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Actinopterygians (ray-finned fishes) are the most diversified group of vertebrates and are characterized by a variety of protective

structures covering their integument, the evolution of which has intrigued biologists for decades. Paleontological records showed

that the first mineralized vertebrate skeleton was composed of dermal bony plates covering the body, including odontogenic

and skeletogenic components. Later in evolution, the exoskeleton of actinopterygian’s trunk was composed of scale structures.

Although scales are nowadays a widespread integument cover, some contemporary lineages do not have scales but bony plates

covering their trunk, whereas other lineages are devoid of any such structures. To understand the evolution of the integument

coverage and particularly the transition between different structures, we investigated the pattern of scale loss events along with

actinopterygian evolution and addressed the functional relationship between the scaleless phenotype and the ecology of fishes.

Furthermore, we examined whether the emergence of trunk bony plates was dependent over the presence or absence of scales.

To this aim, we used two recently published actinopterygian phylogenies, one including >11,600 species, and by using stochastic

mapping and Bayesian methods, we inferred scale loss events and trunk bony plate acquisitions. Our results reveal that a scaled

integument is the most frequent state in actinopterygians, but multiple independent scale loss events occurred along their phy-

logeny with essentially no scale re-acquisition. Based on linear mixed models, we found evidence supporting that after a scale

loss event, fishes tend to change their ecology and adopt a benthic lifestyle. Furthermore, we show that trunk bony plates ap-

peared independently multiple times along the phylogeny. By using fitted likelihood models for character evolution, we show that

trunk bony plate acquisitions were dependent on a previous scale loss event. Overall, our findings support the hypothesis that

integument cover is a key evolutionary trait underlying actinopterygian radiation.
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Impact Summary
Ray-finned fishes (actinopterygians) are the most diverse ver-

tebrate group in the world. The majority of these fishes pos-

sess scales as a protective shield covering their trunk. How-

ever, several lineages display a body armor composed of trunk

bony plates or are devoid of any protective structures. The di-

versity and the transitions between different integument cover-

age types have not been previously studied in an evolutionary

framework. Here, we investigate which integument protection

was present at the origin of ray-finned fishes and how new

protective structures emerged and evolved through time.

We show that a scaled integument was the most

widespread state along with ray-finned fish evolution, yet

scale losses occurred multiple times independently, while ac-

quiring scales again almost never happened. Moreover, we re-

veal that scaleless integuments most probably led species to

change their ecology and colonize the floors of oceans and

water bodies. The functional advantages of a scaleless integu-

ment in a benthic environment are yet to be demonstrated, but

the increased cutaneous respiration could be an explanation.
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We show that trunk bony plates also emerged independently

multiple times along the evolution of ray-finned fishes but

these armors protecting the trunk can only appear after a scale

loss event. Therefore, while the acquisitions of trunk bony

plates are phylogenetically independent, they need a “com-

mon ground” to emerge. All together, our findings provide

evidence that the integument covers have contributed to the

outstanding diversification of ray-finned fishes.

Ray-finned fishes (Actinopterygii) represent the most di-

versified vertebrate lineage in the world, with more than 33

thousand described species (Alfaro 2018). One of the most

prominent features among Actinopterygii representatives is the

presence of scales in their trunk integument forming a protec-

tive layer. Scales can display various shapes and structures, as

they can contain different compounds and differ in histological

characteristics (Moyle and Cech 2004). The diversity of scales

has created some confusion in the scientific community, because

different skeletal elements have been referred to as scales despite

being of different origin (Schultze 2018). Yet, given the great

diversity and the complexity of these structures, a consensus over

their nomenclature and classification still needs to be established

based on a comprehensive understanding of their evolutionary

origin (Sire et al. 2009; Vickaryous and Sire 2009). In this

study, we primarily focus on two categories of mineralized

structures developing within the integument of actinopterygians,

micromeric scales, and macromeric trunk bony plates.

Scales, as differentiated micromeric dermal skeletal ele-

ments (sensu Sire 2003 and Sire et al. 2009) were present in

the ancestral lineage that gave rise to Actinopterygii and Sar-

copterygii (Sire et al. 2009). Therefore, scales are considered a

plesiomorphic trait for ray-finned fishes and today the majority of

them possess some type of scales (Gemballa and Bartsch 2002;

Sire et al. 2009). Based on different histological and morpholog-

ical properties, scales have been classified in two main groups:

ganoid scales (in Protopteridae (bichirs) and Lepisosteiformes

(gars) [Meunier and Brito 2004; Ichiro et al. 2013]) and elas-

moid scales (in the majority of actinopterygian lineages; e.g. Sire

et al. 1997; Mongera and Nüsslein-Volhard 2013). All scales

possess a bony layer (e.g., bony-ridge, lammellar bone) in their

structure (Benthon 2004; Moyle and Cech 2004; Zhu et al.

2012). Thus, scales are a bony structure covered with a scale-

specific odontogenic-like tissue, in general. The nature of the

odontogenic-like cover and the scale organization then define the

type of scale (e.g., ganoin in ganoid scales; Ichiro et al. 2013).

Therefore, two components are in general necessary for the for-

mation of a scale: (a) a bone micromeric structure; and (b) an

odontogenic-like cover tissue that is scale-specific (but this tis-

sue is sometimes reduced or even absent).

Trunk bony plates (TBP) represent another type of integu-

ment protection, which is present in some extant actinoptery-

gians. The origin of TBP can be traced back to the first vertebrate

mineralized skeleton, which was composed of TBP covered with

an odontogenic tissue (Keating and Donoghue 2016). Indepen-

dently of their evolutionary history, TBP sensu lato can be differ-

entiated from scales as they are macromeric integument elements

composed of bone only (i.e., lacking the odontogenic-like cover).

TBP, as macromeric integument structures, reappeared in specific

actinoptetygian lineages. For instance, the iconic seahorse (Syng-

nathidae) exoskeleton is made of dermal bony plates covering the

entire body (Lees et al. 2012; Porter et al. 2013). Other examples

are the Callichthyidae and the Loricariidae, two species-rich fam-

ilies of Neotropical catfishes, that have their trunks covered with

TBP (Sire 1993; Covain et al. 2016; Rivera-Rivera and Montoya-

Burgos 2017). Interestingly, micromeric scales and macromeric

TBP seem to be mutually exclusive as no extant fish displaying

both exoskeletal structures in the trunk has been reported to date.

Despite the widespread occurrence of protective elements in

the integument of fishes, several lineages within actinopterygians

display a naked skin, that is, devoid of any scales or any other pro-

tective structures. Whether the lack of scales in several ray-finned

fishes is a result of independent scale loss events rather than mul-

tiple independent appearances of scales has not been formally as-

sessed. Nevertheless, the putative selective advantage of a scale-

less skin is compelling. Some functional advantages have been

suggested, such as an increased cutaneous respiration (Park and

Kom 1999; Park 2002), or a relatively higher expression of im-

mune genes after a parasitic infection as measured in scaled ver-

sus scaleless skin regions of salmons (Holm et al. 2017). Yet, the

extent of the advantages and disadvantages of having a scaleless

integument is unclear. Nevertheless, we observed that scaleless

fishes belonging to different lineages tend to have a benthic habi-

tat preference. In addition, they present a similar overall morphol-

ogy corresponding to the one typically found in bottom-dwelling

species (e.g., inferior mouth, flattened abdomen, or body) accord-

ing to the classification of Moyle and Cech (2004). Whether a re-

lationship between a scaleless integument and habitat preference

exists in ray-finned fishes needs to be examined further.

In this study, we investigated the drivers of trunk integu-

ment evolution in actinopterygians. We first hypothesized that

the loss of scales may be related to a bottom-dwelling lifestyle,

as this state could result in functional advantages in a benthic

environment. Second, as apparently scales on the skin cannot

co-occur with TBP in the same fish species, we tested the hy-

pothesis that the loss of scales is an evolutionary prerequisite for

the (re)emergence of TBP. To test these hypotheses, we inferred

the evolutionary history of the emergence and disappearance of

scales and TBP along with the evolution of actinopterygians.

To this aim, we used two recently published ray-finned fishes
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phylogenies, one containing 304 species (Hughes et al. 2018) and

the other 11,638 species (Rabosky et al. 2018). The magnitude of

this dataset allowed us to have a precise view on actinoptery-

gian evolution. We collected data regarding habitat preference

and trunk integument characteristics for each species of the phy-

logenies. We then performed ancestral state reconstructions and

we investigated the associations between traits using methods of

linear regression for binary data and likelihood model fitting for

character evolution.

Materials and Methods
PHYLOGENY

To perform the ancestral state reconstruction analyses and to ac-

count for the possible effect of (i) variation in the phylogenetic

inferences (phylogenetic uncertainty) and (ii) phylogenetic re-

latedness of the traits in the correlation analyses, we used two

recently published ray-finned fishes phylogenies (Hughes et al.

2018; Rabosky et al. 2018).

Hughes et al. (2018) published a robust and well-resolved

phylogeny obtained by using 1105 orthologous exons of 305

species representing all actinopterygian lineages, including most

of the lineages displaying the traits examined in this study. One

species, Xenopus tropicalis, used as an outgroup in Hughes et al.

(2018) phylogeny was excluded from our analysis as it was ir-

relevant in the context of our study. The phylogeny by Rabosky

et al. (2018) was reconstructed based on a 27 genes alignment for

11,638 species (with a substantial amount of missing data, see

Rabosky et al. 2018). It is currently the most complete phylogeny

as it contains almost all actinopterygian species.

INTEGUMENT CHARACTERISTICS, MORPHOLOGY,

AND HABITAT PREFERENCE

Information about the traits displayed by fish species was col-

lected in two books (Moyle and Cech 2004; Nelson et al. 2016)

and in Fishbase (Froese and Pauly 2011). When information was

lacking or unclear in these three main sources, species charac-

teristics were extracted from the specialized literature (Table S1

and Table S2). As the presence of scales is the ancestral trait of

actinopterygians (Friedman and Brazeau 2010; Qu et al. 2013)

we reported evidence for changes of traits, such as the absence of

scales in the species or the presence of trunk bony plates (Table

S1 for the 304 species dataset and Table S2 for the 11,638 species

dataset).

To assess the link between absence of scales and habitat pref-

erence, we used as a baseline the classification of Moyle and

Cech (2004) that links morphology to habitat preference. They

described 10 different types of morphology-habitat associations,

classified into five main categories. Out of these categories, four

include fishes with middle or surface water habitat preference,

while one category consists of fishes with bottom habitat pref-

erence (bottom-dwellers). According to Moyle and Cech (2004),

this bottom-dwelling category contains five types of morpholo-

gies: (1) bottom-rovers (e.g., Siluriformes), (2) bottom-clingers

(e.g., Cottidae), (3) bottom-hiders (e.g., some Percidae), (4) flat-

fish (e.g., Pleuronectiformes), and (5) rattail (e.g., Macrouridae).

Here, we individually assessed and assigned each species present

in the phylogenies to either the bottom-dwelling category or to

the non-bottom-dwelling super-category. In addition, we used

available literature for refining the species habitat preference in

ambiguous cases. For instance, even though Moyle and Cech

(2014) do not consider eel-like fish as bottom-dwellers, some

eel-like species are bottom-associated such as swamp eels (Syn-

branchus marmoratus). The corrected species allocation to the

bottom-dwelling category or to the non-bottom-dwelling super-

category is presented in Table S1 for the 304 species dataset

(Hughes et al. 2018) and in Table S2 for the 11,638 species

dataset (Rabosky et al. 2018).

To differentiate TBP from scales we used the description by

Sire and Huysseune (2003). Based on different phylogenetic, de-

velopmental and histological characters, they described 10 dif-

ferent dermal skeletal elements in fish trunks, which can be sub-

divided into (i) large macromeric bony plates and (ii) small mi-

cromeric scale-like elements. Trunk macromeric bony plates in-

clude postcranial dermal bones, and scutes (trunk bony plates

specific to some Neotropical catfish), which we refer to as TBP.

Trunk micromeric scale-like structures include odontodes (super-

ficial structure with dental tissues), ganoid scales (of polypterids

and lepisosteids) and elasmoid scales and they were here referred

to as scales. In our study, we did not consider oral and extra-oral

teeth or denticles as trunk scale-like elements as they represent

more complex structures including dentine, enamel-like covers, a

pulp cavity, a particular attachment to the underlying bone, and

an innervation in most cases. For each species, the integument

characteristics are presented in Table S1.

ANCESTRAL STATE RECONSTRUCTION

We performed two different ancestral state reconstructions for

the presence / absence of scales and for the presence / absence

of TBP. We first used a stochastic mapping approach for mor-

phological characters (Huelsenbeck et al. 2003). We used the

make.simmap function in the phytools package v.06.99 (Revell

2012) in R environment v. 3.6.1. To select the best model of tran-

sition rate, we compared AIC scores between the equal rate (ER)

and all rates different (ARD) models (Table S3). The Q matrix

for transition rates was sampled based on posterior probabilities

after 250’000 generations (Q = “mcmc”) with a burnin phase of

10,000 generations. Prior probability distributions were set em-

pirically with the option prior = use.empirical = true.

242 EVOLUTION LETTERS JUNE 2021



ACTINOPTERYGIAN INTEGUMENT COVER EVOLUTION

Second, we performed ancestral reconstructions using

Bayestrait 2.0 (Pagel et al. 2004). For these reconstructions, we

compared uniform and exponential reverse-jumping hyperprior

(Pagel 2004). By comparing likelihood scores obtained following

the stepping stone approach (100 to 1000), we used the logBF

factor to identify the best model for each scenario (Pagel et al.

2004; Table S3). To constrain jump acceptance rates for each

model between 0.2 and 0.4, we used hyperpriors ranging from

0 to 30 as recommended by the software manual. We performed

respectively 50,000,000 MCMC iterations for the 304 species

phylogeny and 10,000,0000 iterations for the 11,638 species

phylogeny. Trees and node probabilities were visualized using

Treegraph 2 (Stöver and Müller 2010).

Finally, to evaluate how phylogenetic uncertainty could in-

fluence the ancestral reconstruction, in addition to working with

two different datasets (Hughes et al. 2018; and Rabosky et al.

2018), we performed a multi-tree ancestral state reconstruction

using the 304 species dataset of Hughes et al. (2018). We per-

formed a phylogenetic inference with Exabayes (Aberer et al.

2014) based on the protein super-alignment provided by Hughes

et al. (2018). We used the Hughes et al. (2018) best phylogeny as

a starting tree in Exabayes and the other parameters were set to

default. Iterations were executed until convergence was reached

and visualised through Tracer v.1.7 (Rambaut et al. 2018). From

the output of this analysis, we used a subset of 1000 trees to per-

form a multi-tree ancestral state reconstruction in Bayestrait 2.0.

The parameters used were the same as the ones used on the single

best tree analysis (Table S3).

ASSOCIATION AND DEPENDENCY ANALYSES

For the scaled/scaleless fish dataset and the presence/absence of

TBP dataset, we calculated the D value, which is an index that in-

dicates whether binary traits evolve independently or evolve ac-

cording to the phylogeny under a Brownian motion model (Fritz

and Purvis 2010). Thus, this value indicates to what extent the

evolution of the traits is linked to the phylogeny (0 = no relation-

ship; 1 = full dependency). We calculated this value using the

phylo.D function in caper library v.1.0.1 (Orme et al. 2013).

To test the hypothesis that the scaleless phenotype is asso-

ciated with a benthic habitat preference, we performed a linear

regression for binary (discrete) data using the binaryPGLMM

function in ape package v.5.3 (Paradis et al. 2004). Using this

function, we tested whether the presence/absence of scales was

explained by the habitat preference, and accounting for the phy-

logeny (Scale.State∼Ecology+[Phylogeny]). Parameters were

set to default and convergence of the model was assessed using

the build-in function.

To test the evolutionary relationship between scales and

TBP, and more specifically whether the emergence of TBP was

dependent over the absence of scales, we studied the association

between presence/absence of TBP and presence/absence of scales

using the fitPagel function in the phytools package (Revell 2012).

This function is designed to analyse the coevolution of two traits

and the way they are linked over the course of time by providing

a phylogeny as an input to the method.

Results
SCALE CONDITION AND HABITAT PREFERENCE

Out of the 304 species considered in the phylogeny of Hughes

et al. (2018), we identified 38 species as being scaleless (Table

S1). 70 species were considered as bottom-dwellers, and 234 as

non-bottom-dwellers. Ancestral state reconstructions were virtu-

ally the same with both stochastic mapping (Fig. 1 and Fig. S1 for

species names) and Bayesian methods (Fig. S2 and Fig. S3 for

phylogenetic uncertainty). In both reconstructions, we identified

11 scale loss events. The phylogenetic index D was not signifi-

cant (Table 1) indicating that scale loss events bear no phyloge-

netic signal, that is, they occurred independently in different parts

of the phylogeny. One event of scale re-acquisition following a

loss was also inferred, namely in the Anguilla genus. However,

this re-acquisition was observed only in the stochastic mapping

reconstruction (Fig. 1 and Fig. S1), not in the Bayestrait recon-

struction (Fig. S2 and Fig. S3). Results were similar when taking

phylogenetic uncertainty into account by analysing a set of 1000

trees with Bayestrait (Fig. S3). However, an additional scale re-

acquisition event was inferred with this reconstruction. This event

occurred in the Opisthognathidae family (Fig. S3).

In the 11,638 species dataset of Rabosky et al. (2018),

we identified 2,310 species as scaleless and 4,169 as bottom-

dwelling. In the ancestral state reconstruction, 32 and 43 scale

loss events were inferred with the stochastic mapping method

(Fig. 2 and Fig. S4 for species names) and the Bayestrait method

(Fig. S5), respectively. As to scale acquisition, 10 and 13 events

were inferred with the stochastic mapping (Fig. 2 and Fig. S4)

and the Bayestrait (Fig. S5) methods, respectively. The phylo-

genetic index D was not significant, indicating that these trait

changes are not phylogenetically linked (Table 1).

The linear regression analyses to test for the association be-

tween the scaleless state and habitat preference showed with both

datasets that the scaleless state and a benthic lifestyle are tightly

linked (Table 2). Thus, fish presenting a scaleless integument are

potentially more likely to display a benthic habitat preference.

TRUNK BONY PLATES EMERGE ON A SCALELESS

INTEGUMENT

In the 304 species dataset, we identified 12 species displaying

TBP, distributed over nine families. In both ancestral state re-

constructions of presence/absence of TBP, stochastic mapping
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Figure 1. Reconstruction through stochastic mapping of the scale presence/absence on a phylogenetic tree of 304 Actinopterygii species

(modified from Hughes et al. 2018, see Fig. S1 for the detailed tree). Red clades correspond to scaled taxa, while blue color indicates

lineages that underwent a scale loss event. Fish illustrations represent species displaying trunk dermal bony plates (TBP). The four distinct

gains of TBP occured in distant lineages, yet always after a scale loss event. On the right, three species of Acipenseriformes: Polyodon

spathula, Acipenser sinensis, Acipenser naccarii; on top, two species of Siluriformes: Corydoras julii, Pterygoplichthys pardalis; on the left

three species of Syngnathiformes: Syngnathoides biaculeatus, Syngnathus scovelli, Hippocampus erectus and on the bottom left, four

species of Gasterosteiformes: Gasterosteus aculeatus, Cyclopterus lumpus, Cottus rhenanus, Myoxocephalus scorpius.

Table 1. The D statistics for the phylogenetic structure of two binary traits: presence / absence of scales; presence / absence of trunk

bony plates (TBP). The two datasets were tested: 304 species (Hughes et al. 2018) and 11,638 species (Rabosky et al. 2018). Both traits

evolve randomly across the phylogenetic trees and bear no phylogenetic information.

Random phylogenetic
structure (p-value)

Brownian phylogenetic
structure (P-value)

Scales (304 species
dataset)

<0.001 0.9907

Scales (11,638 species
dataset)

0 1

TBP (304 species dataset) <0.001 0.9547
TBP (11,638 species

dataset)
0 1

(Fig. S6) and Bayestrait (Fig. S7), 4 events of TBP acquisition

were inferred. In contrast, no loss of TBP was inferred. The phy-

logenetic index D was not significant (Table 1), meaning that

TBP appeared independently in different parts of the phylogeny.

Results were almost identical when taking phylogenetic uncer-

tainty into account by using a set of 1000 trees (Fig. S8). Only

one additional TBP gain was identified in the Siluriformes order,

but with a poor probability support.

In the 11,638 species dataset, 823 species displayed TBP

(Table S2). The phylogenetic index D was also not significant

(Table 1) for TBP appearance. In the stochastic mapping re-

construction (Fig. S9), 16 plate gains and 6 plate losses were
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Figure 2. Ancestral trait reconstruction through stochastic mapping of the scale presence/absence on a phylogenetic tree of 11,638

Actinopterygii species (modified from Rabosky et al. 2018, see Fig. S5 for the detailed tree). Red clades indicate scaled taxa, while blue

color correspond to scaleless taxa. Pictures correspond to species representing lineages displaying TBP. These are found in several un-

related lineages, yet always after a scale loss event. Species illustrated in Fig. 1 are also represented here, in addition to other species

not included in the dataset of Fig. 1. On the top left, 10 fishes with TBP gains are illustrated. From left to right, one species of Perci-

formes: Pogonophryne barsukovi (first gain). Two species of Scorpaeniformes: Synanceia verrucosa and Peristedion gracile (second and

third gains). Within Gasterosteiformes, four species illustrate the fourth (Gasterosteus aculeatus) and the fifth TBP gain (Cyclopterus

lumpus, Cottus rhenanus,Myoxocephalus Scorpius). Three species of Syngnathiformes: Syngnathoides biaculeatus, Syngnathus scovelli,

Hippocampus erectus represent the sixth gain. On the center right, three species of Acipenseriformes: Polyodon spathula, Acipenser

sinensis, Acipenser naccarii illustrate a distinct TBP gain event. Finally, on the bottom right, three species of Siluriformes: Corydoras julii,

Pterygoplichthys pardalis, and Acanthodoras spinosissimus are other examples of TBP gain.

Table 2. BinaryPglmm and FitPagssel test between different traits of actinopterygians: ecology versus scale phenotype; trunk bony

plates (TBP) phenotype versus scale phenotype. The two datasets were tested: 304 species (Hughes et al. 2018) and 11,638 species

(Rabosky et al. 2018).

304 species dataset 11,638 species dataset

binaryPGLMM
P-value: ecology ∼
scales

4.788e-05 5.288e-14

R2 0.8089829 0.9906676
FitPagel P-value: TBP

∼ scales
9.165e-5 6.149992e-25
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identified, while 21 plate gains and 11 plate losses were iden-

tified in the Bayestrait reconstruction (Fig. S10).

We assessed whether TBP appearance depends on a specific

integument condition using the fitPagel test. The results indicated

that for both the 304 and 11’638 fish species datasets, the pres-

ence of TBP is dependent on a specific integument scaling state

(Table 2). More precisely, TBP have a significant and strong ten-

dency to appear in a scaleless integument.

Discussion
Ray-finned fishes form the most species-rich group of extant ver-

tebrates, and the reasons of their evolutionary radiation remain

unclear. A number of functional innovations have been put for-

ward to explain the wide radiation in Acanthomorpha, the main

actinopterygian subgroup (Wainwright and Longo 2017), but the

protection provided by their scaled exoskeleton is rarely consid-

ered. Yet, material engineers have demonstrated the mechanical

and protective properties of fish scales (e.g., Zu et al. 2012),

providing empirical evidence supporting that scales could be an-

other functional innovation explaining the radiation of ray-finned

fishes in the aquatic environment.

ABSENCE OF SCALES IS ASSOCIATED TO HABITAT

PREFERENCE

Although a scaled integument is one of the main characteristics

of ray-finned fishes, the loss of scales occurred several times dur-

ing the evolution of this group. Interestingly, we found that the

presence/absence of scales bear virtually no phylogenetic signal

indicating that a scaleless state arose independently in distant fish

orders, as for instance in the Siluriformes or in the Acipenser-

iformes (Fig. 1 and 2 for the 304 and 11,638 species datasets,

respectively).

Interestingly, our results based on both datasets revealed a

tight association between the scaleless state and a benthic way of

life. However, the strong correlation we revealed does not indi-

cate whether the scaleless phenotype is a cause or a consequence

of a benthic habitat preference. If scale loss were a consequence

of a benthic ecology, then we would expect virtually no open wa-

ter species displaying a scaleless integument. To the contrary, if a

benthic habitat preference were a consequence of scale loss in an-

cestors with open water habitat preference, then we would expect

at least some scaleless taxa in open waters, as the loss of scales

would initially occur there, before a translocation into the ben-

thic habitat. After a careful examination of our table of the scal-

ing status and the habitat preference, it appears that 19 scaleless

fish families live in open waters Table (S4). We can mention, for

instance, the Stomiidae (a deep-sea fish family comprising 287

species, of which 41 are present in the 11,638 species dataset),

the Salangidae (a family of icefishes with 17 out of the 20 species

represented in the 11,638 species dataset), the enigmatic fam-

ily Regalecidae (with 1 and 2 out of the 3 species represented

in our reduced and large datasets, respectively), and the Galaxi-

idae (even though some benthic species are comprised among the

53 species of this family, of which 27 and 2 are included in the

large and the reduced datasets, respectively). The fact that scale-

less groups live in open waters supports the hypothesis that scale

loss came first, as a likely pre-adaptation to colonize the benthic

environment.

While the scaleless phenotype is found in strong associa-

tion with the benthic habitat and likely leads to a benthic way of

life in ray-finned fishes, the biological meaning of this associa-

tion is difficult to assert. Some potential explanations could rely

in the increased cutaneous respiration in scaleless species (Park

and Kom 1999; Park 2002) in a benthic environment character-

ized by a reduced oxygen content and limited water flow, as com-

pared to open water environments. Another advantage could rely

in the increased immune response of scaleless skin (Holm et al.

2017) when confronted to a microbial-rich benthic environment.

We could thus argue that fishes having lost their scales are better

adapted to the benthic environment, facilitating the colonization

of this niche. Because the association between a scaleless phe-

notype and a benthic way of life has evolved repeatedly and in-

dependently many times, these parallel evolutionary trajectories

suggest that a scaleless integument has strong selective value in

the benthic environment.

REGAINING SCALES IS UNLIKELY

In our analyses, we inferred very few instances of scale re-

acquisition after scale loss events in ray-finned fishes, making

the case that scale losses are hardly reversible. The few scale re-

acquisition events were inferred either with relatively low proba-

bility (e.g., Opisthognathidae family), questioning their validity,

or in families with poorly resolved phylogenetic relationships.

For instance, in the 304 species phylogeny, we inferred a scale

re-acquisition within the Anguilliformes order, more specifically

in the Anguillidae family (Fig. S1, Fig. S2 and Fig. S3). How-

ever, because the phylogenetic relationships within the Anguilli-

formes is still debated (e.g. different resolutions of the branching

order in the phylogenies of Johnson et al. 2012 and Santini et al.

2013), alternative branching patterns may cancel the inference

of a scale re-acquisition. When using the Rabosky et al. (2018)

phylogeny, scale gains were inferred in relatively enigmatic taxa.

The position of such taxa within this large phylogeny may still

lack resolution. Indeed, when examining other published lineage-

specific phylogenies for the groups in which suspicious scale re-

acquisition was inferred, we can observe that the relationships

are often different from the ones found in the large phylogeny

proposed by Rabosky et al. (2018). As a matter of fact, specific

phylogenies of Clariger and Luciogobius genera (Yamada et al.
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2009), Parupeneus (Song et al. 2014), Lycodes (Turanov et al.

2017), Cryptacanthodes (Radchenko et al. 2011), Ocosia (Smith

et al. 2018), Notothenia (Near et al. 2018), Lophiocharon (Arnold

and Pietsch 2012), Perulibatrachus (Rice and Bass 2009), and

Stomias (Kenaley et al. 2014) genera all present differences with

the topology of Rabosky et al. (2018) we used in our reconstruc-

tion (the problematic subtrees are presented Fig. S11). Conse-

quently, at least some scale re-acquisitions could be artifacts re-

sulting from topological errors in the phylogeny of Rabosky et al.

(2018).

In any case, we here show that scale loss events occurred

multiple times along the evolutionary history of actinopterygians,

while scale re-acquisitions were extremely rare or non-existent.

These findings suggest that the gene regulatory network under-

lying scale formation is difficult to reassemble after it has been

dismantled during a scale loss event.

Recent studies showed that the absence of scales in ray-

finned fishes may be associated with genetic changes (Liu et al.

2016). For instance, in the secretory calcium-binding phospho-

protein (SCPP) gene family, which is important for scale miner-

alization in various ray-finned fishes (Liu et al. 2016; Lv et al.

2017), the SCCP1 and SCPP5 genes have been proposed as can-

didates genes linked to scale presence or absence (Liu et al.

2016). Yet, while these genes are linked to the scaleless phe-

notypes in some species (e.g., Ictalurus punctatus, Electropho-

rus electricus; Liu et al. 2016), other scale losses could not be

linked to these specific genes (e.g., Sinocyclocheilus anshuien-

sis; Lv et al. 2017). As such, different genes and/or set of genes

may be underlying the presence or absence of scales (Lv et al.

2017) and more research is needed to uncover upstream genetic

switches.

TRUNK BONY PLATES EMERGE ON A SCALELESS

INTEGUMENT

The emergence of TBP occurred in several places of the studied

phylogenies (Fig. 1 and 2 for the 304 and 11,638 species datasets,

respectively). The presence of TBP structures is found in differ-

ent unrelated taxa, and thus bears virtually no phylogenetic signal

(Table 1). We here show that there is a common ground needed

for the emergence of such plates on the trunk of ray-finned fishes,

which is the absence of scales. The functional relations between

these two traits remain however uncertain. Interestingly, it also

appears that the acquisition of TBP is hardly reversible in the 304

species phylogeny, yet possible but extremely rare in the 11,638

one. This discrepancy can be explained by the fact that the few

clades showing TBP losses in the 11,638 species phylogeny are

not present in the 304 species dataset (Auchenipteridae, Harpag-

iferidae, Tetrarogidae), while some clades are present, yet rep-

resented with only few species (e.g., Cottidae, Cyclopteridae,

Nototheniidae). Interestingly, however, most of the TBP losses

inferred using the 11,638 species phylogeny occurred in groups

in which internal phylogeny is not perfectly resolved. The large

phylogeny of Rabosky et al. (2018) is indeed locally differ-

ent from other published specialized phylogenies focusing, for

instance, on the Siluriformes order (Sullivan et al. 2006), the

Tetrarogidae family (Smith et al. 2018) and the Nototheniidae

and Harpagiferidae families (Near et al. 2018).

The discovery that TBP emerged on taxa with scaleless in-

teguments together with the strong association between scaleless

integument and benthic habitat preference explains the obser-

vation that almost all extant fishes displaying TBP have a ben-

thic habitat preference. One main function of scales is the phys-

ical protection they provide (Vernerey and Barthelat 2014). It is

thus possible that, in the absence of scales, and given the sug-

gested complexity of the genetic control of scale development,

simpler alternative developmental pathways can be reached lead-

ing to the emergence of a different protective integument in the

form of bony plates on the trunk. The numerous independent ac-

quisitions of a hard armor composed of TBP are indicative of

the reduced genetic complexity underlying their emergence given

the actinopterygian genetic background. Furthermore, once TBP

have been acquired, the low rate of secondary losses indicates

that they likely confer some evolutionary advantages, as previ-

ously suggested by Vickaryous and Sire 2009.

LIMITATIONS OF THE STUDY

Our results give new insight into the interconnected evolution

among different integument structures in ray-finned fish. How-

ever, different elements could limit the outcome and interpreta-

tion of our study.

First, investigating the evolution of traits that are still de-

bated within the scientific community is a challenging task. In-

deed, clear consensus about the distinction between different in-

tegument structures in fish has yet to be reached, and we thus

opted for a macro-structural approach differentiating micrometric

scale-like elements from macromeric bony plate-like elements.

More research is needed to understand the homology among

these categories of structures, in particular through paleontologi-

cal and developmental genetics studies.

Second, we have mentioned some situations that may ham-

per the complete resolution, and with high confidence, of the an-

cestral state reconstructions. Errors in the phylogenetic tree and

lack of resolution in parts of the tree may mislead the ancestral

state reconstructions. Indeed, the robustness of the phylogeny is

paramount for proper reconstruction of ancestral states. For in-

stance, the discrepancies between the relationships within the Sil-

uriformes order in the large phylogeny of Rabosky et al. (2018),

as compared to the lineage-specific Siluriformes phylogeny of

Sullivan et al. (2006) may explain the loss of TPB we in-

ferred in some Siluriformes taxa. We have also observed that the
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impressive taxonomic sampling yet coupled with a reduced

amount of sequence data characterizing the phylogenetic tree of

Rabosky et al. (2018) resulted in some differences when analyz-

ing it with the two ancestral state reconstruction methods (i.e.,

stochastic mapping vs Bayestrait). To the contrary, the more ro-

bust phylogeny of Hughes et al. (2018) but with a reduced tax-

onomic sampling showed virtually no disparity between the re-

sults obtained with the same two methods. In the phylogeny of

Rabosky et al. (2018), we pointed out controversial phylogenetic

relationships within several genera, that is, at a recent phyloge-

netic scale were high-quality sequences of fast-evolving mark-

ers are required for a fine resolution. For example, some well-

recognized families and genera were found to be polyphyletic, a

problem that most likely explains the few unexpected recent TBP

loss events.

Third, the lack of precise morphological knowledge about

the traits of interest in some poorly described taxa can lead to er-

roneous trait attributions, and thus to some artifactual reconstruc-

tions (mistaken gains or loss of structures). This situation might

be found in the Gobiidae family with the genus Luciogobius, in

the family Cottidae with the genus Clinocottus, or in the family

Tetrarogidae with the genus Ocosia, among others.

Despite the above-mentioned limitations explaining why our

study cannot certify the accuracy of every single reconstructed

event along with the evolution of the integument structures in

ray-finned fishes, the general patterns we present are robust to

changes in analytical methods, dataset size, and phylogenetic un-

certainty. Overall, the tested conditions yielded very similar re-

sults supporting our conclusions.

Conclusion
We here demonstrate that scale loss events occurred sev-

eral times, in an independent manner along the evolution of

Actinopterygii, the most species-rich group of vertebrates. We

observe that these scale losses are hardly reversible as scale re-

acquisition is extremely unlikely. We show that the scaleless phe-

notype is associated to a benthic habitat preference, and we argue

that following a scale loss event, fishes tend to colonize the floors

of oceans and water bodies, adopting a benthic lifestyle. The re-

peated and parallel colonization of the seafloor after a scale loss

event indicates that the scaleless phenotype most probably con-

fers a selective advantage in this particular habitat. We also show

that the multiple emergences of TBP are phylogenetically inde-

pendent. We demonstrate that their emergence is dependent over

a previous scale loss event. Indeed, these TBP are never present

in scaled bodies and thus only arise in fish displaying a scaleless

integument, in a “gain after scale loss” evolutionary sequence.

The precise mechanisms ruling the interplay between the loss of

scales and the emergence of TBP remain however to be studied

further. Studies focusing on the gene regulatory networks impli-

cated in the transition between integument structures along evolu-

tion could shed light upon the transition between scales and TBP

in ray-finned fishes. Finally, our findings support the hypothesis

that trunk integument structures are functional innovations that

contributed to the radiation of ray-finned fishes in the aquatic

environment.
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