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Abstract

A new species of the rare, deep-sea genus Sciadonus Garman, 1899 (Bythitidae) is described
based on two specimens obtained by the Brazilian R/V Alpha Crucis on the continental slope
off Sdo Paulo State, Southeastern Brazil, western South Atlantic. It differs from its congeners
by the combination of the following characters: body pale lacking dark pigmentation except
for on female claspers; a pair of dermal tissue flaps anteriorly on lower jaw; pelvic-fin rays
present; precaudal vertebrae 39 or 40 and total vertebrae 74. The key to the species of
Sciadonus is updated. A discussion of the presence and differentiation between troglomorphic
and miniature characteristics among the species in the aphyonid clade is provided and

compared with other bythitids.

Keywords: aphyonid clade; continental slope; western South Atlantic; R/V Alpha Crucis

1. Introduction

The genus Sciadonus Garman, 1899 was revised by Nielsen (1969, 2018) and holds five
valid species of deep-benthopelagic fishes inhabiting continental slopes and rises, steeps of
oceanic islands and seamounts, and the sea floor in the Pacific and Atlantic oceans (Fricke et
al.,2021). The genus is currently allocated in the family Bythitidae, as part of the aphyonid
clade, which includes additional five genera and 22 valid species: Aphyonus Giinther, 1878
with a species; Barathronus Goode & Bean, 1886, with seven species; Paraphyonus Nielsen,
2015, with six species; Nybelinella Nielsen, 1972, with three species; and Meteoria Nielsen,

1969, with four species (Nielsen et al., 1999, 2019; Meller et al., 2016; Nielsen, 2019; Fricke
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et al.,2021). The aphyonid clade includes some of the deepest living species of vertebrates,
with records down to 5,300 m and, since collecting at these depths rarely take place, are rare

in scientific collections (Nybelin, 1957; Nielsen, 2003).

Sciadonus was erected by Garman (1889), as part of the family Brotulidae, during the
description of S. pedicellaris, which was described based on a single specimen collected off
the Cocos Islands, in the Eastern Pacific. Sciadonus pedicellaris is widely distributed in the
western North Atlantic, western South Pacific and eastern North Pacific (Nielsen, 2018;
Nielsen et al., 2019). Within the Brotulidae, Zugmayer (1911a) erected Leucochlamys to
include L. cryptophthalmus, described based on a specimen obtained from off Spain, Eastern
North Atlantic, at 5,000 meters, diagnosing Leucochlamys from Sciadonus by the absence of
pelvic fin in the former. Later, Zugmayer (1911b) proposed the family Aphyonidae to include
Aphyonus gelatinosus Guinther 1878, Bellottia apoda Giglioli, 1883, L. cryptophthalmus, and
S. pedicellaris; Mead et al. (1964) briefly discussed the family diagnosis; and Nielsen and

Cohen (1968) redescribed Bellottia apoda placing it outside the aphyonid clade.

Nybelin (1957) described two aphyonids from the eastern North Atlantic, Leucochlamys
jonassoni and Sciadonus kullenbergi, from the Cape Verde Islands and the Azores,
respectively. The first taxonomic revision of the family Aphyonidae was made by Nielsen
(1969), in which L. galatheae was described from the Kermadec Trench, southern Pacific, at
4,410 meters, and S. kullenbergi was synonymized with S. pedicellaris. Nielsen (1969) also
recognized the affinities among the species allocated in Leucochlamys and Sciadonus but
maintained them as separate genera. However, a few years later, Leucochlamys was placed in
synonymy with Sciadonus, and the three species previously allocated in the first were
assigned to the latter (Rannou et al., 1975; Cohen and Nielsen, 1978). As more material
became available, Nielsen (2018) reviewed the genus Sciadonus, placing L. galatheae as a

junior synonym of L. pedicellaris and adding two new species, S. longiventralis Nielsen, 2018

3
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from off New Zealand, at 1,000 meters depth, and Sciadonus robinsi Nielsen, 2018 from the
western North Atlantic, about 280 nautical miles (ca. 530 Km) off Northeastern Brazil, at

4,000 meters depth.

The status of the family Aphyonidae was not questioned until recently, when the
phylogenies including molecular data became available (Betancur-R ez al., 2013, 2017;
Moller et al., 2016). The aphyonids were recovered as monophyletic, but nested within the
family Bythitidae, therefore, losing the status of family and becoming the aphyonid clade. The
phylogenetic relationships within the aphyonid clade, however, remain uncertain as a better

taxon-sampling is needed (Moller et al., 2016; Nielsen et al., 2019).

In the western South Atlantic, records of aphyonids are scarce and include only three
specimens of Barathronus bicolor Goode & Bean, 1886 obtained on the continental slope off
Rio de Janeiro State, and the holotype of Barathronus linsi Nielsen, Mincarone & Di Dario,
2015 from the continental slope off Rio Grande do Norte State (Andreata and Séret, 1995;
Franco et al., 2007; Costa and Mincarone, 2010; Nielsen et al., 2015; Melo et al., 2020).
Recent collections made by the Brazilian R/V Alpha Crucis, on the Brazilian continental
slope off Sdo Paulo State, Southern Brazil, obtained two specimens of Sciadonus. Those
findings represent the first record of the genus in the South Atlantic, and a new species, which
is described herein, with an updated key to the species of Sciadonus, the evaluation of its
conservation status, and a discussion of troglomorphic and reductive characters in the

aphyonid clade.
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2. Material and Methods

2.1. Sample collection

The present material was collected by the Brazilian R/V Alpha Crucis, using a bottom
trawl net with 27 meters in the lower hope, 10 cm mesh in the body and wings and 2.5 cm
mesh in the codend. The water temperature was measured by the MARPORT sensors on
doors and upper hope and by a CTD sensor. Permits for the collections were issued by the
Instituto Brasileiro do Meio Ambiente ¢ dos Recursos Naturais Renovaveis — IBAMA (8054-
1) and Secretaria da Comissao Interministerial para Recursos do Mar da Marinha do Brasil

(Portaria No. 223).

2.2. Morphological analyses

Morphometric and meristic data were taken according to Nielsen ez al. (1999)
preferably from the left side, unless otherwise stated. Because the eye is tiny and deeply
embedded under the skin, the eye diameter was not measured, and the interorbital distance
was substituted by the head width at the level of the eye. Accounts given along text are
followed by the frequency with an asterisk indicating values for the holotype. Comparative

material as listed in Nielsen (1969) and Nielsen (2018).

Neuromast observations and mapping were made under a stereomicroscope with direct
observation of superficial neuromasts and transparency observation of canal neuromasts.
Terminology for the groups of neuromasts follows Coombs ef al. (1988), but innervation was
not checked for homology inference. For observations of osteological characteristics, counts
of vertebrae and dorsal-fin and anal-fin rays, both specimens were x-rayed at the Laboratorio
de Caracterizagdo Tecnologica, Escola Politécnica of the Universidade de Sao Paulo using a

ZEISS Xradia 510 Versa X-Ray Microscope: VoxelSizeX=4017 microns, voltage 30.165Kv,
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power 2.0 W, exposure time 60 s. Pictures of the female clasper and gill arches were made
using a ZEISS Discovery V12 Modular Stereo Microscope equipped with an camera and the
auto-montage system to produce a composite image resulted from in-focus focal planes from

multiple images.

3. Results

3.1. Taxonomy

Order Ophidiiformes Berg, 1937

Family Bythitidae Gill 1861

Sciadonus alphacrucis n. sp. (Figs. 1-9, Table 1)

urn:lsid:zoobank.org:act: A277F257-4B6D-4C10-B723-62C66393535C

3.1.1 Material Examined

Holotype. MZUSP 125949, 82.7 mm SL, female, western South Atlantic, continental slope
off Tlhabela, off Sdo Paulo State, Brazil, 24°53'55.80"S, 44°24'13.80"W, depth 794 m, 30

Sept. 2019, R/V Alpha Crucis station 679.

Paratype. MZUSP 125950, 60.3 mm SL, male, collected with holotype.

3.1.2. Diagnosis

Sciadonus alphacrucis can be diagnosed by the following combination of characteristics:
body pale, lacking dark pigmentation except for female claspers; a pair of dermal tissue flaps

anteriorly on lower jaw; pelvic-fin rays present; precaudal vertebrae 39 or 40 and total
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vertebrae 74 or 75. Sciadonus alphacrucis can be separated from S. cryptophthalmus, S.
Jjonassoni, and S. robinsi by the pelvic fin present (vs. pelvic fin absent), anterior nostril
tubular (vs. anterior nostril with low rim), and vomer edentate (vs. one or two vomerine fangs
present); from S. longiventralis by the pelvic fin shorter (2.6% vs. 3.5 % in SL), anal-fin
origin below dorsal-fin rays 44-45 (vs. 36); from S. pedicellaris by the precaudal vertebrae
fewer (39-40 vs. 43-49), total vertebrae fewer (74—75 vs. 79—88), and the very thin, thread-
like female claspers (vs. thick female claspers). It further differs from S. cryptophthalmus and

S. jonassoni by lacking black pigmentation on body, except for female claspers (vs. distinct

black spots present below dorsal edge, along mid-body and above anal fin).

Figure 1. Sciadonus alphacrucis sp. n. MZUSP 125949, holotype, female, 82.7 mm SL;
western South Atlantic, Sao Paulo State, off [lhabela, 794 m depth; in (A) soon after

collection; (B) preserved specimen. Scale bar equals 10 mm.
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Figure 2. Sciadonus alphacrucis sp. n., MZUSP 125950, paratype, male, 60.3 mm; western

South Atlantic, Sdo Paulo State, off [lhabela, 794 m depth; in (A) soon after collection (B)

preserved specimen. Scale bar equals 10 mm.

3.1.3. Description

Morphometric data presented in Table 1. Body elongated, oval in cross section anteriorly,

tapering along caudal region. Skin loose, transparent, and lacking scales.

Dorsal-fin origin on anterior fourth of body, at level of 13th (1) or 14th* (1) vertebra;
dorsal-fin rays 93 (1) or 95* (1). Anal-fin origin at posterior third of body, at level of 44th*
(1) or 45th (1) dorsal-fin ray, and at level of 41st* (1) or 42nd (1) vertebra; anal-fin rays 44*
(1) or 45 (1). Pectoral fin peduncular, lateral on body, below vertical that passes through tip of
snout, pectoral-fin rays 11* (2). Pelvic fin ventral on body, at level of base of pectoral-fin
peduncle; pelvic-fin ray single* (2), filamentous and short, right and left pelvic-fin rays

present (1) or only left pelvic-fin ray present® (1). Caudal fin rays 6* (2).

Head small and rounded, tip of snout blunt in lateral profile. Eye deep-set, tiny, barely
visible, at level of mid-upper jaw. Anterior nostril tubular, placed close to upper lip than to

posterior nostril; posterior nostril opening dorsally on snout, lacking dermal flap. Mouth
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terminal, cleft oblique, posterior tip of upper jaw extending posterior to level vertical passing

through level of eye. Dermal flap present anteriorly on tip of lower jaw (Fig. 3).

Figure 3. Head of Sciadonus alphacrucis n. sp. in detail (MZUSP 125949, holotype, 82.7 mm
SL). Black arrow indicates position of eye; white arrow indicates soft-tissue flap of lower jaw.

Scale bar equals 1 mm.

Table 1. Morphometric data of Sciadonus alphacrucis n. sp., holotype (MZUSP 125949) and
paratype (MZUSP 125950)

Holotype Paratype

(female) (male)
Standard Length (mm) 82.7 60.3
Head Length (mm) 9.9 8.6
Proportions of Standard Length
Head length 10.7 14.2
Depth of body at anal-fin origin 7.9 8.1
Upper-jaw length 5.9 7.9
Pigmented eye diameter NA NA
Head width at level of eye 5.6 6.2
Postorbital length 6.1 8.1
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Preventral length 11.4
Preanal length 57.5
Predorsal length 24.9
Base of pelvic fin to anal fin 46.6
Pectoral-fin length 59

Pelvic-fin length

0.7 (left), 0.0 (right)
Clasper length 1.9 (left) / 2.77 (right)

14.6
62.2
27.2
48.6
9.3
2.6
4.4

First gill arch with one raker on basibranchial* (1), nine rakers on ceratobranchial* (1)

and one raker on epibranchial* (1); rakers shorts, with small crown of one to four teeth (Fig.

4). Pseudobranchia absent. Branchiostegal rays 7* (2).

10
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Figure 4. Gill arch and rakers of Sciadonus alphacrucis sp. n (MZUSP 125949, holotype,

82.7 mm SL). (A) anterior gill arch in ventral view with B) red square indicating portion in

detail. Scale bar equals 1 mm.

11
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Lateral line (based on holotype). Lateral line and cephalic pores absent (Fig. 5). Canal
neuromasts present only on head, deeply embedded under skin, with one postotic neuromast,
one otic neuromast, one supraorbital neuromast, and four infraorbital neuromasts.
Preopercular, mandibular, temporal, supratemporal and trunk neuromasts absent or not
observed. Superficial neuromasts present on head only. Superficial neuromasts in lateral
view: six around anterior nostril, one between anterior and posterior nostril, two posterior to
posterior nostril, and one neuromast anteroventral to supraorbital neuromast; one neuromast
on preopercle; seven neuromasts on mandibular line, and one on dentary dermal flap.
Superficial neuromasts in dorsal view: two next to tip of snout, between anterior nares, and

one between posterior nares. Tip of snout with two papillae.

12
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Figure 5. Latero-sensory organs on head of Sciadonus alphacrucis sp. n (MZUSP 125949,
holotype, 82.7 mm SL) in (A) lateral and (B) dorsal views. The canal neuromasts are
indicated by gray triangles and the superficial neuromasts, by black dots. Abbreviations: 10,
infraorbital canal; OT, otic canal; SO, supraorbital canal; and PO, postotic canal; NA, anterior

nostril; NP, posterior nostril; and PP papillae.
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Axial skeleton (from radiographs). Skeleton poorly calcified and difficult to observe in x-
rayed specimens. Precaudal vertebrae 39 (1) or 40* (1), total vertebrae 74 (1) or 75* (1).
Pleural ribs and epipleural ribs not observed. Vertebral centra truncate, rectangular in lateral
view, with height 1.5 times length, lacking zigapophysis, basapophysis, and parapophysis
(Fig. 6). Neural arch and spines thin, present in all precaudal and caudal vertebrae, about
equal in anterior half of body, gradually decreasing in size in caudal region; haemal arch and

spine thin, present in all caudal vertebrae, gradually decreasing in size posteriorly.

\ Lptane
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Figure 6. Vertebrae micro-radiography at level of anal-fin origin in Sciadonus alphacrucis sp.
n., with the transition from pre-caudal to caudal vertebrae (MZUSP 125949, holotype, 82.7

mm SL). Asterisk indicates the first anal-fin ray; scale bar equals 1 mm.

Dentition. Premaxillary teeth 34 (1), 31* (1), conical, straight, arranged in one to two
irregular rows, fangs absent. Dentary teeth 25 (1), 35* (1), conical, posteriorly curved,
arranged in one to two irregular rows, fangs absent. Vomerine teeth 4 (1), 5* (1), conical,

tiny, and arranged in small patch.

Coloration. Freshly collected specimens uniformly pale. Skin, bones, visceral and parietal
peritonea transparent, body musculature white. Melanophores present exclusively in the eye,
almost indistinguishable in adults, and on female claspers, but easily discernible in embryos.
Internal structures of head (brain, facial nerves, bones of upper and lower jaws, eye, and gill
filaments), pericardial cavity (heart), abdominal cavity (liver, digestive tube, testes or uterus
with embryos), and body musculature (epaxial and hypaxial muscles, muscles of the pectoral,
dorsal and anal fins) visible (Figs. 1A, 2A). Color of specimens after fixation in formalin and

preservation in ethanol pale beige (Figs. 1B, 2B).

Sexual dimorphism. Species with internal fertilization and lecithotrophic viviparity. Male with
single penis, bulb-shaped; urogenital opening dorsal to penis, surrounded by left and right,
possibly, vestigial claspers; urogenital hood dorsal to penis, ending in a sulcus formed by two
wing-like prolongations on each side of penis; distal tip of penis pointy and triangular; anal

papilla opening ventrally and anteriorly to penis (Fig. 7A).

15
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Female pregnant, with well-developed uterus containing many embryos. Urogenital

opening large, positioned immediately posterior to anus (Fig. 7B). A pair (left and right) of

thin and slender claspers present immediately posterior to urogenital opening; left clasper 1.6

mm (1.9% in SL), right clasper 2.3 mm (2.8 % in SL).

16
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Figure 7. Reproductive apparatus of Sciadonus alphacrucis n. sp. (A) detail of male in lateral

view (MZUSP 125950, paratype, 60.3 mm SL); in (B) detail of female in ventral view
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(MZUSP 125949, holotype, 82.7 mm SL). Abbreviations: a: anus, b: vestigial male clasper,

wing-like prolongations. Scale bar equals 1 mm.

Description of embryos. Lecitotrophic embryos visible through transparent skin, about 4.0
mm TL (Fig. 8). Body thin and elongated, with well-developed yolk sack; no structure
connecting embryo to uterus. Head of embryo small and rounded; eyes black, enlarged and
occupying most part of head. Pigmentation on body present, with small melanophores

arranged in three rows along entire body; few scarce melanophores on dorsal part of yolk

sack.

C:

Figure 8. Embryos of Sciadonus alphacrucis sp. n. in detail, visible through transparent skin

(MZUSP 125949, holotype, 82.7 mm SL). Scale bar equals 1 mm.
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3.2. Etymology

The specific name honors the Brazilian R/V Alpha Crucis. A noun in apposition.

3.3. Distribution and habitat

The two known specimens of S. alphacrucis were collected by the same haul, on the
continental slope off Southeastern Brazil, western South Atlantic, at 794 meters depth,
suggesting that the species is benthopelagic (Fig. 9). It is the only species in the genus
inhabiting depths shallower than 1,000 meters. The presence of mud/clay on the fishing doors
and nets indicates the predominance of muddy bottom in the region. The water mass is
composed by the Antarctic Intermediate Water (Silveira et al., 2020), with temperature of
22.3° C at surface and 5.6° C at bottom. The two specimens, an adult male and a pregnant

female, were collected on the same station and recovered close to each other in the net wing.

19
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Figure 9. The distribution of Sciadonus: in (A), global map of distribution with all records
known up to date; in (B) a detailed map indicating the type locality of S. alphacrucis sp. n.
Symbols: red star, S. alphacrucis; orange pentagon, S. cryptophthalmus; yellow triangle, S.
jonassoni; purple diamond, S. longiventralis; white circle, S. pedicellaris; and blue hexagon,

S. robinsi.
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275  3.4. Conservation status

276 The genus Sciadonus includes some of the rarest fish species worldwide, with only 36
277  specimens known in scientific collections, including the two specimens listed herein (Nielsen,
278  2018) — a misprint in Nielsen (2018) states 304 instead of 34. The members of the family
279  Bythitidae, including S. alphacrucis, are viviparous and probably lack pelagic larvae,

280 indicating low fecundity and low larval dispersal capability. However, proper information
281  about growth, age of first maturation, and reproductive strategies are unavailable for all

282  species in the family. Anthropogenic impacts include the exploration of oil and gas in the
283  Santos Basin and fisheries activities targeting deep-sea crabs (e.g., Chaceon spp.), shrimps
284  (e.g., family Aristeiidae), cephalopods (e.g., Argentine short-fin squid /llex argentinus), and
285  fishes (e.g., Argentinean hake Merluccius hubbsi, Brazilian coddling Urophycis brasiliensis,
286  and Brazilian monkfish Lophius gastrophysus) (Perez and Pezzuto, 2006; Pezzuto et al.,

287  20006; Perez et al., 2020). Additionally, a considerable amount of anthropogenic litter was
288  collected in the same haul as S. alphacrucis, composed mostly of plastic, fisheries debris

289  (hooks and line), and metal cans (MRSM and AAG pers. obs., 2019). Nevertheless, we are
290 unable to evaluate the effects of those impacts on the species. Considering the insufficient
291  information about the newly described species biology and distribution allied to possible
292  impacts caused by the presence of human activities in the area where it occurs, following the
293  IUCN Red List Categories and Criteria (IUCN, 2019), S. alphacrucis is categorized as Data
294  Deficient.

295

296 4. Key to the species of Sciadonus
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la. Distinct, black spots below dorsal edge or spots below dorsal edge and along mid-body

ANA ADOVE ANAL TIN .ooiiiiiieeeee ettt et e e e e e e et a e e e e e eaaaa 2

2a. Black spots dorsally from above gill cover to caudal fin; 13—16 pectoral-fin rays; head
18.0—18.5 % SL; tissue flaps anteriorly on lower jaw absent ............cccccvvevverieecieeneenieeieeenene,

........................................................................................ S. cryptophthalmus (Zugmayer, 1911)

2b. Black spots below dorsal edge, above anal fin and in midline; 9-10 pectoral-fin rays; head
14.5-17.0 % SL; a pair of tissue flaps anteriorly on lower jaw present or absent......................

....................................................................................................... S. jonassoni (Nybelin, 1957)

3a. Dorsal-fin rays 90—107; anal-fin origin below dorsal-fin rays 44-56, and vertebrae 44-49 .

4a. Precaudal vertebra 39-40; total vertebra 74—75; anal-fin origin under vertebrae 41-42.......

..................................................................................................................... S. alphacrucis sp. n.

4a. Precaudal vertebra 43—49; total vertebra 79-88; anal-fin origin under vertebrae 4449 ......

....................................................................................................... S. pedicellaris Garman, 1899
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5a. Predorsal length 28.5% SL; length of pelvic present (3.5% SL); a pair of distinct soft

tissue flaps anteriorly on [OWer Jaw ..........ccceeeeveerecrieneenneennene, S. longiventralis Nielsen, 2018

5b. Predorsal length 42.5% SL; pelvic fins absent; no flaps on tips of lower jaw.......................

............................................................................................................... S. robinsi Nielsen, 2018

5. Discussion

5.1. Taxonomic comparisons

Besides Sciadonus, the aphyonid clade include additional five genera — Aphyonus,
Barathronus, Meteoria, Nybelinella, and Parasciadonus — and can be distinguished among
other bythitids by the absence of scales, the skin loose and transparent, the precaudal
vertebrae numbering 26 to 50, and the swim bladder absent (Nielsen et al., 1999; Nielsen,
2015; Moller et al., 2016). The gelatinous body, pigmentation reduced or absent, and eyes
poorly developed or not visible externally are other useful diagnostic characters, although
they can also be found in the anchialine cave species of the ophidiiform genera Diancistrus,
Lucifuga, Ogilbia, and Typhliasina (Meller et al., 2004, 2006; Garcia-Machado et al., 2011;
Hernandez et al., 2020).

Up to date, only one phylogenetic hypothesis is available for the genera and species
included in the aphyonid clade (e.g., Moller et al., 2016), and the placement of the newly
described species in the genus Sciadonus is based on the presence of the pectoral peduncle
being about three times as long as high (vs. length and height equals in the other genera).
Sciadonus alphacrucis differs from those species placed in Aphyonus by having 11 pectoral-
fin rays (vs. 17-19) and distal tip of upper jaw slightly posterior to vertical through the eye
(vs. upper jaw extending well behind the vertical through the eye); from those in Barathronus

by having 10, short gill rakers on first arch (vs. gill rakers on first arch long, 23-25), six
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caudal-fin rays (vs. 9 or 10), and vertebral centra rectangular in lateral view (vs. hourglass
shaped); and from those in Parasciadonus and Meteoria by the presence of a pelvic fin (vs.
absent) and presence of gill rakers on the first branchial arch (vs. absent) (Nielsen, 1969,

2015, 2016, 2018, 2019; Nielsen et al., 1999).

Among its congeners, S. alphacricus shares with S. jonassoni, S. longiventralis and S.
pedicellaris the presence of a well-developed dermal flap on the anterior tip of the lower jaw,
which is absent in S. cryptophthalmus and S. robinsi. The absence of pigmentation on body
and the reduced eyes brings S. alphacrucis closer to S. longiventralis, S. pedicellaris, and S.
robinsi, and the presence of the pelvic fin, to S. longiventralis and S. pedicellaris — although it
is thinner and shorter in the latter (3.5% in SL in S. alphacrucis and S. longiventrais vs. 0.6 %
SL in S. pedicellaris). The elongated and slender body in S. alphacrucis resembles S.
pedicellaris, but the former has fewer precaudal and total vertebrae (39-40 vs. 43—49 and 74—
75 vs. 79-88, respectively) (Nielsen, 1969, 2018). Additionally, the female of S. alphacrucis
has very distinctive, long and slender black pigmented claspers, which is unique among its

congeners.

5.2. Evolution of troglomorphic traits and miniaturization in the aphyonid clade.

Convergent evolution of highly specialized phenotypic and genetic characteristics
between deep-sea and cave fishes had already been noticed (Munk, 1965; Thines, 1969;
Poulson, 2001; Policarpo et al., 2021). Even though the deep sea and subterranean water
bodies resemble entirely different environments, both are partially or completely depleted
from sunlight and, therefore, are heterotrophic ecosystems dependent upon energy transfer
from the surface (Barr, 1968). Nevertheless, animals that live in these dark habitats might

have two sets of morphological adaptations that evolved convergently: the reductive traits
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include characteristics that lose their functionality in darkness, such as the eyes and body
pigmentation; and constructive traits consist of the characters that enhance non-visual
orientation, the ability to identify food or predators and interspecific communication, such as
the sensory organs of lateral line and dermal papillae (Parzefall, 1996; Romero and Green,
2005; Klaus et al., 2013; Soares and Niemiller, 2013).

The aphyonid clade is composed of highly modified, deep-sea bythitids that have a
unique morphology including the eye progressively degenerated and covered under the skin,
the body generally transparent or white, with melanophores scarce or absent in most species,
and the skin loose from musculature (Nielsen, 1969, 2018; Policarpo ef al., 2021). As in most
cavefishes, the depigmentation of body is normally correlated with the degree of eye
reduction (Pazerfall, 1996), but the presence of melanophores and enlarged eyes in the
embryos of Nybelinia erikssoni (Nybelin, 1957), Barathronus affinis Brauer 1906, and L.
alphacrucis indicate that those characteristics reduce ontogenetically and, therefore, are not
paedomorphic (Nybelin, 1957; Nielsen, 1969; this contribution). The reduction of lateral-line
canals in head and trunk is compensated by the appearance of superficial neuromasts on the
head, and the presence of papillae on the tip of the snout, which probably improve their ability
to explore their environment (Soares and Niemiller, 2013).

Among the ophidiiforms and in addition to the aphyonid clade, troglomorphic traits
convergently evolved in the bythitid genus Lucifuga and the dinematichthyid genera
Diancistrus, Ogilbia, and Typhliasina, all of which are composed of obligatory-cavernicolous
species (Romero and Paulson, 2001). In those species, the reductive characters appear in
different levels, as follows: eyes reduced and body pigmented in Diancistrus typhlops
Nielsen, Schwarzhans & Hadiaty, 2009, L. lucayana Meller, Schwarzhans, Iliffe & Nielsen,
2006, L. gibarensis Hernandez, Mgller, Casane & Garcia-Machado, 2020 and L. spelaeotes

Cohen & Robins, 1970, or eyes not externally visible and body lacking pigmentation in L.
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dentata Poey, 1858; L. simile Nalbant, 1981 and L. subterranea Poey, 1858, Ogilbia
galapagosensis (Poll & LeLeup, 1965) and Typhliasina,.pearsei (Hubbs, 1938) (Eigenmann,
1909; Moller et al., 2004, 2006, Garcia-Machado et al., 2011; Hernandez et al., 2020). In
other hand, the bythitid genus Grammonus include three cave species — G. nagaredai Randall
& Hughes, G. thielei Nielsen; Daniel & Cohen, 1976, and G. yunokawai Nielsen, 2007 — that
have well-developed eyes and pigmented body (Nielsen and Cohen, 2004; Nielsen, 2007,
Randall and Hughes, 2009).

Miniaturization is another evolutionary processes that causes size reduction allied to the
appearance of paedomorphic features, including diminution the latero-sensory canals, number
of fin rays and body scales, and the simplification of osteological structures (Weitzman and
Vari, 1988; Hanken and Wake, 1993; Britz et al., 2009). Aphyonids are relatively small
reaching the maximum 225 mm in total length, and reductive traits include the lack of scales
on body and head, pyloric caeca and swim bladder, the reduction of head lateral-line canals
and absence of the trunk canal, skeleton mostly cartilaginous, operculum lacking spines,
pelvic fins reduced or absent, and neural and haemal spines poorly developed (Nielsen, 1969,
2015, 2019; Nielsen et al., 2019). A detailed osteological description in a species of the
aphyonid clade is still missing, but the studied conducted by Hilton et al., (2021) in
Parabrotula plagiophthalmus Zugmayer, 1911 revealed severe reductions in several bones of
the neurocranium, suspensorium, opercle, mandibular, hyoid and gill arches, pectoral gridle,
as well as the absence of the infraorbital bones, pelvic gridle, and the extreme reduction of the

fifth ceratobranchial.

Declaration of competing interest

26



415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

The authors declare that they have no known competing financial interests or personal

relationships that could have appeared to influence the work reported in this paper.

Acknowledgments

We would like to thank Michel D. Gianetti, Osvaldo T. Oyakawa, Alessio Datovo, and Mario
C. C. de Pinna (MZUSP) for curatorial assistance; Renato Contessotto (Laboratorio de
Caracterizag¢ao Tecnologica, Escola Politécnica da USP) for the radiographs; Denise Bjornoy,
Patric Belen and Andrew Stradling (MARPORT) for the fishing sensors, Werner
Schwarzhans (University of Copenhagen) and an anonymous reviewer for suggestions.
MRMS and AAG are deeply indebted to the crew of the R/V Alpha Crucis under the
commandment of José Rezende; to Ivoneide E. Gattei and J. Gustavo Imakawa (I0-USP) for
logistics management; and Flavia T. Masumoto, Mayza Pompeu, Nathalie A. Fernandes,
Rayane Santos, (IO-USP), Rodrigo A. Caires (MZUSP) and Polyana Roque (UFRPE) for
field assistance during the DEEP-OCEAN project expeditions. Funding was provided to
MRSM by Fundacao de Amparo a Pesquisa do Estado de Sao Paulo (FAPESP 2017/12909-
4), and AAG received a PhD fellowship from the Conselho Nacional de Desenvolvimento

Cientifico e Tecnoldgico (CNPq 159146/2018-6).

This article is registered in ZooBank under urn:1sid:zoobank.org:pub:C8303B05-FDD1-

4D88-8720-5E9DDE3A655C

References

Andreata, J. V., Séret, B., 1995. Relagao dos peixes coletados nos limites da plataforma

27



438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

continental e nas montanhas submarinas Vitoria, Trindade ¢ Martin Vaz, durante a
campanha oceanografica MD-55 Brasil. Rev. Bras. Zool. 12, 579-594.

https://doi.org/10.1590/S0101-81751995000300014

Barr, T.C., 1968. Cave Ecology and the Evolution of Troglobites, in: Evolutionary Biology.

Springer US, Boston, MA, pp. 35-102. https://doi.org/10.1007/978-1-4684-8094-8 2

Betancur-R, R., Broughton, R.E., Wiley, E.O., Carpenter, K., Lépez, J.A., Li, C., Holcroft,
N.I, Arcila, D., Sanciangco, M., Ii, J.C.C., Zhang, F., Campbell, M. a, Ballesteros, J. a,
Roa-varon, A., Willis, S., Borden, W.C., Hough, D.J., Lu, G., 2013. The tree of life and a
new classification of bony fishes. PLOS Curr. Tree Life 0732988, 1-45.

https://doi.org/10.1371/currents.tol.53ba26640df0ccaee75bb165c8c26288

Betancur-R, R., Wiley, E.O., Arratia, G., Acero, A., Bailly, N., Miya, M., Lecointre, G., Orti,
G., 2017. Phylogenetic classification of bony fishes. BMC Evol. Biol. 17, 162.

https://doi.org/10.1186/s12862-017-0958-3

Britz, R., Conway, K.W., Ruber, L., Riiber, L., 2009. Spectacular morphological novelty in a
miniature cyprinid fish, Danionella dracula n. sp. Proc. R. Soc. B Biol. Sci. 276, 2179—

2186. https://doi.org/10.1098/rspb.2009.0141

Cohen, D.M., Nielsen, J.G., 1978. Guide to the identification of genera of the fish order
Ophidiiformes with a tentative classification of the order. NOAA Tech. Rep. NMFS

Circ. 417, 1-72.

Coombs, S., Janssen, J., Webb, J.F., 1988. Diversity of lateral line systems: evolutionary and
functional considerations, in: Atema, J., Fay, R.R., Popper, A.N., Tavolga, W.N. (Eds.),
Sensory Biology of Aquatic Animals. Springer New York, New York, NY, pp. 553-593.

https://doi.org/10.1007/978-1-4612-3714-3 22

28



461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

Costa, P.A.S., Mincarone, M.M., 2010. Ictiofauna demersal, in: Lavrado, H.P., Brasil, A.C.S.
(Eds.), Biodiversidade Da Regido Oceanica Profunda Da Bacia de Campos: Megafauna e

Ictiofauna Demersal. SAG Serv, Rio de Janeiro, pp. 295-373.

Eigenmann, C.H., 1909. Cave Vertebrates of America: a Study in Degenerative Evolution.
Carnegie Institution of Washington, Washington, D.C. :

https://doi.org/10.5962/bhl.title.4078

Franco, M.A.L.L., Costa, P.A.S.S., Braga, A.C., 2007. New records of Aphyonidae
(Teleostei: Ophidiiformes) from the south-western Atlantic. J. Fish Biol. 71, 908-912.

https://doi.org/10.1111/1.1095-8649.2007.01522.x

Fricke, R., Eschmeyer, W.N., Van Der Laan, R., Fricke, R., Van Der Laan, R., 2021.
Eschmeyer’s Catalog of Fishes: Genera, Species, References. [WWW Document]. URL
http://researcharchive.calacademy.org/research/ichthyology/catalog/fishcatmain.asp

(accessed 8.12.21).

Garcia-Machado, E., Hernandez, D., Garcia-Debrés, A., Chevalier-Monteagudo, P., Metcalfe,
C., Bernatchez, L., Casane, D., 2011. Molecular phylogeny and phylogeography of the
Cuban cave-fishes of the genus Lucifuga: evidence for cryptic allopatric diversity. Mol.

Phylogenet. Evol. 61, 470—483. https://doi.org/10.1016/j.ympev.2011.06.015

Garman, S., 1899. Reports on an exploration off the west coasts of Mexico, Central and South
America, and off the Galapagos Islands, in charge of Alexander Agassiz, by the U.S.
Fish Commission Steamer Albatross, during 1891, Lieut. Commander Z.L. Tanner,
U.S.N., commanding. Mem. Museum Comp. Zodlogy, Harvard Coll. Cambridge, Mass.

24, 1-431. https://doi.org/10.5962/bhl.part.27494

Hanken, J., Wake, D.B., 1993. Miniaturization of body size: organismal consequences and

evolutionary significance. Annu. Rev. Ecol. Syst. 24, 501-519.

29



485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

https://doi.org/10.1146/annurev.es.24.110193.002441

Hernandez, D., Moller, P.R., Casane, D., Garcia-Machado, E., 2020. A new species of the
cave-fish genus Lucifuga (Ophidiiformes, Bythitidae), from eastern Cuba. Zookeys 946,

17-35. https://doi.org/10.3897/zookeys.946.51373

Hilton, E.J., Konstantinidis, P., Williston, A., 2021. Osteology of Parabrotula
plagiophthalmus (Ophidiiformes: Bythitoidei: Bythitidae). Breviora 569.

https://doi.org/10.3099/0006-9698-569.1.1

IUCN, 2019. Guidelines for Using the IUCN Red List Categories and Criteria. Version 14.,

Version 14. ed. [UCN Species Survival Commission., Gland.

Klaus, S., Mendoza, J.C.E., Liew, J.H., Plath, M., Meier, R., Yeo, D.C.J., 2013. Rapid
evolution of troglomorphic characters suggests selection rather than neutral mutation as a
driver of eye reduction in cave crabs. Biol. Lett. 9, 20121098.

https://doi.org/10.1098/rsb1.2012.1098

Mead, G.W., Bertelsen, E., Cohen, D.M., 1964. Reproduction among deep-sea fishes. Deep

Sea Res. Oceanogr. Abstr. 11, 569-596. https://doi.org/10.1016/0011-7471(64)90003-8

Melo, M.R.S. de, Caires, R.A., Sutton, T.T., 2020. The Scientific Explorations for Deep-Sea
Fishes in Brazil: The Known Knowns, the Known Unknowns, and the Unknown
Unknowns, in: Sumida, P.Y.G., Bernardino, A.F., De Léo, F.C. (Eds.), Brazilian Deep-
Sea Biodiversity. Springer, Cham, pp. 153-216. https://doi.org/10.1007/978-3-030-

532222 7

Moller, P.R., Knudsen, S.W., Schwarzhans, W., Nielsen, J.G., 2016. A new classification of
viviparous brotulas (Bythitidae) — with family status for Dinematichthyidae — based on

molecular, morphological and fossil data. Mol. Phylogenet. Evol. 100, 391-408.

30



508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

https://doi.org/10.1016/j.ympev.2016.04.008

Moller, P.R., Schwarzhans, W., Iliffe, T.M., Nielsen, J.G., 2006. Revision of the Bahamian
cave-fishes of the genus Lucifuga (Ophidiiformes, Bythitidae), with description of a new
species from islands on the Little Bahama Bank. Zootaxa 1223, 23.

https://doi.org/10.11646/zootaxa.1223.1.3

Moiller, P.R., Schwarzhans, W., Nielsen, J., 2004. Review of the American Dinematichthyini
(Teleostei: Bythitidae). Part 1. Dinematichthys, Gunterichthys, Typhliasina and two new

genera. Aqua, J. Ichthyol. Aquat. Biol. 8, 141-192.

Munk, O., 1965. Ocular degeneration in deep-sea fishes. Galathea Rep. 8, 21-31.

Nielsen, J.G., 2019. Revision of the circumglobal genus Barathronus (Ophidiiformes,
Bythitidae) with a new species from the eastern North Atlantic Ocean. Zootaxa 4679,

231-256. https://doi.org/https://doi.org/10.11646/zootaxa.4679.2.2

Nielsen, J.G., 2018. Revision of the cosmopolitan deep-sea genus Sciadonus (Teleostei,
Bythitidae) with two new species. Cybium 42, 177-187.

https://doi.org/https://doi.org/10.26028/cybium/2018-422-005

Nielsen, J.G., 2016. Revision of the genera Meteoria and Parasciadonus (Bythitidae) with a
new Atlantic, abyssal species of Meteoria. Cybium 40, 215-223.

https://doi.org/10.26028/cybium/2016-403-004

Nielsen, J.G., 2015. Revision of the aphyonid genus Aphyonus (Teleostei, Ophidiiformes)
with a new genus and two new species. Zootaxa 4039, 323.

https://doi.org/10.11646/zootaxa.4039.2.7

Nielsen, J.G., 2007. Grammonus yunokawai (Ophidiiformes: Bythitidae), a new marine

cavefish from the Ryukyu Islands. Ichthyol. Res. 54, 374-379.

31



531 https://doi.org/10.1007/s10228-007-0412-4

532  Nielsen, J.G., 2003. Bythitidae and Aphyonidae, in: Carpenter, K.E. (Ed.), The Living Marine

533 Resources of the Western Central Atlantic. Volume 2: Bony Fishes Part 1

534 (Acipenseridae to Grammatidae). The Living Marine Resources of the Western Central
535 Atlantic. Volume 2: Bony Fishes Part 1 (Acipenseridae to Grammatidae). FAO Species.
536 FAO, Rome, p. i-vii + 602-1373.

537  Nielsen, J.G., 1969. Systematics and biology of the Aphyonides (Pisces, Ophidiodea).

538 Galathea Rep. 10, 7-90.

539  Nielsen, J.G., Cohen, D.M., 2004. Grammonus thielei (Ophidiiformes: Bythitidae)- a new
540 bythitid cavefish from off Sulawesi, Indonesia. Beagle Rec. Museums Art Gall. North.

541 Territ. 20, 83—86. https://doi.org/10.3316/informit.057254416100335

542  Nielsen, J.G., Cohen, D.M., 1968. Redescription of Bellottia apoda Giglioli, 1883 (Pisces,
543 Ophidioidea). Proc. Linn. Soc. London 179, 99-106. https://doi.org/10.1111/5.1095-

544 8312.1968.tb01105.x

545  Nielsen, J.G., Cohen, D.M., Markle, D.F., Robins, C.R.H., 1999. FAO species catalogue.

546 Volume 18. Ophidiiform fishes of the world (Order Ophidiiformes). An annotated and
547 illustrated catalogue of pearlfishes, cusk-eels, brotulas and other ophidiirorm fishes
548 known to date. FAO (Food Agric. Organ. United Nations) Fish. Synopsis 125, 1-178.

549  Nielsen, J.G., Mincarone, M.M., Di Dario, F., 2015. A new deep-sea species of Barathronus

550 Goode & Bean from Brazil, with notes on Barathronus bicolor Goode & Bean
551 (Ophidiiformes: Aphyonidae). Neotrop. Ichthyol. 13, 53-60.
552 https://doi.org/10.1590/1982-0224-20140034

553  Nielsen, J.G., Pogonoski, J.J., Appleyard, S.A., 2019. Aphyonid-clade species of Australia

32



554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

(Teleostei, Bythitidae) with four species new to Australian waters and a new species of

Barathronus. Zootaxa 4564, 554. https://doi.org/10.11646/zootaxa.4564.2.12

Nybelin, O., 1957. Deep-sea bottom fishes. Reports Swedish Deep. Exped. 1947-1948 2

(Zool), 247-345, Pls. 1-7.

Parzefall, J., 1996. Behavioural and morphological changes caused by light conditions in
deep-sea and shallow-water habitats., in: Uiblein, F., Ott, J.A., Stachowitsch, M. (Eds.),

Biosystematics and Ecology Series. Austrian Academy of Sciences Press, pp. 91-122.

Perez, J.A.A., Abreu, J.G.N., de Souza Lima, A.O., da Silva, M.A.C., de Souza, L.H.P.,
Bernardino, Angelo Fraga, 2020. Living and Non-living Resources in Brazilian Deep
Waters, in: Sumida, P.Y.G., Bernardino, Angelo F., De Léo, F.C. (Eds.), Brazilian Deep-
Sea Biodiversity. Brazilian Marine Biodiversity. Springer, Cham, pp. 217-253.

https://doi.org/10.1007/978-3-030-53222-2 8

Perez, J.A.A., Pezzuto, P.R., 2006. A pesca de arrasto de talude do Sudeste ¢ Sul do Brasil:

tendéncias da frota nacional entre 2001 e 2003. Bol. do Inst. Pesca 32, 127-150.

Pezzuto, P.R., Alvarez Perez, J.A., Wahrlich, R., 2006. Deep-sea shrimps (Decapoda:
Aristeidae): new targets of the deep-water trawling fishery in Brazil. Brazilian J.

Oceanogr. 54, 123—134. https://doi.org/10.1590/S1679-87592006000200003

Policarpo, M., Fumey, J., Lafargeas, P., Naquin, D., Thermes, C., Naville, M., Dechaud, C.,
Volff, J.-N., Cabau, C., Klopp, C., Meller, P.R., Bernatchez, L., Garcia-Machado, E.,
Rétaux, S., Casane, D., 2021. Contrasting gene decay in subterranean vertebrates:
insights from cavefishes and fossorial mammals. Mol. Biol. Evol. 38, 589-605.

https://doi.org/10.1093/molbev/msaa249

Poulson, T.L., 2001. Adaptations of cave fishes with some comparisons to deep-sea Fishes.

33



577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

Environ. Biol. Fishes 62, 345-364. https://doi.org/10.1023/A:1011893916855

Randall, J.E., Hughes, M.J., 2009. Grammonus nagaredai, a new viviparous marine fish
(Ophidiiformes: Bythitidae) from the Hawaiian Islands. Pacific Sci. 63, 137-146.

https://doi.org/https://doi.org/10.2984/1534-6188(2009)63[137:GNANVM]2.0.CO;2

Rannou, M., Nielsen, J.G., Hureau, J.C., 1975. Note sur quelques Aphyonidae de I’ Atlantique
Nord (Téléostéens, Ophidioidei). Bull. du Muséum Natl. d’Histoire Nat. Series 3, 1249—

1257.

Romero, A., Green, S.M., 2005. The end of regressive evolution: examining and interpreting
the evidence from cave fishes. J. Fish Biol. 67, 3—-32. https://doi.org/10.1111/j.0022-

1112.2005.00776.x

Romero, A., Paulson, K.M., 2001. It’s a wonderful hypogean life: a guide to the
troglomorphic fishes of the world. Environ. Biol. Fishes 62, 13—41.

https://doi.org/10.1023/A:1011844404235

Silveira, I.C.A. da, Napolitano, D.C., Farias, [.U., 2020. Water Masses and Oceanic
Circulation of the Brazilian Continental Margin and Adjacent Abyssal Plain, in: Sumida,
P.Y.G., Bernardino, A.F., De Léo, F.C. (Eds.), Brazilian Deep-Sea Biodiversity.

Springer, Cham, pp. 7-36. https://doi.org/10.1007/978-3-030-53222-2 2

Soares, D., Niemiller, M.L., 2013. Sensory Adaptations of Fishes to Subterranean

Environments. Bioscience 63, 274-283. https://doi.org/10.1525/bi0.2013.63.4.7

Thines, G., 1969. L’Evolution Regressive des Poissons Cavernicoles et Abyssaux. Masson &

Cie., Paris.

Weitzman, S.H., Vari, R.P., 1988. Miniaturization in South American freshwater fishes; an

overview and discussion. Proc. Biol. Soc. Washingt. 101, 444—465.

34



600

601

602

603

604

605

Zugmayer, E., 1911a. Diagnoses de poissons nouveaux provenant des campagnes du yacht

“Princesse-Alice” (1901 a 1910). Bull. I’Institut Océanographique 193, 1-14.

Zugmayer, E., 1911b. Poissons provenant des campagnes du yacht Princesse-Alice (1901-
1910). Résultats des campagnes scientifiques accomplies sur son yacht par Albert ler

Monaco. fasc. XXXV. Imprimerie de Monaco, Monaco.

35



