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Due to the high toxicity in aquatic food chain, the toxic effects of methylmercury (MeHg) on organisms have caused widespread concerns, but little has been reported on its effects on marine fish. The acute and sub-lethal toxicities of MeHg chloride to an important aquaculture species in southeast coast of China - large yellow croaker (Pseudosciaena crocea) embryos and larvae were investigated in this study. Acute toxicity tests showed that the 48-h LC50 values of methylmercury to fish embryos and larvae were 28.39 (21.33–33.98) and 18.27 (11.33–29.29) μg L−1, respectively. The 96-h LC50 value for larvae was 9.28 (4.41–14.49) μg L−1, which indicated that fish larvae were more sensitive to MeHg than the embryos. On the other hand, MeHg exposure induced delayed hatching process, lower yolk absorption rate, higher morphological malformations at concentrations ≥ 1 μg L−1, and caused higher larvae heart rate, lower survival and hatching success at concentrations ≥ 5, 10, and 20 μg L−1, respectively. The results suggested that the hatching, survival and growth of the large yellow croaker during the early life stages may serve as sensitive biomarkers for marine MeHg pollution.
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INTRODUCTION

Mercury (Hg) has been shown to be a widespread and persistent metallic pollutant in estuarine and coastal waters all over the world (Satoh, 2000). Mercury in the environment mainly comes from anthropogenic activities such as fire coal, electric power generation facilities, chloralkali production, waste incineration and other industrial activities (UNEP, 2002; Trasande et al., 2005; Devlin, 2006). In aquatic environment, mercury can be converted into various forms such as metallic elements, inorganic salts and organic compounds (Lee et al., 2017). Among these forms, methylmercury (MeHg) is the most toxic and it is mainly produced by sulfate-reducing bacteria from precipitated mercury sulfate compounds in marine ecosystems (Gochfield, 2003). MeHg can be readily absorbed by aquatic organisms and its concentration increases with the increasing trophic levels due to biomagnification, which ultimately threatens the health of marine biota and the stability of the ecosystem (Jewett et al., 2003).

Given the ability of MeHg to form complexes with amino acid cysteine, which can result in high mobility in organisms (Ceccatelli et al., 2010), MeHg is toxic to multiple organs and systems (e.g., brain, kidneys, swim bladder, cardiovascular system, immune system, and reproductive system) (Syversen and Kaur, 2012). For example, it can induce oxidative damage, cause neurotoxicity and genotoxicity (Cambier et al., 2012; Farina and Aschner, 2019), MeHg also causes some protein down-regulation, affecting the normal development of organs (e.g., swim bladder) (Cuello et al., 2012). MeHg has a reaction center with a positive charge in the Hg atom, therefore, it has a higher reactivity to thiols and selenols groups. Such interaction can alter the structure and function of some proteins as well as the redox state of low molecular antioxidants, leading to MeHg-induced oxidative stress (Farina et al., 2011). Early life stages (ELSs) of fish are extremely sensitive to contaminants, low concentrations of contaminants may not be sufficiently poisonous to adult fish but it can cause harmful impacts on embryos and larvae (Jezierska et al., 2009). Numerous studies have confirmed that MeHg has adverse effects on the early development of fish, leading to growth retardation, increased mortality, impaired cardiac function, morphological abnormalities, genetic, and protein expression disorders (Hassan et al., 2012; Wu et al., 2018; Ren et al., 2019).

Large yellow croaker (Pseudosciaena crocea) is one of the most important commercial fish species mainly distributed in the southeast coastal waters of China (Huang et al., 2019). However, the population of large yellow croaker has drastically declined in the past decades (Xu and Liu, 2007). In addition to overfishing, marine contaminants such as heavy metal are also considered to be the other important factor for the decline of fishery resources in the East China Sea (Zhao et al., 2015). The concentration of MeHg ranged from 0.00005–0.00022 μg L−1 in the surface seawater of the northern South China Sea (Fu et al., 2010), and the value is 24.9 ng g−1 in the large yellow croaker in the East China Sea (Xia et al., 2013). In order to further understand the toxicological effects of MeHg on ELSs of large yellow croaker and its external response, toxicity test was conducted wherein fish embryos and larvae were exposed to 0–80 μg L−1 MeHg. Considering the facts mentioned above, this study was performed with the following purpose: (1) to determine the acute toxicity of MeHg to large yellow croaker embryos and larvae; (2) to investigate the effects of MeHg on hatching, development and growth of fish embryos and larvae.



MATERIALS AND METHODS


Preparation of Methylmercury Stock Solution

Methylmercury chloride (CH3HgCl, purity, >99.5%, CAS No: 115-09-3, Sigma-Aldrich Chemical Co., United States) was initially dissolved in deionized water to achieve a concentration of 500 mg L−1 and further diluted to specific concentrations with filtered seawater for exposure tests. The methylmercury stock solution was stored at 4°C.



Test Organisms

The experiment was conducted in accordance with the standards of the Organization for Economic Co-operation and Development, “Fish, Short-term Toxicity Test on Embryo and Sac-fry Stages” (OECD, 1998). Large yellow croaker embryos and larvae were obtained from Institute of Marine and Fisheries Research of Ningbo, China. The fertilized eggs were placed in a hatching bucket (density, 800 eggs L−1; photoperiod, 14L:10D; temperature, 18 ± 1°C; pH, 8.1 ± 0.1; salinity, 28 ± 1; dissolved oxygen, 7.5 ± 0.2 mg L−1; MeHg, 0.00006 ± 0.00003 mg L−1; hardness, 6124.6 ± 272.3 mg L−1 as CaCO3) for 2 h before the experiment. During this period, dead embryos sank to the bottom of the hatching bucket when the normal embryos floated on the water. Only normal developing embryos and larvae were used for toxicity tests.



Exposure Conditions
 
Acute Toxicity Test on Embryos

One hundred healthy embryos were selected randomly and transferred into each of 28 experimental beakers (1,000 mL), which were placed randomly in the laboratory with a constant temperature of 18 ± 1°C. Six nominal concentrations (1, 5, 10, 20, 40 and 80 μg L−1) and one control were set up, four replicates were set for each concentration. The experiment lasted continuously for 48 h without changing the seawater. The embryo development was observed and recorded every 6 h, and the dead embryos were removed promptly. During the test, embryos sank to the bottom of the beaker and turned gray were considered to be dead. The mortality obtained in the test was used for calculating LC50 values of methylmercury for the embryos.



Acute Toxicity Test on Larvae

Similar test method as acute toxicity test on embryos was applied for larvae. Six nominal concentrations (4, 8, 12, 16, 20, and 40 μg L−1) and one control were set up, four replicates were set for each concentration. Hundred newly hatched larvae were selected randomly and transferred into each of the 28 experimental beakers (1,000 mL). The experiment lasted continuously for 96 h without changing the seawater. Larvae sank to the bottom of the beaker, turned gray and had no response to gentle touch were considered to be dead. The mortality obtained in the test was used for calculating LC50 values of mercury for larvae.



Toxicity Test on Embryonic-Larval Development and Survival

Based on the LC50 values derived from the acute toxicity tests, six nominal concentrations of MeHg: 0 (control), 0.2, 1, 5, 10, and 20 μg L−1 were set up. Hundred healthy embryos developed to the blastocyst stage were selected randomly and transferred to the experimental beakers. Dead individuals and the uneaten bait were removed with pipettes to prevent contamination of the experimental solutions. After hatching, two-thirds of the test solution in each beaker was replaced daily with the same concentration of MeHg. The test was performed for 6 days.


Survival and growth experiment

Four replicates were set for each concentration in the survival and growth experiments. During this experiment, no sampling was carried out to avoid the impact of sampling on experimental organisms to the greatest extent. Four biological parameters were investigated: (1) Cumulative hatching rate which was defined as the percentage of the cumulative number of larvae hatched during the test to the number of initially stocked embryos (100) in each beaker; (2) Median effective time for hatch (MET), defined as the time (h) required for 50% of individuals in different treatment groups or control groups to hatch. The time points of 22, 26, 28, 30, and 34 h post fertilization (hpf) were selected, and the number of hatching individuals was counted in each beaker. The method by Dave and Xiu (1991) was used to calculate the METs in different exposure concentrations. METs were used to evaluate the effect of methylmercury on incubation time; (3) Cumulative mortality was defined as the percentage of dead embryos and larvae throughout the tests to the number of initially stocked embryos (100) in each beaker; (4) Cumulative morphological abnormality of larvae was defined as the percentage of the total number of abnormally developed larvae by the cumulative number of larvae hatched during the test. Abnormal individuals were observed and recorded every 4 h after hatching by stereo microscope and camera system (Nikon-SMZ1000; digital video camera, Nikon-DS 5M; Software, ACT-2U; Tokyo, Japan). Abnormally developed survivors at the termination of each treatment, if any, were also checked and included.



Development experiment

In order to observe heartbeat and growth of the embryos and larvae, one set of development tests were carried out for sampling, three replicates were used for each concentration. Three biological parameters were investigated in developmental experiments: (1) heartbeat of embryos and larvae, three samples from the beaker at the heartbeat stage embryos, newly-hatched larvae (0 day post hatching, dph) and larvae 3 days post hatching (3 dph) were randomly selected, and the heart rates of embryos and larvae were counted; Heartbeat counting was taken with Nikon camera system by a 30-s video recording, and then counted by slow playback to reduce experimental error; (2) Body length, three larvae were taken from each beaker at 0 dph and the end of experiment to measure the body length of the newly-hatched larvae (L0, mm; Figure 3B) and the final body length (LT, mm), respectively; (3) Yolk absorption rate (R) which was defined as the average daily change in the yolk sac size over the course of the test in each tank. The calculating formula is R = (V0-Vt)/t, where V0 and Vt (mm3) are the initial and final yolk sac sizes, respectively, and t is the exposure time (h) of the test. The yolk sac size is calculated by the formula: V = π × a × b2/6, where a and b (mm) are the major axis and minor axis of the yolk sac, respectively. The measurement was conducted with a microscope (Nikon-ECLIPSE 50i, Tokyo, Japan) or stereo microscope and ACT-2U software (Tokyo, Japan). Before hatching, fish embryos were observed every 6 h to calculate embryo mortality, hatching rate, incubation time and heart rate (heartbeat period). The larvae survival rate, deformity rate, heart rate and other indicators were observed and calculated every 12 h after hatching.




Solution Sampling and Chemical Analyses

To determine the concentration of MeHg in the test solutions, water samples were taken for analysis at the end of test in acute toxicity tests, and every day when changing water in embryonic-larval test. Test solutions were measured using gas chromatography-mass spectrometry (GC-MS) (Agilent 6890/5973; United States). In all tests, measured concentrations fell within the range of 80–120% of their nominal concentrations, which was required for toxicity tests (OECD, 1998).



Data Treatment and Statistical Analysis

The LC50 values of MeHg to large yellow croaker embryos and larvae were determined by a probit analysis (Finney, 1971). The Kolmogorov-Smirnov one-sample test was used to test the normality of the hypothesis and the Levene test was used to test the assumed homogeneity of the variance. If any of the assumptions were not met, the data would be normalized by logarithmic transformation before analysis of variance (yolk absorption rate data). If both hypotheses were met, the data would be analyzed by one-way ANOVA and then the differences between treatment and control groups were compared by Dunnett's multiple comparison test (p < 0.05). All data were expressed as mean ± standard deviation (S.D.). The SPSS 22.0 (SPSS Inc., Chicago, IL, USA) was used for statistical analysis. Software GraphPad Prism 8 (GraphPad Software Inc., California, USA) was used to generate graphs.





RESULTS


LC50 Values of MeHg to Embryos and Larvae

The 48-h LC50 values of MeHg to large yellow croaker embryos was 28.39 (21.33–33.98) μg L−1 (with 95% confidence limits), while the 48-h and 96-h LC50 values of MeHg to larvae were 18.27 (11.33–29.29) and 9.28 (4.41–14.49) μg L−1, respectively.



Subchronic Toxicity to Embryos and Larvae

The cumulative hatching rate was significantly affected by MeHg exposure (ANOVA, p < 0.05). It was significantly decreased in the 20 μg L−1 treatment (85%) compared to the control (99%; Dunnett's test, p < 0.05; Figure 1A). MeHg exposure also had a significant impact on the METs of large yellow croaker embryo (ANOVA, p < 0.05). It was significantly decreased in the 1.0 (28.64 h), 10.0 (28.68 h), 20.0 (30.00 h) μg L−1 treatments with respect to the control (26.28 h; Dunnett's test, p < 0.05; Figure 1B).


[image: Figure 1]
FIGURE 1. (A) Cumulative hatching success and (B) METs of the large yellow croaker embryos by MeHg exposure (mean ± S.D.; n = 4; *indicated significant difference compared to the control group at p < 0.05).


MeHg exposure had no significant effect on embryo's heart rate (ANOVA, p > 0.05; Figure 2A), but the heart rate of larvae was significantly increased in the 5 μg L−1 (91 beats min−1) and 20 μg L−1 (86 beats min−1) treatments compared to the control (59 beats min−1; ANOVA Dunnett's test, p < 0.05; Figure 2B).


[image: Figure 2]
FIGURE 2. Heart rate of the large yellow croaker (A) embryos and (B) larvae by MeHg exposure (mean ± S.D.; n = 3; *indicated significant difference compared to the control group at p < 0.05).


The yolk absorption rate was significantly decreased at the concentration ≥1 μg L−1 (0.03–0.06 μm3 d−1) compared to the control (0.12 μm3 d−1; ANOVA Dunnett's test, p < 0.05; Figure 3A); On the other hand, MeHg had no significant effect on the LT of larvae (ANOVA; p> 0.05; Figure 3C).


[image: Figure 3]
FIGURE 3. (A) Yolk absorption rate, (B) body length of newly hatched larvae (L0) and (C) final body length (LT) of the larvae by MeHg exposure (mean ± S.D.; n = 3; * indicated significant difference compared to the control group at p < 0.05).


MeHg exposure also significantly affected the cumulative mortality of the embryos and larvae (ANOVA, p < 0.05; Figure 4A). The mortality was significantly increased in the 10 μg L−1 (11%) and 20 μg L−1 (23%) treatments compared to the control (3%; Dunnett's test, p < 0.05; Figure 4A).


[image: Figure 4]
FIGURE 4. (A) Cumulative mortality and (B) cumulative morphological abnormality of the large yellow croaker embryos and larvae by MeHg exposure (mean ± S.D.; n = 4; * indicated significant difference compared to the control group at p < 0.05).


The morphological abnormality significantly increased in the 1.0 μg L−1 (6.0%), 10.0 μg L−1 (15.3%), and 20.0 μg L−1 (64.0%) treatments compared to the control (0; Dunnett's test, p < 0.05; Figure 4B). The level of larval morphological abnormality observed in the test included spinal deformity, tail curl, tail degeneration, pericardial edema and fin erosion (Figure 5).


[image: Figure 5]
FIGURE 5. Morphological malformations of the large yellow croaker larvae by MeHg exposure in the sub-chronic toxicity test: (A) normally developed larvae (control), (B) eye fusion and spinal deformity (20 μg L−1), (C) head dysplasia, fin rot and tail hypoplasia (40 μg L−1), (D) spinal deformity and tail hypoplasia (1 μg L−1), (E) spinal deformity and tail bending (5 μg L−1) (F) eye fusion, fin rot and spinal deformity (40 μg L−1), (G) body color abnormalities and tail hypoplasia (10 μg L−1), (H) visceral hemorrhage and spinal deformity (10 μg L−1), (I) periventricular edema and spinal deformity (10 μg L−1).





DISCUSSION

It is an indisputable fact that relative low dose of MeHg could cause death, genotoxicity, neurotoxicity, cytotoxicity, immunotoxicity, and endocrine toxicity to fish (Cambier et al., 2012; Wu et al., 2018; Farina and Aschner, 2019). Because MeHg causes cell damage by over-producing ROS or reducing oxidative defense, and binding to tubulin leads to cytoskeletal changes and inhibition of the Na+/Ka+ pump and protein synthesis, eventually leading to impaired cell function or abnormal cell death (Hare and Atchison, 1994; Orrenius et al., 2003). In the present study, the 48-h LC50 of large yellow croaker embryos and the 48-h and 96-h LC50 of the larvae were lower than most of the reported fish species, indicating that ELSs of large yellow croaker is particularly sensitive to MeHg exposure. Moreover, MeHg can affect a variety of biological processes related to embryonic hatching and larval development, including placental development, nutrient absorption and apoptosis, etc. (Hare and Atchison, 1994; Latif et al., 2001).


Acute Toxicity of MeHg to Embryos and Larvae

The present study showed that the 48-h LC50 value of MeHg (28.39 μg L−1) to embryos of large yellow croaker was generally lower than fathead minnow (Pimephales promelas, 71 μg L−1; Devlin, 2006), killifish (Fundulus heteroclitus, 50 μg L−1; Sharp and Neff, 1982), zebrafish (Danio rerio, 90 μg L−1; Cambero and Calvo, 2010) and coho salmon (Oncorhynchus kisutch, 54–71 μg L−1; Devlin and Mottet, 1992), but higher than the Japanese flounder (Paralichthys olivaceus, 15.3 μg L−1; Ren et al., 2019). While the 48-h LC50 (18.27 μg L−1) and 96-h LC50 (9.28 μg L−1) values of MeHg to large yellow croaker larvae was much lower than larvae of catfish (Clarias batrachus, 48-h LC50, 668 μg L−1, 96-h LC50, 430 μg L−1; Kirubagaran and Joy, 1988), lamprey (Petromyzon marinus, 48-h LC50, 88–151 μg L−1, 96-h LC50, 48–88 μg L−1; Mallatt et al., 1986), rainbow trout (Oncorhynchus mykiss, 48-h LC50, 37–66 μg L−1, 96-h LC50, 24–42 μg L−1; Wobeser, 1975; Mozhdeganloo et al., 2015), blue gourami (Trichogaster trichopterus, 48-h LC50, 94 μg L−1, 96-h LC50, 89 μg L−1; Roales and Perlmutter, 1974) and Japanese flounder (48-h LC50, 20.7 μg L−1, 96-h LC50, 16.3 μg L−1). Based on these results, large yellow croaker embryos and larvae may be more sensitive to MeHg than most other fish species mentioned above. On the other hand, when conducting indoor controlled experiments, different studies often set different experimental conditions depending on the species tested. Due to the confounding effects of experimental conditions, there are some controversies about the sensitivity of different species to toxicants (Ren et al., 2019). External environmental factors such as temperature, salinity, hardness, pH and DOC could greatly affect the toxicity of MeHg to fish (Pack et al., 2014). For example, the LC50 of MeHg on lamprey larvae decreased with increasing water temperature (Mallatt et al., 1986); while the LC50 of Hg on nile tilapia (Oreochromis niloticus) decreased with increasing hardness in water (Ishikawa et al., 2007). In this experiment, the laboratory conditions were controlled most suitable for the growth and survival of large yellow croaker, and other experimental controls may be the most suitable experimental conditions for other species. Therefore, we should also consider the experimental conditions when comparing with other results.

It could also be inferred from the present study that the survival of large yellow croaker was more sensitive to MeHg exposure at larval stage than embryonic (48-h LC50: 28.39 vs. 18.27 μg L−1). This result is in consistence with the general view that fish embryos are not as sensitive as larvae exposed to contaminants probably due to the protective effect of the embryonic membrane (Jezierska et al., 2009). However, there are some opposite phenomena. For example, Japanese flounder embryos are more sensitive than larvae when exposed to heavy metals such as mercury and cadmium (Huang et al., 2010; Ren et al., 2019). For such species, the chorions during early embryogenesis may have not yet hardened to function as barriers to effectively protect the embryos from exposure to toxicants (Herrmann, 1993). Additionally, the chorions during late embryogenesis will gradually break and thereby increase the susceptibility of the embryos to waterborne toxicants (Ren et al., 2019). Therefore, the sensitivity of embryos to toxicants could be related to the processes by which the chorions biologically function in response to the waterborne toxicants entering the embryos (Sharp and Neff, 1982).



Toxicity of MeHg to Hatching Process of Embryos

In the present study, the cumulative hatching rate in the highest MeHg concentration (20 μg L−1) was significantly lower than that in the lower concentrations. One possible reason for the decline in hatching rate of embryos is that metals enter the egg membrane through osmosis, causing disturbances in structure and function such as mitotic divisions during embryonic development, resulting in reduced hatching success (Latif et al., 2001; Witeska et al., 2014). For example, in walleye (Stizostedion vitreum), MeHg even at nanogram levels could affect the transformation of the germinal layers into various organs of the embryos, thus affecting the embryo development and eventually reducing the hatching success (Latif et al., 2001). However, Japanese flounder embryos exposed to MeHg below LC50 values did not show the reduced cumulative hatching rate, probably these concentrations may not reach the threshold of affecting the hatchability of the Japanese flounder embryos (Ren et al., 2019).

The METs were significantly increased by MeHg exposure, implying that MeHg is likely to cause a delay in the hatching of large yellow croaker embryos once it reaches a certain level. Hatching process of fish embryos is a combination of osmotic, biochemical (enzymatic) and biophysical (mechanical) mechanisms (Yamagami, 1981). MeHg has been proved to inhibit the activity of hatching enzymes for egg shell disintegration, and thus leading to the inability of the emerging larvae to break the egg shell and consequently result in delayed hatching (Hallare et al., 2005). Moreover, MeHg could inhibit the synthesis of proteins associated with the development of embryo chorions, which also delay the development and hatching of fish (Cuello et al., 2012). In addition, MeHg exposure may induce oxidative stress, which constrain the function of energy metabolism and enzyme activities and eventually retards the hatching process (Gonzalez et al., 2005; Wu et al., 2018).



Toxicity of MeHg to Heart Rate of Embryos and Larvae

In this experiment, MeHg exposure significantly increased the larvae heart rate but did not affect embryonic heart rate. An important mechanism for the toxicity of MeHg is the Ca2+ homeostasis disorder in cells, as Ca2+ plays an important role in maintaining normal rhythm of the heart, unbalanced Ca2+ concentration can cause severe arrhythmias (Ceccatelli et al., 2010). MeHg exposure affects the expression of related protein associated with Ca2+ homeostasis (e.g., Calreticulin), resulting in elevated Ca2+ concentrations (Cuello et al., 2012). Moreover, MeHg affects the normal physiological function of the larvae heart which is also an important reason for heart rate change (Weis et al., 1981). MeHg could lead to abnormal cardiac ventricular differentiation, ventricular defect and other cardiac malformations in killifish, resulting in incomplete cardiac development (Jezierska et al., 2009). In addition, MeHg was also reported to cause blood accumulation in the fathead minnow heart region, thus leading to defects in cardiac output (Devlin, 2006). MeHg was reported to play roles in nerve interference, and acetylcholinesterase could be inhibited by MeHg (Hallare et al., 2006). MeHg may cause a series of cascading responses mentioned above which eventually lead to changes in heart rate of larvae.



Toxicity of MeHg to the Growth and Development of Embryos and Larvae

MeHg was reported to affect the growth of various fish species (Mozhdeganloo et al., 2015). The yolk sac is very important to newly hatched larvae as it is the only nutrients source before the larvae open their mouth, and the changes in yolk sac absorption can directly affect the growth of fish embryo-larvae stage (Huang et al., 2010). In this study, the yolk sac absorption rate of the larvae was decreased significantly by MeHg, implying that methylmercury inhibits energy expenditure. Similarly, MeHg inhibited the absorption rate of yolk sac in newly hatched Japanese flounder larvae (Ren et al., 2019). Generally, toxic heavy metals can reduce the nutrient absorption, increase the extra energy consumption for detoxification, or disrupt the expression of growth hormone and inhibit the growth of larvae (Cao et al., 2012). However, the final body length of larvae was not affected by MeHg, which is contrary to most experimental results (Houck and Cech, 2004). One possible reason is that although the body length of the larvae was not affected by MeHg, the body weight was probably reduced. We suspect that the body weight of larvae in the high-concentration group may be reduced accordingly due to poor nutrient absorption, but this still requires proof from subsequent accurate measurement.

The morphological deformities of fish at ELSs due to the exposure to toxicants, particularly heavy metals and POPs, have been well investigated and documented (Jezierska et al., 2009; Witeska et al., 2014). For example, Japanese medaka (Oryzias latipes) embryos showed a series of abnormalities such as small eyes with reduced pigmentation exposed to MeHg solution ≤ 80 mg L−1 (Heisinger and Green, 1975; Dial, 1978). Zebrafish larvae exposed to MeHg at 30 μg L−1 showed abnormal eye development, spinal deformity, tail and fin flexure (Samson and Shenker, 2000). In the present study, MeHg induced spinal deformity, tail bending and hypoplasia, swelling head, abnormal pigmentation, and fin erosion. Spine and tail deformity are the most common types of deformities observed during the test. One of the toxic mechanisms of MeHg is suppression of protein synthesis (Cheung and Verity, 1985), as MeHg have been proven to induce a variety of protein expression down-regulation related to morphological changes, such as body axis bending and mandibular deformity (Cuello et al., 2012). This is probably due to the fact MeHg exposure could induce degeneration of rough endoplasmic reticulum and down regulation of ribosomal protein expression (Cuello et al., 2012), because endoplasmic reticulum is an important place for protein synthesis, any degradation of protein related to morphological development in early life stages of fish may finally result in deformation. On the other hand, MeHg exposure also causes significant up-regulate of ribosome proteins (such as rpl7a) associated with apoptosis (Cuello et al., 2012). Apoptosis is accompanied by some biological processes such as cell death, gastrulation and tissue interaction which can lead to abnormal morphology of developing fish larvae to some extent (Orrenius et al., 2003). Finally, other factors such as MeHg-induced oxidative stress, inhibition of acetylcholinesterase activity, and influence of immune gene expression may also be responsible for the morphological abnormalities of fish (Wu et al., 2018). In addition, high deformity rates are often accompanied by low survival rates, suggesting that malformation in the ELSs is likely to increase larval mortality.




CONCLUSION

This study evaluated the toxic effects of MeHg on large yellow croaker embryos and larvae. The results revealed that the larval stage of large yellow croaker was more sensitive than embryonic to MeHg exposure at 18°C and 28 psu under laboratory conditions. Moreover, MeHg induced detrimental impacts across various biological process including low hatchability, delayed hatch, reduced yolk sac absorption rate, higher mortality and morphological malformation.
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