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Abstract: Successful spontaneous reproduction and the production of viable offspring of wild fish
in captivity can take some years of adaptation, and may also involve different environmental
conditions, sex ratios and densities compared to natural populations. We followed the
reproductive cycle of wreckfish Polyprion americanus—a late maturing, deep-sea benthic
species—in captivity in three different broodstocks in Spain under natural photoperiod and
temperature, and one broodstock in Greece under a constant temperature of 16 °C for two
consecutive years, to describe the reproductive cycle of the species and the associated sex steroid
hormone profiles. Oogenesis begun in the fall and post-vitellogenic oocytes of 1250 pm were
present between March and June. Males were in spermiation condition and produced good-quality
sperm throughout the year, regardless of the temperature profile to which they were exposed.
Some females completed oogenesis, underwent oocyte maturation, and spawned spontaneously
under both constant and fluctuating temperatures. The sex steroid hormones of both males and
females followed the already-known profiles during fish gametogenesis, except for
17,20B3-dihydroxy-progesterone, which did not seem to be related to either female or male
maturation. The female reproductive dysfunctions that were identified included (a) the arrest of
oogenesis at the cortical alveoli stage in certain females; (b) the failure to undergo oocyte
maturation in others; and (c) the production of large percentages of unfertilized eggs from the
females that spawned spontaneously. Our study suggests that reproduction in captivity is possible
in wreckfish maintained under typical marine aquaculture conditions, but that reliable spawning
and production of high-quality eggs may require some years of adaptation to captivity, before the
reproductive dysfunctions will be overcome.
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1. Introduction

The wreckfish Polyprion americanus is a globally distributed fish inhabiting continental coasts
and oceanic islands at depths of 100-1000 m [1,2]. The species forms three genetically distinct stocks:
in the North Atlantic and the Mediterranean Sea, off the coast of Brazil and in the South Pacific [3]. A
gonochoristic species with no sexual dimorphism, it spawns at the continental slope at depths of
300-500 m, with the formation of spawning aggregations [4]. Its rapid growth even at relatively low
temperatures, its late maturation and good adaptation to captivity [1,5], together with its limited
landings from the capture fisheries, high flesh quality and market value make the wreckfish an
excellent candidate for the diversification of aquaculture production. In the southern hemisphere in
New Zealand, viable eggs and larvae have been obtained from wild broodstocks of the congener
hapuku Polyprion oxygeneios [6]. In addition, juvenile production by F1 generation breeders was
achieved more recently [7] and experiments have been carried out on the advancement of puberty
and the ovarian development of the species [8]. In the wreckfish, however, although attempts have
been made to control its reproduction and produce viable eggs, spawning has been inconsistent, and
the produced eggs often exhibit low fertilization [9]. There is therefore a need for a more detailed
study of the reproductive function of this species in captivity, before its maturation and spawning
can be reliably controlled for the purposes of aquaculture.

When reared in captivity, fish often exhibit reproductive dysfunctions, which can result in the
lack of spawning and the production of fertilized eggs [10,11]. Examples of reproductive
dysfunctions observed in female fish held in captivity include: the lack of gametogenesis of
European eel Anguilla anguilla [12]; the lack of maturation and ovulation in the meagre Argyrosomus
regius and the greater amberjack Seriola dumerili [13,14] at the end of vitellogenesis [15]; and the
failure of breeding and spawning of F1 generation sharpsnout seabream Diplodus puntazzo [16,17]
and Senegalese sole Solea senegalensis [18]. In males, reproductive dysfunctions mainly involve
reduced sperm production or lack of breeding and spawning [19], whereas, as in the females,
European and Japanese eel Anguilla japonica males remain immature and fail to undergo
spermatogenesis at all in captivity [20]. The monitoring and description of the reproductive cycle of
new/potential species for aquaculture production may enable the recognition of any reproductive
dysfunctions and lead to the development of protocols for controlling reproduction, spawning
induction and production of viable/fertilized eggs [15]. In addition, description of the reproductive
cycle in captivity allows for the identification of the reproductive and spawning periods,
environmental preferences (temperature and photoperiod), spawning kinetics, gamete production
characteristics such as batch fecundity and annual fecundity, fertilization success, sperm
characteristics, etc. All these parameters are very important for the proper broodstock management
of any aquaculture species.

The aim of the present study was to describe for the first time the reproductive cycle of
wreckfish in captivity, by following oocyte growth and maturation stage, sperm quality variations
and the associated sex steroid plasma concentrations in four different captive broodstocks of
wreckfish maintained under different conditions in Spain and Greece, for almost two consecutive
years. Rearing conditions included the following: natural fluctuating temperatures in Spain
mimicking what is common in marine aquaculture hatcheries; constant annual temperature of 16 °C
in Greece, mimicking what is present in the great depths where mature wreckfish are found (mostly
between 500-850 m) [21] and where they probably undergo reproductive maturation. The study
provides information concerning the broodstock management of the species and will contribute to
the development of reproduction control methods for this potentially important aquaculture species.

2. Results

At the Hellenic Center for Marine Research (HCMR, Greece), where fish were maintained
under constant temperature, vitellogenesis was already in progress in October, with the female
having oocytes of 600 pm in diameter (Figures la and 2a). In December, two months later,
vitellogenesis continued and the oocytes reached a mean diameter of 900 pum. Up to this time, the
ovarian biopsies also contained remnants from the matured oocytes from the previous reproductive
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season, appearing as shiny amber masses (Figure 1a,b). The asynchronous nature of oogenesis was
apparent in the December biopsies, with a large size variation of vitellogenic oocytes, ranging in
diameter from 600 to 900 um (Figures 1b and 2b). At the January sampling the biopsies were now
almost completely occupied with advanced vitellogenic oocytes of 1100 um (Figures 1c and 2c) and
in the following 3 months the oocytes reached the maximum vitellogenic size of 1250 um, at the size
that early oocyte maturation (OM) begins (Figure 1d). The early stages of OM were recognized by
the coalescence of the lipid droplets, becoming progressively more intense within the oocyte and
more prevalent within the ovary (Figures le and 2d,e) and by the migration of the germinal vesicle
to the oocyte periphery (Figure 2d,e). A significant increase in oocyte diameter took place during this
process, whereby the oocytes reached 1500 um in size. Finally, all lipid droplets fused into a single
mass located in the center of the oocyte (Figures 1f and 2f). The yolk globules then also began to
coalesce into progressively larger masses, resulting in a further clearing of the cytoplasm and an
increase in oocyte diameter (Figures 1g and 2g). A similar progression of oocyte development was
observed in the stocks of Spain, varying slightly in time (not shown).

—

Figure 1. Photomicrographs of wet mount wreckfish biopsies, showing oocytes at successive stages
of development: (a) early vitellogenesis (eVg); (b) advanced vitellogenesis (aVg); (c) late
vitellogenesis (IVg); (d) early ovarian maturation (eOM) with lipid droplet (I1d) coalescence; (e)
advanced oocyte maturation (OM); (f) final oocyte maturation (FOM); and (g) ovulation (OV). The
bar is 500 pm.
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Figure 2. Photomicrographs of histological sections of wreckfish biopsies, showing: (a) primary (po),
lipid vesicle (Iv) and early vitellogenic oocytes (eVg); (b) advanced vitellogenic oocytes (aVg); (c) late
vitellogenic oocytes (IVg); (d) early maturing oocytes with lipid droplet coalescence (eOM); (e)
advanced maturation oocytes (OM) with further coalescence of the lipid droplets (1d); (f) oocytes at
the FOM stage; and (g) ovulated oocytes (OV). Histological sections were stained with methylene
blue/basic fuchsin, and the bar is 500 pm.

Oocyte diameter in the fish at HCMR reached its highest values in May in both years of the
study (Figure 3a); however, in the wreckfish stocks kept in Spain some of the monitored females did
not advance beyond the cortical alveoli stage, and their oocytes did not reach more than 350 um in
diameter during the whole year (four females from Instituto Espafiol de Oceanografia (IEO) and two
females from Conselleria do Medio Rural e Marino (CMRM)). These females were excluded from the
calculations of mean oocyte diameter (Figure 3b). Variation of the oocyte diameter between
individual females of the Spanish stocks in the same month was observed during the study; this
variation explains the lower mean oocyte diameter value of the Spanish broodstocks compared to
the HCMR broodstock (Figure 3a,b). The first significant increase of oocyte diameter was observed
when oocytes entered vitellogenesis, with oocytes reaching around 900 um diameter. Oocytes grew
significantly during OM, and at ovulation had a mean diameter of around 1500 um (Figure 4a). Due
to the high variation between samples, female wreckfish 17p-estradiol (Ez) concentration did not
show statistically significant changes with the oocyte stage, although a trend of increasing values
until vitellogenesis and decreasing values thereafter was visible (Figure 4b). Testosterone remained
at low levels at the lipid vesicle and cortical alveoli stage, increased however during vitellogenesis.
A second increase was observed during OM, whereas a significant decrease was observed at
ovulation (Figure 4c). Plasma 17,20B3-dihydroxy-progesterone (17,203-P) concentrations did not
seem to change in respect to oocyte stage (Figure 4d).
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Figure 3. Mean (+standard deviation (SD)) oocyte diameters of a wreckfish from the Hellenic Center
for Marine Research (HCMR), Greece (a) and from three different broodstocks in Spain (b) during
the annual reproductive cycles in 2015 and in 2016. The numbers inside the bars indicate the number
of females biopsied at each month. IEO: Instituto Espafiol de Oceanografia, AF: Aquarium
Finisterrae, CMRM: Conselleria do Medio Rural e Marino.

1800+ 25
a c b
1600 ¢
. 1400 F20
E
2 12004 b
2 F15  m
3 1000 N
£ 3
S 800 E
° [0 2
§ 600 .
o a
400 [s5
1 [l [
o lesl lst] |so 11 8 25 37 55 12 LY
. I
Lv CA Vg oM ov v CA Vg oM ov
6+ 25
c ¢ d

T (ng/ml)
(lw/Bu) d-gog‘zL

L CA Vg oM ov v CA Vg oM ov
Oocyte stage

Figure 4. Mean (+standard error of the mean (SEM)) oocyte diameter (a), concentrations of
17p-estradiol (E2), (b), testosterone T, (¢) and 17,20B-dihydroxy-progesterone (17,20B-P), (d) at
different stages of oocyte development of wreckfish kept in captivity (LV: lipid vesicle, CA: cortical
alveoli, Vg: vitellogenesis). Different letter superscripts indicate statistically significant differences
among oocyte stages (one-way analysis of variance (ANOVA), Tukey’s Honest Significant Difference
(HSD) test, p < 0.05). The numbers inside the bars indicate the number of females sampled at each
stage. The numbers inside the oocyte diameter bars represent the number of wet mount biopsies
measured, whereas the numbers inside the sex steroid bars represent the number of females
sampled, including those who were staged after histological processing of their biopsies.

Some spermiating males could be found all year round, with the percentages of fish with
spermiation index of S0, 51, S2 or S3 varying between months (Figure 5a,b). The highest percentage
of nonspermiating fish (S0) was found from September until December in Spain (Figure 5b), whereas
a high percentage of spermiating fish (52 and S3) was found from January until July during both
years of the study both at HCMR and in Spain (Figure 5a,b).
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Sperm motility percentage was high (>60%) during the study (Figure 6a), whereas sperm
motility duration varied between 1.5 and 6 min (Figure 6b). Sperm density values ranged between
4.5 and 18 x 10° spermatozoa mL-! (Figure 7a) and sperm survival at 4 °C exhibited mean values of
3-13 days (Figure 7b). Sperm quality parameters were well correlated with the spermiation stage
(index) of the fish, with S3 fish exhibiting higher spermatozoa motility percentage, motility duration
and survival at 4 °C (Figure 8). Only sperm density was not related to the spermiation index (Figure 8).
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Figure 5. Male wreckfish at different spermiation index stages in HCMR, Greece (a) and in the three
broodstocks in Spain (b) between February 2015 and October 2016. Spermiation index SO = no milt
released, S1 = only a drop of milt released after multiple stripping attempts, S2 = milt was released
easily after the first stripping attempt and S3 = milt was fluently released even without abdominal
pressure. The numbers inside the bars indicate the number of males examined each month.
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Figure 6. Mean (+SD) sperm motility percentage (a) and sperm motility duration (b) of sperm

collected from wreckfish between February 2015 and October 2016. Different numbers inside the bars
indicate the number of sperm samples used for each sperm quality parameter.
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Figure 7. Mean (+SD) sperm density (a) and survival at 4 °C (b) of sperm collected from wreckfish

between February 2015 and October 2016. Different numbers inside the bars indicate the number of
sperm samples used.
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Figure 8. Mean (+SEM) sperm motility (a), duration (b), density (c) and survival at 4 °C (d) of four
different broodstocks of wreckfish in Greece and Spain in relation to spermiation index (see Figure
5). Different letter superscripts indicate statistically significant differences among spermiation
indexes, and numbers inside the bars indicate the number of males at each spermiation index
(one-way ANOVA, Tukey’s HSD test, p <0.05).

Testosterone (Figure 9a) and 11-ketotestosterone (11-KT) (Figure 9b) had low values in males
with a spermiation index of SO and reached their highest values at the S3 stage, whereas 17,20p3-P did
not change significantly with spermiation index (Figure 9c).
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Spontaneous spawns of captive wreckfish broodstocks were observed during 2015, 2016 and
2017 (Figure 10). In 2015, 23 spawns with very low fertilization percentage were observed at HCMR
in April and May, 7 spawns from March until April at IEO, and 11 spawns from May until June at
the Aquarium Finisterrae (AF). During 2016, from February to the end of May, 12 spawns were
obtained at HCMR, 8 at IEO, and 16 at AF. In 2017, spawning lasted from March until May and
spontaneous spawns were also achieved at the CMRM broodstock, showing very high fertilization
percentages (Figure 10c). Eighteen spontaneous spawns were observed at HCMR, 11 at IEO and 10
at CMRM. In 2018, 42 natural spawns were observed at IEO, with mean fecundity values of 130,000
eggs per female (data not shown). Relative fecundity and fertilization varied considerably, with
fertilization exhibiting values from 0 to 100% (Figure 10), whereas in 2017 fertilization success
improved greatly. In 2015 and 2016, even when fecundity values were high, fertilization was often
null or close to zero. Individual female wreckfish were observed to spawn every 4-5 days.
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Figure 9. Mean (+SEM) plasma testosterone (a), 11-ketotestosteone (11-KT) (b) and
17,20B-dihydroxy-progesterone (c) of wreckfish in relation to spermiation index (See Figure 5).
Different letter superscripts indicate statistically significant differences among spermiation indexes,
and numbers inside the bars indicate the number of males at each spermiation index stage (one-way
ANOVA, Tukey’s HSD test, p < 0.05).
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Figure 10. Mean relative fecundity (black bars) and fertilization (%, grey circles) of the spontaneous
spawns of wreckfish broodstocks obtained at HCMR (a), Instituto Espafol de Oceanografia (IEO) (b),
Aquarium Finisterrae (AF) (c) and Conselleria do Medio Rural e Marifio (CMRM) (d) during 2015,
2016 and 2017.

3. Discussion

The reproductive period (oogenesis, maturation, and spawning) was rather extended in
wreckfish, and not constant between different stocks, beginning in October and, in the Spanish
broodstocks that were exposed to lower temperatures during the year, lasting until July. The highest
oocyte diameter of wreckfish oocytes was found between March and July, defining this to be its
maturation and spawning period, in contrast to a study in the Ionian Sea, Greece, where spawning
was considered to occur in the autumn-winter season [22], but in accordance with other studies,
where attempts were made for spawning induction in May [9,23,24]. The spawning period of
wreckfish in the southern hemisphere was reported to occur in the austral winter, from July until
October [4], and coincides with the spawning period of the congener hapuku [25]. Wreckfish oocytes
remained unchanged in size during the progression from the lipid vesicle to the cortical alveoli stage
and increased dramatically in size during vitellogenesis, when they reached >1000 pum, as reported
both in other studies of captive breeders [9,26] as well as fish from the wild [4]. Spawned eggs were
around 2 mm in diameter and had from one to multiple oil globules [9], as has also been shown for
the hapuku [6]. The egg size of wreckfish [4] is markedly larger than any other marine fish cultured
in the temperate waters of the Atlantic coast of Europe and the Mediterranean Sea. A large egg size
and lower fecundity is considered essential for demersal fishes, such as flatfishes, as it is related to
higher individual survival in a relatively constant environment; in contrast, pelagic small eggs have
to face a changing environment where survival is more difficult and thus high fecundity is more
advantageous [27]. For comparison, in pelagic fishes, mean egg diameter is 1.02 mm in the red porgy
Pagrus pagrus [28], 1.03 mm in greater amberjack [13] and 1.15 mm in European sea bass
Dicentrarchus labrax [29]. On the contrary, egg diameter in flatfishes ranges between 1.8-2 mm in the
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plaice Pleuronectes platessa [30] and 2.9-3.3 mm in the Atlantic halibut Hippoglossus hippoglossus [31].
Thus, the wreckfish, similar to the congener hapuku [6], being a deep-sea demersal species, seems to
have followed this evolutionary trend in egg diameter, even though the eggs are positively buoyant
[23] and most probably are transported to shallow waters soon after spawning, where larvae and
juveniles are usually found during their pelagic stage [2,32]. A larger egg and yolk size may be a
considerable advantage for any aquaculture species, since it means that the prelarval stage (i.e.,
autotrophic) will be long and at the time of first feeding the larvae will have a larger body and
mouth size, potentially being able to accept larger feed items and having a better developed visual
and digestive system [33,34], enabling them to perform better under aquaculture conditions.

Although most of the females managed to proceed with oogenesis and did reach maturation, in
Spain four females from IEO and two females from CMRM did not progress beyond the cortical
alveoli stage and their oocytes did not increase in diameter more than 350 pum. This phenomenon
occurred during both years of the study in the same females. Normally, the cortical alveoli stage
defines the early developing ovary [35]. However, in some fish species, such as the common wolffish
Anarhichas minorin and the spotted wolffish Anarhichas lupus, ovaries can maintain the cortical alveoli
oocyte developmental stage for up to nine years before maturation and first spawning [36,37]. Other
species may be able to have cortical alveoli oocytes in their ovaries when immature, such as the
Greenland halibut Reinhardtius hippoglossoides [38]. The specific wreckfish females of the present
study (CMRM and IEO) were all captured in 2009 at average sizes of 1 and 7 kg, respectively, so it
cannot be certain whether they were able to mature at nearly 5-6 and 10 years of age. Whereas first
maturation of wreckfish in the wild occurs at 10 years for females and 9 years for males in the
southwestern Atlantic Ocean [4], in the northwestern Ionian Sea it has been found to occur at an
earlier age (7-8 years) with the youngest individuals maturing at 5 and 4 years for females and
males, respectively [22]. Maturation at 5 years of age was also observed in F1 female hapuku in New
Zealand [8]. In the present study, out of a total of 31 fish, these six females arrested oocyte
development at the cortical alveoli stage, remaining at this stage for almost two years. In 2018 (not
part of the present study) this arrest of oocyte development was overcome, with almost all females
in the specific stock in Spain (IEO) being able to spawn. In some F1 generation females of the
hapuku, early vitellogenesis was reached with oocyte diameter <0.4 mm. However, since the females
then exhibited degenerating oocytes, this was considered to be a dummy run [8]. From the above, it
may be inferred that the specific female wreckfish of the present study either remained immature at
the cortical alveoli stage or skipped spawning by arresting oocyte development at the specific oocyte
stage, a phenomenon which has received increased attention in recent years and has been
demonstrated in several species studied in the wild [39,40]. Skipped spawning, which has been
reported in natural fish populations, has been attributed mainly to poor nutrition during the
spawning period and it can occur mostly in smaller females that do not migrate to the spawning
grounds, but stay at the feeding grounds for energy conservation [39,41].

A constant low temperature of 16 °C did not seem to have any beneficial effect on the
reproductive development of captive female wreckfish, although it is probably more representative
of the natural deep-water environment of wreckfish breeders, since fish held in the naturally
fluctuating temperatures in northwestern Spain exhibited the same or even better reproductive
performance than fish under constant temperature, that is, they matured and spawned
spontaneously. Low temperature is preferred by wreckfish in captivity, as loss of appetite and
growth cessation were observed at temperatures >20 °C [5]; the same holds true for the hapuku, as it
was shown that fish over 1 kg in body weight grow better at 18 than at 22 °C [42]. Hapuku
broodstocks in New Zealand were maintained at fluctuating temperatures of 10-19 °C during the
non-reproductive season and at 10 or 13.5 °C during the reproductive season [7,8]. Based on the
findings of the present study, as well as that of Fauvel et al. [9], broodstock management of
wreckfish in aquaculture could be carried out either in constant low or annually cycling water
temperatures (typical of the northwestern coast of Spain) according to what is more available for the
hatchery, without any apparent negative influence on the reproductive process. However, although
several different breeders at HCMR have been kept over a period of more than 15 years under
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constant low temperature, exhibiting the same reproductive performance through the years (Fauvel
et al. [9] and unpublished data), any conclusions based on this broodstock should be interpreted
with caution, due to the small number of fish consisting it.

The endocrine control of oogenesis already described in a large number of fishes has provided
important practical information on monitoring the reproductive function in aquaculture [43,44].
Vitellogenesis begins with an increase in the follicle-stimulating hormone (FSH), which leads to an
increase in oestradiol (Ez) [45]. During vitellogenesis, testosterone (T) is produced in the theca cells of
the ovarian follicles and converted to E2 in the granulosa cells; E2 then promotes vitellogenin
synthesis in the liver. After vitellogenesis, E2 drops and T increases during germinal vesicle
migration; at that time, the luteinizing hormone (LH) induces oocyte maturation (OM) through the
synthesis of the maturation inducing steroid (MIS), which is wusually 17,203-P or
17,208,21-trihydroxy-pregnen-3-one (17,203,21-P) [46,47]. The pattern of sex steroid changes in
relation to the stage of oocyte development in wreckfish followed the above-mentioned biochemical
cascade. In particular, T was low prior to the onset of vitellogenesis, increased as oogenesis
proceeded, and decreased when females had ovulated eggs. At the same time, E2 showed a similar
pattern of gradually increasing plasma levels during oogenesis and declining levels once
postvitellogenic and maturing oocytes began to be present in the ovaries. On the other hand, plasma
17,20B-P levels were significantly lower than the other sex steroids and remained unchanged
throughout oocyte development and maturation. Recent studies in different fish species support the
involvement of T in OM, and the existence of low levels of both T and E: at the time of ovulation. For
example, T induced OM, in terms of germinal vesicle breakdown, but not ovulation when
administered in vivo to zebrafish Danio rerio oocytes [48]. Moreover, estrogen-synthesizing genes
were down regulated in the preovulatory period of the rainbow trout Oncorhynchus mykiss [49]. Low
and relatively stable levels of 17,20B3-P may reflect rapid catabolism of the hormone or
transformation to conjugated forms [14,46], or may indicate that this steroid is not the actual MIS for
wreckfish, as has been suggested for Atlantic cod and yellowfin porgy Acanthopagrus latus [50,51].
More frequent samplings around the time of OM, as well as examination of the presence of
conjugated steroids at this time will be necessary to better define the nature and role of progestogens
in the process of OM in wreckfish.

Although the highest number of spermiating wreckfish in the present study was observed
between March and July, covering the spawning period of the females, some spermiating males
were present throughout the year in all studied broodstocks. It is not known if this is a natural
phenomenon or something observed under captive conditions. Provided that year-round
spermiation does not cause any negative effects on the welfare of the fish or the quality of the sperm,
this can be a very useful characteristic for aquaculturists, especially for the development of
cryopreservation protocols and artificial insemination practices. Males spermiating all year round
have also been found in the Senegalese sole, a species able to reproduce at least at two different
periods during the year [52].

All studied sperm quality parameters varied significantly during the two years of the study, but
without any clear correlation with the female breeding season (March-June). Overall, sperm quality
was considered high throughout the year. Mean sperm density ranged between 4.5-18 x 10°
spermatozoa mL-!, sperm motility was always higher than 60%, motility duration ranged between
1.5 and 6 min and survival of sperm at 4 °C ranged between 3 and 13 days. To the best of our
knowledge, this is the first study that reports on sperm quality of the wreckfish; consequently, since
no study has been conducted on its congener, the hapuku, there are no other data from this genus
with which to compare the results of the present study. However, the mean values observed fall
within the values already reported for other marine fish species [53]. For example, mean density has
been found to be 8.6-23.7 x 10° spermatozoa mL"in the red porgy [54], 12-27.1 x 10° spermatozoa
mL in the sharpsnout seabream [55], 18.9-31.5 x 10° spermatozoa mLin the meagre [15], 23-46 x
10° spermatozoa mLin the greater amberjack [56] and 38 x 10° spermatozoa mL-in the Atlantic
bluefin tuna Thunnus thynnus [57]. Similarly, motility duration ranged between 2—4 min in the red
porgy [54], 2-6 min in the sharpsnout seabream [55], 0.78-1.27 in the meagre [15] and 10-11 min in
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the Atlantic bluefin tuna [57]. Therefore, since the sperm quality of wreckfish males maintained in
captivity can be considered good, with no noticeable dysfunction involved, either in the quality or in
the quantity of sperm produced, it is not anticipated that this would constitute a bottleneck in the
broodstock management of this species under aquaculture conditions. Sperm quality parameters did
show a significant correlation with the stage of spermiation, with spermatozoa motility percentage
and duration, as well as survival of spermatozoa during storage showing significant increases in fish
progressing from stage S1 to S3. Nevertheless, spermatozoa density was not related to spermiation
stage, which means that as more sperm or milt is produced, more spermatozoa are also produced,
maintaining the same spermatozoa density in the milt. These results suggest that this subjective
method for evaluating spermiation, which is based on the ease of sperm collection upon application
of gentle abdominal pressure, is a reliable method for predicting the quality of sperm in wreckfish.
The ease of sperm collection and the higher spermiation index is probably due to increases in the
volume of sperm produced, so it is reasonable to conclude that with the increase of spermiation
(release of spermatozoa from the spermatocysts) and seminal fluid production, there is also an
improvement in the quality characteristics of the sperm. This information may be useful for sperm
management in aquaculture.

In male fish, spermatogenesis is controlled by the two gonadotrophic hormones, FSH and LH
[58]. The FSH acts on the Leydig cells to stimulate androgen production, whereas LH acts on the
Sertoli cells to support germ cell survival and development [59]. Androgens then act on the gonads;
T has been associated with spermatogenesis and 11-KT with spermiation, with 11-KT being the most
effective androgen in teleosts [60]. In the present study, both T and 11-KT were found to reach their
highest values at late stages of spermiation (53 spermiation index), as in cod, where higher T and
11-KT levels were observed concomitantly with the presence of free spermatozoa in the testis lumen
[61], but unlike the Senegalese sole, which was found to exhibit the highest T and 11-KT values at late
spermatogenesis and not at functional maturation [62]. On the other hand, as in females, plasma
17,20B3-P was relatively low at all stages of spermiation. The unchanged 17,20p3-P values in male
wreckfish could mean that this hormone is maintained constantly at relatively low levels in fish that
are producing sperm all year round, as also occurred with the Senegalese sole, which shows relatively
constant 17,20B-P values [62]. Moreover, it has been suggested that 17,20(,21-P is the MIS in most
males of marine fishes, in contrast to freshwater species, for which 17,203-P is the effective MIS [58].

Wreckfish spawning events in the present study were scarce and inconsistent in almost all
broodstocks, and with relatively low fertilization in 2015 and 2016, significantly lower than reported
both for wild captive-reared [6] and F1 hatchery-produced hapuku [7]. One puzzling observation
was the frequent production of eggs with 0% fertilization in the present study. This may be
explained either by a failure of males to release sperm when the females spawn, or by a delayed
release of overripe eggs by the female. In the case of wreckfish, we believe the problem concerns
male breeding behavior and lack of sperm release, since the produced eggs appeared to be
morphologically normal. A similar dysfunction was observed with F1 males of the Senegalese sole,
where females spawn viable eggs, but the males do not exhibit any breeding behavior and do not
release sperm [63-65]. Relative batch fecundity was also variable among the four wreckfish
broodstocks in the present study, varying between 2000 and 30,000 eggs spawn™" kg™! body weight.
Similar values have been reported for cultured hapuku, which produced an estimated 6500-18,000
eggs™ spawn female™ [6,7,66] and between 690,000 and 1,250,000 eggs female year™ [6,7,66],
assuming that all females in the broodstock had spawned. Using histological methods (number of
vitellogenic oocytes) the maximum ovarian fecundity in wild wreckfish has been estimated to be
from 3 to 11.9 million eggs female™ year[4]. Spawning frequency in the present study was about
every 4-5 days, and this was also consistent among the different broodstocks, regardless of water
temperature conditions.

Spawning was more consistent in 2017, perhaps as breeders had more time to acclimatize to
captivity and produced more spawns with improved fertilization percentages. Furthermore, during
the 2018 reproductive season (not included in the present study) spawning seemed to be even more
consistent with even better fecundity and fertilization in the Spanish broodstocks. Based on the
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results presented here, it can be anticipated that full acclimatization of the species to captivity
conditions will eventually come with time, and consistent natural spawning and production of
good-quality eggs will be achieved. Further work should focus on the improvement of the
environmental conditions in captivity to ensure not only proper gametogenesis and maturation in
males and females, but also proper breeding behavior and spawning. In addition, formulation of
specific broodstock diets is also essential, as has also been done for the hapuku [7], and efforts are on
the way to define the nutritional requirements of breeders based on the body and gonad
composition of mature wild fish [67,68].

4. Materials and Methods

4.1. Broodstock Maintenance

Four different broodstocks with variable number of breeders collected from the wild were
maintained in research facilities in Greece and Spain. Fish were collected from the wild at the early
juvenile stage (HCMR) using fish aggregating devices, or as subadults prior to diving to deep
waters, by hook and line (Spanish stocks). The facilities used for maintaining the broodstocks were
the HCMR (n = 3) in Heraklion, Crete, Greece; the IEO (n = 13) in Vigo, Spain; the Aquarium
Finisterrae (AF, n =21) in A Corufa, Spain; and the CMRM (n = 11) in Pontevedra, Spain. At HCMR,
one female and two males having a mean weight + standard deviation (SD) 13.1 and 9.08 + 2.66 kg
respectively, were kept in a 15-m? tank, under simulated natural photoperiod and constant low
temperature of around 16 °C, to approach the deep-water conditions in the Mediterranean. On 12
June 2016 one of the males died, leaving the broodstock of HCMR with just one female and one
male. At IEO, ten females and three males of 16.2 + 4.05 and 11.6 + 1.59 kg respectively, were kept in
two 110-m? tanks under natural photoperiod and water temperature. At AF, 12 females and nine
males of 23.1 + 6.8 and 17.4 + 3.3 kg, respectively, were kept in a large exhibition tank of 3500 m? and
in the breeder’s tank of 33 m® under simulated natural photoperiod and natural water temperature.
Finally, at CMRM eight females and three males of 14.4 + 2.8 and 13.3 + 0.55 kg, respectively, were
kept in two tanks of 120 and 180 m? under natural photoperiod and water temperature. On 15
August 2016 one female fish died from the CMRM broodstock. Apart from the HCMR broodstock,
the other three stocks were maintained in relatively similar temperature conditions, which were
ambient for the northwestern coast of Spain (Figure 11). For egg collection, a passive egg collector
was placed in the outflow of the tank, to verify the occurrence of any spawning and collect the
spawned eggs.

Fish were fed three times per week with frozen fish at HCMR, and oxygen, temperature, and
water quality (NHs-N and NO2-N) were measured once per week. At IEO, one broodstock was fed
three times per week with semi-moist pellets and the other one with a specific formulation according
to the fish’s biochemical profile [67]. At CMRM, commercial dry food was used three times per
week, Vitalis Repro during the resting period and Vitalis Cal from November 2014 until the end of
March 2015 (Skretting, Verona, Italy). At AF, wreckfish broodstock was fed a mixture of semimoist
diet and fresh fish, three times per week. Temperature and oxygen were measured every day.
Natural water temperature and natural photoperiod were used in all Spanish broodstocks.

At HCMR when spawning was observed, eggs from the tank egg collectors were transferred
into a 10-L bucket using a dip net and their number (fecundity) was estimated by counting the total
number of eggs in a subsample of 10 mL, after vigorous agitation. Fertilization success was
evaluated at the same time by calculating the number of viable eggs with respect to the total number
of eggs spawned. At IEO, CMRM and AF, eggs were transferred into a graduated cylinder and the
volume (mL) of the total number of eggs spawned and of floating eggs was determined. Then,
fertilization success was estimated in a subsample of the floating eggs using a stereoscope. The total
number of eggs spawned was estimated by multiplying the observed egg volume by 150, which is
the mean number of wreckfish eggs found in 1 mL of seawater.
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Figure 11. Tank water temperature (°C) of wreckfish broodstocks at four different sites: at the
Hellenic Center for Marine Research (HCMR) in Greece, and at the Instituto Espafiol de
Oceanografia (IEO), the Aquarium Finisterrae (AF) and the Conselleria do Medio Rural e Marifio
(CMRM) in Spain from January 2015 until December 2016.

The experimental protocol was approved by the National Veterinary Services (AP 255356). All
procedures involving animals were conducted in accordance to the “Guidelines for the treatment of
animals in behavioral research and teaching” [69], the Ethical justification for the use and treatment
of fishes in research: an update [70] and the “Directive 2010/63/EU of the European parliament and
the council of 22 September 2010 on the protection of animals used for scientific purposes” [71].

4.2. Samplings

Fish were monitored for their stage of reproductive development between March 2015 and
October 2016, encompassing two spawning seasons (2015 and 2016) and one complete reproductive
season. Samplings were conducted monthly from February until June and bimonthly from July until
January. At each sampling, fish were tranquilized initially in their rearing tank with the use of clove
oil (0.01 mL L") and then transferred to an anesthetic bath for complete sedation with a higher
concentration of clove oil (0.03 mL L) [72]. After measuring total length and wet weight, ovarian
biopsies for the evaluation of oocyte development were obtained with the use of a Pipelle de Cornier
catheter. A wet mount of the biopsy was examined under a compound microscope (40x and 100x) to
evaluate the stage of oogenesis and measure the mean diameter of the largest, most advanced
oocytes (n = 10). A portion of the biopsy was fixed in a solution of 4% formaldehyde-1%
glutaraldehyde for further histological processing. Females that did not show any sign of OM for the
duration of the study were excluded from the analysis of oocyte diameter in relation to month.

Maturation of the males was examined by the release of sperm upon application of gentle
abdominal pressure. Sperm was collected after rinsing the fish with clean seawater and blot drying
the genital pore. Small volumes of sperm (50-100 pL) were collected to avoid influencing the
quantity and/or quality of sperm during subsequent collections. The collected sperm was stored on
ice and then transferred to a 4 °C refrigerator until evaluation. Spermiation index was evaluated
based on the presence and ease of milt release upon the application of gentle abdominal pressure
[54]. Spermiation index was reported on a subjective scale from 0 to 3, with SO =no milt released, 51 =
only a drop of milt released after multiple stripping attempts, S2 = milt was released easily after the
first stripping attempt and S3 = milt was fluently released even without abdominal pressure. Sperm
quality parameters that were evaluated included sperm concentration (number of spermatozoa mL-
of milt), percentage of spermatozoa showing forward motility immediately after activation (initial
sperm motility, %) and duration of forward sperm motility of at least 10% of the spermatozoa in the
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field of view (motility duration, min). Sperm concentration was estimated after a 2121-fold dilution
with seawater using a Neubauer hemocytometer (Hirschmann, Eberstadt, Germany) under 200x
magnification (in duplicate) in a compound light microscope (Nikon, Eclipse 50i, Tokyo, Japan).
Sperm motility and motility duration were evaluated on a microscope slide (400x magnification),
after mixing 1 uL of sperm with a drop of about 50 uL of seawater (in duplicate). Males that did not
show any sign of maturation (i.e., did not produce sperm for the duration of the study) were
excluded from the analysis.

Blood was collected from all fish at each sampling, to measure sex steroid hormone
concentrations. Blood was centrifuged at 6000 rpm for 15 min and the collected plasma was stored at
-80 °C until analysis. Due to a mistake during the March 2015 sampling in IEO, CMRM and AF,
samples of this month were excluded from the plasma sex steroid analysis.

4.3. Histological Processing

Before embedding in methacrylate resin (Technovit 7100%, Heraeus Kulzer, Hanau, Germany)
ovarian biopsies were dehydrated in gradually increasing ethanol solutions (70-96%). Serial sections
of 4 um were obtained with a microtome (Leica, RM 2245, Nussloch, Germany). Sections were
stained with methylene blue (Sigma-Aldrich, Steinheim, Germany)/Azure II (Sigma-Aldrich,
Steinheim, Germany)/Basic Fuchsin (Polysciences, Warrington, PA, USA) according to [73], they
were examined under a light compound microscope (Nikon Eclipse 50i, Tokyo, Japan) and
photographed with a digital camera (Jenoptik Progres C12 Plus, Jena, Germany).

4.4, Hormone Measurements

For the quantification of T, Ez, 11-KT and 17,20B-P in the plasma, already established and
well-described enzyme-linked immunoassays (ELISA) were used [74-76] with some modifications,
using reagents from Cayman Chemical Company (Ann Arbor, MI, USA). For steroid extraction, 200
puL of plasma were extracted twice with 2 mL diethyl ether. Extraction was done by vigorous
vortexing (Vibramax 110, Heidolph, Schwabach, Germany) for 3 min. After decanting of the organic
phase, drying of the supernatant was done under a stream of nitrogen (Reacti-vap III, Pierce,
Rockford, IL, USA). Samples were reconstituted in reaction buffer for running in the ELISA.

4.5. Statistical Analysis

Perhaps due to differences in the geographic origin of the wild-captured fish, the holding
location of the four stocks (Greece vs. Spain), as well as rearing conditions (constant vs. ambient
temperatures), there was a wide variation in the timing of gametogenesis. As a result, the data
obtained during the year exhibited a high standard error. Therefore, differences in mean oocyte
diameter, and sperm motility, duration, density, and survival between months, were not analyzed
statistically, but are presented as means + SD.

The data were also categorized according to stage of development. Differences in oocyte
diameter and steroid hormone concentrations in relation to oocyte stage, as well as differences in
sperm quality parameters and steroid hormone concentrations in relation to spermiation index were
assessed with the use of one-way analysis of variance, followed by Tukey’s Honest Significant
Difference (HSD) test, at a minimum significance of p <0.05. Unless otherwise mentioned, results are
presented as mean + standard error of the mean (SEM). Statistical analyses were performed using the
statistical software JMP (SAS Institute Inc., Cary, NC, USA).

5. Conclusions

The results of the present study showed that wreckfish females could adapt to captivity,
mature, and produce eggs, with a frequency of every 4-5 days when maintained either at constant
low water temperature or at fluctuating temperatures typical of the northwestern coast of Spain.
However, more efforts are needed towards the understanding of the optimal environmental
conditions under which wreckfish broodstocks should be kept but perhaps also the definition of
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appropriate diets, to achieve a better spawning performance of this deep-water species. The female
reproductive dysfunctions that were identified included: (a) the arrest of oogenesis at the cortical
alveoli stage in certain females; (b) the failure to undergo OM in others; and (c) the production of
large percentages of unfertilized eggs from the females that spawned spontaneously. Males, on the
other hand, produced sperm of good quantity and quality all year round, rendering it available to
fish farmers for cryopreservation and artificial fertilization whenever it is needed, although breeding
behavior may be problematic, resulting in very low or zero fertilization success. Plasma sex steroid
hormones in males and females correlated well with maturity stages, while plasma 17,203-P
remained low and unchanged throughout the year.
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