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Reproductive Stages of Male and Female Gonads in Black  
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5 Sea in Health and Life SRL., c/o Department of Chemical, Biological, Pharmaceutical and Environmental  

Sciences, 98164 Messina, Italy 

* Correspondence: aalesci@unime.it (A.A.); sebastian.marino@studenti.unime.it (S.M.) 

Simple Summary: The present study investigates the reproductive and immune defense systems in 

the gonads of black scorpionfish (Scorpaena porcus, Linnaeus 1758). This study concentrates on the 

initial phases of reproduction in both male and female fish and investigates the presence and func-

tion of an antimicrobial peptide, Piscidin-1. Histological analyses demonstrate morphological 

changes from the immature to developing stages in gonads. Immunohistochemical methods 

demonstrate strong reactivity to Piscidin-1 in germinal and somatic cells during early ontogeny, 

suggesting its crucial role in local defense mechanisms. This research contributes to the understand-

ing of the interaction between reproductive biology and immune defense in S. porcus, offering in-

sights that could benefit species conservation and management efforts. 

Abstract: One of the most crucial biological indicators in tracking long-term variations in the repro-

ductive cycle is sexual development. Scorpaena porcus (Linnaeus, 1758), commonly known as the 

black scorpionfish, is a small teleost from the family Scorpaenidae. Much is known about its ecol-

ogy, but data on its reproductive and defense systems are still lacking. Antimicrobial peptides 

(AMPs), such as piscidins, are integral components of the innate immune system in fish. These pep-

tides exhibit a wide range of activity against bacteria, fungi, viruses, and protozoa and act as the 

first line of host defense. This study aims to investigate the primary sexual development stages in 

male and female gonads of black scorpionfish, providing additional knowledge on the reproductive 

biology of this teleost while evaluating concomitant changes in the expression of a Piscidin-1 anti-

microbial peptide. The results show a histological, morpho-structural change from the immature 

stage to the developing virgin stage. Immunohistochemical analyses show that germinal and so-

matic cells are strongly reactive to Piscidin-1 in both gonads at an early ontogeny stage. These data 

suggest that Piscidin-1 may play a key role in the local defense system of scorpionfish gonads at 

this delicate stage, which is critical for the continuation and maintenance of the species. The present 

findings are potentially useful for a better understanding of the reproductive cycle of this fish, im-

proving our knowledge of the interaction between the immune system and reproduction. 

Keywords: Scorpaena porcus; teleost; internal defense system; fish reproduction; Piscidin-1 
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1. Introduction 

Sexual development status is a crucial biological parameter for determining the spawn-

ing season of a species and monitoring long-term changes in the reproductive cycle [1]. How-

ever, in the Mediterranean Sea, fundamental biological information on many teleost species 

and the knowledge base on reproduction and its associated defense system is still lacking [2]. 

In vertebrates, the gonad is regarded as an immunologically privileged site where im-

mune responses act differently [3]. Only recently, the regulation of immune function within 

teleost’s reproductive organs and the implications of pathogen dissemination in the gonads 

have been documented [4]. Antimicrobial peptides (AMPs) are critical, first-line defenses 

against many pathogens and have been extensively studied in invertebrates and vertebrates, 

teleost fish included [5,6]. Their low molecular weight, polarity, and amino acid composi-

tion give them a broad spectrum of antimicrobial activities against bacteria, viruses, fungi, 

protozoa, and even cancer cells [7]. In teleost fish, over 60 AMPs have been described, and 

their expression has been determined in various tissues, including the gonads [8–10]. How-

ever, it is important to study their role in the reproductive organs as well since the regulation 

of the immune response in these organs differs [11]. 

Piscidins are a subgroup of amphipathic polypeptides that range from 18 to 46 amino 

acid residues. They are among the most potent AMPs found in both freshwater and marine 

teleosts and are able to inhibit the growth of bacteria, fungi, viruses, and parasites at submi-

cromolar concentrations [12]. Several immunohistochemical studies have demonstrated 

that different cell types in various tissues and organs, particularly mucosal tissues mediating 

contact with the environment (such as gills, skin, and the alimentary tract) and hematopoi-

etic tissues, are involved in the production of piscidin [13–22]. 

Scorpaena porcus (Linnaeus, 1758) is a benthic species widely distributed in the East-

ern Atlantic, the Mediterranean, and the Black Sea [23]. It inhabits shallow rocky bottoms 

or mixed rocky–sandy seabed and is also able to extend its bathymetric distribution until 

the bathyal plan up to a depth of 800 m. This species commonly dwells among crevices 

and rocks or on seagrass beds [24,25]. It is a benthic predator, feeding mainly on crusta-

ceans and small fishes, and is also an occasional form of prey for other predators; it is an 

essential part of the trophic food webs of rocky reef ecosystems in both temperate and 

tropical waters [26]. In the western and eastern parts of the Mediterranean Sea, S. porcus 

is one of the main target species of artisanal fisheries, with relevant catch-decline and size-

composition shifts reported in several areas, mainly related to the high fishing pressure 

[27–31]. In the North-Western Mediterranean Sea, it is typically found at depths between 

10 and 30 m and rarely below 80–90 m, while in the Black Sea, it is found at depths between 

10 and 30 m and rarely beyond 50 m. Even though S. porcus is widely distributed and has 

a significant economic impact, certain features of its biology, such as its defense system 

and reproduction, are not yet well understood [32]. From a reproductive perspective, the 

family Scorpaenidae is particularly interesting because it includes species that exhibit a 

variety of reproductive strategies, from simple oviparity to matrotrophic viviparity, with 

the eggs embedded in a gelatinous matrix [33]. 

This study aims to assess morpho-structural changes in the gonads of S. porcus during 

the early reproductive stages while also analyzing, for the first time in this species, the expres-

sion of an immune-related antimicrobial peptide (Piscidin-1) in the reproductive organs. 

2. Materials and Methods 

2.1. Specimen Collection and Sample Processing 

S. porcus specimens (N = 40; 20 per sex; and 10 per maturity stage) were caught man-

ually by local fishermen using a sampling net from the rocky bench present on the beach-

front between March and April 2023, thanks to the limited depth (ranging from 0.2 to 1.2 

m) of the tidal ponds in the “beach rock” formations toward the Sicilian coast of the Strait 

of Messina. Each individual specimen was anesthetized with an overdose of tricaine me-

thanesulfonate (MS 222; 0.5 g L−1), measured (total length, TL, mm), and weighed (total 
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weight, TW, g). Then, samples of male and female gonads were taken and classified mac-

roscopically, according to Follesa and Carbonara [2], into M1 (immature testis), M2 (de-

veloping virgin testis), F1 (immature ovary), and F2 (developing virgin ovary) (Table 1), 

and then processed following the standard procedures used to create durable prepara-

tions for optical microscopy and paraffin block storage. 

Table 1. Macroscopic criteria for interpretation of gonadal stages of development. 

 Macroscopic Criteria 

M1 The testis is smaller than a third of the body cavity and is slender and white in color. 

M2 
The testes, thin and white, occupy less than half the body cavity until they become roughly symmetrical, pinkish in color, and measure 

about half the length of the body cavity. 

F1 The tiny, translucent, pinkish ovary is shorter than half of the body cavity. The naked eye is unable to see the eggs. 

F2 
The ovary is small, pinkish/reddish, and even translucent, occupying approximately half of the body cavity. Blood vessels are visible, 

but the eggs are not visible to the naked eye. 

2.2. Tissue Preparation for Histology and Histochemistry 

The samples from 40 specimens were dehydrated using graded ethanol after being 

fixed for 15 to 20 h in a 4% paraformaldehyde solution in 0.1 M phosphate-buffered saline 

(pH 7.4). They were then washed in xylene. After that, samples were embedded in Para-

plast® (McCormick Scientific LLC, St. Louis, MO, USA), and a rotary microtome (LEICA 

2065 Supercut, Nussloch, Germany) was used to cut serial slices that were 3–5 μm thick. 

The slices were stained with Mallory trichrome (04-020802 Bio-Optica Milano S.p.A., Mi-

lan, Italy) and May–Grünwald Giemsa (04-081802 Bio-Optica Milano S.p.A., Milan, Italy) 

in order to examine them under a light microscope [34]. 

2.3. Identification of Piscidin-1 Ortholog Protein in Pterois Miles Through In Silico Prediction 

To confirm the presence of Piscidin-1 in teleost fish, Pterois miles (the phylogenetically 

closest species to Scorpaena porcus), we performed a gene annotation using the BRAKER 

v2.1.6 pipeline with default parameters as input in its genome assembly deposited in Gen-

Bank (Accession: GCA_947000775.1) [35–41]. We then extracted the predicted proteins us-

ing the AGAT toolkit v.1.4.0 and employed the Orthofinder v2.5.4 software to identify the 

Piscidin-1 ortholog protein by providing a known set of teleost Piscidin-1 proteins from 

the Uniprot database (Accessions: A0A3Q8BH10, A0A7L7S7C3, and Q8UUG0) [42]. Fi-

nally, we functionally annotated the P. miles Piscidin-1 ortholog and the teleost Uniprot 

proteins with the addition of Gadus morhua Piscidin-1 (Accession: D4HRB8) through the 

InterProScan v100.0 online webserver [43]. 

2.4. Primary Antibody 

An affinity-purified, rabbit-polyclonal, anti-Piscidin-1 antibody raised against the 

whole mature peptide sequence of Atlantic cod Piscidin-1 (GenScript, Piscataway, NJ, 

USA) was used in the present study. As reported by Ruangsri et al. [21], polyclonal anti-

bodies were produced using the peptide antigen corresponding to C-FIHHIIGWISH-

GVRAIHR AIHG in accordance with the manufacturer’s instructions. In short, rabbits 

were given injections of the synthetic peptide after it had been conjugated to keyhole lim-

pet hemocyanin (KLH). After that, the antiserum was affinity-purified by passing it over 

a column that included an immunosorbent made of cyanogen-bromide-activated agarose 

and a 23-mer Piscidin-1 fragment [21]. ELISA verified the affinity-purified antibody’s re-

sultant titer, which was 1:64,000. Less than 1% cross-reactivity was observed in the ELISA 

for the peptide-specific antibody. According to GenScript, 1% cross-reactivity is 100 times 

more antibody than what is needed to produce the same optical density with free KLH, 

conjugated KLH, or a free peptide that shares fewer than three amino acids in the se-

quence. Moreover, the anti-Piscidin-1 antibody’s immunoreactivity was strong against 1 

μg of Piscidin-1 peptide, but it did not react with synthetic Piscidin2 or Piscidin2b peptide 
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(1 μg of Piscidin2; FLHHIVGLIHHGLSLFGDRAD or Piscidin2b; and FLH-

HIVGLIHHGKLDMYRSNN) from Atlantic cod, according to the Western blot analysis. 

2.5. Immunoperoxidase 

Piscidin-1 (GenScript, New Jersey, USA, dilution 1:100, source: rabbit) was assessed 

using an optical microscope and through immunohistochemical techniques. The slices were 

incubated for 60 min at room temperature with a goat anti-rabbit IgG-peroxidase conjugate 

(Sigma-Aldrich, St. Louis, MO, USA, dilution 1:100, source: goat) after being treated with 

the antibody for an entire night in a humidified environment. The sections were incubated 

for 1 to 5 min at room temperature in a solution containing 0.02% diaminobenzidine (DAB) 

and 0.015% hydrogen peroxide to measure the peroxidase activity of the sections. After-

wards, the slices were cleaned in PBS, dried, mounted, and examined with an Alexasoft 

TP3100A CMOS digital camera and a Zeiss Axioskop 2 plus microscope. The primary anti-

body was not used in a negative control trial. No counterstaining was used. 

2.6. Immunofluorescence 

After gradually deparaffinizing the slices, they were rehydrated in PBS and incubated 

for an hour in 2.5% bovine serum albumin (BSA). After that, the sections were left overnight 

at 4 °C in a humid environment and treated with a primary antibody against Piscidin-1 

(GenScript, NJ, USA, dilution 1:100, source: rabbit). After exposing the primary antibody to 

it for one night, an Alexa Fluor 594 donkey anti-rabbit IgG TRITC conjugate (Molecular 

Probes, Invitrogen, Eugene, OR, USA, 1:300) was utilized. To prevent photobleaching, the 

sections were mounted using FluoromountTM (Diagnostic BioSystems Inc., Pleasanton, CA, 

USA). As a negative control, the experiments were conducted without the main antibody. 

Sections were analyzed, and images were taken using a Zeiss LSM DUO confocal laser scan-

ning microscope equipped with a META module (Carl Zeiss MicroImaging GmbH, Jena, 

Germany). After each image was digitized, a 2048 × 2048-pixel array with 8-bit resolution 

was produced. Zen 2011 (LSM 700, v 3.0, Zeiss software, Oberkochen, Germany) was used 

to improve the photos. Each image was captured quickly to avoid photodegradation. To 

make the figure montage, digital photo cropping was performed using Adobe Photoshop 

2023 (Adobe Systems, San Jose, CA, USA) [44]. 

3. Results 

A total of 40 specimens (10 per maturity stage) were evaluated. The mean total length 

and the mean total weight of the analyzed specimens belonging to each macroscopic ma-

turity stage are reported in Table 2.  

Table 2. Minimum (Min), maximum (Max), mean, and standard deviation (SD) of the total length 

(TL) and weight (TW) of the analyzed specimens (N = 40) for each macroscopically detected ma-

turity stage. 

 TL (mm) TW (g) 

 Min Max Mean SD Min Max Mean SD 

Male specimens in the M1 stage 70 85 78.75 6.29 6.40 12.20 10.04 2.62 

Male specimens in the M2 stage 80 165 130 30.09 9.63 93.4 50.17 29.88 

Female specimens in the F1 stage 65 93 80 7.07 7.21 15.51 10.81 1.81 

Female specimens in the F2 stage 70 230 143.93 44.06 8.17 230.5 75.96 64.61 

Histological examination of the testes showed the elongated shape of the organs, 

mainly composed of germinal and interstitial compartments separated by a basement 

membrane. The germinal compartment comprised the germinal epithelium, consisting of 

two types of cells: germ cells and somatic epithelial cells, specifically the Sertoli cells. In 

the immature gonads (M1), germ cells were found, single or in pairs, at the spermatogo-

nial type A (SG A) stage, without connections through cytoplasmic bridges between Ser-

toli cells. Gonads with early-stage active spermatogenesis (M2) showed the presence of 
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cysts containing B-type spermatogonia (SG B). Younger cysts initially contained two to 

four cells. The germinal cysts contained germ cells at different developmental stages. The 

interstitium, which fills the intertubular spaces, was mainly composed of fine collagenous 

connective tissue with scattered polygonal-shaped Leydig cells, a central nucleus, and 

blood capillaries. The immature stage (M1) to the developing virgin stage (M2) included 

spermatogonia A and B and spermatocytes. The spermatogonia of type A were rounded 

cells with large, rounded vesicular nuclei and a weakly stained cytoplasm. Spermatogonia 

type B were smaller in size, with dense chromatin clumps within their nuclei. Primary 

and secondary spermatocytes were smaller than spermatogonia, with spherical, large, and 

chromatin-rich nuclei (Figure 1). 

 

Figure 1. (A,B) Immature testis (M1), Mallory trichrome. The testis is composed of germinal and 

interstitial tissue. Spermatogonia and scattered Sertoli cells are visible. (C–I) Testis in early developing 

stage (M2), Mallory trichrome. Connectivity decreases, the number of spermatogonia A increases, and 

spermatogonia B appears with more densely stained nuclei. Juvenile spermatocysts containing 2 to 4 cells 

are visible. Some cysts appear at a more advanced stage of development with more than 4 cells (*). Sertoli 

cells surrounding the cysts are scattered; roughly polygonal Leydig cells are evident. B-spermatogonia 

(**). Primary and secondary spermatocytes begin to form. The organ appears to be rich in blood vessels. 

Legend: In = interstitium; SgA = spermatogonia A; SgB = spermatogonia B; SrC = Sertoli cells; LC = Leydig 

cells; Sc = spermatocytes; SC = sperm cysts; and BV = blood vessels. Magnification and scale bars: (A,E) 

20×, 40 µm; (B–D,H) 40×, 20 µm; (F,G,I) 100×, 10 µm. 

Histological examination of the ovaries showed an ovarian wall consisting of three 

layers: the innermost layer was covered by a simple cuboidal epithelium; the middle layer 

had two sublayers (an outer one formed by a circular muscle system and an inner one 

formed by a much thicker, longitudinal muscle system) containing smooth muscle and 

numerous blood vessels; and an outer layer composed of mesothelium. The appearance 

of the ovary was cystic. In females, during the immature stage (F1), small polygonal oo-

gonia and small oocytes were evident, and there was abundant fibrous matrix connective 

tissue. The nucleus, in the chromatin perinuclear stage, was about half the size of the oo-

cyte. In the developing virgin maturity stage (F2), the connective tissue diminished, and 

the oocytes entered the early stages of vitellogenesis, with an enlargement of the cyto-

plasm. The wall of some oocytes began to thicken, which was likely a result of the for-

mation of the zona pellucida. Ovarian follicles were connected to the stroma with a nar-

row, vascularized pedicle formed by a smooth, monostratified lamellar epithelium. The 

length of the pedicle increased as vitellogenesis progressed (Figure 2).  
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Figure 2. (A,B) Immature ovary (F1), Mallory trichrome. The ovary is cystic with numerous imma-

ture oogonia and oocytes and abundant connective tissue. At this stage, the nucleus is about half 

the size of the oocyte. (C–I) Ovary in early developing stage (F2), Mallory trichrome. There is a 

decrease in connective tissue, and some oocytes begin to enter the vitellogenesis stage, showing 

enlargement of the cytoplasm. The wall begins to thicken, which is thought to result in the formation 

of the zona pellucida. The oocytes are organized into ovarian follicles connected to the stroma by an 

epithelial peduncle. Legend: Og = oogonia; Oc = oocytes; Vtg = oocyte in early vitellogenesis; ZP = 

zona pellucida; ETC = external theca cells; OF = ovarian follicles; P = peduncle; FC = follicular cells; 

W = wall; and Co = connective tissue. Magnification and scale bars: (A,C) 10×, 50 µm; (B,I) 100×, 10 

µm; (D–G) 20×, 40 µm; and (H) 40×, 20 µm. 

The presence of clear immune cells in both gonads at each stage of maturation is 

substantiated by May–Grünwald Giemsa histochemical staining, which is specifically em-

ployed for the identification of immune and blood cells (Figure 3). 

 

Figure 3. May–Grünwald Giemsa-stained sections 40×. (A) Immature testis. (B) Testis in early develop-

ment. (C) Immature ovary. (D) Ovary in early development. Scattered immune cells are evident as pink-

purple or blue in each stage of maturation of both male and female black scorpionfish gonads (*). 
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Our in silico analyses of Piscidin-1 revealed the presence of a Piscidin-1 protein 

ortholog in a close relative of the black scorpionfish, consisting of a 108 aa protein precur-

sor. Moreover, the functional annotation analysis found the pleurocidin domain 

(IPR012515) characteristic of piscidins across all of the investigated teleost (Figure 4).  

 

Figure 4. Structural and functional domains of Piscidin-1 among teleost obtained by InterPro Scan. 

At immature stages, in both male (M1) and female (F1) gonads, there was a low pos-

itive reaction to Piscidin-1 in reproductive cells. In contrast, immune cells appeared 

strongly immunoreactive to the antibody, more in females than in males. During the early 

stages of gonadal maturation, the testis (M2) exhibited a more pronounced spermatogonia 

immunoreactivity with strongly reactive spermatocytes (Figure 5). Similarly, in the ovary 
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(F2), a considerable number of oocytes entered the vitellogenesis phase and showed im-

munoreactivity to Piscidin-1 (Figure 6). Additionally, both gonads exhibited positive so-

matic cells in the connective tissue, some Sertoli cells in the testis, and immune cells. 

Figure 5. (A,B) Immature testis (M1), immunoperoxidase, and immunofluorescence. There is weak 

immunoreactivity of germ cells to Piscidin-1, especially spermatogonia A. There are a few scattered 

reactive immune cells. (C–F) Testis in early maturation (M2), immunoperoxidase and immunofluo-

rescence. Spermatogonia B and spermatocytes appear positive for Piscidin-1, as do some Sertoli 

cells. Scattered immune cells appear strongly reactive to the antibody tested. Legend: SgA = sper-

matogonia A; SgB = spermatogonia B; SrC = Sertoli cells; SC = sperm cysts; and IC = immune cells. 
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Figure 6. (A–C) Immature ovary (F1), immunoperoxidase, and immunofluorescence. Bland-positive 

oocytes and immune cells reactive to Piscidin-1 are visible. (D–I) Ovary in early developing stage 

(F2), immunoperoxidase and immunofluorescence. There is a more pronounced oocyte response to 

Piscidin-1, with reactivity involving the entire cell. Clearly visible and strongly labeled immune and 

follicular cells appear. Legend: Oc = oocytes; IC = immune cells; and FC = follicular cells. 

4. Discussion 

The Scorpaenidae family comprises 219 species, of which only 17 have been identi-

fied in the last decade [45]. S. porcus, commonly known as the Black scorpionfish, is a small 

benthic fish with a sturdy body, typically measuring between 15 and 20 cm in total length. 

This species can be found in the Mediterranean and the Black Sea, as well as the eastern 

Atlantic regions of Morocco, the British Isles, the Azores, and the Canary Islands [23,46]. 

Fish testes are typically paired, elongated organs that are attached to the dorsal body 

wall by a fibrous sheath of connective tissue called the mesocortex. They are situated in 

the coelomic cavity, dorsal to the intestine, and ventral to the swim bladder. Each elon-

gated testis has an efferent duct emerging from its meso/dorsal surface. It flows into the 

spermatic duct, forming a brief, unpaired segment before emerging into the urogenital 

papilla. The testicular duct system is formed by the efferent and spermatic ducts. It is 

responsible for transporting spermatozoa and is involved in sperm storage, nutrition, re-

absorption, secretion of seminal fluid, and induction of sperm motility by changing the 

ionic composition of seminal fluid [47].  

The histological analysis of S. porcus testis showed a decrease in connective tissue 

from the immature to the developing virgin stage. There were different numbers of sper-

matogonia A and B, and primary and secondary spermatocytes in the later stages. These 

findings are in line with a previous comparative study on Lepisosteus osseus (Linnaeus, 

1758), Scianops ocellatus (Linnaeus, 1766), Oreochromis mossambicus (Peters, 1852), and Cen-

troponus undecimalis (Lacepede, 1802) [48]. Especially during the M2 stage, Sertoli cells, 
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which form cystic structures with germ cells, become clearly visible. Germ cell develop-

ment begins with spermatogonial stem cells (SSCs), the most undifferentiated type of 

spermatogonial cells, which typically appear as single cells. When an SSC enters the dif-

ferentiation pathway to become a spermatozoon, it exhibits a specific behavior during di-

vision in all animals. At the end of mitosis, when two new cells are formed, cell division 

is incomplete in differentiating cells because the daughter cells remain interconnected by 

a cytoplasmic bridge instead of forming two separate cells. These bridges also form during 

all subsequent germ cell divisions. An interconnected clone of cells is formed by germ 

cells generated from a specific SSC. All members of the same clone are synchronized in 

their activities through cytoplasmic bridges; they are at the same developmental stage and 

then disrupted when germ cells leave the germinal epithelium as sperm [47,49]. Further-

more, Leydig cells, which exhibit an organization typical of steroid hormone cells, were 

found in both analyzed stages. According to Marina et al. (2002), a study on the spotted 

ray, Torpedo marmorata (Risso, 1810) showed that the cells found in the gonad, including 

Sertoli cells, are highly involved in spermatogenesis and steroidogenesis, and are partic-

ularly active and present in mature spermatocysts [50]. 

Based on their structural characteristics, teleost ovaries can be divided into two pri-

mary categories: gymnovarian and cystovarian. It is crucial to understand that there are 

no functional distinctions between the two types of ovaries; rather, this classification is 

based only on anatomical variations. Oocytes are discharged directly into the coelomic 

cavity, exiting through the genital papilla in gymnovarian ovaries, which are open in the 

abdominal cavity and lack the ovarian duct. An ovarian membrane, which may or may 

not be muscular, encloses the ovary in cystovarian ovaries. Additionally, there is an ovar-

ian duct that connects the oocytes to the external environment [51]. In the dorsal region of 

the peritoneal cavity, the ovaries of S. porcus are paired, saccular, and totally isolated from 

one another by uniting right before the genital opening. The ovary is categorized as a 

cystovarium by Porcu et al. (2022) [52]. The circulatory system passes via the ovary’s cen-

ter, where the stroma grows radially around it. Every part of the ovary is surrounded by 

the ovarian cavity. Sahin et al. (2017) also reported that the core stroma is formed from 

connective tissue, which includes germ cells (oocytes) extending radially from the ovarian 

hilum to the ovarian wall surrounding it [53]. During the immature (F1) stage, the ovary 

contains polygonal and immature oocytes, which, during the F2 stage, enter the early vi-

tellogenesis phase. A peduncle with extensive vascularization supplies the oocytes; it 

grows longer as the diameter of the cells increases. Specialization in this area is observed 

in both oviparous and viviparous animals, as well as in several other vertebrates, includ-

ing birds and reptiles [54]. The structure serves numerous purposes. When mature oocytes 

ovulate into gelatinous masses, the peduncles of oviparous species—like those in the Scor-

paena genus—avoid oocyte crowding [52].  

In both male and female gonads, scattered immune cells have been identified by 

May–Grünwald Giemsa histochemical staining, which is a technique specific for immune 

cells, as reported in several studies [15,18,55–58]. The identification of immune cells is 

based on their morphology and location in the tissue, as supported by several studies [59–

61]. Somatic cells are described and recognized based on their morphology and any com-

munication with adjacent cells. The results presented here are in full agreement with those 

of previous articles, which similarly recognize and describe somatic cells by morphology 

[48,52,53]. 

Gonads are not immune-devoid organs. There is a strong connection between the 

defense and hormonal systems in fish gonads [53]. The interstitial tissue of the testis ex-

presses both major histocompatibility complex (MHC) class I and II molecules. Further-

more, the vascular endothelium allows the trafficking of immune cells and immune effec-

tors, such as cytokines, immunoglobulins, and complement proteins, into the testis [62]. 

The testicular interstitium of certain fish species contains both myeloid and lymphoid im-

mune cell types. There have been reports of variations in leucocyte counts at various 

phases of reproduction. In the testicular region of the gonad of Sparus aurata (Linnaeus 
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1758), researchers have found acidophilic granulocytes, macrophages, B and T lympho-

cytes, and mast cells [63]. The genes for pro- and anti-inflammatory cytokines, chemo-

kines, immunoglobulins, complement factors, antimicrobial peptides (AMPs), immune 

receptors, like Toll-like receptors (TLRs) and T-cell receptors (TCRs), and molecules in-

volved in the antiviral response are expressed in the testes of sea bream and sea bass, 

similar to mammals [63].  

Moreover, other fish species have gonad-specific molecules linked to immune–endo-

crine interactions. In female rainbow trout (Oncorhynchus mykiss, Walbaum, 1792), inter-

feron (IFN)-3/4 is highly and specifically expressed in the ovary [64]. Two hepcidins have 

been described in the testis of the mudskipper (Boleophthalmus pectinirostris, Linnaeus, 

1758) as gonad-specific AMPs. Hepcidin-2 is highly produced in Leydig cells, regulated 

by gonadotropins, and upregulated upon stimulation with lipopolysaccharide (LPS) [65]. 

Furthermore, a β-defensin that was expressed exclusively in the pituitary gland and testis 

of the orange-spotted grouper (Epinephelus coioides, Hamilton, 1822) was cloned [10]. Di-

rect contact between leucocytes and the follicular wall, as well as between the steroido-

genic theca and granulosa cells, has been seen in Leucoraja erinacea (Mitchill, 1825) [66]. In 

gilthead sea bream, acidophilic granulocytes are present in large numbers during larval 

development in the ovarian area and remain until they are fully developed [61]. They are 

restricted to the testicular interstitium and the connective tissue surrounding the ovarian 

and testicular regions in mature gonads [61].  

In this study, we detected Piscidin-1-immunoreactive immune cells in the connective 

tissue of both male and female gonads during early sexual maturation in S. porcus. Fur-

thermore, we observed reactivity to Piscidin-1 in several Sertoli cells and oocytes during 

early vitellogenesis. These new data are consistent with previous research on other fish 

species [61,67–71]. Piscidin-1 is constitutively present in immune-related organs of naïve 

fish, according to a study on Atlantic cod by Ruangsri et al. (2012), indicating a major role 

for this peptide in the innate immune system of Atlantic cod. Furthermore, Piscidin-1 has 

been found in a few nonimmune tissues and organs, indicating additional possible func-

tions for this widely distributed peptide in preserving homeostasis in Atlantic cod [21]. 

Valero et al. (2015, 2018) demonstrated the high expression of several AMPs, including 

piscidin, in the male gonads of Dicentrarchus labrax (Linnaeus, 1758), suggesting their pos-

sible involvement in vertical immune transmission [72,73]. 

Our findings underscore the significance of cross-talk between the immune and re-

productive systems. Several studies have highlighted the link between immune response 

and some aspects of fish ecology and reproduction. Specifically, certain AMPs are locally 

regulated by gonads, influencing fish physiology and behavior [72]. It has been demon-

strated that immunocompromised male fish reduce mating attempts and are more readily 

avoided by females [74]. Given that fish reproduction is seasonal, their immune systems 

are frequently exposed to hormonal changes, exhibiting immunological strategies that can 

shift from reproductive to nonreproductive periods [53,75].  

5. Conclusions 

In conclusion, our data provide information on the early stages of the reproductive 

development of the gonads in Black scorpionfish. These results are potentially useful for 

better understanding the species’ reproductive cycle. Improving the knowledge base on 

the reproductive biology of highly commercially exploited species is essential for con-

servative purposes, as this information is important to enhance their management consid-

ering the ever-growing fishing pressure affecting the demersal and coastal fishery re-

sources. Moreover, the novel results obtained regarding the expression of the AMP Pis-

cidin-1 contribute to our basic knowledge of the defense system of this teleost and its in-

teraction with reproduction, which is a key event for the continuation of the species. 

  



Biology 2024, 13, 587 12 of 15 
 

 

Author Contributions: Conceptualization, A.A.; investigation, A.A., S.M. (Sebastian Marino), C.D., 

S.M. (Silvana Morgante), A.M., G.R., J.F., J.M.O.F. and G.C.; data curation, A.A., S.M. (Sebastian 

Marino), C.D., S.M. (Silvana Morgante), A.M., G.R., J.F., J.M.O.F. and G.C.; writing—original draft 

preparation, A.A.; writing—review and editing, A.A., J.F., J.M.O.F. and G.C.; visualization, S.M. 

(Sebastian Marino); supervision, G.C. All authors have read and agreed to the published version of 

the manuscript. 

Funding: This research received no external funding. 

Institutional Review Board Statement: Ethical approval was not required for the studies involving 

animals because biological samples were obtained from the landings of commercial fishing vessels 

and fisherman. This study was conducted in accordance with the local legislation and institutional 

requirements. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The original contributions presented in this study are included in this 

article; further inquiries can be directed to the corresponding authors. 

Conflicts of Interest: Gioele Capillo is also affiliated to Sea in Health and Life SRL. The authors 

declare no commercial or personal conflicts of interest. All funders had no role in the design of the 

study, in the analyses, or in the decision to publish the results. 

References 

1. Ganias, K.; Mezarli, C.; Voultsiadou, E. Aristotle as an Ichthyologist: Exploring Aegean Fish Diversity 2,400 Years Ago. Fish 

Fish. 2017, 18, 1038–1055. https://doi.org/10.1111/faf.12223. 

2. Follesa, M.C.; Carbonara, P. (Eds.) Atlas of the Maturity Stages of Mediterranean Fishery Resources; Food and Agriculture Organi-

zation of the United Nations: Rome, Italy, 2019; ISBN 978-92-5-131172-1. 

3. Chaves-Pozo, E.; Mulero, V.; Meseguer, J.; Ayala, A.G. Professional Phagocytic Granulocytes of the Bony Fish Gilthead Sea-

bream Display Functional Adaptation to Testicular Microenvironment. J. Leukoc. Biol. 2005, 78, 345–351. 

https://doi.org/10.1189/jlb.0205120. 

4. Chaves-Pozo, E.; Montero, J.; Cuesta, A.; Tafalla, C. Viral Hemorrhagic Septicemia and Infectious Pancreatic Necrosis Viruses 

Replicate Differently in Rainbow Trout Gonad and Induce Different Chemokine Transcription Profiles. Dev. Comp. Immunol. 

2010, 34, 648–658. https://doi.org/10.1016/j.dci.2010.01.009. 

5. Brogden, K.A.; Ackermann, M.; McCray, P.B.; Tack, B.F. Antimicrobial Peptides in Animals and Their Role in Host Defences. 

Int. J. Antimicrob. Agents 2003, 22, 465–478. https://doi.org/10.1016/S0924-8579(03)00180-8. 

6. Smith, V.J.; Fernandes, J.M. Antimicrobial Peptides of the Innate Immune System. Fish Def. 2009, 1, 241–275. 

https://doi.org/10.1201/b10188-9. 

7. Mihajlovic, M.; Lazaridis, T. Antimicrobial Peptides Bind More Strongly to Membrane Pores. Biochim. Biophys. Acta (BBA)-

Biomembr. 2010, 1798, 1494–1502. https://doi.org/10.1016/j.bbamem.2010.02.023. 

8. Wang, L.; Qin, T.; Zhang, Y.; Zhang, H.; Hu, J.; Cheng, L.; Xia, X. Antimicrobial Peptides from Fish: Main Forces for Reducing 

and Substituting Antibiotics. Turk. J. Fish. Aquat. Sci. 2023, 24, 23922. https://doi.org/10.4194/TRJFAS23922. 

9. Hancock, R.E.W.; Diamond, G. The Role of Cationic Antimicrobial Peptides in Innate Host Defences. Trends Microbiol. 2000, 8, 

402–410. https://doi.org/10.1016/S0966-842X(00)01823-0. 

10. Jin, J.-Y.; Zhou, L.; Wang, Y.; Li, Z.; Zhao, J.-G.; Zhang, Q.-Y.; Gui, J.-F. Antibacterial and Antiviral Roles of a Fish β-Defensin 

Expressed Both in Pituitary and Testis. PLoS ONE 2010, 5, e12883. https://doi.org/10.1371/journal.pone.0012883. 

11. Chaves-Pozo, E.; Zou, J.; Secombes, C.J.; Cuesta, A.; Tafalla, C. The Rainbow Trout (Oncorhynchus mykiss) Interferon Response 

in the Ovary. Mol. Immunol. 2010, 47, 1757–1764. https://doi.org/10.1016/j.molimm.2010.02.030. 

12. Noga, E.J.; Ullal, A.J.; Corrales, J.; Fernandes, J.M. Application of Antimicrobial Polypeptide Host Defenses to Aquaculture: 

Exploitation of Downregulation and Upregulation Responses. Comp. Biochem. Physiol. Part D Genom. Proteom. 2011, 6, 44–54. 

https://doi.org/10.1016/j.cbd.2010.06.001. 

13. Mulero, I.; Noga, E.J.; Meseguer, J.; García-Ayala, A.; Mulero, V. The Antimicrobial Peptides Piscidins Are Stored in the Gran-

ules of Professional Phagocytic Granulocytes of Fish and Are Delivered to the Bacteria-Containing Phagosome upon Phagocy-

tosis. Dev. Comp. Immunol. 2008, 32, 1531–1538. https://doi.org/10.1016/j.dci.2008.05.015. 

14. Corrales, J.; Mulero, I.; Mulero, V.; Noga, E.J. Detection of Antimicrobial Peptides Related to Piscidin 4 in Important Aquacul-

tured Fish. Dev. Comp. Immunol. 2010, 34, 331–343. https://doi.org/10.1016/j.dci.2009.11.004. 

15. Alesci, A.; Pergolizzi, S.; Fumia, A.; Calabrò, C.; Lo Cascio, P.; Lauriano, E.R. Mast Cells in Goldfish (Carassius auratus) Gut: 

Immunohistochemical Characterization. Acta Zool. 2022, 104, 366–379. https://doi.org/10.1111/azo.12417. 

16. Alesci, A.; Capillo, G.; Mokhtar, D.M.; Fumia, A.; D’Angelo, R.; Lo Cascio, P.; Albano, M.; Guerrera, M.C.; Sayed, R.K.A.; Spanò, 

N.; et al. Expression of Antimicrobic Peptide Piscidin1 in Gills Mast Cells of Giant Mudskipper Periophthalmodon schlosseri (Pal-

las, 1770). Int. J. Mol. Sci. 2022, 23, 13707. https://doi.org/10.3390/ijms232213707. 



Biology 2024, 13, 587 13 of 15 
 

 

17. Alesci, A.; Albano, M.; Savoca, S.; Mokhtar, D.M.; Fumia, A.; Aragona, M.; Lo Cascio, P.; Hussein, M.M.; Capillo, G.; Pergolizzi, 

S.; et al. Confocal Identification of Immune Molecules in Skin Club Cells of Zebrafish (Danio rerio, Hamilton 1882) and Their 

Possible Role in Immunity. Biology 2022, 11, 1653. https://doi.org/10.3390/biology11111653. 

18. Alesci, A.; Pergolizzi, S.; Capillo, G.; Lo Cascio, P.; Lauriano, E.R. Rodlet Cells in Kidney of Goldfish (Carassius auratus, Linnaeus 

1758): A Light and Confocal Microscopy Study. Acta Histochem. 2022, 124, 151876. https://doi.org/10.1016/j.acthis.2022.151876. 

19. Fernandes, J.M.; Ruangsri, J.; Kiron, V. Atlantic Cod Piscidin and Its Diversification through Positive Selection. PLoS ONE 2010, 

5, e9501. https://doi.org/10.1371/journal.pone.0009501. 

20. Ruangsri, J.; Salger, S.A.; Caipang, C.M.; Kiron, V.; Fernandes, J.M. Differential Expression and Biological Activity of Two Pis-

cidin Paralogues and a Novel Splice Variant in Atlantic Cod (Gadus morhua L.). Fish Shellfish Immunol. 2012, 32, 396–406. 

https://doi.org/10.1016/j.fsi.2011.11.022. 

21. Ruangsri, J.; Fernandes, J.M.O.; Rombout, J.H.W.M.; Brinchmann, M.F.; Kiron, V. Ubiquitous Presence of Piscidin-1 in Atlantic 

Cod as Evidenced by Immunolocalisation. BMC Vet. Res. 2012, 8, 46. https://doi.org/10.1186/1746-6148-8-46. 

22. Zaccone, G.; Capillo, G.; Fernandes, J.M.O.; Kiron, V.; Lauriano, E.R.; Alesci, A.; Lo Cascio, P.; Guerrera, M.C.; Kuciel, M.; Zu-

wala, K. Expression of the Antimicrobial Peptide Piscidin 1 and Neuropeptides in Fish Gill and Skin: A Potential Participation 

in Neuro-Immune Interaction. Mar. Drugs 2022, 20, 145. https://doi.org/10.3390/md20020145. 

23. Bilgin, S.; Çelik, E.Ş. Age, Growth and Reproduction of the Black Scorpionfish, Scorpaena porcus (Pisces, Scorpaenidae), on the 

Black Sea Coast of Turkey. J. Appl. Ichthyol. 2009, 25, 55–60. https://doi.org/10.1111/j.1439-0426.2008.01157.x. 

24. Fricke, R.; Golani, D.; Appelbaum-Golani, B.; Zajonz, U. Scorpaena decemradiata New Species (Teleostei: Scorpaenidae) from the 

Gulf of Aqaba, Northern Red Sea, a Species Distinct from Scorpaena porcus. Sci. Mar. 2018, 82, 169–184. https://doi.org/10.3989/sci-

mar.04824.17A. 

25. Pashkov, A.N.; Shevchenko, N.F.; Oven, L.S.; Giragosov, V.E.; Kruglov, M.V. Distribution, Numbers, and Principal Population 

Indexes of Scorpaena porcus under Anthropogenic Pollution of the Black Sea. J. Ichthyol. 1999, 39, 634–641. 

26. Harmelin‐Vivien, M.L.; Kaim‐Malka, R.A.; Ledoyer, M.; Jacob‐Abraham, S.S. Food Partitioning among Scorpaenid Fishes in 

Mediterranean Seagrass Beds. J. Fish Biol. 1989, 34, 715–734. https://doi.org/10.1111/j.1095-8649.1989.tb03352.x. 

27. Tiralongo, F. Unraveling the Story of the Black Scorpionfish (Scorpaena porcus Linnaeus, 1758): Exploring Local Ecological 

Knowledge and the Exploitative History of a Marine Species. Fishes 2024, 9, 31. https://doi.org/10.3390/fishes9010031. 

28. Jardas, I. Review of Long-Term Changes in Trammel Bottom Set Catches, Crustacean, Cephalopoda and Fish Communities 

along the Eastern Adriatic (Croatian) Coastal Area. Acta Adriat. 1999, 40, 67–78. 

29. Forcada, A.; Valle, C.; Bonhomme, P.; Criquet, G.; Cadiou, G.; Lenfant, P.; Sánchez-Lizaso, J.L. Effects of Habitat on Spillover 

from Marine Protected Areas to Artisanal Fisheries. Mar. Ecol. Prog. Ser. 2009, 379, 197–211. https://doi.org/10.3354/meps07892. 

30. La Mesa, M.; Scarcella, G.; Grati, F.; Fabi, G. Age and Growth of the Black Scorpionfish, Scorpaena porcus (Pisces: Scorpaenidae) 

from Artificial Structures and Natural Reefs in the Adriatic Sea. Sci. Mar. 2010, 74, 677–685. https://doi.org/10.3989/sci-

mar.2010.74n4677. 

31. Ferri, J.; Stagličić, N.; Matić-Skoko, S. The Black Scorpionfish, Scorpaena porcus (Scorpaenidae): Could It Serve as Reliable Indi-

cator of Mediterranean Coastal Communities’ Health? Ecol. Indic. 2012, 18, 25–30. https://doi.org/10.1016/j.ecolind.2011.11.004. 

32. Giacalone, V.M.; D’Anna, G.; Badalamenti, F.; Pipitone, C. Weight-Length Relationships and Condition Factor Trends for 

Thirty-Eight Fish Species in Trawled and Untrawled Areas off the Coast of Northern Sicily (Central Mediterranean Sea): WLR, 

Condition Factor and Trawl-Ban. J. Appl. Ichthyol. 2010, 26, 954–957. https://doi.org/10.1111/j.1439-0426.2010.01491.x. 

33. Muñoz, M.; Sàbat, M.; Vila, S.; Casadevall, M. Annual Reproductive Cycle and Fecundity of Scorpaena notata (Teleostei, Scor-

paenidae). Sci. Mar. 2005, 69, 555–562. https://doi.org/10.3989/scimar.2005.69n4555. 

34. Alesci, A.; Pergolizzi, S.; Savoca, S.; Fumia, A.; Mangano, A.; Albano, M.; Messina, E.; Aragona, M.; Lo Cascio, P.; Capillo, G. 

Detecting Intestinal Goblet Cells of the Broadgilled Hagfish Eptatretus cirrhatus (Forster, 1801): A Confocal Microscopy Evalua-

tion. Biology 2022, 11, 1366. https://doi.org/10.3390/biology11091366. 

35. Hoff, K.J.; Lange, S.; Lomsadze, A.; Borodovsky, M.; Stanke, M. BRAKER1: Unsupervised RNA-Seq-Based Genome Annotation 

with GeneMark-ET and AUGUSTUS. Bioinformatics 2016, 32, 767–769. https://doi.org/10.1093/bioinformatics/btv661. 

36. Brůna, T.; Hoff, K.J.; Lomsadze, A.; Stanke, M.; Borodovsky, M. BRAKER2: Automatic Eukaryotic Genome Annotation with 

GeneMark-EP+ and AUGUSTUS Supported by a Protein Database. NAR Genom. Bioinform. 2021, 3, lqaa108. 

37. Hoff, K.J.; Lomsadze, A.; Borodovsky, M.; Stanke, M. Whole-genome annotation with BRAKER. In Gene Prediction; Kollmar, M., 

Ed.; Methods in Molecular Biology; Springer: New York, NY, USA, 2019; Volume 1962, pp. 65–95; ISBN 978-1-4939-9172-3. 

38. Buchfink, B.; Xie, C.; Huson, D.H. Fast and Sensitive Protein Alignment Using DIAMOND. Nat. Methods 2015, 12, 59–60. 

https://doi.org/10.1038/nmeth.3176. 

39. Stanke, M.; Diekhans, M.; Baertsch, R.; Haussler, D. Using Native and Syntenically Mapped cDNA Alignments to Improve de 

Novo Gene Finding. Bioinformatics 2008, 24, 637–644. https://doi.org/10.1093/bioinformatics/btn013. 

40. Stanke, M.; Schöffmann, O.; Morgenstern, B.; Waack, S. Gene Prediction in Eukaryotes with a Generalized Hidden Markov 

Model That Uses Hints from External Sources. BMC Bioinform. 2006, 7, 62. https://doi.org/10.1186/1471-2105-7-62. 

41. Dainat, J. NBISweden/AGAT: AGAT, v1.4.0 (v1.4.0); Zenodo: Genève, Switzerland, 2023. Available online: https://ze-

nodo.org/records/11106497 (accessed on 15 July 2024). 

42. Emms, D.M.; Kelly, S. OrthoFinder: Phylogenetic Orthology Inference for Comparative Genomics. Genome Biol. 2019, 20, 238. 

https://doi.org/10.1186/s13059-019-1832-y. 



Biology 2024, 13, 587 14 of 15 
 

 

43. Paysan-Lafosse, T.; Blum, M.; Chuguransky, S.; Grego, T.; Pinto, B.L.; Salazar, G.A.; Bileschi, M.L.; Bork, P.; Bridge, A.; Colwell, 

L. InterPro in 2022. Nucleic Acids Res. 2023, 51, D418–D427. https://doi.org/10.1093/nar/gkac993. 

44. Lauriano, E.R.; Żuwała, K.; Kuciel, M.; Budzik, K.A.; Capillo, G.; Alesci, A.; Pergolizzi, S.; Dugo, G.; Zaccone, G. Confocal Im-

munohistochemistry of the Dermal Glands and Evolutionary Considerations in the Caecilian, Typhlonectes natans (Amphibia: 

Gymnophiona). Acta Zool. 2016, 97, 154–164. https://doi.org/10.1111/azo.12112. 

45. Mahé, K.; Goascoz, N.; Dufour, J.L.; Iglesias, S.P.; Tetard, A. Black Scorpionfish Scorpaena porcus (Scorpaenidae): A First Record 

in the Eastern English Channel. Mar. Biodivers. Rec. 2014, 7, e6. https://doi.org/10.1017/S1755267214000037. 

46. FishBase 2000: Concepts, Design and Data Sources; Froese, R., Pauly, D., Eds.; ICLARM Contribution; ICLARM: Makati City, Phil-

ippines, 2000; ISBN 978-971-8709-99-3. 

47. Schulz, R.W.; Nóbrega, R.H. The Reproductive Organs and Processes | Anatomy and Histology of Fish Testis. In Encyclopedia 

of Fish Physiology; Elsevier: Amsterdam, The Netherlands, 2011; pp. 616–626; ISBN 978-0-08-092323-9. 

48. Uribe, M.C.; Grier, H.J.; Mejía-Roa, V. Comparative Testicular Structure and Spermatogenesis in Bony Fishes. Spermatogenesis 

2014, 4, e983400. https://doi.org/10.4161/21565562.2014.983400. 

49. Santos, R.N.; Andrade, C.C.; Santos, L.N.; Santos, A.F.G.N.; Araújo, F.G. Testicular Maturation of Oligosarcus hepsetus (Cuvier) 

(Actinopterygii, Characidae) in a Brazilian Tropical Reservoir. Braz. J. Biol. 2006, 66, 143–150. https://doi.org/10.1590/S1519-

69842006000100018. 

50. Marina, P.; Annamaria, L.; Barbara, D.; Loredana, R.; Piero, A.; Francesco, A. Fine Structure of Leydig and Sertoli Cells in the 

Testis of Immature and Mature Spotted Ray Torpedo marmorata. Mol. Reprod. Dev. 2002, 63, 192–201. 

https://doi.org/10.1002/mrd.10162. 

51. Helfman, G.; Collette, B.B.; Facey, D.E.; Bowen, B.W. The Diversity of Fishes: Biology, Evolution, and Ecology, 2nd ed.; Wiley–

Blackwell: Chichester, UK, 2009; ISBN 978-1-4051-2494-2. 

52. Porcu, C.; Lai, E.; Bellodi, A.; Carbonara, P.; Cau, A.; Mulas, A.; Pascale, N.; Porceddu, R.; Follesa, M.C. Investigating the Ovarian 

Microstructure in the Genera Helicolenus and Scorpaena (Teleostei, Sub-Order Scorpaenoidei) with Implications for Ovarian 

Dynamics and Spawning. Animals 2022, 12, 1412. https://doi.org/10.3390/ani12111412. 

53. Sahin, C.; Erbay, M.; Kalayci, F.; Ceylan, Y.; Yesilcicek, T. Life-History Traits of the Black Scorpionfish (Scorpaena porcus) in 

Southeastern Black Sea. Turk. J. Fish. Aquat. Sci. 2019, 19, 571–584. https://doi.org/10.4194/1303-2712-v19_7_04. 

54. Muñoz, M.; Casadevall, M.; Bonet, S. The Ovarian Morphology of Scorpaena notata Shows a Specialized Mode of Oviparity. J. 

Fish Biol. 2002, 61, 877–887. https://doi.org/10.1111/j.1095-8649.2002.tb01849.x. 

55. Alesci, A.; Fumia, A.; Mastrantonio, L.; Marino, S.; Miller, A.; Albano, M. Functional Adaptations of Hemocytes of Aplysia 

depilans (Gmelin, 1791) and Their Putative Role in Neuronal Regeneration. Fishes 2024, 9, 32. 

https://doi.org/10.3390/fishes9010032. 

56. Tvedten, H. Megakaryocyte Cytoplasmic Fragments and Ragocytes in the Peripheral Blood of a Domestic Cat Infected with 

Anaplasma. Comp. Clin. Pathol. 2022, 32, 329–333. https://doi.org/10.1007/s00580-022-03391-9. 

57. Mahony, C.B.; Monteiro, R. Protocol for the Analysis of Hematopoietic Lineages in the Whole Kidney Marrow of Adult 

Zebrafish. STAR Protoc. 2024, 5, 102810. https://doi.org/10.1016/j.xpro.2023.102810. 

58. Gunawardena, D.; Priyankara, I.; Jayamanne, H.; Suresh, S. Modified Giemsa Stain: A Solution to Improve the Quality of Hy-

percellular Bone Marrow Smears. Int. J. Lab. Hematol. 2022, 44, 504–509. https://doi.org/10.1111/ijlh.13824. 

59. Valero, Y.; Cuesta, A.; Cammarata, M.; Esteban, M.A.; Chaves-Pozo, E. Immune-Endocrine Interactions in the Fish Gonad dur-

ing Infection: An Open Door to Vertical Transmission. Fishes 2018, 3, 24. https://doi.org/10.3390/fishes3020024. 

60. Sayed, R.K.A.; Mokhtar, D.M.; Hashim, M.A.; Aly, A.S.; Zaccone, G.; Albano, M.; Alesci, A.; Abdellah, N. Immune Cell Profiling 

in the Ovarian Stroma of a Viviparous Fish during the Breeding Season: A Histological and Immunohistochemical Investigation. 

Fishes 2023, 9, 10. https://doi.org/10.3390/fishes9010010. 

61. Chaves-Pozo, E.; Liarte, S.; Mulero, I.; Abellán, E.; Meseguer, J.; García-Ayala, A. Early Presence of Immune Cells in the Devel-

oping Gonad of the Gilthead Seabream (Sparus aurata Linnaeus, 1758). J. Reprod. Dev. 2009, 55, 440–445. 

https://doi.org/10.1262/jrd.20203. 

62. Chuphal, B.; Sathoria, P.; Rai, U.; Roy, B. Crosstalk between Reproductive and Immune Systems: The Teleostean Perspective. J. 

Fish Biol. 2023, 102, 302–316. https://doi.org/10.1111/jfb.15284. 

63. McLay, R.N.; Banks, W.A.; Kastin, A.J. Granulocyte Macrophage-Colony Stimulating Factor Crosses the Blood-Testis Barrier in 

Mice1. Biol. Reprod. 1997, 57, 822–826. https://doi.org/10.1095/biolreprod57.4.822. 

64. Valero, Y.; Sánchez-Hernández, M.; García-Alcázar, A.; García-Ayala, A.; Cuesta, A.; Chaves-Pozo, E. Characterization of the 

Annual Regulation of Reproductive and Immune Parameters on the Testis of European Sea Bass. Cell Tissue Res. 2015, 362, 215–

229. https://doi.org/10.1007/s00441-015-2172-1. 

65. Purcell, M.K.; Laing, K.J.; Woodson, J.C.; Thorgaard, G.H.; Hansen, J.D. Characterization of the Interferon Genes in Homozy-

gous Rainbow Trout Reveals Two Novel Genes, Alternate Splicing and Differential Regulation of Duplicated Genes. Fish Shell-

fish Immunol. 2009, 26, 293–304. https://doi.org/10.1016/j.fsi.2008.11.012. 

66. Li, Z.; Hong, W.S.; Qiu, H.T.; Zhang, Y.T.; Yang, M.S.; You, X.X.; Chen, S.X. Cloning and Expression of Two Hepcidin Genes in 

the Mudskipper (Boleophthalmus pectinirostris) Provides Insights into Their Roles in Male Reproductive Immunity. Fish Shellfish 

Immunol. 2016, 56, 239–247. https://doi.org/10.1016/j.fsi.2016.07.025. 

67. Lutton, B.V.; Callard, I.P. Morphological Relationships and Leukocyte Influence on Steroid Production in the Epigonal Organ‐

ovary Complex of the Skate, Leucoraja erinacea. J. Morphol. 2008, 269, 620–629. https://doi.org/10.1002/jmor.10614. 



Biology 2024, 13, 587 15 of 15 
 

 

68. Cardinaletti, G.; Franzoni, M.F.; Palermo, F.A.; Cottone, E.; Mosconi, G.; Guastalla, A.; Campantico; Tibaldi, E.; Polzonetti-

Magni, A.M. Environmental and Neuroendocrine Control of Fish Reproduction. In Recent Advances in Fish Reproduction Biology; 

Ayala, A.G., Peñalver, J.M., Pozo, E.C., Eds.; Research Signpost: Kerala, India, 2010; Volume 2010, pp. 67–87; ISBN 978-81-308-

0397-5. 

69. Salger, S.A.; Reading, B.J.; Noga, E.J. Tissue Localization of Piscidin Host-Defense Peptides during Striped Bass (Morone saxatilis) 

Development. Fish Shellfish Immunol. 2017, 61, 173–180. https://doi.org/10.1016/j.fsi.2016.12.034. 

70. Zheng, L.; Qiu, J.; Chen, J.; Zheng, W.; Pan, Y. Histopathological Changes and Piscidin 5-like Location in Infected Larimichthys 

crocea with Parasite Cryptocaryon Irritans. Fish Shellfish Immunol. 2020, 99, 52–58. https://doi.org/10.1016/j.fsi.2020.01.017. 

71. Campoverde, C.; Milne, D.J.; Estévez, A.; Duncan, N.; Secombes, C.J.; Andree, K.B. Ontogeny and Modulation after PAMPs 

Stimulation of β-Defensin, Hepcidin, and Piscidin Antimicrobial Peptides in Meagre (Argyrosomus regius). Fish Shellfish Immunol. 

2017, 69, 200–210. https://doi.org/10.1016/j.fsi.2017.08.026. 

72. Valero, Y.; García-Alcázar, A.; Esteban, M.Á.; Cuesta, A.; Chaves-Pozo, E. Antimicrobial Response Is Increased in the Testis of 

European Sea Bass, but Not in Gilthead Seabream, upon Nodavirus Infection. Fish Shellfish Immunol. 2015, 44, 203–213. 

https://doi.org/10.1016/j.fsi.2015.02.015. 

73. Strand, M.; Hjelmgren, A.; Sundberg, P. Genus Baseodiscus (Nemertea: Heteronemertea): Molecular Identification of a New 

Species in a Phylogenetic Context. J. Nat. Hist. 2005, 39, 3785–3793. https://doi.org/10.1080/00222930500370952. 

74. Encel, S.A.; Simpson, E.K.; Schaerf, T.M.; Ward, A.J.W. Immune Challenge Affects Reproductive Behaviour in the Guppy (Poe-

cilia reticulata). R. Soc. Open Sci. 2023, 10, 230579. https://doi.org/10.1098/rsos.230579. 

75. Sueiro, M.C.; Awruch, C.A.; Somoza, G.M.; Svagelj, W.S.; Palacios, M.G. Links between Reproduction and Immunity in Two 

Sympatric Wild Marine Fishes. Comp. Biochem. Physiol. Part A Mol. Integr. Physiol. 2024, 287, 111538. 

https://doi.org/10.1016/j.cbpa.2023.111538. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 

people or property resulting from any ideas, methods, instructions or products referred to in the content. 

View publication stats

https://www.researchgate.net/publication/382823273

