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Abstract
High temperatures alter the physiological condition of Octopus maya embryos, juveniles, and adults, and the time of exposure 
could have a key role in their thermal tolerance. The present study evaluates the effects of temperature and exposure time 
on octopus juveniles obtained from a thermally stressed female and a control female when exposed to optimal (25 °C) and 
high temperatures (30 °C) for 20 and 30 days, respectively. The results showed a transgenerational temperature effect that 
was expressed with low survival, depressed routine resting and high metabolic rates. Moreover, a collapse of antioxidant 
defense enzymes and high levels of oxidative damage products were detected in juveniles from thermally stressed females. 
Stress was lethal for animals acclimated at 30 °C, while the performance of juveniles acclimated at optimal temperature 
(25 °C) was conditioned by high oxidative stress levels and a reduction of the high metabolic rate (HMR) even after 30 days 
of experiment. In contrast, juveniles from the non-thermally stressed female had an optimal performance when acclimated 
at 25 °C but at 30 °C, they had a comparatively higher HMR during the first 8 days. These results suggest energy surplus in 
those animals to escape from warming scenarios before experiencing oxidative damage accumulation. Further studies should 
confirm if epigenetic alterations could be involved.

Keywords  Epigenetic · Metabolism · Climate change · Respirometry · Peroxidation · Oxidative damage · Transgenerational 
effect

Introduction

The current anthropogenic global warming—estimated in an 
increment of sea temperature from 1 to 3 °C for the next dec-
ades—is expected to generate profound metabolic alterations 

in marine ectotherm invertebrates, which can have conse-
quences in the distribution and abundance of a wide number 
of species (Brown et al. 2004; Lefevre 2016; Madeira et al. 
2016). Although the physiological processes are enhanced 
under high temperatures and result in high energy produc-
tion, they also provoke the increment of deleterious reactive 
oxygen species (ROS; Johnstone et al. 2019). The mitochon-
drial respiratory chain is one of the main sources of ROS 
(e.g., hydroxyl and superoxide radicals, singlet oxygen, etc.) 
and reactive nitrogen species (RNS; e.g., nitric oxide, per-
oxynitrite, etc.), produced naturally through physiological 
and non-physiological processes (Fridovich 1986; Feidantsis 
et al. 2021).

Oxidative stress produced by ROS consists of deleteri-
ous cumulative biomolecular cell damage, mainly oxida-
tion of lipids, proteins, and nucleic acids (Storey 1996; 
Hulbert et al. 2007). The progressive accumulation of these 
biomolecules in cells and tissues modifies the function of 
these structural elements and enzymatic activity, generating 
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damage to the proteasomal system (Beckman and Ames 
1998; Grune et al. 2001; Passos and Von Zglinicki 2006). 
The cell antioxidant defense mechanisms (ANTIOX) consist 
of a group of enzymes (e.g. catalase, glutathione peroxi-
dase, peroxiredoxin; Di Giulio et al. 1989) complemented 
by some low-weight non-enzymatic molecules (e.g. vita-
mins A, C, and E, bilirubin, beta-carotene, uric acid, and 
flavonoids; Rahal et al. 2014) that progressively reduce ROS 
into safe compounds (e.g. O2 and H2O; Halliwell 2013) or 
break the autocatalytic chain of radical reactions (Cadenas 
1989), respectively. However, in organisms subjected to heat 
stress, ROS production can surpass the ANTIOX system, 
producing a condition named pejus, in which the organism 
survival depends on the exposure time to heat stress or abil-
ity to depress metabolism, and consequently, ROS produc-
tion (Pörtner 2010; Pörtner et al. 2017; Rodríguez-Fuentes 
et al. 2017).

Evidence has suggested that thermal tolerance between 
generations can be enhanced through thermal precondition-
ing of adults to trigger an epigenetic response that prepares 
the progeny to effectively cope with challenging tempera-
ture increases (Eirin-Lopez and Putnam 2021; Fellous et al. 
2015, 2022; Ortiz-Rodríguez et al. 2012). To mention some, 
the process has been defined as cross-generation plasticity 
(CGP), when the environment experienced by parents influ-
ences offspring phenotype: F0–F1; multigenerational plas-
ticity (MGP) when the environment experienced by previous 
generations is evident to the F2 and beyond: F1–F2 + ; and 
carry-over effects (COE) that occur within the develop-
ment (e.g. embryo to larva; Byrne et al. 2020). However, 
studies performed on the mussel Mytilus californicus and 
Octopus maya embryos have also provided evidence for 
negative parental effects on offspring thermal tolerances 
(Dominguez-Castanedo et al. 2023); Waite and Sorte 2022), 
although the involved mechanisms of maladaptation are still 
unclear.

Octopus maya supports one of the most important octo-
pus fisheries at the world level, with an annual production 
of around 20,000 Tons and it is considered that their catch 
has reached the maximum sustainable yield. This species, 
endemic of the Yucatan Peninsula, is particularly sensitive 
to thermal stress (Ángeles-Gonzales et al. 2020). It has been 
observed that temperatures above 27 °C deeply affect the 
reproductive performance both of males and females. In 
males, testicular damage and sperm viability, with a reduc-
tion of their parental contribution in progeny, has been 
reported, whereas in females, a reduction in the number of 
spawned and fertilized eggs, as well as the size, yolk mass, 
CAT activity and total glutathione (GSH) of embryos, along 
with higher metabolic rates.

The Yucatán peninsula has two well-differentiated ocean-
ographic areas. One in the northern zone where a seasonal 
upwelling maintains the shelf floor temperature from 22 to 

24 °C in summer, while they can reach more than 30 °C on 
the floor of the western zone temperatures (Fig. 1; Enriquez 
et al. 2013).

As a consequence, oceanographic conditions drive the 
octopus population to have different biological cycles. In 
the northern zone, reproduction occurs year-round where 
the upwelling maintains the temperatures below 26 °C even 
in summer (Fig. 1). In the western zone, the reproductive 
peak is concentrated in winter, when polar winds chill the 
platform (Angeles-Gonzalez et al. 2017; Juárez et al. 2018; 
Markaida et al. 2016). In such circumstances, females that 
spawn in the western zone incubate the embryos during the 
winter months (January–March) when temperatures are 
expected to be maintained from 22 to 26 °C. Considering 
that in the western zone there is no influence of upwelling 
is highly probable that this zone, in warming scenarios, 
experiencing short and hard winters followed by high tem-
peratures that could extend the summer season with high 
temperatures (IPCC 2021). In such a scenario, hatchlings 
could be exposed to fast temperature increments and sub-
optimal thermal conditions, without the opportunity to make 
metabolic and energetic adjustments to maintain their home-
ostasis (Juárez et al. 2016; Pörtner et al. 2017), that could 
affect their performance ultimately affecting the population 
(Noyola et al. 2013a, 2013b).

In the past, variations in octopus landings were 
associated with thermal anomalies resulting from El 
Niño–Southern Oscillation (ENSO) events (Comisión 

Fig. 1   Temperature variation in the continental shelf of the Yucatán 
peninsula, Mexico (2010–2020 data). Note: blue color in the zone 
with the influence of seasonal upwelling (north coast) and green and 
yellow zones in the western coast where upwelling has no influence. 
Octopus maya distribution is limited to the isobath of 50  m of the 
continental Yucatán peninsula shelf (Avendaño et al. 2019)
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Nacional de Pesca y Acuacultura 2016). Using that infor-
mation Ángeles-Gonzalez et al. (2021a; b) found that the 
octopus fishery production is negatively affected in the 
western zone of the Yucatan Peninsula when temperature 
increases 2 °C above average during an ENSO event. This 
effect has led to the hypothesis that the ENSO anomaly 
could be causing octopus migration from the western to 
eastern zone, where temperature increase is limited by 
seasonal upwelling.

If this hypothesis is true, in warming scenarios or 
during the ENSO anomalies juveniles feel obligated to 
migrate to cooler environments before the thermal condi-
tions affect their physiological condition irreversibly. The 
results obtained in early O. maya juveniles showed that 
20 days at 30 °C reduces their growth rate and survival 
because of the energetic costs associated to maintain the 
high metabolic rate in high temperatures (Noyola et al. 
2013b), indicating that if juveniles do not migrate to low 
temperature environments their performance could be 
compromised.

Until now, evidence has demonstrated that high tem-
peratures alter the physiological condition of O. maya 
embryos, juveniles, and adults and that time of exposure 
could have a key role in their thermal tolerance. This fact 
can be explained because animals depend on the dura-
tion of energetic reserves and the ability of antioxidant 
defense mechanisms to neutralize ROS when exposed to 
high temperature environments (Caamal-Monsreal et al. 
2016; Meza-Buendia et al. 2021; Noyola et al. 2013b). 
In addition to the time of exposure, thermal tolerance has 
also been observed to depend on the thermal history of the 
broodstock, which has a key role in the transgenerational 
thermal tolerance.

Given the concerns and knowledge gaps regarding the 
effects of global warming on various generations of marine 
species, the aim of the present study was to evaluate, for 
the first time, the effects of temperature (25 °C vs. 30 °C) 
and time of exposure on O. maya juveniles obtained from 
a thermally stressed female and a control female. The pre-
sent work integrated biometric, respirometric, and enzy-
matic activity data to better understand the influence of 
maternal thermal condition on the ability of animals to 
make adjustments in their respiratory metabolism (routine 
and high metabolic rate) and antioxidant defense mecha-
nisms during conditioning time to optimal (25 °C) and 
high temperatures (30 °C).

This study provides insights on the possible mechanisms 
involved in temperature stress transgenerational effects and 
proposes a conceptual model that explains why maternal 
thermal stress in combination with high temperatures deter-
mines the performance of the species and explains also why 
under warming scenarios Octopus maya could be classified 
as a species vulnerable to ocean warming.

Materials and methods

Origin of animals

Newly hatched O. maya were obtained from two wild-
caught females; one that was thermally stressed (30 °C) and 
one non-thermally stressed (24 °C) (Fig. 2). Capture and 
conditioning of the females was performed as described 
previously (Meza-Buendía et  al. 2021). Briefly, ten O. 
maya males and ten females sexually mature (400–700 g) 
were captured in the Sisal coast off the Yucatan Peninsula 
(21°9′55′′N, 90°1′50′′W) by a local drift-fishing method 
known as ‘Gareteo’. The specimens were caught during one 
collection trip in March 2019 and transferred to outdoor 
6-m-diameter flow-through systems provided with shade 
mesh, protein skimmers and 500-μm bag filters. Condition-
ing lasted 10 days (35 ± 1 salinity; dissolved oxygen (DO) ˃ 
5.5 mg L−1; 28 ± 1 °C) with a density of 1 animal m−2 and 
2-PVC open tubes per animal as refuge. Octopuses were 
fed twice a day (0900 and 1700 h) with a semi-moist paste 
made with squid and crab meat, gelatin, a vitamin–mineral 
premix and ascorbic acid, at a ratio of 8% of its body weight 
(Tercero et al. 2015).

After the conditioning period, two sexually mature and 
fertilized females were randomly selected and placed in 
80-L individual indoor tanks, one at 30 °C and one at 
24 °C. Octopuses were maintained in experimental con-
ditions for 20 days and fed following the same feeding 
protocol of the conditioning period. A fiberglass box per 
tank was placed as a refuge and spawn settlement. Each 
tank was connected to a semi-closed recirculation system 
coupled with a rapid-rate sand filter. Water parameters 
showed similar values as above; pH was kept above 8 

Fig. 2   Experimental design
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and photoperiod at 12L/12D with low light intensity (30 
Lux m−2). For the 30 °C treatment, seawater temperature 
was gradually increased at a rate of 2 °C per day and main-
tained with an 1800-Watt heater connected to an automatic 
temperature controller, which was placed in the reservoir 
tank. Temperature of 24 °C was controlled with room air 
conditioning.

Juveniles

Each female’s clutch was separately incubated at 26 °C 
for 55–60 days in a 30-L separated tank, both connected 
to a semi-closed recirculation system (Moguel et al. 2010; 
Fig. 2). The system was provided with mechanical, bio-
logical and ultraviolet (UV) filtration. Then, three-week-
of-age hatchlings were randomly exposed to 25 or 30 °C 
for 30 days and sampling every four days for hatchlings 
from the stressed female (n = 52) and for 20 days and sam-
pling every 5 days for hatchlings from the non-stressed 
female (n = 36; Fig. 2). Notice that the control temperature 
between mothers and progeny differed in 1 °C (24 °C vs. 
25 °C). This reflected that for adult O. maya, 24 °C is 
optimal for growth and reproduction (Meza-Buendia et al. 
2021). In contrast, for juvenile development, 24–26 °C, 
a mean of 25 °C, has been reported to be more appropri-
ate (Noyola et al. 2013a). The different number of repli-
cates between treatments was due to the low fecundity of 
the stressed female and the low number of hatched indi-
viduals. Since juveniles hatched from the stressed female 
and exposed to 30 °C did not survive more than 15 days, 
this juvenile group received a thermal treatment of only 
15 days.

All organisms were individually kept in 1.41-L plastic 
containers submerged in 50-L tanks (18H × 72L × 45W cm) 
with 11–17 containers per tank. Tanks of the same tempera-
ture treatment were connected to a 300-L semi-closed recir-
culatory seawater system equipped with mechanical and UV 
filtration. Octopus containers were provided with a PVC as 
a refuge, which had two openings covered with plastic mesh 
(2 mm) that prevented juveniles from escaping. Air stones 
and water recirculation in tanks provided current for proper 
water oxygenation of each container. Water temperature was 
controlled with CW1000 aquarium chillers and 1800-Watt 
titanium heaters. Juvenile octopuses were individually fed 
twice a day (09:00 and 17:00 h) with a heat-dried (40 °C) 
pelleted diet made of the same ingredients used for the adult 
diet (Martínez et al. 2014). Every day, feces and uneaten 
food were siphoned out before feeding. Juvenile survival was 
recorded daily. Wet weight was assessed by measuring (pre-
cision 0.001 g, balance model PMB 53, Adam Equipment, 
USA) of randomly selected individuals (stressed female, 
n = 5–8; unstressed female, n = 10–12).

Routine oxygen consumption

Routine oxygen consumption of juvenile O. maya was meas-
ured individually in semi-closed respirometric chambers 
(17 mL) at the corresponding acclimation temperature (25 
or 30 °C; n = 5–8 juveniles from the stressed female, n = 6–8 
juveniles from the unstressed female). A chamber without 
octopus was used as a control chamber to evaluate the oxy-
gen consumption of bacteria that could interfere in the final 
metabolic rate evaluation of the animals. The respiromet-
ric trials were run for the time animals consumed 1 mg L−1 
which corresponded to approximately 20% of the oxygen in 
chamber at the beginning of the trial. Trials were performed 
in an isolated and semi-dark environment to minimize ani-
mal stress. Temperature was carefully monitored and con-
trolled with room air conditioning and a 200-W immersion 
heater attached to an aeration stone to maintain a uniform 
temperature in the bath during measurements. Dissolved 
oxygen measurements were recorded for each chamber every 
second using flow-through oxygen sensors (Loligo systems, 
Denmark) connected by an optical fiber to Witrox 4 amplifi-
ers (Loligo systems, Denmark). The sensors were calibrated 
for each experimental temperature using saturated seawater 
(100% DO) and a 5% sodium sulfite solution (0% DO). The 
metabolic rate (mg O2 g−1 h−1) was calculated as

where 
[
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 are the oxygen concentration (mg L−1) 

at the beginning and end of the respirometric trial, respec-
tively; ΔT  trial period; Vr water volume (L) in the respiro-
metric chamber minus the animal volume (g) and ww wet 
weight.

High metabolic rate (HMR)

High metabolic rate is a proxy for maximum metabolic rate, 
and it represents the maximum rate of aerobic metabolism of 
an organism (Pörtner et al. 2017). This parameter reflects the 
maximum capacity of transporting oxygen from the environ-
ment to the mitochondria. Following a standardized method 
to induce HMR (Paschke et al. 2018), oxygen consumption 
was measured when animals were exposed to temperature 
that induced maximum respiratory rate (TIMR max) defined 
as 90% of critical thermal maxima (CTMax).

For animals acclimated to 30 °C a TIMR max = 33 °C 
was used, while a TIMR max = 31 °C was used for animals 
acclimated to 25 °C considering CTMax data of Noyola 
et al. (2013a, b). For each trial, acclimated individuals at 
each experimental temperature (25 °C or 30 °C) were rapidly 
placed from their acclimation tank in a closed respirometric 
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chamber submerged in a temperature-controlled seawater 
bath maintained at the corresponding TIMR max tempera-
ture for five minutes. An optical oxygen sensor (Loligo 
systems Denmark) was placed at the internal glass side of 
the respirometric chamber to allow following the oxygen 
concentration variations during the 5-min measurements. 
This time was chosen considering that in such a high tem-
perature, more exposure time could provoke physiological 
damages, fatigue and anaerobiosis (Rodríguez-Fuentes et al. 
2017; Paschke et al. 2018). Changes in oxygen concentra-
tion in the respirometric chamber were monitored every 
second using a flow-through optical oxygen sensor (Loligo 
system, Denmark) calibrated at the trial temperature (31 or 
33 °C). A control measurement (without the animal) was run 
simultaneously to evaluate the oxygen consumed by micro-
organisms in seawater. TIMR max was expressed as mg O2 
g−1 h−1and calculated as mentioned earlier (Steffensen 1989; 
Svendsen et al. 2016).

Antioxidant defense system (ANTIOX), oxidative 
damage, and acetylcholinesterase (AChE) 
and carboxylesterase (CbE) activities

After routine oxygen consumption and TIRM max measure-
ments, octopuses were weighed, directly snap-frozen in liq-
uid nitrogen, and then stored at − 80 °C for enzyme activity 
analysis. An average of six and nine, range 3–8 and 8–10, 
respectively, whole octopuses were analyzed per experi-
mental group, respectively. Samples were homogenized in 
cold buffer Tris, pH 7.4, at 100 mg tissue ml−1 using a Pot-
ter–Elvehjem homogenizer. The homogenate samples used 
for superoxide dismutase (SOD), Glutathione-S Transferase 
(GST) and acetylcholinesterase (AChE) and carboxyl ester-
ase (CbE) were centrifuged at 10,000 g at 4 °C for 5 min; 
the supernatant was separated for analysis; all assays were 
done in triplicate subsamples.

For the assessment of the antioxidant defense system, 
SOD activity, total glutathione (GSH), and GST were meas-
ured. SOD is an enzyme that alternately catalyzes dismuta-
tion (or partitioning) of the superoxide radical into ordinary 
molecular oxygen and hydrogen peroxide. A Sigma-Aldrich 
assay kit (19,160) (USA) was used to evaluate SOD, using 
Dojindo’s highly water-soluble tetrazolium salt, WST-1(2-
(4-Iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-
2H tetrazolium, monosodium salt) that produces a water-
soluble formazan dye upon reduction with a superoxide 
anion. The reduction rate with O2 is linearly related to the 
xanthine oxidase (XO) activity and inhibited by SOD. GSH 
was measured with a Sigma-Aldrich Glutathione Assay Kit 
(CS0260) (USA). This kit utilizes an enzymatic recycling 
method with glutathione reductase (Baker et al. 1990). The 
GSH sulfhydryl group reacts with Ellman’s reagent and pro-
duces a yellow-colored compound that is read at 405 nm. 

Glutathione-S-Transferase was measured with a Sigma-
Aldrich GST assay Kit (CS0410). This enzyme catalyzes 
the conjugation of the glutathione thiol group to compounds 
containing electrophilic centers. The kit utilizes a 1-chloro-
2,4-dinitrobenzene substrate (CDNB), which conjugates 
with the glutathione thiol group, forming a compound that 
can be read at 340 nm.

To evaluate the oxidative damage caused by ROS, lipid 
peroxidation (LPO) and carbonyl groups in oxidized pro-
teins (PO) were measured in whole animal samples. LPO 
was evaluated using Peroxi Detect Kit (PD1, Sigma-Aldrich, 
USA) following the manufacturer’s instructions. In this 
assay, peroxide oxidizes Fe2+ ions at acidic pH, forming 
a colored adduct with xylenol orange that is measured at 
560 nm; PO was estimated using the 2,4-dinitrophenyl-
hydrazine alkaline protocols developed by Mesquita et al. 
(2014) and reported in nmol mg−1 wet weight. For this assay, 
200 μL of 2,4 dinitrophenylhydrazine (10 mM in 0.5 M 
HCL) was incubated with 200 μL of the sample homogenate 
and 100 μL of NaOH (6 M). Absorbance was read at 450 nm 
after 10 min of incubation at room temperature against a 
blank where an equal volume of homogenization buffer sub-
stitutes the protein solution.

For this study, two esterases were measured to evaluate 
physiological condition, AChE and CbE. AChE activity was 
measured using Ellman et al. (1961) method, adapted to a 
microplate reader (Rodríguez-Fuentes et al. 2008). Each well 
contained 10 μL of the enzyme supernatant and 180 μL of 5, 
5-dithiobis (2 nitrobenzoic acid; DTNB) 0.5 mM in 0.05 M 
Tris buffer pH 7.4. The reaction started by adding 10 μL 
of acetylthiocholine iodide (final concentration 1 mM). 
The rate of change in absorbance at 405 nm was measured 
for 120 s. CbE activity was measured using ρ-nitrophenyl-
α-arabinofuranoside (ρNPA) substrate, as indicated by 
Hosokawa and Satoh (2001) with some modifications. 
Each assay included 25 μL of the supernatant and 200 μL 
of ρNPA, the reaction was recorded at 405 nm for 5 min. 
SOD, AChE and CbE activities were reported as mg protein 
in the sample (Bradford 1976).

Statistical analysis

Changes in wet weight, routine oxygen consumption and 
high metabolic rate (TIMR max) of juveniles along experi-
mental time were assessed by two-way analysis of variance 
(ANOVA), with time (days) and juvenile temperature treat-
ment (24 or 30 °C) as explanatory variables, and wet weight, 
routine oxygen consumption, or TIRM max as response 
variable. Data that did not meet the ANOVA requirements 
(linearity, normal distribution and homogeneity of variance) 
were pre-transformed with square root or natural logarithm. 
Validation of the ANOVA models was performed by careful 
inspection of residual distribution according to Zuur et al. 
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(2007). ANOVA procedures were performed with R 4.0.4 
(R Core Team 2022).

Variations in the enzymes involved in the ANTIOX 
system (SOD, GSH and GST), oxidative damage markers 
(LPO and PO) and the esterases AChE and CbE, through 
female and juvenile thermal treatments and time (day) were 
assessed by means of the Principal Coordinate Analyses 
(PCoA). The PCoA was computed from a resemblance 
matrix with dissimilarity measures (Euclidian distance) 
between every pair of samples. Raw data were pre-treated 
with natural logarithm (Log[X + 1]) and z normalization. In 
each PCoA, a representation of the relative distances and 
position of within-group centroids was embedded. Repre-
sentations were produced reutilizing the corresponding pre-
treated resemblance matrix.

Multiple ANOVA with permutations (Anderson 2001) 
were used to distinguish differences in the multivariate 
enzyme dynamics between female temperature treatments, 
and among juvenile temperature and experimental times 
within each female temperature treatment. The underlying 
model was a two-way ANOVA per each female (stressed 
or unstressed) with juvenile thermal treatment as a fixed 
factor with two levels: 25 °C (n = 23 and 44) and 30 °C 
(n = 20 and 46); and, time (day) with 4 and 5 levels: 0, 5, 
15 and 30 or 0, 4, 8, 12 and 20 (n = 3–11, average 7.9). 
Unrestricted permutation of raw data and permutations of 
residuals under the reduced model (999) were used to gener-
ate empirical distributions of pseudo-F values under the null 
hypotheses (Anderson 2017) for the first and latter models, 
respectively. Post hoc comparisons were applied following 
a similar procedure after the main test indicated significant 
differences (p < 0.05) between at least two centroids. Mul-
tivariate procedures were carried out using PRIMER 6 and 
PERMANOVA + for PRIMER. All raw data are available in 
Data of the study of Maternal temperature stress modulates 
acclimation and thermal biology in Octopus maya (Cepha-
lopoda: Octopodidae) juvenile progeny|Zenodo.

Results

Wet weight and survival

Water temperature influenced the survival of juveniles 
hatched from the stressed female; juveniles exposed to 30 °C 
did not survive more than 15 days, while those exposed to 
25 °C showed 80% survival at the end of the experiment. In 
contrast, all juveniles hatched from the unstressed female 
survived until the end of the experiment. Wet weight of 
octopus juveniles of both treatments was similar along the 
experimental time (ANOVA, F (1, 24–27) = 0.24, p > 0.05; 
Table 1; Fig S1).

Routine oxygen consumption

Although no statistical differences were observed between 
the experimental temperatures, a tendency to obtain higher 
respiratory metabolism was observed in animals maintained 
at 30 °C (Fig. 3A; ANOVA, F (2,4–7) = 1.30, p = 0.28; 
Table S1). After 15 days at 30 °C, the octopus maintained 
at 30 °C died, while those at 25 °C showed a metabolic 
rate like the ones obtained at the beginning of the experi-
ment (Fig. 3A). In the case of juveniles hatched from the 
unstressed female (Fig. 3B), a significantly and fluctuat-
ing respiratory metabolism was observed with high values 
recorded in those maintained at 25 °C on day 8 and high 
values in animals maintained at 30 °C on day 12 (ANOVA, 
F (4,5–7) = 3.10, p = 0.02). At the end of the experiment, the 
routine metabolic rate of O. maya juveniles maintained at 25 
and 30 °C was similar to those obtained at the beginning of 
the experiment (Fig. 3B; Table S1).

High metabolic rate (HMR)

High metabolic rate (HMR) of juveniles from the stressed 
female maintained at 25 and 30  °C both showed a sig-
nificantly higher oxygen consumption on day 15 of the 
experiment, than recorded in the rest of the sampling times 
(Fig. 4A; ANOVA, F (3,4–6) = 6.22, p = 0.004; Table S2). 
The HMR of animals maintained at 25 °C and measured 

Table 1   Effect of the female thermal stress on the average wet weight 
(g) of O. maya juveniles exposed to optimum (25  °C) and pejus 
(30 °C) temperatures and measured at different sampling times

SD standard deviation

Female tem-
perature, °C

Juveniles 
temperature, 
°C

Sampling 
time, d

Wet weight, g SD

24 25 0 0.2196 0.058888
4 0.2019 0.071982
8 0.213 0.059539
12 0.2723 0.068054
20 0.266833 0.065783

30 0 0.2119 0.043393
4 0.1845 0.071028
8 0.2335 0.060119
12 0.2376 0.054316
20 0.318333 0.065354

30 25 0 0.292167 0.113913
5 0.44775 0.237068
15 0.402625 0.124213
30 0.441 0.16583

30 0 0.35375 0.150622
5 0.347875 0.148857
15 0.386 0.076677
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on day 30 was similar to those obtained at the beginning 
of the experiment (Fig. 4A). The HMR of juveniles from 
unstressed female showed a higher metabolic rate of animals 
maintained at 30 than 25 °C at least during the first eight 
days of the experiment (ANOVA, F (1,22) = 4.3, p = 0.04). 
After that time, a reduction on metabolic rate of the animals 
acclimated at 30 °C was recorded, which at the end of the 
experiment were similar to those obtained in animals accli-
mated at 25 °C and those recorded at the beginning of the 
experiment (Fig. 4B; Table S2).

ANTIOX system, oxidative damage, and AChE 
and CbE activities

PCOs showing ANTIOX system enzymes (SOD, GST and 
GSH), oxidative damage markers (LPO and PO) and ester-
ases AChE and CbE of juvenile octopuses, display 54.3 
(Fig. 5A), 56 (Fig. 5B) and 100% (Fig. 6 A and B) of the 
total variation in the data (Tables S3 to S7).

PCO of juveniles from the stressed female (Fig. 5A) 
shows a significant increment of LPO and SOD in juve-
niles acclimated at 30 °C on day 5 (Fig. 5A, blue dash 
line), followed by a collapse of all the ANTIOX defense 

enzymes on day 15 (Fig. 5A, red dash line; pair-wise t test, 
t = 1.71, p = 0.022, 759 unique permutations; Table S3). 
In addition, animals acclimated to 25 °C formed a clus-
ter on the left-bottom side of the ordination at the end 
of the experiment (day 30), in correlation with GSH on 
the first coordinate and with PO on the second one. This 
cluster can be better appreciated in the embedded figure 
which shows the relative distance and position of centroids 
(Fig. 5A; Table S3). These observations were supported 
by significant time–temperature interaction differences 
(PERMANOVA, Pseudo-F (2,3–8) = 1.91; p = 0.034, 999 
unique permutations).

Regarding juveniles from the unstressed female (Fig. 5B), 
at the beginning of the experiment (day 0 and 4) both juve-
nile temperature samples (25 and 30 °C) showed similar 
positions (levels), in positive correlation with LPO on the 
first coordinate and with GST on the second one. Then, a 
progressive reduction on such concentrations (LPO and 
GST) and an increase in PO were recorded in juveniles at 
30 °C (Fig. 5B; Red dash line). These trends were supported 
by PERMANOVA significant interactions (PERMANOVA, 
pseudo-F (4,8–11) = 2.22, p = 0.005, 999 unique permuta-
tions; Table S4).

Fig. 3   Routine oxygen consumption rate (mg O2 g−1  h−1) of Octo-
pus maya juveniles hatched from a thermally stressed female (30 °C; 
A; n = 5–8) and a non-thermally stressed female (24 °C; B; n = 6–8), 

acclimated at either 25 or 30  °C. Solid points and tendency lines 
represent mean values, whereas open points represent the raw data. 
Cages represent ± standard deviation (SD)

Fig. 4   Temperature-induced maximum metabolic rate (TIMR max; 
mg O2 g−1 h−1) of Octopus maya juveniles hatched from a thermally 
stressed female (30  °C; A; n = 2–5) and a non-thermally stressed 

female (24  °C; B; n = 4–6), acclimated at either 25 or 30  °C. Solid 
points and tendency lines represent mean values, whereas open points 
show the raw data. Cages represent ± standard deviation (SD)
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Esterases of juveniles from the stressed female were 
similar along the sampling times and temperatures, and no 
cluster formation was evident (Fig. 5A; Table S5). Similar 

results were observed in juveniles from the unstressed female 
(Fig. 6B), except for day 8 samples of juveniles exposed to 
30 °C that moved to the right side of the ordination with 

Fig. 5   Principal coordinate analysis split by maternal treatment 
(stressed female (A) and unstressed female (B)), showing the effect 
of juvenile temperature and experimental time (days) on enzymes 
involved in the ANTIOX system (superoxide dismutase [SOD], glu-
tathione (GSH) and Glutathione-S Transferase GST) and oxidative 

damage markers lipid peroxidation (LPO) and oxidized proteins (PO) 
of the juvenile octopus progenies. A 2-D representation of the rela-
tive distance and location of within-group centroids is embedded in 
each figure. Note: solid shapes 25 °C juveniles and open shapes 30 °C 
juveniles

Fig. 6   Principal coordinate 
analysis (PCoA) split by mater-
nal treatment (stressed female 
(A) and unstressed female (B), 
showing the effect of juvenile 
temperature and experimental 
time (days) on the esterase 
AChE and CbE of the juvenile 
octopus progenies. A 2-D repre-
sentation of the relative distance 
and location of within-group 
centroids is embedded in each 
figure. Note: solid shapes 25 °C 
juveniles and open shapes 30 °C 
juveniles
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respect to 25 °C, indicating higher levels of AChE and CbE 
in this sampling time (Table S6). This result was supported 
by significant differences in the juvenile temperature-exper-
imental day interaction term (PERMANOVA, pseudo-F 
(4,8–11) = 2.62; p = 0.042, 999 unique permutations).

Discussion

It is important to note that in the present study, only one 
female per experimental group was evaluated. Therefore, 
more female replicates are needed to represent the popu-
lation’s genetic diversity. Thus, caution must be taken in 
interpreting the present results. Also, it should be taken into 
account that in one female, also are sperms of several males 
that help us to have a more wide genetic representation of 
the population. Results obtained in our laboratory demon-
strated that in one female, there are sperms of between 8 and 
11 males indicating that in each female, there is a diverse 
mix of genomes (López-Galindo et al. 2019).

The results obtained in this study indicate that time may 
have a role on the mechanisms and strategies involved in 
metabolic repair in response of maternal thermal stress. If 
juveniles from non-thermally stressed females are exposed 
to fast temperature increments after hatch (i.e., 30 °C), they 
may have a time-limited opportunity to cope with oxida-
tive stress to avoid irreversible and even fatal consequences. 
In contrast, if adult females are exposed to temperatures 
around 30 °C it is highly probable that juveniles experience 
a transgenerational effect, which could limit survival of 
the next generation in few days after hatching without any 
chances to surpass that environmental condition.

In another scenario where hatchlings are from thermally 
stressed females but hatch in 26 °C environment, results 
obtained in the present study suggest that those animals 
survived for long time possibly due to their capacity to neu-
tralize the ROS. Previous studies hypothesized that octopus 
females inhere ROS to octopus embryos, which are neutral-
ized during the growth phase of the embryo (Olivares et al. 
2019). That study also proposed that in warming scenarios, 
the high metabolism of females could provoke an increment 
of ROS in the ovary, provoking an additional ROS load 
to embryos during the egg synthesis. More recent results 
showed that thermally stressed octopus females inherited 
an extra load of ROS which affected embryo development 
(Dominguez-Castanedo et al. 2023) indicating that high 
temperatures (30 °C) have a clear and transgenerational 
effect in this species. This result means that embryos that 
hatch at 25  °C should have physiological mechanisms 
that allow neutralizing the excess ROS coming from their 
embryo life. According to our results, these mechanisms 
could be taking more than 30 day, where hatchlings could 

require an environment with low (around 25 °C) and stable 
temperature.

In aquatic ectotherms, a decreased capacity to perform 
aerobically at higher temperatures is hypothesized to be 
the key physiological mechanism that may determine the 
response of many species to climate change (Nilsson et al. 
2009; Pörtner 2001; Pörtner and Knust 2007). Previous stud-
ies have demonstrated that the limited capacity of the circu-
latory and ventilatory systems of cephalopods to keep pace 
with increased oxygen demand at higher temperatures causes 
a reduction in the aerobic scope and sets the boundaries of 
the whole-organism thermal tolerance. For that reason, a 
reduction of the HMR could be an auxiliary mechanism 
to be used by animals when ROS inherited from thermal 
stressed females takes a long time to be neutralized (Melzner 
et al. 2007; Meza-Buendia et al. 2021; Pörtner et al. 2017; 
Fig. 7).

Results obtained in the present study suggest that meta-
bolic depression could act as a mechanism to reduce ROS 
production, allowing the animals to move to a colder envi-
ronment (i.e., 25 °C; Sobrino et al. 2002). In an environment 
of 25 °C octopus juveniles will produce less ROS and, at 
the same time, give the animals the time to neutralize ROS 
inherited from females, those accumulated since embry-
onic life (Dominguez-Castanedo et al. 2023; Olivarez et al. 
2019), and those produced after hatching.

In this study, juveniles from the temperature-stressed 
female died after 15 days of exposure to 30 °C, presumably 
due to the limited capacity to neutralize ROS production. 
High levels of GSH and PO were observed in those organ-
isms. Between non-enzymatic antioxidant is the endogenous 
reduced glutathione (GSH) that contains a thiol group which 
acts as a reducing agent. Glutathione reductase (GR) reduces 
glutathione disulfide (GSSG) to glutathione (GSH), contrib-
uting to the maintenance of the cellular redox status (Fas-
siano et al. 2017; Moreira et al. 2016; Regoli and Giuliani 
2014). Although high levels of GSH could indicate a high 
intensity of antioxidant defense mechanisms, when a meta-
bolic depression is observed (as provoked by 30 °C), it could 
be showing that animals are in preparation for oxidative 
stress (POS) in a similar way as observed when animals are 
exposed to hypoxia levels (Hermes-Lima and Storey 1998). 
Moreover, high levels of PO suggest cellular damage that 
in O. maya hatchlings from the thermally stressed female 
and maintained at 30 °C resulted lethal, because at such 
high temperature the metabolic depression cannot control 
the PO production.

Hatchlings from the non-stressed female but exposed at 
30 °C showed a higher HMR during the first eight days of 
the experiment compared to HMR values obtained in ani-
mals acclimated at 25 °C. This result means that animals 
exposed to 30 °C but from the non-stressed female had a 
temporal surplus of energy as a consequence of acceleration 
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of biochemical pathways linked with aerobic energy produc-
tion. Furthermore, after eight days, the HMR of juveniles 
maintained at 30 °C was reduced and maintained similarly 
to that observed in octopus held at 25 °C. Interestingly, 
this change coincided with the beginning of a progres-
sive increase in PO (Fig. 5A, red dash line). These results 
suggest that the first days surplus energy was reduced as a 
strategy that affected the octopus performance (less physi-
ological energy) but acted as a mechanism to reduce the 
ROS accumulation, which avoided compromising their 
survival (Noyola et al. 2013a, b). The ability of organisms 
to depress metabolic rates is one of a suite of mechanisms 
available for the animals to cope with high temperatures, 
including overexpression of heat shock proteins (HSP) to 
protect cells from protein denaturation, nutrient allocation, 
digestive enzymes activity, an increase of polyunsaturated 
fatty acids to maintain cell membrane integrity, between 
others. Many biochemical studies have demonstrated the 
effectiveness of mechanisms that aquatic animals have to 
respond to extreme temperatures. Although the comprehen-
sion of the relationship between temperature and aerobic 
metabolism has many processes involved, in the present 
study, the relationship between exposure time, metabolic 
rate, antioxidant defense mechanisms, and oxidant dam-
age was evaluated in an attempt to include the time scale 
into the complexity of mechanisms involved in the thermal 
adaptation of aquatic organisms (Schulte 2015). In O. maya, 
the results obtained in this study suggest that the ability of 
the octopus juveniles to maintain a high aerobic capacity 
is time limited and, in consequence, its ability to tolerate 
temperatures close to 30 °C as previously shown in embryos 
(Dominguez-Castanedo et al. 2023; Caamal-Monsreal et al. 

2016) and adults (López-Galindo et al. 2019; Meza-Buendía 
et al. 2021; Fig. 7).

A previous study in O. maya embryos postulated the 
hypothesis that explains the negative effect of maternal ther-
mal stress in this octopus species. It proposed that thermally 
stressed females provoke epigenetic alterations that modify 
the energetic metabolism of embryos, with the consequence 
of high metabolic rates (Dominguez-Castanedo et al. 2023). 
It also demonstrated that thermally stressed females trans-
fer less yolk to the egg, which added to the high metabolic 
rate of the embryos resulted in embryos with a smaller size 
than those laid by non-stressed females. Embryos from 
thermally stressed females were also observed with high 
ROS levels and a limited ability of the antioxidant defense 
mechanisms to neutralize the oxidative damage indicating 
an excess of ROS at the end of the embryo development. 
In such circumstances, hatchlings from thermally stressed 
females could hatch with an extra load of ROS, which could 
provoke irreversible cellular damages if it is not neutral-
ized fast. In this sense, the results of this study suggest that 
besides the metabolic wear that 30 °C provoked in juveniles 
from the two experimental groups, animals from thermally 
stressed females could have the additional load of ROS 
inherited by females to embryos. In such conditions, juve-
niles from stressed females, and exposed at 30 °C had two 
ROS sources: one probably inherited by females and the 
other from its own production, both enhanced by high tem-
perature (Dominguez-Castanedo et al. 2023; Fig. 7).

Although to date, it is still not known what kind of bio-
chemical pathways are modified as a consequence of paren-
tal thermal stress, as in embryos, it may be related with the 
epigenetic alterations produced by parental thermal stress. 

Fig. 7   The flow diagram shows the hypothesis to explain the nega-
tive transgenerational effect of maternal thermal stress in Octopus 
maya embryos and juveniles. Less yolk in embryos, high metabolic 
rates, and high reactive oxygen species (ROS) levels were inherited to 
juveniles of thermally stressed females. Juveniles with inherited high 
ROS levels, as assessed by the oxidative damage markers PO and 

LPO, were not able to neutralize them when exposed at 30 °C. Those 
juveniles died at day 15. Juveniles from thermally stressed females 
and maintained at 25  °C had also high ROS levels too compromise 
their performance, reducing their metabolism presumably to neutral-
ize ROS excess. AS Aerobic scope, SMR Standard metabolic rate
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This hypothesis lies on the fact that molecular mechanisms 
exist by which intermediary metabolites involved in different 
routes for obtaining cellular energy, such as α-ketoglutarate 
(α-CG) and cofactors, such as acetyl-CoA, S-adenosyl 
methionine (SAMe) and nicotinamide adenine dinucleotide 
(NAD +), are affected by epigenetic modifications (Thomas 
and David 2001).

Moreover, the hypothesis is supported by a toxicological 
study that showed how microcystin tolerance was enhanced 
by maternal factors transferred to the progeny of the fresh-
water crustacean Daphnia magna (Ortiz-Rodríguez et al. 
2012). These factors are involved in the modulation of the 
GST-mediated detox system (also relevant in the ANTIOX 
system), which is energetically costly. As a result, increased 
survival in the crustaceans with the maternal factor was at 
the expense of a reduction in growth rates, presumably due 
to energy allocations that accelerate metabolism and prepare 
the organisms to cope with future toxic challenges. It is still 
unknown which epigenetic mechanisms could be involved 
in temperature stress tolerance in octopus. Further studies 
should be performed in octopus to know both if in juveniles 
from stressed females epigenetic alterations exist and if this 
condition affects their growth.

Conclusion

The results obtained so far show that O. maya has a thermal 
history linked to the environmental conditions in which it 
lives, with all phases of the life cycle occurring in a tempera-
ture range from 24 to 26 °C (Enriquez et al. 2013). In line 
with this, the results obtained in the present study suggest 
that females exposed to a temperature beyond the natural 
range could produce progenies with physiological altera-
tions that limit their metabolic performance and probably 
their growth and survival. Although more female replicates 
are needed to confirm this fact, females studied had not only 
their genomes represented in the progeny but also the genetic 
information from many males represented in the sperm cells 
stored in the oviducal gland. In the case of O. maya females, 
we have detected between 8 to 11 males represented in one 
spawn, indicating that multiple paternity is presented in this 
species (López-Galindo et al. 2019) and, in consequence, a 
wider variability between juveniles beyond the variability 
that each female exposed to experimental conditions could 
have. Consequently, the results obtained in the present study 
could have a wider representativity if it is considered that 
juveniles in the experiments were half-brothers.

Until now, the temperature of the northern coast of the 
Yucatán peninsula is regulated by upwelling. However, other 
sites on the Yucatán continental shelf are not thermally con-
trolled. Those zones can experience temperatures far from 
the thermal tolerance of O. maya could affect the structure 

and abundance of marine communities on which the octopus 
population depends (Juárez et al. 2015).

Therefore, if environmental changes exceed the capacity 
of octopuses to respond via their plasticity (migration to 
the coolest environments, increase in oxygen consumption, 
alteration of critical temperature limits, etc.), the popula-
tion would be exposed to damage that could be irrevers-
ible, affecting the abundance of this species in the coastal 
environment of the Yucatán Peninsula where thousands of 
families depend on this valuable marine resources.
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