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Observations of follicle cell processes in a holocephalan
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Cartilaginous fishes (Chondrichthyes) diverged from a common ances-
tor of bony vertebrates in the early Silurian, approximately 420 M B.p.
(Benton et al., 2009). The living Chondrichthyes comprise more than
30 species of Holocephali (chimaeras) and about 1,100 species of neo-
selachian elasmobranchs (sharks, rays and skates; Compagno, 2002).
These predatory fishes are generally characterized by their longevity,
late sexual maturity and low fecundity (Bubley et al., 2012). As a strat-
egy to compensate for these features, they produce relatively few
active and large offspring (Moyle & Cech, 2000).

Several reproductive strategies have evolved in Chondrichthyes
during their long evolutionary history, such as internal fertilization
(Grogan et al., 2012) and two distinct parity modes: oviparity (egg-lay-
ing) and viviparity (live-bearing). Moreover, there is a wide diversity of
maternal-embryonic trophic relationships, based on the method of
nutrient transfer. These range from lecithotrophy (i.e. yolk contained
within the egg being the only source of nutrition for the developing
embryo) to different types of matrotrophy (i.e. additional nutrients
produced by the mother are supplied to the embryos in utero)
(Hamlett & Koob, 1999). Various combinations of these strategies
result in nine distinct reproductive modes (Awruch, 2015).

Despite reproductive mode, all Chondrichthyes begin their devel-
opment as lecithotrophic, so a nutrient reserve is needed to sustain
initial growth. As a consequence, eggs can reach a considerable size.

For example, eggs that are 10-12 cm in diameter have been reported
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The presence of follicular cellular processes (FCP) that cross the zona pellucida, has been
recorded in the ovarian follicles of Callorhinchus callorhynchus. This constitutes the first report
describing the presence of these structures in a species of the Holocephali. Considering that
FCPs have only previously been reported in the Selachii, these findings suggest that FCPs could

have been lost by the Batoidea after their divergence, around 280 M B.p.

Batoidea, Callorhinchus callorhynchus, divergence, ovary, selachii, zona pelucida

in some shark species (Breder & Rosen, 1966; Tanaka et al., 1990;
Wourms, 1977). Such a large volume: mass ratio is needed to meet
the challenge that developing structures face to maintain cellular
integrity. Davenport et al. (2011) described a novel set of tube-like
structures, termed follicle-cell processes (FCP), that extend from the
ovarian follicle cells to the developing oocyte, passing through the
zona pellucida. Among other functions, the authors suggested that
these projections play a role similar to the cortical ring of actin found
in the cytoskeleton of somatic cells, allowing the oocyte to resist com-
pression. They also hypothesized that FCPs were associated with elas-
mobranchs in general. However, Dunbar et al. (2017) suggested that
FCPs were present in selachians but absent in batoids. On the other
hand, the presence of such structures has not been reported yet for
any holocephalan species.

The cockfish Callorhinchus callorhynchus (L. 1758) is the only holo-
cephalan species present in coastal waters of the south-western
Atlantic Ocean (Cousseau & Perrota, 2004). It is an oviparous benthic
species, producing large eggs protected by ornamented leathery egg
cases that are ¢. 15 cm long (Di Gidcomo & Perier, 1994). The aim of
this work was to determine if FCPs are present in C. callorhynchus, to
describe them and to analyze some possible evolutionary and phylo-
genetic implications.

To investigate FCPs in C. callorhynchus, sexually active females

were collected for histological observation in April-June, September
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and November 2014 and February, April, August and November 2015
(n = 25) from commercial fishery catches landed at La Perla del Este
and Rio Salado processing plants [San Antonio Este (40.73° S; 64.93°
W) and San Antonio Oeste (40.74° S; 64.97° W) ports, Argentina). For
the ultrastructural study, the material was obtained by net fishing by
the F.V. Viernes Santo in February 2015. The collected fish (n = 6)
were already dead. The commercial fishing fleet operates within the
San Matias Gulf (41-42° S; 64-65°W) at depths ranging from 50 to
190 m. Each animal used in this study was obtained and handled
according to the Bioethics Protocol approved by DBByF - UNS
(Institutional Committee for the Care and Use of Experimental Ani-
mals ICCUEA: CICUAE-Prot.069/2015, Res. CDBByYF 716/15).

Ovaries were carefully extracted and the size of bigger follicles
was measured. Reproductive organs were kept in ice and processed at
the laboratory. Small pieces of the gonads were fixed in Bouin's solu-
tion in seawater for approximately 24 h. Afterwards, all material was
dehydrated through a graded alcohol series and embedded in Para-
plast (Sigma Aldrich; www.sigmaaldrich.com). Sections 5-6 pm thick
were stained with Masson's trichromic stain, haematoxylin-eosin and
periodic acid Schiff reaction (PAS). Selected sections were photo-
graphed using an Olympus BX51 light microscope equipped with an
Olympus C-7070 digital camera (www.olympus-global.com).

For transmission electron microscopy, small pieces of follicles of
different sizes were fixed in 2.5% glutaraldehyde in 0.05 M sodium
cacodylate buffer with 12% sucrose (Hyder et al., 1983), for 12 h at

FIGURE 1 Ovarian follicle wall of mature female Callorhinchus callorhynchus. (a) Light micrograph (Masson's trichromic stain) showing the general

structure of an ovarian follicle with (insert) detail of the follicle wall, showing the folded oolema (l). (b) Semi-thin section (methylene blue-azure II-

fuchsine stain) showing follicular cell projections (a). (c)-(f) Transmission electron microscopy images showing (c), (d) the disposition and (e), (f)
internal structure of the follicular cellular processes (a). The area delimited in (e) is enlarged in (f ) to show actin-like filaments (/). FE, follicular
epithelium; GFC, globous follicular cell; IT, inner theca; OO, oocyte; OT, outer theca; SFC, small follicular cells; white arrowheads: Actine-like

filaments; YP, yolk platelets; ZP, zona pellucida
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4°C and post-fixed in 1% osmium tetroxide in the same buffer
for 90 min at 4°C. Samples were washed in buffer, dehydrated in
graded acetone and infiltrated in low-density epoxy resin (Spurr;
www.sigmaaldrich.com). Semi-thin sections (0.5-1 pm) were colored
with methylene blue-azure Il-basic fuchsine stain and ultra-thin
sections on grids (70-90 nm) were contrasted with uranyl acetate and
lead citrate. Specimens were examined using a Jeol CXIl electron
transmission microscope (Www.jeol.co.uk).

In general, ovaries of C. callorhynchus exhibited the same features
as other Chondrichthyes. As in other Holocephali, there was no evi-
dence of an epigonal organ in C. callorhynchus (Bone & Moore, 2008;
Fange & Sundell, 1969). The maximum recorded follicle diameter was
49.3 mm. This size is, to a greater or lesser extent, larger than those
recorded for other Holocephali species and for the same species in
other locations (Alarcon et al., 2011; Barnett et al., 2009; Chierichetti
et al., 2017; Finucci et al., 2017; Malagrino et al., 1981; Marquez Far-
jas & Lara Mendoza, 2014; Moura et al., 2004), but was similar to sizes
registered for this species from the same area by Di Giacomo and
Perier (1994).

The general structure of the ovarian follicles in C. callorhynchus
agrees with that reported for other Chondrichthyes and vertebrates in
general (Guraya, 1978; Hamlett & Koob, 1999) (Figure 1(a)). Follicles
are formed by an oocyte, surrounded by follicular cells and thecae.
Between the follicular cells and the oolema, there is an acellular, PAS
(+), zona pellucida that envelopes the oocyte (Figure 1). This zona pel-
lucida thickens as follicular development progresses, reaching a maxi-
mum width of about 12 pm (7-12 pum; Figure 1(a)). As follicles grow,
the entire oolema folds tightly (Figure 1(a), (c), (d)), to the point that it
is visible even under light microscopy, as a bright striated band
(Figure 1(a)). The follicular epithelium is composed of two types of
cells: small, columnar cells and large, globous cells (Figure 1(a)). These
cells emit long projections, of about 200-250 nm in diameter, that
penetrate the zona pellucida (Figure 1(b)-(f)). In nonvitellated follicles
¢. 1 mm in diameter, as well as in larger vitellate follicles, these projec-
tions are arranged circumferentially (Figure 1(c), (d)). Some of these
projections were ramified close to their base (Figure 1(e)). Inside these
ridges, actin-like microfilaments of 5-7 nm in diameter align parallel to
the ridges' longitudinal axis (Figure 1(f)). These filaments correspond
with the actin filaments described by Davenport et al. (2011) in three
species of sharks. The features observed in the follicular projections in
C. callorhynchus, as well as their location and disposition, suggest that
these structures are analogous to the FCPs described by Davenport
etal. (2011).

Dunbar et al. (2017) studied these projections in sharks and
batoids and suggested that FCPs occurred exclusively in selachians.
According to these authors, an explanation for this could be that
batoids, because of their flattened body, have a reduced internal cav-
ity, would produce smaller eggs than sharks and would therefore not
require special structures to maintain cellular integrity. Taking this into
account, Dunbar et al. (2017) proposed two possible evolutionary sce-
narios to explain the absence of FCPs in batoids. First, FCPs could
have been present in the common ancestor of batoids, selachians and
the holocephalans, but lost in batoids as a consequence of reduced
egg size. Alternatively, FCPs could be an evolutionary novelty con-

fined to selachians as a response to selective pressure for producing

larger offspring before matrotrophy. Holocephalans could help resolve
these alternative hypotheses. Presence in C. callorhynchus of struc-
tures similar to those described by Davenport et al. (2011) and Dunbar
et al. (2017) in selachians would support the first hypothesis, suggest-
ing that batoids lost FCPs during evolution. However, some ovarian
features make C. callorhynchus more similar to skates than to sharks.
For example, C. callorhynchus is oviparous, with an ovulating follicle
size of nearly 5 cm diameter. Callorhinchus callorhynchus also has a
heterogenic follicular epithelium and a narrower zona pellucida than
sharks: 12 v. 70 pm (Dunbar et al., 2017).

Exclusively lecithotrophic embryonic development would be a pri-
mary determinant, in terms of the amount of vitelline reserves accu-
mulated within the oocyte. Amount of space available in the
abdominal cavity might be a secondary limiting factor. However, other
variables probably influence ovulating oocyte dimensions, such as
hatching size, frequency of oviposition, length of the laying period and
embryonic development time. Thus, the components that influence
the ovulating follicle size are likely multifactorial and possibly even
variable between populations. On the other hand, Prisco et al. (2002)
and Hamlett et al. (1999) found projections of follicular cells in Tor-
pedo marmorata Risso 1810 and Urolophus jamaicensis (Cuvier 1816).
However, those structures were, apparently, of a different nature to
those found by Davenport et al. (2011) and Dunbar et al. (2017) and
they were only seen in pre-vitellogenic follicles. Prisco et al. (2002)
and Hamlett et al. (1999) also observed that those projections partici-
pated in the accumulation of reserve substances in the oocyte. Based
on this, more in-depth studies in other batoid species should be con-
ducted to understand the phylogenetic distribution and correlation of

related follicular characters throughout Batoidea.
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