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Introduction

Copepods are important model species in ecotoxicology, partly because of the intermediary position between producers and consumers they occupy in aquatic ecosystems [START_REF] Das | Intergenerational effects of resuspended sediment and trace metal mixtures on life cycle traits of a pelagic copepod[END_REF][START_REF] Reid | Copepoda[END_REF][START_REF] Williams | The role of copepods in the planktonic ecosystems of mixed and seas[END_REF]. The biological characteristics of copepods including dominance, abundance, cultivability, size and responsiveness to stress [START_REF] Dayras | Effects of different routes of exposure to metals on bioaccumulation and population growth of the cyclopoid copepod Paracyclopina nana[END_REF]Dinh et al., 2020a;[START_REF] Souissi | Occurrence of intersexuality in a laboratory culture of the copepod Eurytemora affinis from the Seine estuary (France)[END_REF][START_REF] Wang | Nutritional composition of potential zooplankton prey of the spiny lobster phyllosoma (Jasus edwardsii)[END_REF] qualifies them as suitable test models in toxicology. Since Pseudodiaptomus annandalei is sexually dimorphic [START_REF] Beyrend-Dur | Demographic parameters of adults of Pseudodiaptomus annandalei (Copepoda Calanoida): temperature, salinity and generation effects[END_REF], it is also possible to conduct studies on the sex specific toxicity of chemicals. The rapid development and short life cycle of copepods allow for toxicity testing considering male and female specificity, life history traits, and multigenerational approaches [START_REF] Dahms | Potential of the small cyclopoid copepod Paracyclopina nana as an invertebrate model for ecotoxicity testing[END_REF][START_REF] Hussain | A novel index based on planktonic copepod reproductive traits as a tool for marine ecotoxicology studies[END_REF].

Cadmium (Cd) is highly toxic to copepods and its toxicity is species-and sex-specific [START_REF] Kadiene | Differences in lethal response between male and female calanoid copepods and life cycle traits to cadmium toxicity[END_REF]. Cadmium is known to cause oxidative stress or DNA damage in different tissues, possibly leading to a loss of membrane function [START_REF] Huang | Screening strains for microbial biosorption technology of cadmium[END_REF][START_REF] Liu | Mitigative effects of zinc on cadmium-induced reproductive toxicity in the male freshwater crab Sinopotamon henanense[END_REF].

Cadmium toxicity also elicits other biochemical responses in fish [START_REF] Almeida | Oxidative stress biomarkers and aggressive behavior in fish exposed to aquatic cadmium contamination[END_REF][START_REF] Jia | Low levels of cadmium exposure induce DNA damage and oxidative stress in the liver of Oujiang colored common carp Cyprinus carpio var. color[END_REF] as well as in copepods [START_REF] Ensibi | Toxicity assessment of cadmium chloride on planktonic copepods Centropages ponticus using biochemical markers[END_REF]. Acute exposure to Cd resulting in stress 4 to copepods has more striking effects than chronic exposure due to induced adaptation mechanisms under chronic exposure [START_REF] Patra | Oxidative stress in lead and cadmium toxicity and its amelioration[END_REF]. The concept of ecotoxicology is to provide insight to the ecological consequences associated with pollutants in the environment and develop measures that could address the problem [START_REF] Jian | Differential expression pattern of the proteome in response to cadmium stress based on proteomics analysis of wheat roots[END_REF].

Ecotoxicogenomics describes the studies involved in the analysis of environmental or environmentally relevant organism responses to toxic exposure at the molecular level [START_REF] Li | Biogenic selenium and its hepatoprotective activity[END_REF]. It uses quantitative polymerase chain reaction (qPCR) or complementary DNA microarrays as a tool to analyse sequenced target genes responding to environmental contaminants. The resulting endpoints provide increasingly important biomarkers for sublethal effects of environmental pollutants. The analysis of transcriptional changes in copepods through the use of genetic tools can give a robust knowledge on pollutant's mechanism of action [START_REF] Dahms | Potential of the small cyclopoid copepod Paracyclopina nana as an invertebrate model for ecotoxicity testing[END_REF][START_REF] Sørensen | Sorption of PAHs to microplastic and their bioavailability and toxicity to marine copepods under co-exposure conditions[END_REF].

Multigenerational effects of heavy metals were shown to include physiological acclimation and genetic adaptation [START_REF] Kwok | Acclimation effect and fitness cost of copper tolerance in the marine copepod Tigriopus japonicus[END_REF][START_REF] Lilley | Impact of tributyltin on immune response and life history traits of Chironomus riparius: single and multigeneration effects and recovery from pollution[END_REF][START_REF] Sun | Acclimation and adaptation to common marine pollutants in the copepod Tigriopus californicus[END_REF][START_REF] Tsui | Multigenerational acclimation of Daphnia magna to mercury: relationships between biokinetics and toxicity[END_REF][START_REF] Vidal | Inheritance of mercury tolerance in the aquatic oligochaete Tubifex tubifex[END_REF]. Organisms could transmit information about their environmental condition to their offspring, which may influence their adaptability in the next generation [START_REF] Alekseev | Maternal control of resting-egg production in Daphnia[END_REF]. Adaptation to continual Cd exposure reduces the production of reactive oxygen species (ROS) but acquired tolerance to Cd with abnormal gene expression contributing significantly to chronic Cd toxicity [START_REF] Patra | Oxidative stress in lead and cadmium toxicity and its amelioration[END_REF] and may vary with generations. Very few reports are available on transcriptomic studies of P. annandalei. [START_REF] Jiang | Differential gene expression profile of the calanoid copepod, Pseudodiaptomus annandalei, in response to nickel exposure[END_REF] investigated the differential gene expression of P. annandalei to nickel exposure. [START_REF] Wang | Different transcriptomic responses of two marine copepods, Tigriopus japonicus and Pseudodiaptomus annandalei, to a low dose of mercury chloride (HgCl2)[END_REF], investigated the molecular response of P. annandalei copepods exposed to mercury chloride (HgCl2) [START_REF] Wang | Different transcriptomic responses of two marine copepods, Tigriopus japonicus and Pseudodiaptomus annandalei, to a low dose of mercury chloride (HgCl2)[END_REF]. A recent study was carried out on differential gene expression profiles of male and female P. annandalei copepods after exposure to cadmium [START_REF] Kadiene | Differential gene expression profile of male and female copepods in response to cadmium exposure[END_REF]. However, the molecular responses of male and female P. annandalei copepods when exposed to cadmium over multiple generations have not yet been studied. A more recent analysis carried out by Wang et al. showed that the proteome response of P.

annandalei to mercury (Hg) exposure, differed with generation [START_REF] Wang | Projected near-future ocean acidification decreases mercury toxicity in marine copepods[END_REF]. Variations in chemical tolerance between copepod populations are influenced by acclimation and adaptation among other factors linked to exposure history and its changes across several generations of exposure [START_REF] Sun | Acclimation and adaptation to common marine pollutants in the copepod Tigriopus californicus[END_REF]). Short-term multigenerational studies with smaller population sizes have shown full plasticity when copepods were exposed to copper (Cu) [START_REF] Kwok | Acclimation effect and fitness cost of copper tolerance in the marine copepod Tigriopus japonicus[END_REF].

However, other environmental factors may affect their pattern or rate of response [START_REF] Sun | Acclimation and adaptation to common marine pollutants in the copepod Tigriopus californicus[END_REF]. The degree of how these conditions affect their biological responses may depend on the fitness of each generation. Acclimation response to plastics, a selective tolerance that could be switched on and off to cope with changing environmental conditions can be highly energy demanding [START_REF] Sun | Acclimation and adaptation to common marine pollutants in the copepod Tigriopus californicus[END_REF], thereby exerting pressure on a population by potentially reducing its growth performance and causing genetic evolution and affecting the physiology and development of individual organisms [START_REF] Lin | Cell damage and apoptosis in the hepatopancreas of Eriocheir sinensis induced by cadmium[END_REF].

Recent developments of molecular biomarkers in ecotoxicology involve real-time measurements of changes in messenger RNA relating to proteins involved in the metabolism and/or detoxification of metals, or generally responding to chemical stress. This may provide a specific chemical "fingerprint" for the type and concentration of the exposure chemical [START_REF] Koski | Effect of environmentally relevant concentrations of potentially toxic microplastic on coastal copepods[END_REF]. This study was performed to investigate the multigenerational effect of Cd in copepods which is important to understand the response of copepods to persistent metal pollution in their environment. We aimed to compare the responses of male and female P. annandalei copepods exposed to Cd for 10 generations at the molecular level. Our approach demonstrates the different molecular response pattern to Cd toxicity in two aspects; sex-specific response pattern and generational response pattern. This will provide the base of further research on factors that could influence results on toxicity testing on copepods or aquatic animals and provide comprehensive data that could guide environmental risk assessments.

Materials and Methods

Experimental design

This study was designed following [START_REF] Kadiene | Differential gene expression profile of male and female copepods in response to cadmium exposure[END_REF]. Gravid females were randomly selected from the stock culture and incubated for naupliar production. The nauplii were further exposed to 40 µg/L Cd, a sublethal concentration corresponding to LC10 of P. annandalei copepods, estimated from a previous study [START_REF] Kadiene | Differences in lethal response between male and female calanoid copepods and life cycle traits to cadmium toxicity[END_REF]. The protocol for the multigenerational study used here followed [START_REF] Souissi | Evaluation of the copepod Eurytemora affinis life history response to temperature and salinity increases[END_REF], with major modifications.

Polypropylene beakers (5 L) were cleaned and pre-contaminated with Cd for about 3 days (to prevent further absorption of the metal to the walls of the beakers, which may reduce Cd availability) [START_REF] Clason | Bioaccumulation of trace metals in marine and estuarine amphipods: Evaluation and verification of toxicokinetic models[END_REF]. When Cd or metals quite generally are introduced to water, they tend to precipitate or adsorb to suspended particulate matter and colloidal or dissolved organic materials (Salomons and Foster, 1984). The copepods were fed once every 2 days with uncontaminated phytoplankton (Isochrysis galbana and Nannochloropsis oculata, at the exponential phase containing ~ 5000 cells/mL), and the culture water was changed when they got to copepodid stage. After the first generation we observed that many of the females were carrying eggs after 13-16 days of the experiment [START_REF] Kadiene | Differential gene expression profile of male and female copepods in response to cadmium exposure[END_REF], 60 of the gravid or ovigerous females were then selected randomly and transferred to another container with Cd contaminated water to produce the next generation. This process was repeated for up to 10 generations. At the end of each generation, ovigerous females were preserved to estimate fecundity, some male and females (without eggs) were selected separately for RNA extraction (300 copepods) and bioaccumulation analysis (200 copepods). The remaining copepods were preserved to estimate the size of the copepod population. Selected differentially expressed genes provided by [START_REF] Kadiene | Differential gene expression profile of male and female copepods in response to cadmium exposure[END_REF] were analysed using real time qPCR in male and nonovigerous females of P. annandalei to evaluate treatment effects (control versus Cd) and sexspecific effects (male versus female) of multiple generations (F1-F4 and F9).

Bioaccumulation analysis of cadmium in copepod samples

Copepod samples were collected and filtered through a membrane filter paper which was prior rinsed with ultra-pure water to remove salt. Copepod samples were cautiously dried to constant weight at 60 °C. Dried and weighted samples were carefully folded and placed at the bottom of Teflon tubes. Mixtures of ultrapure HNO3 and HCl at a ratio of 1:3 were added, tightly covered and then placed in a hot block at 120 °C for 3 hours mineralization. The mineralized samples were diluted with milli-Q water to 10 mL at room temperature and analysed using Inductively Coupled Plasma Optical Emission Spectrometry (Agilent 5100 SVDV ICP-OES).

The quality of the analysed data was validated using Certified Reference Materials (CRM) PACS-3 and HISS-1.

RNA extraction and Real-time qPCR

RNA extraction and Real-time qPCR was carried out on the copepods following the same protocol as in [START_REF] Kadiene | Differential gene expression profile of male and female copepods in response to cadmium exposure[END_REF]. Three genes (Table 1) were selected from a number of differentially expressed genes provided by [START_REF] Kadiene | Differential gene expression profile of male and female copepods in response to cadmium exposure[END_REF] because of the role they play in Cd metabolism. They were used as target genes in the qPCR analysis of male and female copepod samples from F1-F4 and F9, to estimate differences in gene expression across generations. The internal reference gene used was the elongation factor 1-alpha (EF1a). Primers were designed using Primer3 Software (Table 1). Beacon Designer TM (free edition) was used to check for primer secondary structures. qRT-PCR analysis was performed following the same protocol as in [START_REF] Kadiene | Differential gene expression profile of male and female copepods in response to cadmium exposure[END_REF] for the genes of myohemerythrin isoforms and heat shock protein 70 kDa. 2 -ΔΔCt relative response method was used to extrapolate the relative expression of "Differentially Expressed Genes" (DEGs) [START_REF] Livak | Analysis of relative gene expression data using real time quantitative PCR and the 2-ΔΔCt method[END_REF]. 

Statistical analysis

One-way Analysis of Variance (ANOVA) and independent sample t-test was used to compare differences between groups, then Tukey's test was carried out to identify statistically distinct groups. Significant differences were accepted at p < 0.05. These analyses were carried out using SPSS software, version 18 and Microsoft excel 2016. The experiments were carried out in triplicate.

Results

Bioaccumulation of Cd in P. annandalei

Figure 1a shows the bioaccumulation of cadmium (Cd) in P. annandalei (mixture of males and females) from the 1 st generation (F0) to the 7 th generation (F6) and the 10 th generation (F9).

The average Cd concentration in copepods was 43 µg/g in F0 which increased to 71 µg/g Cd in F4, followed by a slight decrease from F5 to F9 generation. Figure 1b shows the sex specific accumulation after 10 generations (F9). The Cd concentrations accumulated in males were significantly (p<0.05) higher than those in females, but not significantly different (p>0.05) from the concentration of Cd accumulated from the combination of male and female copepods (the number of females was higher than those of males). 

Fecundity and population density

Clutch size (number of eggs in a pair of egg sacs) of copepods exposed to Cd was significantly lower than in the control of F0 (Fig. 2). However, clutch size increased significantly in subsequent generations to more than in the control groups except in F5. Moreover, the population density of Cd treated copepods was lower than those in controls except in F2, F7, and F8 (Fig. 3). In addition, a decrease in the population density of exposed copepods was statistically significant (p<0.05) in F0, F3, F4 and F9. In the control, female prosome length (PL) of copepods in F0 was significantly (p<0.05) higher than those in F1 -F9 and that in F8 was significantly (p<0.05) lower. Female prosome lengths (PL) of copepods exposed to Cd was significantly (p<0.05) lower in F9. Moreover, PL of females in F0 were not significantly different (p>0.05) from those in F1 -F7. However, they were significantly higher than those in F8 and F9. Student t-test analysis showed statistical significance (p<0.05) in PL, prosome width (PW) and prosome volume (PV) between control females and those exposed to Cd in F0 and F9. In the control, PV of females in F0, F1 and F7

were significantly different from those in F8. However, PV of females exposed to Cd in F8 and F9 were significantly lower than those in F0 -F7 (Fig. 4). 

Multi-generation expression of target genes in P. annandalei treated with

Cd: female vs male

Two isoforms of myohemerythrin proteins (MHMET-1 and MHMET) were significantly expressed in males (CdM) and females (CdF) exposed to cadmium (Cd). MHMET-1 expression in male and female copepods exposed to Cd was 434-and 146-fold change relative to their control in F0 respectively (Fig. 5a). However, in F1, the expression level of MHMET-1 was significantly reduced in CdM and downregulated in CdF. In F2, MHMET-1 was downregulated in both CdM and CdF. In F3, MHMET-1 was upregulated in both CdM and CdF; however, MHMET-1 was significantly (p<0.05) more expressed in CdM than in CdF. In F4 and F9, MHMET-1 was downregulated in both CdM and CdF. MHMET isoform expression in male and female copepods exposed to Cd was 12-and 3-fold change relative to their control, respectively, in F0 (Fig. 5b). However, in F1, the expression level of MHMET decreased in CdM and CdF. In F2, MHMET expression was further reduced in CdM; however, it was downregulated in CdF. In addition, MHMET was upregulated in both CdM and CdF from F3 to F9. Upregulation of MHMET was significantly (p<0.05) higher in CdM than in CdF in F0 and F1. However, it was significantly (p<0.05) lower in CdM than CdF in F3 and F4.

Heat shock protein 70 (hsp70) was downregulated in CdF in F0 and was upregulated in F1.

However, it was downregulated in F2 and then upregulated in F3, and downregulated in F4 and again upregulated in F9 (Fig. 5c). In F0, hsp70 was upregulated about 43-fold in CdM, then the expression level was reduced in F1. In F2, hsp70 was downregulated in CdM and then in F3 it was upregulated with further increase in expression levels in F4. However, in F9, hsp70 levels in CdM decreased (Fig. 5c). Figure 6 shows muscle deformation of a P. annandalei female copepod when continuously exposed to Cd for 10 generations. In addition, slow swimming speed of male and female copepods after 10 generations of exposure to Cd was observed microscopically. 

Discussion

It was discovered that toxicity effects can be sex-specific [START_REF] Kadiene | Differences in lethal response between male and female calanoid copepods and life cycle traits to cadmium toxicity[END_REF]. The question remains why this could be so? Toxicity is linked to body loads or concentrations of the toxicant and/or pathway and mechanism of action which also depends on the organism's physiology. A follow-up study carried out by Kadiene et al., showed that body load or toxicant accumulation was also sex-specific [START_REF] Kadiene | Acute and chronic toxicity of cadmium on the copepod Pseudodiaptomus annandalei: A life history traits approach[END_REF]2020). This led to investigate the mechanism of action of the studied toxicant in copepods at the molecular level [START_REF] Kadiene | Differential gene expression profile of male and female copepods in response to cadmium exposure[END_REF]. Further investigations carried out in the present study showed subsequent response pattern under exposure to multiple generations that will ascertain possible adaptive tolerance ability or reveal sex-specific plasticity across generations.

Multigenerational studies aim to understand the cascading effect of toxic substances on the next generation after exposure to the previous generation. Parental exposure to a pollutant can either increase or decrease the fitness of the resulting offspring, depending on the type of species, type of pollutant, concentration and duration of exposure [START_REF] Donelson | Rapid transgenerational acclimation of a tropical reef fish to climate change[END_REF][START_REF] Krause | Increased tolerance to oil exposure by the cosmopolitan marine copepod Acartia tonsa[END_REF]. In the present study, we found that parental exposure to Cd resulted in lower performance of P. annandalei offspring such as reduced clutch size and survival. This is in agreement with findings from recent studies on a range of aquatic animals like mosquitoes exposed to the pesticide chlorpyrifos and warming [START_REF] Tran | Transgenerational interactions between pesticide exposure and warming in a vector mosquito[END_REF], the cladoceran Moina dubia exposed to Pb [START_REF] Pham | Application and Validation of a Biotic Ligand Model for Calculating Acute Toxicity of Lead to Moina Dubia in Lakes of Hanoi[END_REF], P. annandalei exposed to Cu (Dinh et al., 2020b), rotifers and cladocerans exposed to algal toxins [START_REF] Beyer | Maternal effects are no match for stressful conditions : a test of the maternal match hypothesis in a common zooplankter[END_REF][START_REF] Dao | Transgenerational effects of cyanobacterial toxins on a tropical micro-crustacean Daphnia lumholtzi across three generations[END_REF], showing decreased fitness of their offspring through several generations. As observed in the present study, exposure to stressors, may reduce the quantity and quality of the produced eggs, which consequently affect their survival [START_REF] Doan | Extreme temperature impairs growth and productivity in a common tropical marine copepod[END_REF]Dinh et al., 2020b) and an overall decrease of reproductive output [START_REF] Corrales | Multigenerational effects of benzo[a]pyrene exposure on survival and developmental deformities in zebrafish larvae[END_REF].

Prior exposure of an organism to a stressor, can create a memory that affects its response to the present or subsequent stressor of the same type or of different origin [START_REF] Hughes | Ecological memory modifies the cumulative impact of recurrent climate extremes[END_REF]Jackson et al., 2021). Our study provides strong evidence for how transgenerational effects of parental exposures to Cd may change the magnitude of the response of offspring exposure to the same stressor. Indeed, Cd-exposed parents already produced low performance offspring and a direct exposure of the offspring (F2) to Cd further reduced their performance.

Our study indicated relatively high concentrations of cadmium (Cd) bioaccumulated in P.

annandalei in all generations. [START_REF] Zidour | Population response of the estuarine copepod Eurytemora affinis to its bioaccumulation of trace metals[END_REF], reported an unsaturated increase of Cd in E.

affinis over time. High body accumulation of Cd could indicate a low ability of the copepods to excrete trace metals. In this study, we observed increasing accumulation of Cd from F1 to F4.

This could imply that Cd was accumulated from one generation to the next through maternal transfer in addition to direct uptake from the media, corresponding to similar observations in previous reports [START_REF] Kadiene | Differential gene expression profile of male and female copepods in response to cadmium exposure[END_REF][START_REF] Li | Impacts of mercury exposure on life history traits of Tigriopus japonicus: multigeneration effects and recovery from pollution[END_REF][START_REF] Wang | Quantitative shotgun proteomics associates molecularlevel cadmium toxicity responses with compromised growth and reproduction in a marine copepod under multigenerational exposure[END_REF]. In addition, we analysed the amount of Cd accumulated in copepod sexes separately in F9 and observed that, Cd concentration in males was higher than those in females. This could imply that female copepods were able to eliminate Cd faster or more efficiently than males did [START_REF] Kadiene | Acute and chronic toxicity of cadmium on the copepod Pseudodiaptomus annandalei: A life history traits approach[END_REF]. This also corresponds to what was observed in our previous study, where P. annandalei male copepods showed more sensitivity towards Cd than females [START_REF] Kadiene | Differences in lethal response between male and female calanoid copepods and life cycle traits to cadmium toxicity[END_REF]. It is generally known that metals become toxic when the bioaccumulated amount exceeds the concentrations which the given organism can tolerate. However, several studies showed that toxicity changes of a chemical are not consistently related to bioaccumulation. The toxicity of the bioaccumulated xenobiotic depends on the organism's ability to excrete, store, or metabolize a xenobiotic [START_REF] Arunakumara | Heavy metal bioaccumulation and toxicity with special reference to microalgae[END_REF][START_REF] Gomez | The influence of gill and liver metabolism on the predicted bioconcentration of three pharmaceuticals in fish[END_REF][START_REF] Bai | Warmer temperature increases mercury toxicity in a marine copepod[END_REF].

Bioaccumulation of Cd significantly affected egg production in the first generation of the present study. Another study on the calanoid Pseudodiaptomus sinensis showed that metal pollutants do not affect egg production [START_REF] Zhou | Effects of Elevated Temperature and Food Supply on the Termination of Over-Summering and Subsequent Development of the Calanoid Copepod Calanus sinicus: Morphology, Physiology and Gene Expression[END_REF]. However, in our study, we observed an increased clutch size in copepods exposed to Cd in subsequent generations compared to the control. Higher clutch size in copepods exposed to Cd, could indicate an adaptive trait in P.

annandalei females as a way to ensure continuity under unfavourable conditions. Although increased egg production was observed after the first generation, it is possible that P. annandalei females optimize a trade-off between increasing egg production and the survival of their offspring. Upon certain environmental stress exposure, females of some copepods produce diapause or resting eggs [START_REF] Hairston | Population differences in the timing of diapause: adaptation in a spatially heterogeneous environment[END_REF][START_REF] Djebbi | Effects of nickel oxide nanoparticles on survival, reproduction, and oxidative stress biomarkers in the marine calanoid copepod Centropages ponticus under short-term exposure[END_REF]. P. annandalei females are egg carriers and are not known to produce diapause or resting eggs. The increase in clutch size in the present study could be an adaptation to long-term Cd exposure. Population density follows a similar oscillating pattern as female fecundity and its regulation also depends on individual or within-generation plasticity of copepods. Similarly, significant toxic effects of Cd were observed in the total population at the end of the first generation as in clutch size. However, in subsequent generations, population density increased and decreased with fluctuations.

Moreover, total population density was generally reduced. This may be related to a decrease in overall hatching and high naupliar or early copepodid mortality with increased Cd accumulation.

The lower egg production seen in F5 is similar to that seen in F0 relative to the control. This may be a result of high Cd accumulation from maternal transfer in combination with direct accumulation of Cd from water. Generally, an increase in population density (Pop) is inversely correlated with prosome length (PL) and clutch size (CS) in copepods [START_REF] Maly | Density, size, and clutch of two high altitude diaptomid copepods[END_REF][START_REF] Yi | Effect of nano-zinc oxide on the acute and reproductive toxicity of cadmium and lead to the marine copepod Tigriopus japonicus[END_REF]. However, prosome length correlates positively with clutch size [START_REF] Souissi | Evaluation of the copepod Eurytemora affinis life history response to temperature and salinity increases[END_REF]. This agrees with our correlation results for all generations (see Table 1.2). However, under Cd treatment, Pop positively correlates with PL and CS. Therefore, the larger clutch sizes observed in copepods exposed to Cd compared to the control may not be due to low density, but may be a response strategy to Cd exposure. Within the first 3 generations, the same positive correlation between Pop and PL, Pop and CS was observed. At the same time, a positive relationship between Pop and CS was observed also in the first 3 generations. In the following 4 generations, Pop and PL, Pop and CS tend to return to normal as in the control. However, in the last 3 generations, a correlation between Pop and PL was positive as in the first 3 generations. A strong positive correlation was generally observed between PL and CS for copepods exposed to Cd. In this study, the normal biological processes in copepods show an up and down regulatory pattern alternating between each generation, which could indicate a mechanism of biological fitness adjustment. However, an interesting pattern was observed in copepods exposed to Cd, whereby there was a stepwise increase or decrease in 2, mostly 3 consecutive generations at the beginning and towards the end of the 10 th generation. Moreover, the intermediate generations (F3/F4 -F6)

tend to up and down regulate more frequently than the control, in a bid to recover or restore normal processes. The toxicity of Cd was particularly observed at earlier and/or later generations as indicated by the endpoints: total population size, clutch size, and female morphology.

Metallothionein-like and non-metallothionein-like proteins are major types of low-molecularmass Cd-binding proteins (Cd-BP) known from invertebrates [START_REF] Stone | Non-metallothionein cadmium binding proteins[END_REF][START_REF] Slice | Purification, characterization and cDNA cloning of a novel metallothionein-like protein from Caenorhabditis elegans[END_REF][START_REF] Hussain | Metal induced non-metallothionein protein in earthworm: A new pathway for cadmium detoxification in chloragogenous tissue[END_REF]. Hemerythrin (HMET) is a non-metallothionein cadmium-binding protein, a non-heme iron protein consisting of a di-iron oxygen binding site joined to a protein.

Myohemerythrin (MHMET) is a multi-functional protein. This participates in respiration, oxygen transfer and/or storage and may act as a buffer to control the concentration and accordingly the toxicity of cadmium. Aspects of innate immunity and their functions have effects on oxidationreduction regulation [START_REF] Stenkamp | Dioxygen and Hemerythrin[END_REF][START_REF] Terwilliger | Functional adaptations of oxygen-transport proteins[END_REF][START_REF] Bailly | A phylogenomic profile of hemerythrins, the nonheme diiron binding respiratory protein[END_REF][START_REF] Meyer | Respiratory proteins in Sipunculus nudus -Implications for phylogeny and evolution of hemerythrin family[END_REF][START_REF] Yang | Molecular cloning, sequencing, and expression analysis of cDNA encoding metalloproteins II (MPII) induced by single and combined metals (Cu(II), Cd(II)) in the polychaete Perinereis aibuhitensis[END_REF][START_REF] Liu | Cloning and characterisation of hemerythrin gene from Sipuncula Phascolosoma esculenta[END_REF][START_REF] Coates | Immunological properties of oxygen-transport proteins: hemoglobin, hemocyanin and hemerythrin[END_REF][START_REF] Genchi | The effects of cadmium toxicity[END_REF]. The physiological response of copepods to metal exposure was fast, since we observed it in the first generation. This followed a decrease in the production of both MHMET isoforms (MHMET-1

and MHMET) after exposure to Cd for multiple generations. MHMET-1 tends to decrease in the 2 generations after F0, increased again in F3, followed by downregulation in subsequent generations. However, MHMET production increased in later generations after a significant decrease in one generation. The decrease in expression level or downregulation of one gene responding to Cd and the increase or upregulation of another gene similar in function could be supplementary or complementary as observed in this study.

Heat shock proteins (HSPs) may have different functions, including ensuring proper protein folding, thereby preventing misfolding, and protein repair. HSPs are expressed when an organism is exposed to stress [START_REF] Kim | Heavy metals induce oxidative stress and trigger oxidative stress-mediated heat shock protein (hsp) modulation in the intertidal copepod Tigriopus japonicus[END_REF][START_REF] Semmouri | The transcriptome of the marine calanoid copepod Temora longicornis under heat stress and recovery[END_REF]. Hsp70 is usually expressed when organisms are exposed to basic environmental stressors as a protective response [START_REF] Rhee | Heat shock protein (Hsp) gene responses of the intertidal copepod Tigriopus japonicus to environmental toxicants[END_REF][START_REF] Kim | Heavy metals induce oxidative stress and trigger oxidative stress-mediated heat shock protein (hsp) modulation in the intertidal copepod Tigriopus japonicus[END_REF]. Under unstressed conditions, heat shock proteins have constitutive functions that are essential in various aspects of protein metabolism [START_REF] Han | Oxidative stress and mitochondrial dysfunction involved in ammonia-induced nephrocyte necroptosis in chickens[END_REF][START_REF] Nikinmaa | Functional genomics in aquatic toxicology-do not forget the function[END_REF]. In this study, hsp70 was upregulated in control females.

However, when the females were exposed to Cd (CdF), hsp70 was downregulated, but upregulated in males exposed to Cd (CdM) in F0. Whereas, hsp70 in CdF became upregulated in F1, and in subsequent generations, hsp70 was regulated in an up or down manner. For males exposed to Cd, hsp70 was consistently upregulated in all generations, except in F2 where downregulation occurred. However, the expression levels in subsequent generations were lower than in F0. A similar pattern of expression was observed in Calanus finmarchicus, a calanoid species exposed to stressors [START_REF] Hansen | Effects of naphthalene on gene transcription in Calanus finmarchicus (Crustacea: Copepoda)[END_REF]. Both up-and downregulation of stress related genes were reported as responses to xenobiotics [START_REF] Jeong | The genome of the harpacticoid copepod Tigriopus japonicus: Potential for its use in marine molecular ecotoxicology[END_REF]. Downregulation of these genes could indicate tolerance in one generation with further upregulation or increase in expression level when plasticity becomes costly. It could also indicate a change in sensitivity in another generation. The energetic costs for egg production in female copepod and general protein biosynthesis which also produced reactive oxygen species (ROS) can be high [START_REF] Sokolova | Energy homeostasis as an integrative tool for assessing limits of environmental stress tolerance in aquatic invertebrates[END_REF][START_REF] Tomanek | Proteomics to study adaptations in marine organisms to environmental stress[END_REF][START_REF] Han | Oxidative stress and mitochondrial dysfunction involved in ammonia-induced nephrocyte necroptosis in chickens[END_REF]. Therefore, downregulating protein synthesis under extended exposure to Cd could be a strategy for conserving energy and minimizing oxidative damage from excess ROS production [START_REF] Bailey | Regulation of gene expression is associated with tolerance of the Arctic copepod Calanus glacialis to CO2-acidified sea water[END_REF]. The low production or downregulation of proteins is generally also a strategy to conserve energy. Energy conservation could also explain the slow swimming speed of copepods which was observed at later generations.

In our previous study [START_REF] Kadiene | Differences in lethal response between male and female calanoid copepods and life cycle traits to cadmium toxicity[END_REF], we reported that metal toxicity to calanoid copepods is sex-specific. We observed corresponding molecular responses between males and females in the present study. Moreover, gene expression in response to Cd such as MHMET and hsp70 were more significantly expressed in males than in females. The multigenerational regulation of expressed genes may indicate plasticity or differences in individual fitness. Most genes that were highly upregulated in the F0 generation were either downregulated or their expression levels were reduced in subsequent generations. This could be attributed to tolerance or suppression, when they become overwhelmed, since the amount of accumulated Cd increased with each generation. [START_REF] Kimberly | Multigenerational contaminant exposures produce nonmonotonic, transgenerational responses in Daphnia magna[END_REF] reported that chronic exposure to cadmium alters tolerance levels in a non-monotonic way. As a result of the effect observed after onegeneration removal from Cd, their results indicated that multigenerational exposure may result from a transgenerational effect. The fluctuations in activated genes responding to metal exposure are usually linked to a variation in normal protein metabolism rather than to changes in metal exposure [START_REF] Legras | Changes in metallothionein concentrations in response to variation in natural factors (salinity, sex, weight) and metal contamination in crabs from a metal-rich estuary[END_REF][START_REF] Wong | Sunscreens containing zinc oxide nanoparticles can trigger oxidative stress and toxicity to the marine copepod Tigriopus japonicus[END_REF]. In this study, female copepods exposed to Cd showed a lower cadmium uptake or rather faster excretion rate than males, and secondly, the clutch sizes were mostly higher under Cd treatment when compared to those of the control, however, population density was lower, either caused by low hatching success or mortality. Further studies are required here to understand this generational plasticity. Physiological aspects could be compromised, such as the observed deformation of muscular structure. Transmission electron micrographs of the muscle of Pseudodiaptomus annandalei after 12 days of Cd exposure showed evidence of damage of the myofibril ultrastructure attributed to ROS overproduction caused by oxidative damage [START_REF] Ibrahim | Label-free microscopy and stress responses reveal the functional organization of Pseudodiaptomus marinus copepod myofibrils[END_REF]. In a study of Chen (2016) the same phenomenon was observed without stating whether in males and/or in females. This is consistent with the external muscle contortion or deformation observed in our study (Fig. 6). The disparate physiological changes or molecular responses observed from multiple generations continuously exposed to Cd may represent decreased and/ or increased sensitivity or plasticity [START_REF] Bellas | Polyethylene microplastics increase the toxicity of chlorpyrifos to the marine copepod Acartia tonsa[END_REF] and could be regulated by each generation's plasticity.

Conclusion

An increased egg production and slight improvement in the total population density of copepods exposed to Cd, the observed slow swimming speed in both sexes, and muscle deformation observed in most of the females, indicate specific responses of the copepod P.

annandalei. Copepods were able to adapt to HM-stressed environmental conditions. In terms of reproduction, P. annandalei showed adaptations and fitness-related adjustments to Cd toxicity after several generations. The existing data have the potential to be used in the development of stable water quality criteria and to estimate long-term effects of persistent pollutants in aquatic ecosystems. Environmental pressure resulting from continuous exposure to persistent pollutants like Cd will have evolutionary impacts. Bioaccumulation of Cd in copepods over several generations through maternal transfer in addition to direct uptake from the media may either increase or decrease their adaptability or level of tolerance. Genetic regulations and physiological adjustments of copepods observed in this study could lead to adaptive outcomes.

The tendency of copepods to adapt to a toxic environment through epigenetic and phenological modifications could increase their chance of survival over a long term. From the results of this study, we hypothesize that P. annandalei females produce more eggs, to either compensate for low survival of their offspring that are constantly faced with toxicants and/or to eliminate toxic compounds from their bodies. Lydia Lo and the laboratory members in making this study a success.
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 1 Fig. 1. Cadmium accumulation in P. annandalei adults at the end of each generation (a) and
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 2 Fig. 2. Clutch size (number of eggs per female) of P. annandalei in the control and cadmium
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 3 Fig. 3. Total population density of P. annandalei in the control and cadmium exposed treatment
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 4 Fig. 4. Prosome length (a), prosome width (b), prosome volume (c) of P. annandalei female
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 5 Fig. 5. Myohemerythrin-1 (a), Myohemerythrin (b) and Heat shock 70 kDa protein (c) expressed

Fig. 6 .

 6 Fig. 6. Normal P. annandalei female copepod (a). Muscle deformation (b and c), curved-like

  [START_REF] Vandegehuchte | Can metal stress induce transferable changes in gene transcription in Daphnia magna?[END_REF], attributed the differential gene regulation between subsequent control generations after exposure to zinc to possible differences in synchronization of the molting and reproductive cycle of cladocerans during multiple generations. Furthermore, high variations and fluctuations in response to multigenerational studies are often explained by different sampling time per generation, sex specific sensitivity to contaminants, within and trans-generational plasticity, and influence of non-contaminant stressors, such as handling stressors at different generations. Based on the type of test carried out, these factors cannot easily be predicted and controlled, underscoring the need to use multiple toxicity methods.
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Table 1 .

 1 Target genes of interest for qPCR analysis of Pseudodiaptomus annandalei exposed to cadmium.

	Protein Code	Protein name	F and R Primers
	MHEMT1	Myohemerythrin-1	>> TGTGCTCCTCGTCAAGATTT << TGAGTTTGCTGTGTTTGTGAG
	MHEMT	Myohemerythrin	>> GATTATAGCCTAACACCTCTCAAT << GGTTACAGGGTTTACAGTCTATT
	HSP70	Heat shock protein 70	>> ACTCTCTGGCTGAAGGTATTG << TCGAGTGTGCCCTTGAAC
	EF1a	Elongation factor 1-alpha (Reference gene)	>> TTCAAGTACGCCTGGGTTT << AAACTTCCAGAGAGCAATGTC

Table 2

 2 shows the Pearson correlation (R) between population (Pop) vs. prosome length

	(PL), population (Pop) vs. clutch size (CS) and prosome length (PL) vs. clutch size (CS) of P.
	annandalei at cadmium (Cd) treatments and control. A linear relationship between each
	comparison of control and Cd treatment was carried out first among the whole data set
	(generations F0 -F9), then for the first 3 generations (F0 -F2), the intermediate generations (F3
	-F6), and the last 3 generations (F7 -F9). The same holds for the first 5 generations (F0 -F4)
	and the last 5 generations (F5 -F9). A segmented linear relationship is explained by
	intergenerational	differences.

Table 2 .

 2 Relationship (R) between population (Pop) vs. prosome length (PL), population (Pop) vs. clutch size (CS) and prosome length (PL) vs. clutch size (CS) of P. annandalei at control and cadmium (Cd) treatments.

			F0-F9		F0-F2	F3-F6	F7-F9	F0-F4	F5-F9
			Control	Cd	Control	Cd	Control	Cd	Control	Cd	Control	Cd	Control	Cd
	Pop vs. PL	R	-0.236	0.239 -0.496	0.44	-0.127	-0.519	0.213 0.803**	-0.483	0.255	0.212	0.527*
		p-value	0.202	0.195	0.174	0.236	0.664	0.069	0.612	0.009	0.068	0.359	0.449	0.043
	Pop vs. CS	R	-0.361*	0.168 -0.764* 0.871** -0.319 -0.706**	0.401	-0.121 -0.793** 0.780** 0.258	-0.248
		p-value	0.046	0.366	0.017	0.002	0.266	0.007	0.325	0.756	<0.001	0.001	0.354	0.372
	PL vs. CS	R	0.619**	0.061 0.815** 0.769*	0.196	0.209	0.777*	-0.011	0.636* 0.666** 0.569*	-0.218
		p-value	<0.001	0.746	0.007	0.015	0.501	0.494	0.023	0.977	0.011	0.007	0.027	0.435

*: Correlation is significant at the 0.05 level (2-tailed); **: Correlation is significant at the 0.01 level (2-tailed)
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