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Abstract: Sea stars exhibit different development patterns that comprise indirect and direct development, in-
cluding pelagic or benthic larvae, and planktotrophic or lecithotrophic nutrition. The purpose of our research 
was to study the general parameters of oxidative metabolism during female gonadal maturation in Antarctic 
sea stars with different development patterns. Summer sampling was performed in 2012 in Antarctica. Every 
asteroid was taxonomically identified, and its development pattern was established. Sex and the reproductive 
stage were determined through histological analyses. The general parameters of the oxidative metabolism were 
determined in mature ovaries by measuring reactive oxygen species (ROS) and total antioxidant capacity (TAC). 
The development patterns with internal or oral brooding presented a lower production of ROS than those with a 
broadcaster strategy. The free-living planktotrophic larvae pattern presented lower TAC values than both types 
of brooding patterns. The development patterns of free-living lecithotrophic larvae and facultative lecithotrophic 
larvae presented intermediate values of TAC but did not show significant differences. We concluded that species 
that offspring rapidly acquire the ability to feed during development (planktotrophic larvae) exhibit lower TAC 
and higher levels of ROS than the species that do not feed during their development, which will receive greater 
maternal supply of antioxidants, resulting in reduced ROS levels. The development patterns with brooding en-
sure better quality oocytes and higher fitness in offspring than those unprotected.
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Resumen: Patrones de desarrollo y metabolismo oxidativo en estrellas de mar antárticas. Las estre-
llas de mar presentan diferentes patrones de desarrollo, que comprenden desde desarrollo indirecto a directo, 
incluyendo la presencia de larvas pelágicas o bentónicas y nutrición planctotrófica o lecitotrófica. El objetivo de 
muestra investigación fue estudiar los parámetros generales del metabolismo oxidativo durante la maduración 
gonadal femenina en asteroideos antárticos con diferentes patrones de desarrollo. Se realizaron muestreos esti-
vales durante 2012 en Antártica. Cada asteroideo fue identificado taxonómicamente y se estableció su patrón de 
desarrollo. Mediante histología determinamos el sexo y estadio reproductivo. En los ovarios maduros se determi-
naron los parámetros generales del metabolismo oxidativo midiendo especies reactivas del oxígeno (ERO) y ca-
pacidad antioxidante total (CAT). Los patrones de desarrollo que incluyen incubación interna u oral presentaron 
menor producción de ERO que aquellas con estrategias de desove libre. El patrón con larva planctotrófica libre 
presentó menor CAT que ambos patrones incubantes. Los patrones de desarrollo con larva lecitotrófica libre y 
larva lecitotrófica facultativa presentaron valores intermedios de CAT, pero no presentaron diferencias significa-
tivas. Concluimos que aquellas especies donde sus descendientes adquieren rápidamente la capacidad de alimen-
tarse durante el desarrollo (larvas planctotróficas) presentan baja CAT y elevados ERO, respecto de las especies 
que no se alimentan durante su desarrollo. Estas últimas reciben un mayor aporte materno de antioxidantes 
reduciendo de esta forma los niveles de ERO. Los patrones de desarrollo que presentan incubación garantizan una 
mejor calidad de los ovocitos y una mayor aptitud de las crías que las no protegidas.

Palabras clave: Estrellas de mar, Antioxidantes, ERO, Antártida, Incubación, Larva de vida libre
_____________
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INTRODUCTION

Sea stars exhibit different development pat-
terns that involve indirect and direct develop-
ment, which can include a larval stage that can 
be pelagic or benthic with planktotrophic or 
lecithotrophic feeding (Mileikovsky, 1971; Chia, 
1974; McEdward & Miner, 2001). Most asteroids 
have pelagic planktotrophic or lecithotrophic 
larvae that spread widely (Hyman, 1955; Chia 
& Walker, 1991). Nevertheless, a few species in-
clude non-pelagic lecithotrophic larvae (benthic) 
brooded by the progenitors (retained larvae), 
and even the larval stage can be absent, in which 
case, the egg develops directly. These strategies 
have been widely discussed, especially regarding 
the importance of brooding and parental care 
(Gillespie & McClintock, 2007; Pérez et al., 2015; 
2024; Fraysse, 2021). 

Reproductive effort in sea stars can vary 
based on their development patterns. For in-
stance, in species with planktotrophic larvae, 
reproductive investment is generally equal be-
tween the sexes, and females produce numerous 
small oocytes. In contrast, in species that spawn 
lecithotrophic larvae or brood their young, the 
patterns of energy allocation to gonads between 
sexes provide strong evidence of a higher ener-
gy investment (per mass unit) to reproduction 
in females than in males. This results in fewer 
but larger oocytes, determining females to face 
the costs associated with incubating embry-
os (Thorson, 1950; Mileikovsky, 1971; Bosch 
& Slattery, 1999; Raymond et al., 2004; 2007; 
Gillespie & McClintock, 2007).

The cost of reproduction plays a central role 
in evolutionary theory and oxidative stress is 
thought to play a significant role in explaining 
this cost. Researchers have reported a variety of 
associations between reproduction and oxidative 
stress. The “oxidative cost” hypothesis proposes 
that the energy and resources allocated to repro-
duction lead to increased oxidative stress. On the 
other hand, the “oxidative constraint” and “ox-
idative shielding” hypotheses offer alternative 
perspectives. The former suggests that mothers 
may limit their reproductive efforts to mitigate 
oxidative damage, while the latter posits that 
mothers proactively manage oxidative stress by 
minimizing potential damage before it occurs 
(Blount et al., 2016; Meniri et al., 2022).

During their evolution, aerobic organisms 
have adapted to the increase of oxygen in the 
environment, reaching metabolisms of high en-
ergetic efficiency and developing systems that 

protect them from the inherent damage of using 
oxygen (Fridovich, 1974). The mechanisms that 
protect against the damaging effects of oxygen 
consist of several antioxidant enzymatic and 
non-enzymatic defenses that facilitate the con-
servation of endemic reactive oxygen species 
(ROS) in concentrations that are compatible 
with life, reducing the damages related to their 
high reactivity (Wilhelm-Filho et al., 2001). In a 
cellular state of redox homeostasis, these defens-
es manage to compensate for the levels of ROS 
produced. However, an imbalance between ROS 
production and antioxidant defenses, favoring 
the former, can lead to oxidative stress (Halliwell 
& Gutteridge (2015). This situation is reached at 
the cellular level either by an increase in ROS 
production rates or by a decrease in the activ-
ity of antioxidant defenses. The generation of 
ROS, such as the superoxide anion (O2•−), the 
hydrogen peroxide (H2O2), and hydroxyl radi-
cal (•OH), occur constantly in the cells, mainly 
as a result of cellular respiration during the re-
duction of molecular oxygen into water (Hermes 
Lima, 2004). Fluctuations in ROS production in 
aquatic organisms have been attributed to (a) ex-
ogenous factors such as hypoxia, hyperoxia, pol-
lution, poisoning, UV radiation, and availability 
and quality of food (Abele-Oeschger et al., 1994; 
Power & Sheedan, 1996; Wilhelm-Filho et al., 
2001; Geracitano et al., 2004; Keller et al., 2004; 
Malanga et al., 2007); and (b) endogenous factors, 
such as feeding rate, growth, motion, age, sex, 
metabolic rate, oxygen consumption, and repro-
duction (Livingstone et al., 1990; Winston & Di 
Giulio, 1991; Abele et al., 1998; Pérez et al., 2011).

Recent work on subantarctic asteroids re-
inforces the idea of differential energy alloca-
tion among contrasting developmental patterns 
(Fraysse 2021, Fraysse et al., 2020b, 2024) and 
has made significant contributions regarding the 
fluctuations of oxidative metabolism concerning 
the reproduction of subantarctic echinoderms 
(Pérez, 2009; Pérez, et al., 2011; 2015; Fraysse 
et al., 2020a; Fraysse, 2021). However, little is 
known about ROS production and consumption 
of antioxidant defenses in Antarctic sea stars 
with contrasting developmental patterns.

We hypothesize that the general parameters 
of oxidative metabolism in mature females differ 
among contrasting developmental patterns in 
Antarctic sea stars. Species with lecithotrophic 
(free or retained) larvae or direct development 
may accumulate more antioxidants in mature 
ovaries than those with planktotrophic develop-
ment, ensuring that offspring that do not feed 
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during the early stages of development remain 
protected from the effects of ROS and ensure the 
fitness of the progeny. The present work aims to 
study general parameters of oxidative metabo-
lism as reactive oxygen species (ROS) and total 
antioxidant capacity (TAC) during gonadal ma-
turity in females of Antarctic sea stars with con-
trasting development patterns.

MATERIALS AND METHODS

Sampling sites 
The present study was conducted during 

the 2012 Summer Antarctic Campaign (SAC) 
aboard the ARA “Puerto Deseado” oceanograph-
ic research vessel. The study area was located 
from South Orkney to the Palmer Archipelago 
(Antarctic Peninsula). Sea stars were obtained 
from 8 stations with different geographic lo-
calizations (Table 1) using bottom otter trawls. 
Temperature, salinity, and depth were regis-
tered at each station using a CTD oceanographic 
sounding line (electric conductivity, temperature, 
and saltwater pressure) (Table 1). The sampling 
of the individuals was qualitative.

Sample treatment 
Every collected sea star (N= 60) was pho-

tographed and dissected. The major radius 
was measured (mm), the macroscopic charac-
teristics of the gonads of each individual were 
registered, and the presence of embryos was 
examined. Subsequently, taxonomic identifica-
tion was made, and a development pattern was 
established. Finally, the gonads were extracted, 
one subsample was kept in Bouin’s solution to 
perform the histological analysis, and another 
was maintained at -80°C to determine the gener-
al parameters of the oxidative metabolism.

Taxonomy
Taxonomic determinations were performed 

based on Bernasconi (1962), Bernasconi (1970), 
Clark & Downey (1992), Fisher (1940), Koehler 
(1912), Mah et al. (2014), Mah (2020), Sladen 
(1889), Tablado (1982), and Verril (1914), 
and subsequently checked with the Census of 
Antarctic Marine Life (Clarke & Johnston, 2003; 
De Broyer et al., 2022), and Global Biodiversity 
Information Facility [GBIF] (2022) to ensure 
that synonymies or misspellings were removed.

Development pattern
The developmental pattern for each species 

collected was reviewed based on Pérez et al. 

(2024) according to the bibliographic background 
(Hyman, 1955; Bernasconi, 1970; McClary & 
Mladenov, 1990; Pearse & Bosch, 1994; Janies, 
1995).

Histological analysis 
To determine the sex and reproductive stage 

of each individual (N= 60), a gonad of each sam-
ple was used. After Bouin’s solution fixation, de-
hydration and inclusion in paraffin, the gonads 
were cut into sections of 5-7 µm using a micro-
tome. The histological sections were stained with 
hematoxylin and eosin, following the protocol 
described by Pérez et al. (2010). The histological 
preparations were examined and photographed 
using an Olympus BX40 optical microscope with 
a digital camera attached. Mature females were 
identified and used to determine general param-
eters of oxidative metabolism.

Determination of the general parameters 
of oxidative metabolism 

The remaining ovaries of mature females 
were used to measure the general parameters of 
oxidative metabolism. Total antioxidant capacity 
(TAC) against peroxyl radicals was determined 
through the production of ROS, according to 
the method of Amado et al. (2009), with modi-
fications (Pérez et al., 2015). To quantify ROS 
production, the reaction buffer (30 mM HEPES 
at pH 7.2, 200 mM KCl, and 1 mM MgCl2) and 
10 µL of the supernatant were added to a 96-
well microplate. Two wells were used per sam-
ple: 4 mM 2,2′-azobis(2-methylpropionamidine) 
dihydrochloride (ABAP) was added to one well 
and the same volume of ultrapure water to the 
other well, reaching a final volume of 145 µL in 
each well. Fluorescence was determined at 37°C 
using a spectrofluorometer microplate reader 
(Fluoroskan Ascent FL 2.6 equipped with Ascent 
Software Version 2.6). Before reading, 10 µL of 
the fluorogenic probe 40 µM 2′,7′ dichlorofluores-
cein diacetate (H2DCF-DA) were added to each 
well. The fluorophore DCF was detected at λex 
= 488 nm and λem = 525 nm. Total fluorescence 
production was calculated by integrating the flu-
orescence units (FU) over the time of measure-
ment. The results were expressed as the differ-
ence between the areas of FU/min/wet weight 
in the same sample with and without ABAP and 
standardized to the ROS area without ABAP 
(background area). The gonads total antioxi-
dant capacity was calculated as follows: TAC= 
1/ [(ROS area ABAP – ROS area background) / 
(ROS area background)].
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Statistical analysis 
Reactive oxygen species (ROS) production 

among contrasting development patterns was 
analyzed with one-factor ANOVAs followed by 
Tukey’s multiple comparisons. The assump-
tions of homogeneity of variance (Bartlett test) 
and normality (Kolmogorov-Smirnov test) were 
verified after transforming the data by using 
the logarithmic function. The total antioxidant 
capacity (TAC) among contrasting development 
patterns was analyzed with the non-parametric 
Kruskal-Wallis test followed by Dunn’s multiple 
comparisons since the parametric test assump-
tions were not met, even transforming the data. 
The statistical analyses were performed using 
GraphPad Prism 8.0.1 (GraphPad Software, San 
Diego, CA). 

RESULTS

Taxonomy and development patterns
•	 From the histological study of the gonads, 

38 mature females were determined. Seven 
species were identified and utilized in this 
study: 

•	 Pteraster stellifer (Sladen, 1882) (N=4) = in-
ternal brooding

•	 Diplasterias brucei (Koehler, 1907) (N=4) = 
oral brooding

•	 Glabraster antarctica (Smith, 1876) (N=9) = 
free-living facultative lecithotrophic larvae

•	 Bathybiaster loripes (Sladen, 1889) (N=4) = 
free-living lecithotrophic larvae

•	 Cycethra verrucosa mawsoni (Clark, 1962) 
(N=5) = free-living lecithotrophic larvae

•	 Psilaster charcoti (Koehler, 1906) (N=7) = 
free-living lecithotrophic larvae

•	 Odontaster meridionalis (Smith, 1876) 
(N=5) = free-living planktotrophic larvae

Production of reactive oxygen species and 
total antioxidant capacity among species 

ROS values of the ovaries varied from 56357 
to 758310 FU/min/wet weight, with a mean val-
ue of 539592 FU/min/wet weight, with P. stellifer 
having the lowest (56357 FU/min/wet weight) 
and O. meridionalis the highest ROS (758310 
FU/min/wet weight) (Table 1). The mean TAC of 
female gonads was 1.02 relative FU, being O. me-
ridionalis the lowest (0.3728 relative FU) and D. 
brucei the highest (1.938 relative FU) (Table 2).

ROS and TAC among contrasting develop-
ment patterns

The production of ROS in mature ovaries 
presented significant differences among the 
contrasting development patterns (ANOVA 1F; 
F=10.97, P<0.0001). The internal and oral 
brooding patterns did not show significant differ-
ences; however, both patterns exhibited a lower 
production of ROS compared to the free-living lar-
vae, regardless of their feeding strategy (Tukey’s 
multiple comparison test p<0.05) (Fig. 1).

The TAC values in the mature ovaries pre-
sented significant differences among contrasting 
development patterns (Kruskal Wallis H=13.92, 
P=0.0076). The free-living planktotrophic larvae 
presented lower TAC than the internal and oral 
brooding ones (Dunn’s multiple comparison test 
P<0.05). The free-living lecithotrophic larvae 
and the facultative lecithotrophic larvae patterns 
exhibited intermediate values of TAC but no sig-
nificant differences were observed (Dunn’s mul-
tiple comparison test P>0.05) (Fig. 2).

DISCUSSION

In the present work, seven species of 
Antarctic sea stars were studied, Pteraster stel-
lifer, Diplasterias brucei, Cycethra verrucosa 

Table 1. Geographic localization of the sampling stations in Antarctica, physical parameters of 
seawater (temperature and salinity), and the maximum depth.

Station Latitude Longitude Superficial 
temperature (°C)

Superficial 
salinity (%)

Depth (m)

1 64°24.740 66°5.420 2.34 33.59 320
7 64°9.947 64°27.288 3.00 33.67 562
8 63°36.182 64°21.809 3.13 33.72 361
11 63°43.092 61°7.402 1.94 34.08 131
13 62°59.310 59°57.246 2.42 34.11 977
35 60°40.992 46°19.560 3.07 34.14 110
36 60°42.331 46°1.342 3.12 34.07 98
37 60°47.561 45°36.854 1.50 34.08 120
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mawsoni, Bathybiaster loripes, Psilaster char-
coti, Glabraster antarctica, and Odontaster me-
ridionalis. These species present different de-
velopment patterns such as internal and oral 
brooding, free-living lecithotrophic larvae, fac-
ultative lecithotrophic larvae, and free-living 
planktotrophic larvae (Table 2). Moreover, gen-
eral parameters of oxidative metabolism (ROS 
and TAC) were established in mature ovaries of 
species with contrasting development patterns. 
Our results, in agreement with previous studies, 
reinforce an association among reproduction, 
development and oxidative metabolism (Pérez 

et al., 2011; 2015; Fraysse et al., 2020a; Fraysse, 
2021). These previous studies were the first to 
confirm the relationship between the reproduc-
tive condition (reproductive stages) and the oxi-
dative metabolism in echinoderms, emphasizing 
the strong relationship between the reproductive 
cycle, the total antioxidant capacity (TAC) and 
its antioxidant content, the production of reac-
tive oxygen species (ROS), the lipid radical con-
tent and the lipid damage (Pérez, 2009; Pérez et 
al., 2011; Fraysse et al., 2020a; Fraysse, 2021). 

Our results indicate that species with in-
ternal and oral brooding development patterns 

Table 2. Taxonomy, developmental patterns, production of reactive oxygen species (ROS) and total 
antioxidant capacity (TAC) of mature ovaries for seven representative species of Antarctic Sea stars. 
ROS and TAC were expressed as FU/min/wet weight and relative FU, respectively; Mean ± SD FU 
= fluorescence units.

Family Species Development Patterns ROS TAC
Asteriidae Diplasterias brucei Oral brooding 152988±174487 1.9380±1,28
Asterinidae Cycethra verrucosa 

mawsoni
Free-living lecitotrophic larvae 334710±63916 0.6422±0,22

Astropectinidae Bathibiaster loripes Free-living lecitotrophic larvae 184689±72207 1.6450±0,65
Psilaster charcoti Free-living lecitotrophic larvae 633479±479706 0.6729±0,47

Odontasteridae Odontaster meridionalis Free-living planktotrophic larvae 758310±311221 0.3728±0,14
Poraniidae Glabraster antarctica Free-living facultative 

lecitotrophic larvae
396610±335890 0.7344±0,26

Pterasteridae Pteraster stellifer Internal brooding 56357±24460 1.1350±0,24

Fig. 1. Production of reactive oxygen species (ROS) in 
mature ovaries among contrasting development patterns 
of Antarctic sea stars. Different uppercase letters above 
bars show significant differences between groups. 
Mean ± standard deviation. FU fluorescence units.

Fig. 2. Total antioxidant capacity (TAC) in mature 
ovaries among contrasting development patterns of 
Antarctic sea stars. Different uppercase letters above 
bars show significant differences between groups. 
Mean ± standard deviation. FU fluorescence units.
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exhibit lower levels of ROS and higher TAC in 
their mature ovaries. This suggests an oxidative 
stress-free scenario, compared to species with 
planktotrophic development patterns. These 
findings are consistent with previous studies of 
subantarctic echinoderms although they did not 
address interspecific comparisons, where a great-
er reproductive effort, energetic investment, and 
antioxidant assignation during the maturing of 
the ovary were reported in species with paren-
tal care, both with internal or oral brooding, in 
contrast to species that presented planktotro-
phic development (Pérez et al., 2008; 2010; 2011; 
2015; Pérez, 2009; Fraysse et al., 2020a; Fraysse, 
2021). In the sea star Diplopteraster verrucosus 
(internal brooder) it has been found that the ma-
ture females, both brooding and non-brooding, 
present higher levels of TAC than males (Fraysse 
et al., 2020a). Likewise, in Anasterias antarctica 
(oral brooder) the production of ROS in mature 
females (maturity I, according to Fraysse et al., 
2021) was lower and presented higher TAC levels 
(also, α-tocopherol, β-carotene, and echinenone 
antioxidants) than non-mature females (Pérez 
et al., 2015; Fraysse, 2021). On the contrary, 
during development, D. verrucosus embryos in-
creased the production of ROS while TAC was 
constant (Fraysse et al., 2020a). In A. antarcti-
ca, there was also a progressive and significant 
increase of ROS during the development of em-
bryos (Pérez et al., 2015) and TAC remained con-
stant (Fraysse, 2021), suggesting in both cases 
that the non-favourable oxidative condition to-
wards the end of the brooding period could trig-
ger the release of embryos (Fraysse et al., 2025). 
In the echinoid Loxechinus albus (free-living 
planktotrophic development pattern) Pérez et al. 
(2011) corroborated that the content of antioxi-
dants (α-tocopherol, β-carotene and echinenone) 
decreases during the gametogenesis while the 
lipid oxidation and the content of lipid radicals 
increases, reaching gonad maturity with oxida-
tive imbalance.

The nutrients and antioxidants stored in ma-
ture oocytes are transferred to the larvae and em-
bryos, where they are used during development 
(Plank et al., 2002). In this sense, those species 
where their offspring rapidly acquire the capaci-
ty to feed during development, such as free-living 
planktotrophic larvae (Pearse et al., 1991), pres-
ent low antioxidant protection (TAC) and high 
ROS, such as O. meridionalis and the sea urchin 
L. albus (Pérez et al., 2011). In contrast, species 
that do not feed during their development will 
receive a higher maternal contribution of an-

tioxidants (Pérez et al., 2015) or will present a 
higher TAC (Fraysse, 2021) thus preserving low 
levels of ROS, as corroborated in P. stellifer and 
D. verrucosus (Fraysse et al., 2020a), where the 
embryos are incubated or retained for extended 
periods. In these cases, a higher assignation of 
antioxidants to mature ovaries could ensure the 
production of good-quality oocytes thus increas-
ing the fitness of the offspring. The translocation 
and the accumulation of antioxidants suggest an 
oxidative damage prevention strategy, both by 
the end of oogenesis and in the earliest stages 
of embryonic development (Perez et al., 2011; 
Fraysse, 2021).

We conclude that brooding Antarctic sea stars 
may preventively lower oxidative stress levels 
prior to reproduction, to protect themselves and 
their physiologically dependent offspring from 
the negative intergenerational consequences of 
oxidative stress during reproduction (“oxida-
tive shielding” hypothesis). In contrast, species 
with a planktotrophic development pattern are 
consistent with the “oxidative cost” hypothesis 
suggests that the reproductive investment can 
result in an elevated metabolic rate and conse-
quently elevated ROS production. However, in-
dividuals may have adjusted the output of off-
spring to their conditions to avoid excessively 
high oxidative costs of reproduction that could 
negatively impact fitness. While the relationship 
between reproduction, development and oxida-
tive metabolism requires further exploration, 
the present work lays the groundwork for study-
ing these aspects in Antarctic sea stars.
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