R18, Fig. 3B). The marginal region of this

inter-ray is highly pigmented, and its parallel vein is trans-

formed into a plexus that does not produce vein sprouts to

the rest of this flag-like inter-ray (Fig. 3E). A second special-

ization is found in the distal margin of the longest rays

where leucophore differentiate (Fig. 3F). These cells show

endogenous fluorescence at excitation wavelengths similar

to those of enhanced green fluorescent protein (EGFP),

although it emits light at different wavelengths. Every sin-

gle leucophore can thus be easily located over the longitu-

dinal vein (Fig. 3F), or rarely over central inter-ray or ray

vessels, always in complete co-distribution. This suggests

regulation of leucophore patterning by endothelial cells

during fin development.

Similar regions can also be found after inter-ray regenera-

tion (Fig. 3G–I; Tables 1 and 2). The regenerated inter-ray

shows a margin that is thicker and has a lower cell density

than the central region, at either ray branching or early

post-branching (Fig. 3G,H; Table 1). Distal actinotrichia are

also preferentially observed in the ray and the marginal

inter-ray regions (data not shown). Five days after fin lobe

or a one-ray cut, the epidermis (Fig. 3I,J) or mesenchyme

(Fig. 3J) of the blastema in potential marginal inter-ray

regions of zebrafish and goldfish shows a higher density of

proliferating (BrdU-positive) cells compared with the central

regions (Table 2). These marginal regions can be recognized

by the absence of lepidotrichia bone and the presence of

actinotrichia; in contrast, central regions are devoid of both

skeletal structures. In goldfish, the inter-ray formed at ray

branching (Fig. 3K; Table 2) also shows a higher density of

proliferating cells compared with the central regions, but

an equal density to marginal inter-ray or ray blastema

(Table 2). The histological study of adult, developing and

regenerating fins thus discloses two different inter-ray

membrane regions, the marginal and the central inter-rays.

We have analysed the cellular mechanisms underlying this

regionalization.

Intercalation between ray and central inter-ray cells

may form new inter-rays

We have investigated the involvement of ray cells in inter-

ray formation and widening. To this end, a proximal frag-

ment of the first long, non-branched ray (R1) was grafted

onto the central inter-ray of a caudal fin with a previous

90° angle rotation (Figs 2C,D and 4). During the first 24 h,

the epidermis heals over the grafted fragment (Fig. 4A)

maintaining it in its original surgical position in 34 of 37

cases. Several days after healing, the distal part of the graft

remains outside of the fin and begins to grow (28 of 34

cases). In nine of these graft regenerations, the ray re-

rotates to its normal position and regenerates as a graft

without a previous 90° rotation (see Murciano et al. 2002).

However, this ray normally regenerates from the fin in iso-

lation, maintaining its previous angle (19 of 28 cases;

Fig. 4B). This regeneration apparently occurs in two stages:

© 2018 Anatomical Society
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blastema formation and distal outgrowth (Fig. 4A,B). Dur-

ing this process, the inter-ray may not form initially, show-

ing a strong ‘serrate’ phenotype (Ja�zwi�nska et al. 2007)

with a cleft of several segments in size. In some instances,

an inter-ray forms between the ray regeneration and the

centralmost inter-ray (six of 19 grafts; Fig. 4C,D). This

A

C

G H

J

K

I

D E F

B

Fig. 3 Histological features of inter-ray regions in adult and regenerating caudal fins. (A) Detail of Mallory’s trichrome-stained cross-section of an

adult zebrafish caudal fin. The marginal and the branching inter-ray regions are thick and show blood capillaries (asterisk). The central region is

thinner. (B) Haematoxylin-eosin-stained section of the first long, non-branched ray (R1). The small flag-like inter-ray lateral to R1 shows different

thickness. (A, B) Thickness is shown by double-pointing arrows. (C) Pigment pattern of a live zebrafish caudal fin. Black and orange pigment cells

are melanophores and xanthophores. Arrow shows a branching inter-ray. (D–F) EGFP fluorescence (green) of endothelial cells in live Tg(fli1a:EGP)

y1/AB transgenic caudal fins. (D) Rays and inter-rays at ray branching. Double and thick arrows show veins and arteries at marginal inter-ray and

ray branching, respectively. Thin arrow shows central inter-ray vessels. (E) R1, non-branched ray. Double arrow shows capillary plexus. (F) White

leucophores (yellow cells and white arrows) on capillaries in long rays. (G–I) Histological domains of inter-ray blastema. Transversal line in (G)

shows approximate section levels in (I–K). Yellow and blue discontinuous lines in (G) show potential boundaries of high and low proliferating blas-

tema regions, respectively. Asterisks show inter-ray incisions. (H) Mallory’s trichrome-stained section of a regenerated inter-ray processed with the

Cryowax technique. Asterisk shows a large capillary. Arrow indicates a pigment cell. (I–K) BrdU immunostained sections of zebrafish (I) and goldfish

(J, K) inter-rays. Observe the higher frequency of positive cells at the marginal inter-ray blastema. Green and red lines show ray and inter-ray base-

ment membranes, respectively. Arrows show actinotrichia sections. e, en, and o, epidermal, endothelial cells, and osteoblast; mir, cir and bir, mar-

ginal, central and branching inter-ray regions; rb, r and ir, ray blastema, ray and inter-ray. Scale bars: 10 (J, K), 20 (I), 50 (B, H), 200 (G), 250 (A)

and 500 (C–F) lm.
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ectopic membrane always grows at right angles to the host

inter-ray, showing a characteristic ‘T-shape’ (Fig. 4D), being

narrow proximally (Fig. 4C) and widening medial or distally

(Fig. 4D). After 30 dpo, the maximum width of the ectopic

inter-rays (99.1 � 7.7 lm; n = 12) is about half that of the

host inter-rays (111 � 18.3 lm; n = 8, P ≫ 0.05) and very

different from the half-width of the inter-ray near the R1

graft (51.97 � 17.73 lm; n = 8, P < 0.01).

A ‘meniscus-like’ leading edge forms at both ends of the

ectopic inter-ray (Fig. 4E–I). The margin near the regenerat-

ing ray shows a large vessel and pigment cells, whereas the

opposite ectopic inter-ray region in contact with the host

inter-ray never forms a longitudinal vessel or thickens. In

some instances, the vessel and pigment cells form in the

margin of the isolated ray instead of the neighbouring mar-

ginal inter-ray region (Fig. 4C,D). This may occur when a

strong cleft is formed during isolated ray regeneration.

When the vessel is in the ray margin, a marginal region is

absent, and the neighbouring inter-ray region resembles a

central-like region (Fig. 4D). When a marginal inter-ray with

vein is formed, potentially when a slight ‘serration’ occurs,

the above-mentioned histological differences with the cen-

tral region of the ectopic inter-ray are statistically significant

(Table 3). This suggests that the margins of ray blastema

are a default migration fate of vein endothelial cells and

that the ectopic membrane is a half inter-ray. In these ecto-

pic inter-rays, leucophores are very rare (Fig. 4A,B), preclud-

ing any clear conclusion about cell lineage origins.

The contact between central inter-ray and ray cells may

induce the formation of an inter-ray. This intercalation

forms a ‘meniscus-like’ leading edge at both sides of the

new inter-ray. Several arguments suggest that this new

membrane is a half ‘host-type’ inter-ray. The different

positions of interacting tissues in this experiment suggest a

wide distribution of competence for these interactions

along the fin.

Different cell migration and gene expression

patterns occur during wound healing and

regeneration of inter-rays

Additional cellular properties have been inferred from ray-

cut experiments. A single inter-ray, or groups of one, two,

three or four neighbouring long rays were cut and cell

migration, cell proliferation and gene expression were

studied. After these cuts, a small remnant of the marginal

Table 1 Histological features of inter-ray domains at ray branching in zebrafish.

Histological

domains n Thickness (lm)

Cell density

(x mm–2) n

Melanophore

(1)

Xanthophore

(1)

Leucophore

(1)

Endothelium

(1)

Adult marginal IR 46 275.8 � 41.8 143.7 � 31.1 207 42.5 � 5.6 76.4 � 6.4 68.2 � 9.9** 100.0 � 0.0

Adult Central IR 40 82.4 � 6.2†
,

*** 254.8 � 71.2*** 103 23.6 � 10.8†
,

* 70.9 � 4.1 29.2 � 26.8†
,

** 64.0 � 33.8**

Adult Branch IR 53 281.4 � 52.3 130.6 � 32.9†
,

* 164 36.7 � 5.3 87 � 4.9†
,

* 86.3 � 16.1** 100.0 � 0.0

Adult Ray 84 nd 138.4 � 46 106 36.8 � 11.4 78.2 � 10.6 14.5 � 16.1 100.0 � 0.0

Reg marginal IR 60 406 � 147.3†
,

*** 99.7 � 28.2** 94 65.2 � 47.89 (�) nd nd

Reg central IR 39 117.6 � 24.3†
,

*** 160.2 � 58.1*** 47 46.6 � 50.4 (�) nd nd

Reg branch IR 11 295.1 � 14.6†
,

*** 72.4 � 14.9 56 74.1 � 44.2 (�) nd nd

Reg ray 51 nd 86.5 � 22.4 119 74.5 � 18.3 (�) nd nd

Reg, regenerated. ***P < 0.001, **P < 0.01 and *P < 0.05 when compared with data from any other domain.
†When compared with the other inter-ray domains, n is number of inter-rays studied. (1) Percentage of cell-type presence in Tg(fli1a:

EGFP)/AB line. nd, not determined. (�) Sum of variables obtained from regenerated fins.

Table 2 Proliferative features of inter-ray regions in the caudal fin blastema.

Histological regions

Danio rerio

Carassius auratus

Epidermis Mesenchyme Mesenchyme

n BrdU+ % n BrdU+ % n Cell density (x mm–2) BrdU+ %

Inter-ray marginal 20 28.4 � 9 12 32.39 � 15.4 19 80.91 � 21.05 53.47 � 17.63 *

Central inter-ray 21 19 � 12.76†
,

* 9 21.94 � 17.97 10 45.48 � 17.7**/†
,

** 16.95 � 12.13**/†
,

**

Branching inter-ray – – – – 6 99.9 � 28.2†
,

* 46.7 � 16.1*

Ray blastema 11 22.5 � 12.1 6 26.15 � 14.7 14 83.9 � 20.86 67.21 � 12.28

n, number of inter-rays studied; x, number of cells counted; %, percentage of BrdU+ cell presence.

**P < 0.01 and *P < 0.05, when compared with data from the ray blastema.
†Statistical significance when compared with inter-ray data.
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inter-ray always remained attached to neighbouring

non-operated rays.

When an inter-ray is cut out, wound healing restores the

continuity of the inter-ray membrane (Fig. 5A) in less than

2 days. This is also observed after a one-ray cut, although

at slightly slower rates (Fig. 5B; Goss & Stagg, 1957; Mar�ı-

Beffa et al. 1996, 1999). After this operation, ray regenera-

tion is delayed. Wound healing is seldom observed after

two-ray cuts and never when three or four neighbouring

rays are cut (Fig. 5C). This healing membrane shows vari-

able width depending on the space left by the non-oper-

ated neighbouring rays (Fig. 5D). Wound healing after

one- or two-ray cuts shows similar sigmoid growth rates

(Fig. 5E). Regeneration is slower when more than two rays

are cut (Fig. 5E). In this case, rays and inter-rays regenerate

slightly more quickly, the closer they are to intact flanking

rays (see below). Irrespective of the number of clipped

rays, a ‘meniscus’-like leading edge is always observed in

the marginal regions (Fig. 5A–C). During wound healing

after a one-ray cut, the size of this ‘meniscus’ (Fig. 5B) in a

proximal position reaches 250 lm, gradually reducing to

80–100 lm in more distal positions (Fig. 5F). One month

after two-ray cuts (Supporting Information Fig. S3A),

fusion of regenerating rays has been found in four of 15

cases. Fusion of neighbouring rays is very rarely observed

after a fin cut. Both ray fusions and ray separations with

proximal connecting membranes (Fig. S3B) can in rare

cases be observed spontaneously during normal zebrafish

development.

Cell migration during wound healing was studied by

injection of a DiI solution (Fig. 2B) or BrdU at 3 dpo, or by

transgenic labelling of endothelial cells (see Material and

A B

C

E F

G

H I

D

Fig. 4 Results after 90° rotated ray graft experiment. (A, B) General views of 90° rotated ray grafted caudal fins. (A) Proximal square is host cen-

tral inter-ray. Inset is amplification of the square with ray graft. (B) Fin with graft regenerated for 30 dpo (arrow). Inset is distal region of regener-

ated graft (rectangle). Arrow in inset is a leucophore. Ovals and oblique rectangles in (A, B) are leucophore regions and graft origins. Fin in (B) has

not been opened completely. (B) Section levels in (C) and (D). (C, D) Proximal (C) and medial (D) cross-sections of a 90° rotated R1 regeneration.

(C) Proximal region shows a ray graft regeneration at a right angle (discontinuous lines). (D) Distal region of a 90° rotated regeneration forming a

perpendicular, ectopic inter-ray (large arrow). Small circles in (C, D) show limits of intercalated inter-ray. Asterisks show ray veins. Small arrows

show ray melanophores. Double arrows show ectopic inter-ray. (E–I) Cross-sections of the distal margin of an ectopic inter-ray. A marginal region

is distally formed de novo (E, F) and gradually develops (G, H) into a ‘meniscus’-like leading edge (arrows). Meniscus of ectopic inter-ray at host

inter-ray (F, H) or grafted ray regeneration (E, G, H). Asterisk shows a mucous cell. (H, I) Distal fusion (arrow) of marginal edges. Do and V, dorsal

and ventral; mir and cir, marginal and central inter-rays. Scale bars: 20 lm (F, G, I), 50 lm (C–E, H; insets in A, B) and 1 mm (A, B).
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methods). DiI injection in marginal non-operated rays did

not label central regions (Fig. 6A,B), whereas injections

proximal to the cut (Fig. 6C) completely labelled the central

healing membrane (Fig. 6D). This labelled membrane only

comprises two abutting epidermis in cross-section (data not

shown), suggesting distal migration of epidermal cells.

Proximal melanophores have also been found to invade

the healing non-pigmented inter-ray from neighbouring

pigmented regions (Fig. 6E). In daily photographs of these

healing membranes (Supporting Information Fig. S4A),

marginal inter-ray melanophores were observed to lose

their stellate phenotype at 1 dpo (Fig. S4B) and to migrate

distally at 2 or 3 dpo (Fig. S4C,D) to reach the distal margin,

where they initiate re-positioning (Fig. 5A). During the first

2 days, some DiI-labelled cells were also found in proximal

inner positions, suggesting proximally invading mes-

enchyme cells. At 4 dpo, there is proliferation of epidermal

cells but not of these mesenchyme cells (Fig. 6F). Small ves-

sel sprouts are also formed from the vein in marginal inter-

rays during these stages (Fig. 6G). Nevertheless, the original

endothelial and pigment pattern is only restored once the

ray, or rays, regenerate. After 3 dpo, the pigment pattern

Table 3 Histological features of ectopic inter-ray domains after implantation of 90° rotated ray grafts.

Ectopic inter-ray domains n Cell density (x mm–2) n Thickness (lm) n Melanophore (%) n Endothelium (%)

Marginal inter-ray 6 88.1 � 41.4 7 10.3 � 11.4 32 10.9 � 15.4 24 65.9 � 48.2

Central inter-ray 3 108.4 � 30 6 2.8 � 0.5†
,

* 31 53 � 13.5 15 45.8 � 41.7

Marginal ray 8 46.3 � 19.9* 8 11.1 � 10.4 33 38.3 � 25.8 32 94.4 � 7.9

*P < 0.05 when compared with data from the other domains.
†When compared with marginal inter-ray data.

n, number of inter-rays studied; x, is number of cells counted.

A B D

C

E F

Fig. 5 Wound healing after inter-ray cut

experiments. (A) Inter-ray wound healing at

1 dpo. Observe the many pigment cells in

distal regions (white asterisk). (B, C) Inter-ray

wound healing 1 day after one- (B) and four-

ray (C) cuts. (D) Varying width (double-

pointing arrows) of healing inter-ray (asterisk).

(E) Inter-ray lengths (double arrow in B)

during inter-ray (white rhombus, R3 or R3-R4

cuts) wound healing or ray + inter-ray (black

rhombus, R3–R5 or R3–R6 cuts) regeneration.

(F) PD variations of inter-ray meniscus lengths

(double arrow in C) during inter-ray wound

healing. Oblique arrows in (A–C) indicate

marginal leading edges (meniscus) of wound

healing inter-rays. Vertical bars in (E, F) are

standard deviations. Scale bars: 100 (A) and

250 (B–D) lm.
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around the regions originating the migrating melano-

phore, changes slightly (Fig. S4D). This suggests potential

replenishment of absent migrating cells from neighbouring

regions.

During ray regeneration, an endothelial and pigment

pattern is completely restored by lateral invasion from

neighbouring tissues. Sprouts from ray or marginal inter-ray

vessels reach the regenerating ray to restore the pattern

(Supporting Information Fig. S5A; MGC, unpublished

results). At 30 dpo, pigments are found in the regenerated

inter-ray neighbouring the pigmented non-operated rays

(Fig. S5B). Both endothelium and pigments show a slightly

oblique distribution which is more distal, nearer to the

regenerating ray. This suggests a moving chemo-attractant

signalling centre, potentially at the distal ray blastema

according to the distribution of blood vessels (Fig. S5A,B). In

serial photographs, melanophores and the lateral vein are

seen to migrate distally through the new marginal inter-ray

to reach distal positions at a distance from the distalmost

blastema. Finally, the inter-ray spreads (Fig. S5C), reaching a

width similar to that of the healing membrane, the new ray

and each new marginal region (Fig. S5D).

Gene expression may also reveal inter-ray regionalization

during regeneration. Expression domains of msxa, msxc,

msxd (Akimenko et al. 1995), bmp4 (Murciano et al. 2002)

and dlx3 (Akimenko et al. 1994) in the distal blastema are

wider than shh expression (Laforest et al. 1998) in the proxi-

mal ray blastema. Thus, distally expressed genes could be

transcribed in presumptive marginal inter-ray regions. We

have compared the expression of these five genes with shh

expression in regenerating inter-rays after one-ray and

several-ray cuts. The msxa, msxd, bmp4 and dlx3 are not

expressed in the healing inter-ray (see Fig. 6H,I) and only

msxc is inconsistently expressed by mesenchyme cells that

invade the central inter-ray distal to the regenerating ray

(data not shown; LL, MAA, unpublished results). Neverthe-

less, during ray regeneration after a one-ray cut, msxa

(Fig. 6J) and msxd (Fig. 6K) are expressed in the epidermis

covering the complete neighbouring inter-rays, whereas

bmp4 and dlx3 (Fig. 6L) are expressed in the epidermis cov-

ering a region only slightly wider (not shown) than that of

shh (Murciano et al. 2002). At this stage, this gene expres-

sion pattern resembles that observed after a fin cut. After

four-ray cuts (see Fig. 6L), expression of these genes is simi-

lar to that shown after complete fin lobe cuts (not shown)

or fin cuts (Akimenko et al. 1994, 1995; Murciano et al.

2002). During these events, the leading ‘meniscus’-like edge

shows complete absence of expression of these genes

(Fig. 6H,I,M).

We have shown that epidermal, early melanophore and

fibroblast-like cells invade the inter-ray proximodistally dur-

ing wound healing, whereas endothelial cells and late mel-

anophores migrate dorsoventrally during ray regeneration.

We have studied potential molecular mechanisms control-

ling these processes.

kcnk5b, FGFR1 and SHH pathway control inter-ray

patterning and size

Among available zebrafish mutants (van Eeden et al. 1996),

alfdty86d (Perathoner et al. 2014) was selected to show

abnormalities after one-, two-, three- or four-ray cuts in a

caudal fin screening (data not shown). The fins of alfdty86d

mutant show inter-rays with varying widths. When one ray

is cut, a healing membrane forms that may show symmetric

or asymmetric ‘meniscus-like’ leading edges (Fig. 7A). Inter-

estingly, a membrane also forms when three or four rays

are cut in this mutant (Fig. 7B). This membrane is about

double width (P < 0.01) and shows larger meniscal edges

(P < 0.01) (Fig. 7B) when compared with inter-rays formed

after one- or two-ray cuts in wild type fins. As in wild type

(Supporting Information Fig. S4), marginal melanophores

migrate distally after one-ray cut (Supporting Information

Fig. S6) but are drastically reduced at 3 dpo (Fig. S6A–D).

This may be due to the large size of the fin, assuming a sig-

nalling centre at distal regions. During ray regeneration, lat-

eral migration of endothelial cells and melanophores also

occurs after one-ray or three-ray cuts (Supporting Informa-

tion Fig. S7A–D). The oblique distributions of the enlarged

vessels of this mutant (Fig. S7A) and melanophores

(Fig. S7B,D) also suggest chemo-attraction/electrotaxis from

the ray blastema. Distal migration along the margins of the

regenerating rays (Fig. S7A) or varying widths of the mem-

brane healing the space left by flanking rays (Fig. S7C) also

occur, as in wild type. Angiogenesis between two regener-

ating rays enhances when compared with vessels sprouting

from non-operated rays after two- or three-ray cuts

(Fig. S7A). After ray regeneration, the width of the inter-ray

and ray also suggests the formation of new marginal inter-

rays during the process (Fig. S7D). The new longitudinal

veins show a sinusoidal/plexus profile suggesting electro-

taxis-dependence of distal angiogenesis at the marginal

inter-ray (Fig. S7D).

We have further studied the involvement of FGFR1 and

SHH signalling in the regulation of inter-ray size and pig-

ment positioning after fin cuts. Several concentrations of

the FGFR1 (and other tyrosine kinases) inhibitor SU5402 and

the Smo inhibitor cyclopamine were used after fin blastema

formation to study canonical activities on ray branching

(Armstrong et al. 2017) or inter-ray width (Figs 2A and 7C).

Inhibitor water changes and fin sampling were done in a

12-day experiment. (Fig. 7C; Commentary on Supporting

Information Figures). Slight SL variations of fishes (Table S2)

are unrelated to the observed results.

We first measured the size of these distal incisions in fins

regenerated under chemical inhibition (Fig. 7D–G). The size

reduced when the concentration of SU5402 (Fig. 7D,E) or

cyclopamine (Fig. 7F–G) increased. Nevertheless, whereas

this reduction is gradual with the increasing concentration

of SU5402 (Fig. 7E), it shows a sudden change at 1 lM cyclo-

pamine (Fig. 7F). At this concentration, the central inter-ray
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Fig. 6 Cell migration, proliferation and gene expression during inter-ray wound healing and regeneration. (A–D) DiI-labelling of wound healing

inter-ray (asterisks) after one-ray cut. The same inter-rays under light (A, C) and fluorescence (B, D) microscopy. Orange ovals are injection points.

White arrows show labelled cells. Rectangles in (A, B) are for comparative reference. (E) Melanophores (arrows) migrating from proximal pig-

mented inter-ray margins (asterisk) at 2 dpo. (F) BrdU incorporation (arrows) during late inter-ray wound healing after one-ray cut. Red line shows

inter-ray basement membrane. e, epidermis; r, mir and cir, ray, marginal and central inter-ray regions. (G) Endothelial cells (green) during inter-ray

wound healing. Double arrow shows early endothelial invasion. (H–M) bmp4 (H), msxa (I, J), msxd (K, M) and dlx3 (L) gene expression during

inter-ray wound healing (H, I) and regeneration (J–L) after one-ray cut or during inter-ray regeneration after four-ray cut (M). Oblique arrows in

(G–I, M) indicate inter-ray meniscus. Symbols in J–M are wound epidermis over ray (#) and inter-ray (asterisk) blastema. Scale bars: 10 (F), 100 (H,

I, K, L), 150 (E), 200 (J), 250 (A–D, G) and 300 (M) lm.
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shows a convex profile overgrowing the marginal regions

(Fig. 7G), acquiring negative values (Fig. 7F) and suggesting

growth arrest of ray, but not inter-ray, blastemas. At higher

concentrations, both ray and inter-ray growths are arrested.

Growth arrest is an off-target effect of this inhibitor (Arm-

strong et al. 2017), precluding any conclusion on SHH/IHH

regulation. Nevertheless, these results suggest independent

regulation of rays and inter-rays.

We have also studied the effect of these inhibitors on

inter-ray and ray widths and melanophore presence in mar-

ginal or central inter-rays at and post-branching (Fig. S1A).

Unlike control fins (Figs 8A and S1D, data not shown),

cyclopamine- (Fig. 8B,C) and SU5402-treated fins (Fig. 8D)

showed modified widths and/or a ray branching pattern as

concentration increased. The ray width at dichotomy

increases gradually with FGFR1 inhibitor concentration but

A B

C

D E

F G

Fig. 7 Effects of alfdty86d mutation and

inhibitors on regenerating inter-ray clefts

during wound healing and regeneration. (A,

B) Inter-ray wound healing (asterisk) after

one-ray (A) and three-ray (B) cuts in alfdty86d

caudal fins. Double arrows are healing

membrane width. Oblique arrows are

meniscus. (C) Scheme of inhibitor

experiments. 3, 5, 7 and 10 days, days post-

operation (red arrow) of drug administration/

replacement (black arrows 1–4). Light blue fin

region is regenerated tissue at 12 dpo. Blue

arrow is sampling day. (D–G) Incision lengths

(double arrows in D and G) between largest

rays regenerated under increasing

concentrations (lM) of SU5402 (D, E) and

cyclopamine (Cyc; F–G). Negative values in (F)

show inter-ray overgrowth (G). Vertical bars

(E, F) are standard deviations. (D, G) Fins

regenerated under 1.3 lM SU5402 (D) and

1 lM cyclopamine (G). Scale bars: 250 (A–B)

and 500 (D, G) lm.
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that of inter-rays suddenly decreases over 0.85 lM SU5402

(Fig. 8E). At this concentration, melanophores in the mar-

ginal inter-rays are more frequent at branching rays com-

pared with DMSO controls (P < 0.01). This narrowing

(Fig. 8E) and modification in melanophore distribution is

not observed after cyclopamine treatments (Fig. 8F)

(P ≫ 0.05). Nevertheless, the new inter-ray between

branches after ray dichotomy (see Fig. 8B) gradually nar-

rows with increasing SU5402 (Fig. 8G) or cyclopamine

(Fig. 8H) concentrations. Melanophore frequency also

increases at this inter-ray over 0.85 lM SU5402 (P < 0.05).

Finally, inter-ray width along PD positions between fin cut

and ray dichotomy was also measured (Fig. 8I,J). In control

fins, the inter-rays widen gradually along this axis but fluc-

tuate around a critical width during ray branching. Only

the administration of 1.3 lM SU5402 prevents inter-ray

widening, maintaining the width (Fig. 8I), although the ray

widens along the PD axis (data not shown). This suggests

differential sensitivities of rays and inter-rays to this inhibi-

tor. Interestingly, although cyclopamine prevents ray

dichotomy, inter-ray width at those distal dichotomies

similar to control widths.

Inter-ray membranes of euteleostean fins vary from

incised to overgrown

Inter-ray membranes connect neighbouring rays in the fins

of most actinopterygian species (i.e. Whitehead et al. 1986;

Nelson, 1994). Each of these membranes shows a specific

width, length and pigment pattern depending on the spe-

cies, fin and position within the fin. These morphologies

and sizes are sometimes important in fish systematics (Nel-

son, 1994). We have studied, in the literature, fin inter-ray

morphologies of 1103 euteleostean species of 193 families

of 44 orders (Whitehead et al. 1986; Anam & Mostarda,

2012 and references therein). Fixed loaned specimens from

the Museo Nacional de Ciencias Naturales (Madrid, Spain)

were also described anatomically.

Most inter-ray membranes in actinopterygian fishes con-

nect neighbouring rays from the most proximal (Fig. 9A;

Lepidorhombus whiffiagonis dorsal fin, MNCN-72077) to

the most distal positions where they show slight incisions

(Fig. 9B; Taurulus bubalis dorsal fin, MNCN-044260). The

width of these inter-rays gradually increases along the prox-

imodistal axis up to the level of ray branches or the distal

end of the non-branched rays (Fig. 9A,B). In the former

case, the inner inter-ray between branches widens at

expense of a gradual narrowing of the inter-rays between

the rays (see Whitehead et al. 1986; Anam & Mostarda,

2012). Nevertheless, actinopterygian inter-rays can signifi-

cantly differ from this basic anatomy. We selected 410 spe-

cies from 11 euteleostean orders that show these fin

morphological variations in a significant number of genera.

During this selection, those orders with very few species

showing very common morphological variants were

eliminated. The selected species were classified into six

groups according to the presence of these morphologies in

at least one of their fins (Supporting Information Table S3).

In these species, rays are normally unperturbed or rarely

change. These modifications will be studied elsewhere

(SCV, JG, JAH, CM, TDF, MMB, unpublished data).

The first phenotypic group is characterized by an incision

of the distal margin of the inter-ray membrane (Fig. 9C,D).

This phenotype ranges from a slight incision the size of a

single ray segment (Fig. 9C; Aspitriglas cuculus dorsal fin,

MNCN-107555) to larger incisions the size of many ray seg-

ments (Fig. 9D; Parablennius incognitus second dorsal fin,

MNCN-72911). In these instances, inter-ray length gradually

increases in the neighbourhood of the rays showing a sym-

metric ‘meniscus-like’ morphology (Fig. 9B,D). The second

group shows asymmetrically incised inter-rays (i.e.

Kanayama, 1991) that connect neighbouring rays at very

different positions. This morphology can be observed in

dorsal and ventral median fins of Lipophrys pholis (MNCN-

010863; Fig. 9E) or in the pectoral fin of Taurulus bubalis

(MNCN-044260; Fig. 9F). A third phenotypic group is charac-

terized by the complete, or almost complete, absence of

the inter-ray membrane. This separates the flanking rays at

both sides (Fig. 9G; Pantodon buchholzi pelvic fins, MNCN-

235355). Our fourth group comprises species with fin inter-

rays only connected to one neighbouring ray as a flag (i.e.

Pterois volitans; Anam & Mostarda, 2012). This phenotype is

similar to the inter-ray external to the lateral-most long rays

of zebrafish caudal fin. The fifth group is formed by species

with fins in which the inter-ray membranes overgrow the

rays. These inter-rays may differentiate distal to a single ray

(Fig. 9H; i.e. P. incognitus first-second dorsal fin boundary,

MNCN-72911, a non-selected river species) or may show a

convex distal profile with the central region distal to the

margins (i.e. the second dorsal fin of Epinephelus coioides;

Anam & Mostarda, 2012). In the most extreme phenotypes,

rudiment rays may differentiate into an otherwise ‘rayless’

caudal fin in species of the Anguilliformes order (White-

head et al. 1986; Nelson, 1994 and references therein; data

not shown). Although rare, a sixth phenotypic group shows

absent or reduced inter-ray membranes leading to fused, or

nearly fused, rays (i.e. the pelvic fin of Dactylopterus voli-

tans, Fischer et al. 1981, or Dactiloptena orientalis; Anam &

Mostarda, 2012).

Many species with these phenotypic variants have been

found in the order Perciformes, Gadiformes, Scorpaeni-

formes and Stomiformes. These phenotypes are mostly

found at the dorsal, anal and pelvic fins. The caudal and

the pectoral fins, used mostly during swimming, show the

smallest number of inter-ray abnormalities (Table S3). Most

of these phenotypes involve changes along the proximodis-

tal axis of the inter-ray (incised, asymmetric, absent and

overgrown inter-ray groups – A–C and E in Table S3). In this

group, phenotypic variants with incised inter-rays (groups

A–D), also called fin clefts (Kanayama, 1991), are much
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more abundant than those with convex-shaped inter-rays

(group E) or rayless fin webs (Nelson, 1994). In fewer

instances, morphological variations along the dorsoventral

axis (asymmetric, flag-like inter-ray and fused ray groups –

B, D and F in Table S3) occur.

Discussion

During fin development and regeneration, the widths of

the global fin web and of each inter-ray membrane gradu-

ally increase (see Mar�ı-Beffa & Murciano, 2010). As mor-

phology influences the swimming efficiency of fishes (see

Lauder et al. 2002; Alben et al. 2007), fin widening and

patterning might be adaptive traits, expected to be both

finely regulated by specific cellular and genetic mechanisms

and under strict evolutionary selective pressure. The experi-

mental and comparative evidence shown in this article sup-

ports this view.

Qualitative and quantitative DV variations of cell

features characterize the inter-rays of zebrafish and

goldfish caudal fin

Each caudal fin inter-ray comprises one central and two

marginal regions that join the flanking rays. The differences

between these two regions are both qualitative and

A B C D

E F

G H

I J

Fig. 8 Morphometric data from 12 dpo

caudal fin R3 after zebrafish inhibitor

experiments. (A) Fin regenerated in water. (B,

C) Detail of branched (B) and non-branched

(C) rays after 0.83 lM cyclopamine treatment.

(D) Fin regenerated in 1.3 lM SU5402.

Discontinuous lines in (A, D) show cut planes.

(E, F) Widths of ray (circles), neighbouring

inter-rays (squares) and addition of both,

pinnamere, (triangles) at ray branching. (G, H)

Internal inter-ray widths two-joints distal to

ray branch. (I, J). Inter-ray width variations in

the distance to cut plane (0). (E, G, I) Data

from SU5402-treated fins (white symbols). (F,

H, J) Data from cyclopamine-treated fins

(black symbols). Concentration units are lM.

Vertical bars represent standard deviations.

Horizontal brackets show data groups with

similar statistical properties (see text). Vertical

bracket in (I) compares experimental and

control (grey) data from similar positions.

*P < 0.05 and and **P < 0.01. Connecting

discontinuous lines join compared groups.

Upper and lower asterisks in (E) compare rays

and inter-rays, respectively. Scale bars: 150

(B, C) and 1000 (A, D) lm.
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quantitative in adult, developing and regenerating zebra-

fish, and in goldfish fins. The marginal regions show an

almost constant width, a vein that runs along the PD axis

(Huang et al. 2003) and the absence of lateral line neuro-

masts (Wada et al. 2008). Central regions may present vari-

able widths, randomly oriented blood vessels that connect

marginal veins or ray arteries (Xu et al. 2014), and neuro-

masts (Wada et al. 2008). In addition, the marginal and cen-

tral regions show quantitative differences, the former

being thicker and showing a higher abundance of melano-

phores and leucophores, lower cell density, and greater and

more distal proliferative activity during regeneration com-

pared with the latter. These quantitative features show

gradual transitions between both regions. In agreement

with previous data (Tu & Johnson, 2011), these two regions

do not show proliferation restriction boundaries. Moreover,

the marginal inter-ray region and the ray show qualitative

and quantitative similarities not shared with central regions.

After a 90° rotated ray graft, a large vessel will only form in

the marginal region of the regenerating ray in the absence

of the marginal vein in the ectopic inter-ray. Moreover, a

similar cell density and frequency of pigment, endothelium

or proliferating cells have been observed in rays and mar-

ginal inter-rays, even in those formed internally, early after

ray dichotomy. This suggests a somehow similar develop-

mental signature of rays and marginal inter-rays.

A B

C

F

D

E

G H

Fig. 9 Morphological variants of

actinopterygian inter-ray membranes. (A)

Lepidorhombus whiffiagonis dorsal fin,

MNCN-72077. Asterisks show inter-rays. (B)

Taurulus bubalis dorsal fin, MNCN-044260.

(C) Aspitriglas cuculus dorsal fin, MNCN-

107555. Double arrow shows distal inter-ray

incision. Arrows in (B, C) show distal ray

margins. (D) Parablennius incognitus second

dorsal fin, MNCN-72911. Asterisks show

distal ray regions. (E) Lipophrys pholis anal fin,

MNCN-010863. (F) Pectoral fin of T. bubalis,

MNCN-044260. Arrows in (E, F) show

margins of asymmetric inter-rays. (G)

Pantodon buchholzi pelvic fins, MNCN-

235355. Arrows show long rays without a

neighbouring inter-ray. (H) P. incognitus first-

second dorsal fin boundary, MNCN-72911.

Asterisk shows inter-ray overgrowth. Scale

bars: 2(G) and 5 (A–F, H) mm.
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These variations and similarities along DV axis of the cau-

dal fin also involve gene expression domains in the fin blas-

tema (Fig. 10A,B). Distal wound epidermis-expressed genes,

such as msxa and msxd, are transcribed over both ray and

inter-ray blastema (Akimenko et al. 1995), Nevertheless,

most of the genes expressed in the distal ray blastema and

the wound epidermis over it, e.g. msxc (Akimenko et al.

1995), dlx5 (Akimenko et al. 1994) and several wnt genes

(Stoick-Cooper et al. 2007), are apparently also expressed in

marginal inter-ray regions or in inter-rays formed early after

dichotomies (e.g. Quint et al. 2002), but are not expressed

in central inter-rays (e.g. Murciano et al. 2002). More proxi-

mally expressed genes are exclusively transcribed either in

the ray blastema, e.g. shh pathway (Laforest et al. 1998), or

in inter-rays, e.g. keratin 8 (Martorana et al. 2001), id1

(Thorimbert et al. 2015) in zebrafish or the tmsb-like gene

in Xiphophorus (Offen et al. 2009) (Fig. 10A). Interestingly,

two of these inter-ray-expressed transcripts, those coded by

zebrafish keratin 8 (Martorana et al. 2001) and the

Xiphophorus tmsb-like genes (Offen et al. 2009), show

quantitative variations along the DV axis of the inter-ray

epidermis.

Our gene expression results after a one-ray cut, agree

with this transition of distal overlapping to proximal ray vs.

inter-ray regionalization (Fig. 10A). This gene expression

evidence would account for both the similar signature

inferred for rays and marginal inter-rays, and the gradual

variation of cell features observed within inter-rays.

During wound healing, width is established by a

bioelectricity-dependent gradient

After a fin cut, wound healing occurs by epidermal cell

migration. This is followed by epidermal cell proliferation

(Santos-Ruiz et al. 2002) and migration (Poleo et al. 2001)

of several cell types (Knopf et al. 2011; Sousa et al. 2011;

Tu & Johnson, 2011; Stewart & Stankunas, 2012) to form

a blastema beneath wound epidermis. As in inter-ray cuts

(Fig. 10A), cuts of one ray lead to wound healing spa-

tially and temporally distinct from blastema formation

(Nabrit, 1929; Mar�ı-Beffa et al. 1999). This distinction has

facilitated wound-healing studies. Besides epidermal cells,

melanophores (Fig. 10D) and fibroblasts can also be

traced to migrate distally during wound healing, whereas

they migrate laterally during regeneration (Fig. 10E).

Potential migration attractants during healing are Igf

(Chablais & Ja�zwi�nska, 2010) and ROS (Sehring et al.

2016), which regulate wound closure and are expressed

at wound epidermis (Gauron et al. 2013). actba

(Ja�zwi�nska et al. 2007) or retinoic acid (Blum & Bege-

mann, 2015) signalling is also involved in maintenance

and/or de-differentiation of distally migrating fibroblasts

or osteoblasts.

In the gain-of-function kcnk5b mutant alfdty86d, the

healing membrane after one or several ray cuts widens

and forms an enlarged meniscus at the margins. Zebra-

fish knck5b gene codifies for a two-pore domain K+

channel (Perathoner et al. 2014) homologous to the

gene ‘Tandem of P domains in a weak inwardly rectify-

ing K+ channel’ (TASK-2) in vertebrates (Cid et al. 2013).

TASK-2 (K2P5.1) regulates cancer proliferation, modulat-

ing the resting membrane potential spatiotemporally

and being regulated by direct G-protein interaction (Cid

et al. 2013; Inanobe & Kurachi, 2014; McCudden et al.

2005 and references within). TASK-2 activates instructive

signals controlling proliferation, differentiation, cell

shape, gene expression (Levin, 2014), and persistent

direction and invasiveness by electrotaxis (€Ozkucur et al.

2011) of several cell types in culture and pattern forma-

tion during planaria, tadpole or zebrafish regeneration

(Sundelacruz et al. 2009; Levin, 2014; Perathoner et al.

2014). This strongly suggests an underlying bioelectricity-

dependent regulation of the healing membrane width

in zebrafish.

A histochemical estimation of cell membrane polariza-

tion in adult wild type and alfdty86d mutants (Perathoner

et al. 2014) further suggests variations in the resting

membrane potential. Cell membranes appear to be hyper-

polarized at central inter-ray regions (low channel activ-

ity) and gradually depolarized (high activity) at marginal

regions of the wild type caudal fin inter-rays. This activity

gradient increases (depolarizes) in the mutant (Perathoner

et al. 2014; Fig 10F). This gradient could directly control

epidermal cell migration to form the ‘meniscus’ profile

and healing tissue size by mechanisms such as electro-

taxis. Below a threshold channel activity, migration would

be prevented and the inter-ray would not form. The

increase of the bioelectric gradient in the mutant would

enhance cell migration, leading potentially to wider inter-

rays (Fig. 10F), depending on the space left between

flanking rays. Contact-inhibition between migrating cells

would explain this behaviour. Gene expression associated

to wound-healing/regeneration defects, the control of tis-

sue size or cell interactions are modulated in developing

frog, axolotl and humans under experimental Vmem

depolarization (Pai et al. 2015). As previously proposed,

initial hyperpolarization/depolarization would regulate

voltage-sensitive mechanisms that would ultimately regu-

late signalling pathways, such as FGFR1 or SHH in this

study, regulating cellular functions (Sundelacruz et al.

2009; Urrego et al. 2014). These positional and size con-

trol functions agree with previous suggestions (Mar�ı-Beffa

& Murciano, 2010; Levin, 2014; Perathoner et al. 2014)

and would account for the instructive control of widen-

ing direction of inter-rays exerted by cells at ray margins

after 90° ray graft rotation. How the distribution of this

gradient is regulated is unknown, but the spatiotemporal

pattern of Vmem of a tissue has been shown in experi-

ments to depend on Vmem in neighbouring cells (Levin,

2014).
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During regeneration, FGFR1 and SHH pathway-

dependent gradients modulate widening and cell

migration

As ray regeneration is delayed with respect to inter-ray

formation, a one-ray cut may be a good model to study

regeneration of single rays or interactions between ray and

inter-rays. Expression of genes during one-ray regeneration

suggests a PD ordering of domains equal to that of fin blas-

tema (Yoshinari et al. 2009). In the one-ray blastema, genes

are expressed in similar domains in wound epidermis, msxa

or msxd, distal mesenchyme, dlx3 or bmp4 (Murciano et al.

2002), or proximal fin blastema, shh (Murciano et al. 2002).

This indeed supports the regulation by the ray blastema

Fig. 10 Patterning gradients controlling inter-ray wound healing and regeneration. (A) Patterned gene expression during inter-ray regeneration.

Blue and dark blue areas are dlx3 and msxa/msxd domains, respectively. Blue plus light blue areas are bmp4/fgfr1 domains. Orange and brown

areas are ray blastema and shh/ihh/ptc1 domain. Green area is id1 inter-ray domain and green intensity is the opposite of zfk8 expression in zebra-

fish. Darkest green areas are tmsb-like expression in Xiphophorus. References are in text. (B, C) Marginal leading edges (arrows) during fin (B) and

inter-ray (C) regeneration. Upper rectangles (B) are ray blastema. Discontinuous line is cut plane. (D, E) Wound healing (D) and regeneration (E)

patterns of cell migration. Light and dark blue arrows are early and late migratory directions. (F–H) Bioelectricity-dependent (F) and signalling-

dependent (G, H) gradients controlling inter-ray formation, cell patterning and widening. (F) Cell affinity and/or positioning during distal migration

quantitatively depend on the K+ channel activity (KC) or an opposite variable, the resting potential membrane (Vmem). Below a discontinuous blue

line, the healing inter-ray is not formed. Red line is gradient activity increase occurring in alfdty86d mutant. (G) RICB and dotted lines are ray/inter-

ray compartment boundaries, DMB is distalmost blastema, WE is wound epidermis, PB is proximal blastema, MI and CI are marginal and central

inter-ray regions, R is ray. 1 (marginal Fgfs, BMPs) and 2 (central, Fgfs) are inter-ray signals from distalmost blastema controlling cell migration and

tissue size, 3 is signalling from shh-expressing cells controlling short-range tissue size, upper dark arrows are potential signals from wnt5b-expres-

sing cells. Discontinuous lines are the boundary between marginal and central inter-ray regions. (H) Fgfr SU5402-sensitive tyrosine kinases (TKs)

pathway-dependent inter-ray-patterning gradient. Cell affinity/distal migration and/or lateral migration are quantitatively regulated. Upper discon-

tinuous line is marginal region formation threshold. Lower line is central inter-ray widening threshold. Green or red gradients show gradual experi-

mental inhibition and discontinuous vertical arrows are interpretations of observed phenotypes. Green and red arrows (F–G) are activity domains

of KC and specific gradients in half inter-rays, respectively. Orange and dark and light green ovals are ray, marginal and central inter-ray cells,

respectively. Pink circles in (A, F) are potential bioelectricity-dependent cells. Do and V, dorsal and ventral.
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during this process. Differentiating inter-rays after wound

healing are only able to activate msxa or msxd in epidermis,

or dlx3 in marginal mesenchyme, when in the neighbour-

hood of the regenerating ray blastema.

Cells from ray blastema or ray margins also regulate cell

activities at neighbouring inter-ray compartments

(Fig. 10G). The gradual decrease of the meniscus size at the

marginal inter-ray when FGFR1 is gradually inhibited

(Fig. 10H) or the ectopic ‘T-shaped’ inter-ray obtained after

90° rotation of the ray graft supports this regulation.

Migration of several cell types also occurs next to the

regenerating ray after one-ray cuts. Melanophores and

endothelial cells migrate laterally across inter-rays and dis-

tally along the new marginal inter-rays towards the ray

blastema (Fig. 10E). The lateral migration of pigments may

have been impaired after high SU5402 concentration treat-

ments during fin regeneration. This suggests the involve-

ment of ray blastema FGFR1-dependent chemo-attractant

signals (Fig. 10G,H). Pigment migration through the inter-

ray has also been suggested after grafting sword rays in

Xiphophorus (Eibner et al. 2008) and a migration-driving

function of FGFR1 has been found during early pectoral fin

bud formation (Mao et al. 2015). At least two tentative

genes involved in endothelium and keratinocyte migration

have been found to be dependent on FGFR1 activity and

are expressed in distal mesenchyme (dusp1) and basal epi-

dermal layers (tmsb-like gene) in rays and inter-rays in

regenerating Xiphophorus fins (Offen et al. 2009). The

expression patterns of these genes as well as previous func-

tional studies of similar genes in other vertebrates (Malinda

et al. 1997, 1999; Kinney et al. 2008) further support this

view (as cited in Offen et al. 2009). The distal migration of

the longitudinal vein or pigments may also occur inside the

ray when the inter-ray is absent, as observed after 90° ray

graft rotation. This agrees with the similar gene expression

patterns and histological features observed in rays and the

marginal inter-ray. Bmps (Thorimbert et al. 2015) are candi-

date signals that regulate distal migration; they have been

proposed to regulate the formation of the longitudinal

vein (Fig. 10G). A distal wnt/b-catenin signalling centre has

also been involved in regulation of inter-ray-expressing

genes (Fig. 10G; Wehner et al. 2014). These veins in distal

positions of long rays would ultimately regulate leu-

cophore position and differentiation. This emerging net-

work of interactions would also explain the high density of

proliferating cells or actinotrichia differentiation in the

marginal inter-ray blastema during normal regeneration in

zebrafish and goldfish.

The results obtained after 90° graft rotation further

suggest that the margin of a ray, or ray blastema, regu-

lates the formation of a half inter-ray. This agrees with

previous proposals (Mar�ı-Beffa et al. 1999; Murciano et al.

2001, 2002; Mar�ı-Beffa & Murciano, 2010). All zebrafish

(Murciano et al. 2001, 2002) and swordtail fish (Eibner

et al. 2008) caudal fin ray margins are capable of

inducing inter-ray formation and all inter-rays, or half

inter-rays, are able to respond to these inductions. This

would be mediated by SHH and FGFR1 pathways. SHH

has been shown to control inter-ray formation during ray

branching (Quint et al. 2002; Armstrong et al. 2017).

Although we have used an inhibitor with off-target

effects on cell proliferation (Armstrong et al. 2017), our

results also support a regulation of initial inter-ray widen-

ing by this pathway, as they agree with narrow inter-ray

phenotypes observed after laser ablation of shh-expres-

sing (co-expressing fgfr1, Lee et al. 2009) cells (Zhang

et al. 2012) or after administration of a canonical SHH

pathway inhibitor (Armstrong et al. 2017). The reduction

of inter-ray width observed after high-dose SU5402 inhibi-

tion also supports the involvement of FGFR1-signalling in

inter-ray widening. FGFR1 is expressed in ray and poten-

tially in marginal inter-ray blastema, but not in central

inter-ray (Poss et al. 2000). High levels of these FGFR1

pathway-dependent gradients would control marginal

inter-ray formation and meniscus size, controlling cell pro-

liferation (Shibata et al. 2016) and/or cell affinity proper-

ties. Low levels of these FGFR-dependent signals would

control central inter-ray widening (Fig. 10H). The different

widths shown by inter-rays along the DV axis of the cau-

dal fin could be the result of autonomous responding

properties and not of a differential regulation by signals

from rays. The final host-like size of inter-rays after 90°

graft rotation supports this autonomous response.

Although conclusions about SHH activity-dependent gradi-

ents on size or outgrowth control cannot be drawn from

our study (Armstrong et al. 2017), the convex inter-ray

phenotype observed at 1 lM cyclopamine further suggests

an autonomous control of inter-ray outgrowth. Pheno-

types shown after fin regeneration by alfdty86d (Murciano

et al. 2007; Sims et al. 2009; Perathoner et al. 2014) or H+

pump activity inhibitors (Monteiro et al. 2014) also sup-

port a bioelectric control of regeneration, but this has

not been definitely assigned to any of these compart-

ments. As stated above, the absence of gene expression

in the meniscus and wound-healing membrane, and its

large size in alfdty86d mutant fins, suggests these struc-

tures depend on bioelectric signals. The increased area of

the marginal region and the longer size of rays nearer to

flanking non-operated rays after four ray cuts, where the

meniscus forms, would also suggest a regulation of ray

regeneration by bioelectric control during wound heal-

ing.

Pattern and size along the DV axis (Mar�ı-Beffa & Mur-

ciano, 2010) has been claimed to be dependent on interac-

tions at the ray/inter-ray compartment boundary under the

control of a positional identity (PI) gradient along the PD

axis. Ray/inter-ray boundaries at each side of the ray may

not only control inter-ray formation or ray branching

(Murciano et al. 2002) but also regulate formation of the

marginal region, direction of the central region widening,
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and cell type patterning of inter-rays and marginal rays.

The final inter-ray size would be an autonomous property

of each compartment in response to conserved FGFR1 and

SHH signals in all rays. The evidence shown here further

suggests that FGFR1 and knck5b, previously involved in PD

patterning (Lee et al. 2005; Murciano et al. 2007; Sims et al.

2009; Perathoner et al. 2014), are also involved in inter-ray

DV patterning and size.

An underlying patterning gradient can also explain

the natural homoplastic variability of inter-ray

membranes in euteleostean fins

Actinopterygian actinotrichia/lepidotrichia and sarcoptery-

gian dermotrichia/camptotrichia have been considered

homologous structures in the dermal skeleton of oste-

ichthyan fins (G�eraudie & Meunier, 1980, 1984; G�eraudie,

1988; Johanson et al. 2005). Moreover, no relationship has

been established between chondrichthyes or agnatha fin

skeleton and these osteichthyan structures (Cole & Currie,

2007; Ota et al. 2013). Due to loss of preservation of soft tis-

sues in fossil records, the ancestry of complete inter-rays

between rays in osteichthyan fins cannot be definitely

established. Living basal actinopterygian groups, such as

bichirs and reedfishes in the order Polypteriformes, stur-

geons and paddlefishes in the order Acipenseriformes, and

bowfins in the order Amiiformes, or living sarcopterygians,

coelacanths (Friedman et al. 2007) and dipnoans (G�eraudie

& Meunier, 1984), show complete inter-rays (Whitehead

et al. 1986; Nelson, 1994). This character can thus be consid-

ered synapomorphic for crown-osteichthyan fishes and ple-

siomorphic for crown-actinopterygian fishes (Hennig, 1950;

Sallan, 2014). Only sturgeons display a tendency to reduced

inter-ray widths as a potential mild phenotype of ray fusion

(group E; Nelson, 1994).

The developmental origin of the complete inter-rays in

zebrafish is also related to ray formation. The fin fold of

zebrafish does not show an actinotrichia-devoid region

(Grandel & Schulte-Merker, 1998; Dur�an et al. 2011), such

as the central inter-ray, but a continuous palisade. When

the rays form (Grandel & Schulte-Merker, 1998), inter-rays

appear, maintaining their presence in the fin web until

adulthood. This has also been described during fin develop-

ment in many actinopterygian species (Bone et al. 1995;

Mabee et al. 2002) and dipnoans (G�eraudie, 1984). In this

sense, changes in the mechanisms found in zebrafish that

generate a complete inter-ray may be candidates for gener-

ating morphological novelties (groups A–F). As these new

morphologies are found in many unrelated ray-finned

orders, they must be considered convergent, or homoplas-

tic, characters. These types of characters are not useful for

taxonomic studies but are potentially interesting in Evo-

Devo approaches (e.g. Metscher & Ahlberg, 1999; Zauner

et al. 2003). In this article, we assume a close similarity

between fin development and regeneration regulatory

mechanisms (Mar�ı-Beffa & Murciano, 2010), so that the

results of regeneration studies could also be considered of

interest when proposing candidate genes potentially caus-

ing euteleostean inter-ray variants.

In principle, inter-rays may be considered largely indepen-

dent of rays in bony fish fins. The gene expression pattern

in regenerating inter-rays (Martorana et al. 2001; Ja�zwi�nska

et al. 2007; Thorimbert et al. 2015) is different to that

shown by ray blastema (Yoshinari et al. 2009; Mar�ı-Beffa &

Murciano, 2010; Whener et al. 2014). Moreover, the osteo-

blast and fibroblast lineage restriction found between rays

and inter-rays during fin regeneration and development

(Tu & Johnson, 2011) supports the view of two compart-

ments controlled by different cellular and molecular mecha-

nisms. Finally, the morphological variations of euteleostean

inter-rays found in this study also suggest independent reg-

ulatory mechanisms of inter-rays and rays (SCV, JG, JAH,

CM, TDF, MMB, unpublished data).

The incised distal margins of groups A, B and C

actinopterygian species always show two ‘menisci’ at both

sides of the inter-ray clefts. In these menisci, marginal

inter-ray regions are located more distally than the cen-

tral regions, suggesting differences along the DV axis

(Fig. 9B–D). Spontaneous clefts in developing fins and the

healing membrane after fin and one-, two-, three- or

four-ray cuts in zebrafish also show a ‘meniscus-like’ mar-

ginal edge. This is enhanced in alfdty86d mutant during

the early stages after a three-ray cut, and is modified

when SU5402 and cyclopamine are administrated after

fin cuts. These epigenetic and genetic regulators of fin

regeneration and development are the first candidate

mechanisms to be involved in the evolutionary innovation

of these morphologies. Moreover, group B (asymmetric

inter-rays) and group D (flag-like inter-rays) phenotypes

suggest differential ray/inter-ray interactions at both ray

sides. Local regulation has been inferred from the half-

sized ectopic inter-ray induced during regeneration after

90° rotated ray grafts. A genetic regionalization has also

been described in developing and regenerating zebrafish

pectoral fins (Nachtrab et al. 2013), suggesting mecha-

nisms potentially involved in ray/inter-ray polarization.

The asymmetric healing membrane found in developing

or healing after one-ray cut alfdty86d fins also suggests a

candidate bioelectricity mechanism potentially involved in

the evolutionary generation of these morphologies.

Finally, group C (absent inter-rays) and F (ray fusion)

phenotypes also suggest specific inter-ray perturbations

along the DV axis. The fusion of ray branches after inhibi-

tion with SU5402 or cyclopamine (see above) or ray

fusions after retinoic acid administration (Santamar�ıa

et al. 1993; G�eraudie et al. 1994; White et al. 1994; Blum

& Begemann, 2015) during fin regeneration further

provide candidate mechanisms responsible for these evo-

lutionary variations. The overall explanation also agrees

with previous morphogenetic proposals of a ray/inter-ray
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boundary organizer (Mar�ı-Beffa & Murciano, 2010) and

extends the importance of the results to evolutionary

innovations in euteleostean species.

The gradual variations shown by the phenotypes of

incised, asymmetric and absent inter-ray groups (A, B and C

in Table S3, Fig. 9C–G), similar to a phenotypic series previ-

ously described in an euteleostean family (Kanayama,

1991), and the overgrown inter-rays of group E (Fig. 9H)

suggest modifications of regulatory mechanisms acting

along PD axis. The spontaneous clefts of developing fins

and the overgrown inter-rays after the administration of

1 lM cyclopamine to zebrafish regenerating fins (Fig. 7G)

are similar to these natural variants. Due to the off-target

effect described by Armstrong et al. (2017) no candidate

mechanism can be suggested. Finally, this A–C group series

shows variations along both DV and PD axes. This could be

due to cross-regulations between mechanisms acting along

both axes. This agrees with a previous suggestion of a cross-

regulation between a gradient controlling PD positional

identity (Lee et al. 2005) and the ray/inter-ray boundary

organizers (Mar�ı-Beffa & Murciano, 2010).

Evolutionary novelties, such as inter-ray clefting or over-

growth, or even ray fusion, could be the result of genetic or

epigenetic changes of specific inter-ray regulatory mecha-

nisms. Moreover, specific adaptive conditions may have

selected these evolutionary innovations in euteleostean spe-

cies to support a convergent homoplastic origin. In princi-

ple, these morphological variants are not observed to the

same extent in all fins, being rare in caudal and pectoral

fins (Table S3). Caudal fin has been associated to thrust gen-

eration (Mwaffo et al. 2017), whereas pectoral fins have

been related to fish manoeuvring or hovering (Lauder et al.

2002; Alben et al. 2007). Inter-ray widths and the rigidity of

rays have been involved in vortex-generation, a hydrody-

namic structure crucial for motion control during swimming

(Lauder et al. 2002). Under a simple Evo-Devo hypothesis,

specific changes in inter-ray patterning mechanisms could

have occurred, affecting the fins of many euteleostean fam-

ilies. Fins under a high hydrodynamic selection pressure

would show less frequent inter-ray morphological variants,

as they would not have been maintained in natural popula-

tions, being eliminated by natural selection. Some of these

morphological variants have already been associated to

specific derived uses only partially related to motion control

(Fish, 1990; Baldauf et al. 2010). This could be a third stage

in the generation of these fin inter-ray innovations. Some

testable molecular hypotheses from this model are being

refuted following experiments with appropriate species (JG,

MMB, unpublished data).
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