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Anisotremus scapularis is an important commercial species in Peru, being a
prioritized species for the development of its aquaculture. The aim of the study
was to establish the A. scapularis female reproductive cycle and reproductive
strategy on the marine coast of Callao, through a seasonal sampling of wild
specimens. The specimen collection was carried out between January 2019 to
December 2020. Eighty-one female specimens were collected, and biometric
indices were calculated such as condition factor (K) or gonadosomatic index (GSI),
among others. The phases of the reproductive cycle were established by ovary
histology in association with a steroid profile analysis performed by GC-EI-MS/MS.
The reproductive strategy of A. scapularis was classified as asynchronous
spawning with indeterminate fecundity. The average size at first maturity
calculated as L100 was 25.3 cm. The GSI distribution was significantly higher in
the specimens collected in summer than in the specimens collected in other
seasons. The plasma concentration of 17f-estradiol, androstenedione-4, and
testosterone per reproductive cycle phase was statistically significant. The
distribution of 173-estradiol plasma concentration in the specimens classified as
spawning capable was higher than the specimens classified in other reproductive
phases. The spawning capable phase was significantly and positively associated
with the summer and autumn seasons. Thus, was possible to propose that the
spawning season begins in late spring and until the middle of autumn in the Callao
coast area. The recorded superficial temperature and daylight hours per day
performed in the specimen’s collection area, allowed us to propose a thermo-
photoperiod program for the management of broodstock. This should include the
first cycle with temperatures between 12.5 - 13.5°C with an 11/13 light/darkness
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photoperiod, then the temperature should be increased to 16 - 17°C, with a 13/11
light/darkness photoperiod as a second cycle. Although the results of this study
are limited to a specific area of the Callao coast, establishing the reproductive
cycle and the spawning dynamics of A. scapularis females associated with
environmental parameters, provides basic knowledge to improve the
aquaculture of this species.

KEYWORDS

Anisotremus scapularis, sex steroid profile, fish ovary histology, GC-EI-MS/MS,
spawning dynamics

1. Introduction

Currently, the global fish demand for a large group of fish
species is partially or only covered by extractive fishing. Hence,
implementing aquaculture with new fish species has an essential
role in protecting fish biodiversity (Boyd et al., 2020). However,
commercial aquaculture endeavors for new species have failed
repeatedly in the last decades (Boyd et al., 2020). One of the
factors that could be associated with this issue is the lack of
awareness about the importance of establishing the different aspects
of the reproductive biology of the target species, such as the
reproductive cycle or spawning dynamics, which are terms
associated with the reproductive strategy of the fishes. The
absence of substantial knowledge of the reproductive biology of a
species could imply problems in the consolidation of its
domestication, which is a critical step for accomplishing
commercial fish farming for new species (Teletchea and
Fontaine, 2012; Boyd et al., 2020). In aquaculture, the
reproductive management of the reproductive female broodstock
is more important due to the importance that the yolk process has,
in relation to the egg quality (Reading et al., 2018).

The spawning dynamic in oviparous fishes is associated either
with the number of breeding opportunities throughout the
species’ lifetime (semelparity or iteroparity) or with the number
of spawning events per reproductive season (total spawners, batch
spawners) (Murua and Saborido-Rey, 2003; Robert and Carl,
2015b). The number of spawning per season is connected to
ovarian development, which could be classified as a synchronous
pattern, group synchronous pattern, or asynchronous pattern
(Murua and Saborido-Rey, 2003; Robert and Carl, 2015b).

Just like other vertebrates, fish reproduction is primarily
regulated by environmental factors such as temperature and
photoperiod (Maitra et al, 2006). Seasonal oscillations of these
factors impact on hypothalamus-pituitary-gonadal axis and
modulate a reproductive hormonal cascade (Zohar et al., 2010).
In fish female the hormonal modulation regulated the
gametogenesis and final maturation process, in which oocytes
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develop from the primordial cells’ proliferation until its ovulation
and spawning; process that is considered the reproductive cycle
(Yousefian and Mousavi, 2011). In fish female the reproductive
cycle has been systematized into 5 phases model: immature,
developing, spawning capable, regressing, and regenerating
(Brown-Peterson et al, 2011). This phases are defined by
markers, such as macroscopic ovary morphology, histological
markers, and physiological markers (Murua et al., 2003; Brown-
Peterson et al., 2011; Lowerre-Barbieri et al., 2011). Mainly the
ovary histological markers are associated with the oogenesis.
Oogenesis refers to the process where the oogonia develops into a
mature oocyte (Selman and Wallace, 1989; Lubzens et al,, 2010;
Robert and Carl, 2015a).

The reproduction hormonal control is mainly regulated by
the gonadotropin-releasing hormone (GnRH), which is a key
regulator in the hypothalamus-pituitary-gonadal axis (Lee et al.,
2008), which controls the secretion of gonadotropins (GTHs) in
the pituitary gland, which controls the synthesis of the steroid
hormones into the gonads (Levavi-Sivan et al., 2010; Zohar et al.,
2010). The 17B-estradiol is the most important sex steroid in
female fish, which controlling the oocyte development stages and
the oocyte maturation is controlling by the maturation-inducing
steroid (MIS) (Tokarz et al., 2015).

Anisotremus scapularis (Tschudi, 1846) also known as
Peruvian grunt or Chita in Pert (Chirichigno Norma, 2001), is
a marine species that live on the South-American Pacific coasts
distributed from Ecuador (0°57°43.63”S) to Chile (23°39'08"S).
The Anisotremus genera belong to the Perciformes Order and
Haemulidae family, in which there are 2 subfamilies, 19 genera,
and 133 species (Nelson et al., 2016). A. scapulars is a species
with high commercial value in Perta (Morales et al., 2021), which
also means it is an intensively exploited resource. The extractive
pressure of this resource drives the Peruvian government to take
conservation measures, aquaculture is one of these.

Currently, there is no scientific documentation regarding the
A. scapularis reproductive biology. The objective of this study
was to be able to define A. scapularis females reproductive cycle
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and spawning dynamic, for specimen s collected from a specific
marine area on the coast of Callao, Pert. Since the research
strategy focused on a specific marine area, it was possible to
incorporate the study of the variation in surface temperature of
the water and the hours of light per day associated with the
specimens collection area.

2. Material and methods
2.1 Collection of wild fish specimens

The study was carried out with specimens collected during
the 2019 and 2020 years, from a specific maritime area located at
latitude coordinates 12°07°11”’S, longitude 77°10°36”W, see
Figure 1. This cardinal point is a marine area in the south of
“El Fronton” Island, which belongs to the province of Callao,
Pert. During the study period, 8 collections of wild individuals
were made, 4 for each year of study and 2 for each season of the
year. The wild A. scapularis collection was carried out using a net

10.3389/fmars.2022.1033718

of the “atarraya” type. Once captured, the specimens were kept
alive in aerated seawater containers until their processing in the
Instituto del Mar del Pert (IMARPE) facilities.

The collected A. scapularis specimens were sacrificed using
tricaine methanesulfonate MS-222" (C1oH5sNO5S) (Western
ChemicalTM, USA) (Leary et al,, 2020). The fish handling
procedures and euthanasia were carried out under the precepts
and bioethical aspects associated with the management and care
proposed by the Guide for the Care and Use of Laboratory
Animals (National Research, 2011). In briefly, tricaine
methanesulfonate was incorporated in container with 20 liter
of seawater at a concentration of 500 mg L! (Carter et al., 2011).
Each fish was immersed in this solution until it was possible to
observe cues of sedation and unconsciousness, such as: absence
of pectoral fin and opercular movement. This handling allows
the animals to be sacrificed with a painless procedure and with
rapid unconsciousness and under bioethical precepts of animal
welfare. Also, the specimens caught were within the legal
authorizations imposed by Peruvian law (Ministerial
Resolution No. 250-2018 - PRODUCE).
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1 1 1
12°0'S ‘ o Liseos
12°2'SH F12°2'S
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FIGURE 1

Location of the collection site of wild specimens of A. scapularis, in the south of “El Frontdn” Island, province of Callao, Peru.

Frontiers in Marine Science

03

frontiersin.org


https://doi.org/10.3389/fmars.2022.1033718
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Carrera Santos et al.

2.2 Data analysis of biometric parameters
and indices

The following biometric parameters were determined for
each collected specimen: sex, total length, standard length, total
weight, gonad weight, liver weight, viscera weight, and gutted
fish weight. The sex of each specimen was only defined after the
dissection since this species does not present sexual dimorphism.
Basic biometric parameters, such as Fulton’s condition factor
(K), gonadosomatic index (GSI), viscerosomatic index (VSI),
and hepatosomatic index (HSI); were calculated based on the
following formulas:

Gonad weight
GSI = Total fish w(fgzight(g()g)
HSI = #m x 100 (Ben Ammar et al., 2020)
K _ Whole fish weight (g)
(Total length (cm))?
Viscera weight (g)
Total fish weight (g)

x 100 (Ben Ammar et al., 2020)

x 100 (Ricker, 1975)

VSI = %X 100 (Ben Ammar et al., 2020)

To deepen the analysis of biometric indexes, it was created a
new ordinal variable called “length categories”; using standard
length data recorded. This new variable grouped the specimens
into two categories of standard length: The first category
included the collected specimens with lengths greater than or
equal to 30 cm (= 30 cm individuals), and the second category
included the collected specimens with lengths smaller than
30 cm (< 30 cm individuals). This variable allows the
understanding of variations in the frequency length between
the seasons and compares the biometric indexes between
specimens of different lengths.

2.3 Size at first maturity estimation
(L50 and L100)

The calculation of the size at first maturity (L50 or L100) was
developed as follows. Based on histology analysis, the ovary
maturity state of each collected female specimen was established.
The maturity classification was associated with the total length
corresponding to each individual, then a frequency contingency
table was created with this data. By this frequency table a
binomial logistic regression model was fitted, described by
the equation:

a +b * TL

P = ——— -+ (Saborido-Rey and Junquera, 1998)

1+e
Where P corresponds to the estimated proportion of mature, a
and b to the coefficients of the logistic regression equation, and
TL is the total length.

Using the maximum-likelihood method over the logistic
regression model the L50 or L100 were estimated. However,
the L50 or L100 reported in the study correspond to average
distributions performed by bootstrapping process with 2000
iterations of the logistic regression model; jointly reported at

Frontiers in Marine Science

04

10.3389/fmars.2022.1033718

the 95% coefficient interval of each distribution (Hoffmann et al.,
2017; Sang et al., 2019).

2.4 Macroscopic and histological analysis
of the ovaries

The dissection process allowed a macroscopic description of
the gonads for each specimen (Murua and Saborido-Rey, 2003;
Oliveira et al., 2015). Histology analysis for each A. scapularis
specimen tissue ovaries sample was performed. The ovary tissues
were fixed using a 10% buffer formalin solution (1.27 mol L™ - pH
6.92). The buffer formalin solution was prepared in the following
way: 100 mL of Formaldehyde 37% (Merck™, Germany), 4 g of
monobasic sodium phosphate (Merck ™, Germany), 6.5 g of
dibasic sodium phosphate (Merck™, Germany), and sufficient
quantity of distilled water to complete 1000 mL. After fixation, the
samples were dehydrated in increasing alcohol solutions, cleared
with xylene (Merck'™, Germany), and embedded in paraffin using
an automatic tissue processor (LeicaTM, Germany). Tissue sections
(4 pm) were made with a microtome (LeicaTM, Germany), then
stained with hematoxylin and eosin (H&E) (MerckTM, Germany)
and examined under a microscope (LeicaTM, Germany). The
sample processing was performed according to Humason (1979)
and Luna (1968). To classify the phases of the reproductive cycle a
Brown-Peterson et al. (2011) model was used. This model
included the following phases: Immature, developing, spawning
capable, regression, and regenerating.

2.5 Steroidal serum profile

The GC-EI-MS/MS is a is a validated methodology for the
determination of steroid profiles in serum, being previously
widely described (Toribio-Delgado et al., 2012; Matysik and
Schmitz, 2015).

Blood samples were placed in 2 mL microtubes containing
40 pl of heparin (Sang et al, 2019). Subsequently, the blood
samples were centrifuged at 3000 g for 15 minutes at 4°C
(Guzman et al., 2008), then the plasma was extracted into
another 2 mL microtube and stored at -80°C in an ultra-
freezer (Brand Binder ", USA) until its analysis. Eight samples
from each reproductive cycle phase for the steroid plasmid
profile analysis were randomized selected.

2.5.1 Sample preparation

The plasma sample preparation was based on the enzymatic
hydrolysis of the endogenous steroids followed by liquid-liquid
extraction in a procedure reported below, which is similar to the
one described by Toribio-Delgado et al. (2012). Plasma samples
were enzymatic hydrolyzed using B-glucuronidase obtained
from E. coli, aiming to release glucuroconjugate steroids to the
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free form. Therefore, the quantification of steroids considers
both the glucuroconjugated fraction and the free fraction.
Plasma aliquots of 0.5 mL were spiked with 15 pL of internal
standards mix, composed by a deuterated form of each analyte.
After pH adjustment with 200 UL of 0.8M phosphate buffer, 100
UL of the B-glucuronidase enzyme were added, and the samples
were submitted to incubation at 50°C for 1 hour to promote the
enzymatic reaction. After this period, to perform the extraction
of the free steroids, the addition of 100 UL of aqueous buffer
solution containing K,CO3/KHCO; 20% (w/w) and 1.5 mL of
TBME was done. The mixture was stirred for 5 minutes and
centrifuged at 3500 rpm for 7 minutes. The organic phase was
separated and transferred to another tube, which was submitted
to nitrogen flow in a water bath at 40°C until dryness. The
samples were still left for 50 minutes in an oven at room
temperature to ensure drying. Finally, the residue was
derivatized through a silylation reaction performed using 50
UL of MSTFA-NH,I-2-mercaptoethanol (1000:2:6, v/w/v) at
60°C for 20 minutes, and then, samples were taken to injection.
For quantification, calibration curves were constructed using a
synthetic matrix, to simulate plasma, spiked with the standard
analyte solutions in different concentrations, and the same
procedure described above was applied. For more information
about the synthetic matrix prepared in the laboratory and the
concentration range in calibration curves. Aliquots of 2 uL were
injected in splitless mode into the triple quadrupole system (GC-
QqQ) operated in multiple reaction monitoring mode. The
analysis was performed using a GC Trace 1310 (Thermo
ScientiﬁcTM, USA) and interfaced with a mass spectrometer
TSQ 8000 (Thermo ScientiﬁcTM, USA) with a 5%-phenyl-
methylpolysiloxane column (30 m x 0.25 mm x 0.10 um).

2.5.2 GC-EI-MS/MS conditions

The injector temperature was 280°C and the oven
temperature program was 140 to 195°C at 40 °C/min, 195 to
235°Cat 3°Cmin, 235 to 310°C at 80°C min ', and held at 310°
C for 3 min. The transfer line was set to 300°C and the ion source
was set to 320°C. Electron ionization was performed using
electron energy of 70 eV. The collision energies were
optimized according to the software Auto SRM.

2.5.3 GC-EI-MS/MS data analysis

The data were evaluated using Thermo Fisher Scientific
TraceFinder " 3.2.512.0 software (Thermo Fisher Scientific ™,
Waltham, MA, USA).

2.6 Oceanographic parameters data
Records of the sea-surface temperature were obtained from

the collection point of the Peruvian Sea Satellite Observation
System (https://satelite.imarpe.gob.pe/#/subcategory). The

Frontiers in Marine Science

05

10.3389/fmars.2022.1033718

daylight hours per day (photoperiod) data were recorded from
the Global Monitoring Laboratory - Earth System Research
Laboratories - National Oceanic and Atmospheric
Administration (NOAA) https://gml.noaa.gov/grad/solcalc/
calcdetails.html for the Callao area (San Lorenzo Island).

2.7 Statistical analyses

Before the statistical analysis, the normality of the
distribution was evaluated for each of the parameters or
biometric indices using the Shapiro-Wilk test (Mishra et al,
2019). This analysis showed that not all the distributions of the
parameters or indices fit a normal curve. Therefore, the
statistical analysis was performed for all with non-parametric
tests. For comparison of the two groups, Mann-Whitney U test
(W) was used (Hoffman, 2019). For comparisons of more than
two groups, the Kruskal-Wallis one-way analysis of variance was
used (Hoffman, 2019), and then the post-hoc analysis was
performed by the Dunn’s Kruskal-Wallis Multiple
Comparisons tests (Z) (Dinno, 2015). All significance tests
used a significance level of 0.05 and an adjusted p-value lower
than 0.1 for the multiple comparisons analysis (Mangiafico,
2016). All statistical analyses were performed with the
statistical program R (R Core Team, 2021). From the obtained
data, ordinal variables were created. The seasons variable was
performed using the specimen collection months and these were
grouped as follows: Autumn (April, May, and June), winter
(July, August, and September), spring (October, November, and
December), and summer (January, February, and March). Using
the standard length, the ordinal variable length categories were
created, grouping the length of the specimens into two
categories: Specimens with a length > 30 cm and specimens
with a length < 30 cm. The associations between ordinal
variables were analyzed through contingency tables and the
Chi-square test (X*) (Maxwell, 1978). Together, using the
residual matrices of the Chi-square association studies, an
illustrative figure was made, where the contribution of each
ordinal variable category is presented in the Chi-square analysis,
and this analysis was performed using the R corrplot package
(Wei and Simko, 2017).

3. Results

One hundred thirty-one specimens of Anisotremus
scapularis were collected between January 2019 and December
2020 from the previously defined Callao coast marine area, out
of which 81 (61.8%) specimens were female and 50 (38.2%) were
male. The study analysis only focused on the collected female
specimens, and their biometric parameters and indices are
present in Table 1.
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TABLE 1 Basic statistical analysis of the biometrics and indices parameters from A. scapularis females collected between January 2019 to

December 2020 in the study Callao coast marine area.

Biometrics Acronyms n mean
Total length (cm) TL 81 26.16
Standard length (cm) SL 81 23.04
Total body weight (g) ™ 81 443.46
Condition factor K 81 229
Gonadosomatic index GSI 81 1.62
Viscerosomatic index VSI 81 8.29
Hepatosomatic index HSI 81 1.30

3.1 Seasonal analysis of biometric
parameters and indices

The primary statistical data for the biometric parameters and
indices analyzed per season of the A. scapularis females are
presented in Table 2. The sample size of the female specimens
per season was 21 for summer, 20 for autumn, 21 for winter, and
19 for spring.

The standard length (cm) distribution registered in the
specimens collected in summer was significantly greater than
the distributions in the specimens collected in autumn (Z=2.75,

sd

433
3.62
245.52
0.18
1.60
3.10
0.24

min max median q25 q75
20 415 25 23 27.5
18.00 36.00 22.50 20.20 24.50
198.20 1476.60 380.00 276.20 479.40
1.72 270 230 2.17 2.39
0.06 6.57 1.01 047 2.16
0.99 22.26 8.19 7.11 9.38
0.78 231 1.27 1.16 143

p=0.006) or spring (Z=2.94, p=0.003); see Figure 2A. Also, the SL
distribution in the specimens collected in winter was
significantly greater than the distribution in the specimens
collected in spring (Z= 2.30, p=0.021). The total weight (g)
distribution registered in the specimens captured in summer was
significantly greater (Z=3.0, p=0.002) than the distribution in the
specimens collected in spring; see Figure 2B.

About the biometrics indices per season, Fulton’s condition
factor (K) distribution registered significantly lower in the
specimens collected in summer than the distributions in the
specimens collected in autumn (Z=-3.0, p=0.002), winter (Z=-

TABLE 2 Statistics of biometrics parameters and indices per season registered in the A. scapularis females collected on the Callao coast marine

area (2019-2020).

Parameters Seasons n mean sd
Standard length (cm) summer 21 25.14 4.69
autumn 20 21.63 2.36
winter 21 23.48 2.80
spring 19 21.71 3.10
Total body weight (g) summer 21 586.40 347.75
autumn 20 359.57 121.40
winter 21 469.29 183.08
spring 19 34521 195.23
Condition factor summer 21 2.18 0.14
autumn 20 2.35 0.18
winter 21 2.32 0.15
spring 19 2.34 0.21
Gonadosomatic index summer 21 2.86 1.97
autumn 20 1.13 1.06
winter 21 1.01 0.53
spring 19 1.43 1.73
Viscerosomatic index summer 21 8.70 1.71
autumn 20 8.06 3.65
winter 21 7.57 3.00
spring 19 8.88 3.75
Hepatosomatic index summer 21 1.37 0.20
autumn 20 1.38 0.31
winter 21 1.18 0.19
spring 19 1.27 0.22
Frontiers in Marine Science 06

min max median q25 q75
18.00 36.00 24.04 21.84 28.00
18.00 28.00 21.75 19.88 23.00
18.50 30.00 23.50 22.00 25.00
19.00 31.00 20.50 19.50 22.75
198.20 1476.60 436.50 326.50 773.60
198.30 711.10 357.80 269.18 417.80
205.80 965.20 459.30 375.60 487.40
207.20 1004.70 273.75 240.09 353.32
1.91 246 2.17 2.09 227
2.01 2.70 233 2.19 2.48
2.09 2.62 231 223 238
1.72 2.64 230 226 2.50
0.15 6.06 3.26 0.95 4.14
0.06 420 0.81 0.41 1.60
0.18 2.57 1.01 0.70 1.28
0.18 6.57 0.67 043 1.70
420 10.78 9.02 7.60 9.90
0.99 15.79 823 6.66 9.19
226 14.06 7.83 6.51 8.39
4.40 2226 8.19 7.01 9.23
0.96 1.97 1.33 1.27 1.44
0.87 231 1.39 1.20 1.48
0.80 1.63 1.16 1.06 1.27
0.78 1.73 1.25 118 1.34
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Boxplots and scatterplots of the parameters and indices registered in the A scapularis females per captured season (summer n= 21, autumn n=20,
winter n=21, and spring n=19). The specimens were collected on the Callao marine coast. (A) standard length in centimeters, (B) total body weight
in grams (C) Fulton’s condition factor, (D) gonadosomatic index, (E) viscerosomatic index and (F) hepatosomatic index. The black points correspond
to the value of each specimen captured and the red squares correspond to the mean of each seasonal distribution. The lines show the statistically
significant differences among season’s distributions performed by Dunn'’s tests; the distribution differences were considered significant with a p-

value < 0.05 and a p-adjusted value < 0.1

2.7, p=0.007), or spring (Z=-3.0, p=0.002); see Figure 2C.
Gonadosomatic index (GSI) distribution registered significantly
greater in the specimens collected in summer than the
distributions in specimens collected in autumn (Z=2.59,
p=0.01), winter (Z=2.12, p=0.03), or spring (Z=2.47, p =0.01);
see Figure 2D. The summer season presented the greatest average
of GSI with 2.86, and the winter season presented the lowest
average of GSI with 1.01; the percentage variation of the GSI
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average between these seasons was 64.69%. No significant
differences among seasons were observed for the viscerosomatic
index (VSI) by the Kruskal-Wallis test (H=4.0, p=0.25), see
Figure 2E. Finally, the distribution of the hepatosomatic index
(HSI) registered lower in the specimens collected in winter than
the distributions in the specimens collected in summer (Z=-3.17,
p=0.002) or autumn (Z=-2.68, p=0.01). The percentage variation
in the HSI average between summer and winter was 16%.
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Frequency of the > 30 cm standard length category was
significantly higher in summer than the other seasons by the
Chi-square test (X* = 16.67, p=0.0008), see Figure 3A. For the
summer seasons, the biometrics parameters K and GSI were
compared per length categories by the Mann-Whitney-
Wilcoxon test. The K did not present statistically significant
differences between the length categories (W=70, p=0.72);
however, the GSI distribution per length category was
significantly different (W=24, p=0.03), see Figures 3B,
C, respectively.

3.2 Analysis of ovary macroscopic
morphology and histology

The ovaries of A. scapularis showed a fusiform shape, but its
color change is associated with the ovary maturation stage. After

10.3389/fmars.2022.1033718

histology analysis, the captured specimens were classified in the
previously defined reproductive cycle phases by the following
criteria. The first phase of the reproductive cycle has two
possibilities the immature phase or the regenerating phase,
depending on whether or not individuals are sexually mature.
The immature individuals presented an ovary macroscopic
morphology characterized by a small size with a light
translucent color and absence of vascularization, see
Figure 4A. Histologically the immature ovaries presented a
thin ovary wall (OW), and oocytes in primary growth stages,
either in the perinucleolar stage (PN) or in the chromatin
nucleolus stage (CN), see Figures 4B, C and Supplementary
Figure 1A. On the other hand, the macroscopic morphology of
the ovary classified as in the regenerating phase is bigger than the
immature ovary, with a yellowish color with a subtly visible
vascularization, see Figure 4D. Histology cross-section analysis
of the regenerating phase ovary presented a thick ovary wall
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(A) Frequency stacked bar plots of the standard length categories per season (SL size < 30 cm and SL size > 30 cm). (B, C) boxplots and
scatterplots of Fulton's condition factor (K) and GSI per length categories; only for the female specimens collected in summer. The lines
show the statistically significant differences between length categories by Mann-Whitney tests; the distribution differences were considered significant
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FIGURE 4

Ovaries macroscopic morphology and their associated histology cross-sections photomicrographs, which illustrate the different phases of the
reproductive cycle of A. scapularis. (A) ovary macroscopic morphology in the immature phase, (B, C) ovary histology cross-section classified as
an immature phase. (D) ovary macroscopic morphology in regenerating phase, (E, F) ovary histology cross-sections classified as regenerating
phase. (G) ovary macroscopic morphology in the developing phase. (H-J) ovary histology cross-sections classified as developing phase.

(K) ovary macroscopic morphology in the spawning capable phase, (L—N) ovary histology cross-sections classified as spawning capable phase.
For ovary histological cross-sections, are showing: ovary wall (OW), chromatin nucleolar stage oocytes (CN), perinucleolar stage oocytes (PN),
cortical alveolar stage oocytes (CA), primary vitellogenic stage oocytes (Vgtl), secondary vitellogenic stage oocytes (Vgt2), tertiary vitellogenic
stage oocytes (Vgt3), germinal vesicle migration stage (GVM), hydrated oocytes (HO), and post-ovulatory follicles (POF). H&E stain, 200 or 100

pm bar, 5X - 40X objective.

(OW), and oocytes in primary growth stages or in cortical
alveolar stage (CA), see Figures 4E, F. The ovarian macroscopic
morphology classified as in the immature phase was completely
different than the ovary classified as in the regenerating phase, in
special associated with its light translucent color and absence of
vascularization. From a histology point of view, immature phase
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classification is defined by ovaries with an absence of oocytes in
the cortical alveolar stage (CA), the presence of a thin ovary wall
(OW), and an absence of the space between ovary lamellae, all
these markers differentiate this phase with regenerating phase.
The second phase of the cycle is developing, in which the ovaries’
macroscopic morphology shows a yellow/orange color with
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clearly defined vascularization, see Figure 4G. The developing
phase histology cross-section could be divided into two periods.
In the early stage of this phase is characterized mainly by the
cortical alveolar stage (AC) oocytes presence, see Figures 4H, I
and Supplementary Figure 1B; but in later stages, was possible to
observe primary vitellogenic oocytes (Vgtl), see Figure 4] and
Supplementary Figure 1C. Jointly, in the developing phase can
also observe secondary vitellogenic oocytes (Vgt2). The
specimens classified as spawning capable have a macroscopic
morphology characterized by high ovaries with an opaque orange
color and clearly defined vascularization, see Figure 4K. At the
histological cross-section spawning capable ovaries presented
cortical alveolar stage oocytes (AC), primary vitellogenic stage
(Vgtl) oocytes, secondary vitellogenic stage (Vgt2) oocytes,
tertiary vitellogenic stage (Vgt3) oocytes, see Figures 4L, M,
and Supplementary Figure 1D. The Vgt3 is characterized by
being large with the presence of yolk-lipid droplets throughout
the cytoplasm surrounding the nucleus, see Supplementary
Figure 3E. In the later stage of this phase was possible to
observe the germinal vesicle migration stage (GVM), see
Figure 4M and Supplementary Figure 3F. Also, the GVM is the
first stage of the maturation process. The oocyte maturation also
was associated with the presence of hydrated oocytes stages (HO)
and post-ovulatory follicles stages (POF), see Figures 4N. The
next phase is the regression phase, which is characterized by
atretic oocyte presence in the ovary histology analysis. In the
atresia process, the cells associated with the follicle membrane
have been degraded.

According to the ovary histology cross-section analysis, it
was possible to classify clarity four phases of fish reproductive
cycle model in A. scapularis, because it was not possible to collect
female specimens in the regression phase.

3.3 Biometric parameters and indices per
reproductive cycle phases

Once the specimens of A. scapularis were classified
concerning their reproductive cycle phases (immature,
developing, spawning capable, regenerating), it was possible to
analyze the biometric parameters and indices per phase. The
sample size of the female specimens per phase was: Immature
n=14, developing n=25, spawning capable n=27, and
regenerating n=15. The primary statistical data for some
biometric parameters and indices analyzed per phase are
presented in Supplementary Table 1, and the proportion of
each reproductive cycle phase obtained for each collection
process performed is presented in Supplementary Figure 2.

The standard-length distribution registered significantly
lower in the specimens classified as immature than the
distributions in the specimens classified as developing (Z=-
3.89, p=0.0001), spawning capable (Z=-5.92, p=3.28e-09), or
regenerating (Z=-4.0, p=6.29e-05), see Figure 5A. Fulton’s
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condition factor (K) differences per reproductive cycle phase
were not statistically significant, see Figure 5B. The GSI
distribution observed in the specimens classified as spawning
capable was significantly greater than in the specimens classified
as immature (Z=7.44, p=9.95e-14), developing (Z=4.55, p=5.33e-
06), or regenerating (Z=3.53, p=0.0004), see Figure 5C. Besides,
GSI distribution for specimens classified as immature was
significantly lower than the distributions in the specimens
classified as developing (Z=-3.47, p=0.0007) or regenerating
(Z=-3.32, p=0.0009), see Figure 5C.

The association analysis between the variables the capture
seasons versus phases was statistically significant (X* = 24.48,
p=0.003), performed by Chi-square test. The Pearson’s Chi-
squared residual analysis test allowed to establish that the main
positive contributions to the association observed between both
variables were the specimens classified as spawning-capable
phase with the summer seasons and the specimens classified as
in developing phase with the winter season, see Figure 5D.

The size at first maturity (L50) average was 22.2 cm, with a
95% confidence interval between 22 and 23 cm, see Figure 5E.
Additionally, the L100 average of 25.3 cm was calculated, with a
95% confidence interval between 24.8 and 26.9 cm.

3.4 Steroid profile analysis per
reproductive cycle phases

A steroid profile was performed from previously obtained
plasma samples by GC-EI-MS/MS analysis. The following
steroidal metabolites were identified from serum samples from
female A. scapularis specimens: 173-estradiol, androstenedione-
4, 5a-diol, 5b-diol, androsterone, estrone, etiocholanolone, and
testosterone. The results of the basic statistical analysis on the
serum steroid concentrations in ng mL™' per reproductive cycle
phase are presented in Supplementary Table 2. The plasma
concentrations of the 17f-estradiol, androstenedione-4, and
testosterone among the reproductive cycle phases were
statistically significant, see Figure 6. The distribution of 17f3-
estradiol plasma concentrations in the specimens classified as
spawning capable was significantly higher than the distributions
in the specimens classified as immature (Z=4.19, p=3e-05),
developing (Z=3.17, p=0.0015), or regenerating (Z=3.51,
p=0.0004). The distribution of the androstenedione-4 plasma
concentrations was significantly higher in the specimens
classified as immature than the distribution in the specimens
classified as spawning capable (Z=2.84, p=0.004). Finally, the
distribution of the testosterone plasma concentration was
significantly higher in the specimens classified as spawning
capable than in specimens classified as immature or
developing (Z=2.76, p=0.005, and Z=3.49, p=0.0005
respectively). In the same way, the distribution of testosterone
plasma concentration was significantly higher in the specimens
classified as regenerating than the distribution in the specimens
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(A—C) Boxplots and scatterplots of the SL, K, and GSI of the A. scapularis females per phase of the reproductive cycle (immature n=14, developing
n=25, spawning capable=27, and regenerating n=15). The black points correspond to the value of each specimen captured and the red squares
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display that shows the residual matrix of the Pearson’s chi-squared, which shows the main contributions between seasonality and reproductive cycle
phases association; this analysis was performed by R with corrplot packages, the legend is the matrix residual scale. (E) Plot of the logit regression
analysis for L50 and L100. The maturity was classified by ovary histology using the Brown-Peterson scale (Brown-Peterson, 2011). The black points
show the relative frequency between the total length versus maturity of the collected specimens. The smooth line is the fitted logistic binomial
model calculated from previous frequencies. The L50 and L100 were calculated from the logistic regression by the maximum-likelihood method.
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classified as immature or developing (Z=2.40, p=0.01, and
Z=3.13, p=0.0017 respectively).

3.5 Surface temperature and daylight
hours per day recorded in the collection
marine area.

Through oceanographic registration systems, the ocean-
surface temperature and the daylight hours per day associated
with the study collection area for the years 2019 and 2020 were
obtained. The season-average surface temperature registered for
each year and the average for both years are presented in
Supplementary Figure 1A. The pondered averages of the
surface temperature per season were: 16.3 + 0.88°C for
summer, 16.05 + 1.21 for autumn, 13.83 + 0.57°C for winter,
and 13.3 + 0.95°C for spring; see Supplementary Figure 1A. The
main changes in the surface temperature were observed between
autumn and winter with a seasonal variation of -2.23°C and
between spring and summer with a seasonal variation of +3.0°C.
The daylight hours per day (photoperiod) are analyzed by
month’s average and the data represent the light fluctuations
at the latitude (12°07°117S) of the study collected marine area,
see Figure 6B. The main fluctuation of daylight hours per day
was observed between June and December, with an increase of
1.42 hours (85.2 minutes) of light per day.
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4. Discussion

The study assessed parameters or indexes directly or
indirectly, which allowed understand the female A. scapularis
reproductive cycle and strategy, the knowledge that will allow
improving the consolidation of aquaculture of this species.

Within the 131 specimens collected (males and females) in
this research, was not possible to observe gonads in the
transition process by the histological analysis. This result
allows us to propose that A. scapularis is a gonochoric fish
species without sexual dimorphism.

The reproductive cycle offish is organized into phases, which
are mainly defined by changes in ovary macroscopic
morphology or ovary histology, wherein you can see the
presence or absence of different oocyte stages (Murua and
Saborido-Rey, 2003; Brown-Peterson et al., 2011; Lowerre-
Barbieri et al., 2011).

The results of the cross-section histological analysis of the
ovarian obtained from female specimens of A. scapularis were
adequately fitted to the standardized scale of 5 phases for the fish
reproductive cycle proposed by Brown-Peterson et al. (2011).
However, it was not possible to collect female specimens in the
regression phase. The sparse presence of regression-phase
specimens has been previously described in other studies
performed on the Anisotremus genera (Ruiz-Ramirez
et al., 2012).
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The seasonal fluctuations of the environmental signals such
as temperature, or daylight hours per day (photoperiod)
influence the reproductive cycle of fish (Bromage et al.,, 2001;
Falcon et al., 2007). In the summer, an increase in the number of
spawning capable A. scapularis females was observed. Jointly, the
specimens showed a significant increase in their gonadosomatic
index (GSI) and 17B-estradiol plasma concentrations. All these
features suggest that the summer would be the main spawning
season for A. scapularis on the marine coast of the Callao.
However, due to the association between the autumn season
and the spawning capable phase previously commented, the
spawning season is likely to be longer than just the summer. It is
possible that it begins in the late spring and ends in the middle of
autumn; with a spawning season near the 5 months. Extensive
spawning seasons in the Anisotremus genera have been
previously described for A. interruptus, where the female
specimens with ovarian maturity can be captured throughout
the year (Ruiz-Ramirez et al., 2012).

As an asynchronous spawning with indeterminate fecundity,
the reproductive strategy of A. scapularis was classified based on
the ovary cross-section histology analysis. This reproductive
strategy is characterized by oocyte recruitment in batches from
vitelline oocyte subpopulations for later maturation and spawning
(Lubzens et al,, 2010). Hence, in the asynchronous spawning
ovary, during the spawning season, it is possible to observe oocytes
in different stages simultaneously (Murua and Saborido-Rey,
2003; Lubzens et al., 2010; Lowerre-Barbieri et al., 2011). This
reproductive strategy allows the species to spawn over a long
period (Muchlisin, 2014), which agrees with the 5-month
spawning season discussed before. This reproductive strategy
has also been previously described in A. interruptus and other
species of the Haemulidae family, such as Haemulon plumierii
(Palazon-Fernandez, 2007; Shinozaki-Mendes et al., 2013). The
average value of the GSI obtained in summer for A. scapularis
females was 2.82. This is a low GSI value if compared to that
described in other fish species. However, asynchronous spawning
species with an indeterminate fecundity strategy have lower
maximum levels of GSI in the spawning seasons than species
with synchronous spawning dynamics (Nunes et al., 2011).

The specimens classified as spawning capable presented a
higher level of 17B-estradiol plasma concentration than other
reproductive cycle phases. This steroid has a central role in
oocyte development, principally associated with vitellogenesis.
Though the oocyte maturation process is regulated by
maturation-inducing steroids (MIS) (Tokarz et al., 2015). In
synchronous fish species, the fluctuations of the steroid plasma
concentrations are very clearly defined and associated with the
reproductive cycle phase or ovary development stage
(Hainfellner et al.,, 2012). However, in asynchronous species,
such as A. scapularis, this regulation is different since batches of
oocytes in primary growth must be recruited throughout the
spawning season. What has been described for asynchronous
species with indeterminate fecundity is that 17B-estradiol and
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testosterone levels in females remain higher throughout the
spawning season (Rinchard et al, 1997). It is worth
mentioning that 17(3-estradiol is synthesized from testosterone
by the aromatase hormone (Tokarz et al., 2015). The
Androstenedione-4 is the steroid precursor for the synthesis of
testosterone by the enzymes 17beta-hydroxysteroid
dehydrogenases (Tripathy et al.,, 2021). Hence in this sense, it
is consistent to expect that the levels are reduced conversely with
the synthesis of testosterone and increase in 17f3-estradiol as
observed in our study.

All the collected female specimens presented Fulton’s
condition factor (K) higher than 1, being 1.72 the minimum
value recorded. Hence, all specimens showed an overweight in
their body conditions (Froese, 2006), independently of their
season of collection or their reproductive cycle phase
classification. The K values were significantly lower in summer
than the values observed in other seasons. This has previously
been described in other species, such as Haemulon plumierii
(Palazon-Fernandez, 2007; Solis-Flores et al., 2021). In addition,
loss of the body condition during the spawning seasons has been
previously described in many fish species, attributed to energy
requirements involved in reproduction (Mouine et al., 2012).
Nevertheless, the reproductive cycle phase spawning capability
was not significantly associated with K lower values. As an
approximation to better understand the decrease in K in
summer was explored if the variation of the longitude
categories could have influenced the decrease of K during the
summer, this approximation was not significant either.
Therefore, the reduction in body condition observed in
summer affected all specimens equally regardless of their
length or phase of the reproductive cycle. Data collected in the
study does not allow us to understand the specific cause of
this variation.

The residual matrix analysis of the Chi-square test between
the reproductive cycle phases versus seasonality showed that the
specimens captured in winter presented a positive association
with the developing phase. This result indicates that A.
scapularis females do not present reproductive latency after
the spawning period, since during the winter it is possible to
observe early vitellogenesis phases (CA, Vgtl) (Selman and
Wallace, 1989; Brown-Peterson et al., 2011).

The hepatosomatic index (HSI) presented higher levels
during summer and autumn, seasons which were associated
with the spawning period. Subsequently, a significant reduction
of this index was observed during the winter season. The
reduction in the hepatosomatic indices is observed at the end
of the spawning period, has been described in other fish species
with an asynchronous spawning strategy (Rinchard et al., 1993;
Arellano-Martinez et al., 2001; Murua and Saborido-Rey, 2003;
Ruiz-Ramirez et al., 2012; Correa-Herrera and Jiméneszegura,
2013). In A. scapularis, the HSI presented a seasonal modulation
equivalent to the seasonal modulation observed for GSI.
Nevertheless, in other species, such as Lutjanus guttatus, a
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seasonal inverse relationship between GSI and HSI levels has
been described (Arellano-Martinez et al., 2001).

The length at first maturity corresponds to the index known
as L50 or L100, which are defined as the total length in
centimeter, where 50% or 100% of the individuals are mature
respectively. For its calculation, it is necessary to establish the
state of maturity of the specimens, which can be established
through the use of GSI or histological analysis of the gonads
(Fontoura et al, 2009). Reproductive classification based on
histological techniques is a more precise method than
macroscopic parameters such as GSI (Brown-Peterson et al.,
2011). An L50 average of 22.2 cm was estimated for female A.
scapularis collected specimens. Similar average lengths of L50s
have been described in females of other species belonging to the
Haemulidae family, such as Plectorhinchus gaterinus, with 23 cm
(Amin et al, 2019) or Haemulon plumierii with 21.4 cm
(Hoffmann et al., 2017). However, substantially smaller L50s
are described in other species of this family, such as Haemulopsis
corvinaeformis, H. aurolineatum, and H. squamipinna (Eduardo
et al,, 2018; Cardoso De Melo et al,, 2020). Although the L50
provides substantial information in management the stock of
wild populations. It seems that at the aquaculture level it is much
more relevant to establish the L100, which average for A.
scapularis females at 25.3 cm was calculated.

The development of new species for aquaculture begins with
the formation of broodstock originally collected from wild areas.
Faced with the need to obtain wild specimens of A. scapularis, it
would be appropriate to carry out the capture process during the
summer. During this season, the probability of capturing mature
individuals increases markedly. The female wild specimens’ length
screening criteria for a broodstock confirmation should only
include individuals over 25.3 cm. Using temperature and daylight
hours per day data recorded at the Callao coast, a thermo-
photoperiod program was possible proposed for the management
of broodstock, which considers two cycles. The first cycle associated
with winter-spring and the stimulation of the early vitellogenesis
should carry out with temperatures between 12.5 - 13.5°C with a
photoperiod of 11/13 - light/darkness. Then, a second cycle
associated with summer-autumn seasons and the later stages of
oocyte development, oocyte maturation, and spawning should be
increased to 16 - 17°C, with a photoperiod of 13/11 - light/darkness.

5. Conclusions

The results of the present study contribute to increasing
knowledge associated with the reproductive biology of A.
scapularis females on the coast of Callao, Pert. I can conclude
the following:

« The macroscopic morphology and histological study results

allow us to consider that the gender system of A.
scapularis is gonochoristic, without sexual dimorphism.
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o The A. scapularis spawning dynamic was classified as an
asynchronous spawner with indeterminate fecundity.

o Summer is the main reproductive season of A. scapularis,
observing female spawning activity until autumn.

« The size at first sexual maturity (L50) and (L100) reported
in this study for A. scapularis were 22.2 cm and 25.3 cm,
respectively.
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