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Abstract

The relative mortality rate of trochophore larvae exposed to

cryopreservation is significantly higher at early larval devel-

opmental stages in blue mussels Mytilus galloprovincialis.

However, little is known about cryodamage on the larval

quality at cellular and molecular modifications in aquatic

species, including M. galloprovincialis. This study aimed to

investigate the effects of established cryopreservation tech-

nique on reactive oxygen species (ROS), total antioxidant

capacity, apoptotic and antioxidant enzyme related gene

expressions of trochophore larvae in M. galloprovincialis.

The results showed that significantly lower D-larvae rate

was produced from the cryopreserved trochophore larvae

compared to fresh (p <.05). Nevertheless, there was no sig-

nificant difference in the ROS production, total antioxidant

capacity, and small molecular antioxidant capacity between

fresh and cryopreserved trochophore larvae (p >.05). Simi-

larly, the cryopreservation procedures had no adverse

effects on the apoptotic and antioxidant enzyme related

gene expression patterns between fresh and cryopreserved

trochophore larvae (p >.05). These results indicate that the

cryopreservation technique applied to M. galloprovincialis

larvae in this study may not compromise the redox status of

the post-thaw trochophore larvae.

Received: 28 April 2021 Revised: 20 July 2021 Accepted: 3 September 2021

DOI: 10.1111/jwas.12855

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which

permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no

modifications or adaptations are made.

© 2021 The Authors. Journal of the World Aquaculture Society published by Wiley Periodicals LLC on behalf of World Aquaculture

Society.

516 J World Aquac Soc. 2022;53:516–526.wileyonlinelibrary.com/journal/jwas

https://orcid.org/0000-0002-0365-0960
https://orcid.org/0000-0001-5873-3141
mailto:zhanxinuni@163.com
mailto:xiaoxu.li@sa.gov.au
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/jwas
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fjwas.12855&domain=pdf&date_stamp=2021-10-09


Funding information

South Australian Research and Development

Institute; China Scholarship Council;

Department of Ocean and Fisheries of

Liaoning, Grant/Award Number: 201829;

Talent Project of Revitalizing Liaoning, Grant/

Award Number: XLYC1807087

K E YWORD S

antioxidant capacity, gene expression, larval
cryopreservation, ROS

1 | INTRODUCTION

Larval cryopreservation has been widely recognized as a reliable and effective technique to conserve germplasm.

This technique could be applied to the aquaculture industry to benefit the process of hatchery management, includ-

ing providing a year-round supply of larvae (Labbé et al., 2018; Liu et al., 2020). In marine bivalve species, larval cryo-

preservation technique is still challenging as limited spat can be produced per processing cycle, although this

technique has been tried on oysters, mussels, and clams (Martínez-Páramo et al., 2017; Simon & Yang, 2018). For

example, Paredes, Bellas, and Adams (2013) showed that the normal D-larvae rate in blue mussel Mytilus

galloprovinvialis produced from post-thaw trochophore larvae was about 49%. In contrast, no further information

was provided for the larvae in the subsequent vital developmental stages, such as umbo larvae, eyed larvae

(or pediveliger larvae), and spat. Moreover, in Greenshell mussel Perna canaliculus, Paredes et al. (2012) demon-

strated that only 2.8% competent pediveligers were produced from post-thaw trochophore larvae. Recently, the pro-

grammable cryopreservation technique for trochophore larvae in M. galloprovinvialis has been developed with about

20% spat achieved (Liu et al., 2020). However, the relative mortality rate of D larvae and umbo larvae produced from

post-thaw trochophore larvae is significantly higher, whereas no significant difference was found at eyed larvae and

spat in comparison with fresh larvae (Liu et al., 2020), leading to reduce the efficiency on the application of larval

cryopreservation technique. Therefore, understanding the cryodamage on larval quality is necessary, relevant, and

important.

Studies on the larval cryopreservation technique in marine bivalve species have primarily focused on the proto-

col development/optimization stage using the percentage of D-larvae as a quality assessment indicator (Liu

et al., 2020; Martínez-Páramo et al., 2017; Simon & Yang, 2018). There is little information on cryodamage on larval

quality using other methods (Martínez-Páramo et al., 2017; Simon & Yang, 2018; Suneja et al., 2014) except for

those at the molecular and cellular levels, which have shown potentials to understand the mechanisms of

cryodamage and provide useful information to improve the post-thaw larval survival. For example, Mehaisen

et al. (2015) have shown that the over-produced reactive oxygen species (ROS) after cryopreservation has been con-

sidered as the major reason attributed to compromised embryonic quality in rabbits in terms of changing the activity

of antioxidant enzymes, the levels of oxidative substrates (lipid peroxidation and nitric oxide) and expression patterns

of developmental-related genes and oxidative-stress-response-related genes. Consequently, methods to control the

production of ROS have been used to maintain these parameters, resulting in the increase in post-thaw embryonic

development (Mehaisen et al., 2015). Similarly, Dhali et al. (2007) and Park et al. (2006) have found that the regula-

tion of the apoptosis-related genes, such as Bax, Bcl2, p53, caspase-3, and Hsp 70, has been changed in mouse and

bovine embryos following cryopreservation. Both studies have also demonstrated a positive relationship between

the reduction of developmental competence and the altered expressions of these genes.

Like cell cryopreservation in livestock species, larvae in marine bivalve species are also exposed to abiotic

stressors during cryopreservation, such as cryoprotectant agent (CPA) toxicity and extreme low temperature,

which normally produce ROS (Buttemer, Abele, & Costantini, 2010). It has been widely accepted that the effects

of ROS are dose-dependent. At a low level, the ROS act as signaling molecules to regulate the cellular functions,

whereas at a high level, the ROS exert oxidative stress (Tatone, Di Emidio, Vento, Ciriminna, & Artini, 2010).

Larvae in marine bivalve species have the antioxidant capacity to mitigate the side effects of ROS (Buttemer

et al., 2010). Nevertheless, if the balance between ROS production and antioxidant capacity is lost, larvae can
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suffer from oxidative stress (Gale, Burritt, Tervit, Adams, & McGowan, 2014; Labbé et al., 2018; Paredes et al., 2012,

2013). In our recent study, the antioxidant capacity of post-thaw trochophore larvae in Pacific oyster Crassostrea gigas

was significantly increased with no significant difference on the ROS production in comparison with fresh counterpart

(under review). Moreover, our recent study in C. gigas has shown that the gene expressions of FADD, Bax1, Baxlike,

Bcl2, Caspase7, CAT, and SOD were significantly changed only at the post-thaw trochophore larvae with no significant

difference on D-larvae, umbo larvae, eyed larvae, and spat compared to fresh counterparts (under review). Trochophore

larvae are reported as the suitable developmental stage for cryopreservation in M. galloprovincialis (Liu et al., 2020). At

this developmental stage, trochophore larvae still require energy from enough lipid for survival and growth (Sánchez-

Lazo & Martínez-Pita, 2012). The large amount of lipid means the larvae are very susceptible to oxidative stress during

cryopreservation, which may be considered as a fundamental cause of cell death after cryopreservation (Gale

et al., 2014).

Therefore, in order to understand the cryodamage on trochophore larvae of M. galloprovinvialis which were

cryopreserved by the established cryopreservation technique (Liu et al., 2020), the production of ROS, the antioxi-

dant capacity and the expression patterns of selected apoptosis and antioxidant enzyme related genes were mea-

sured between fresh and cryopreserved trochophore larvae in this study.

2 | MATERIALS AND METHODS

2.1 | Trochophore larvae preparations

The M. galloprovinvialis broodstock was collected from Kinkawooka Mussels in Port Lincoln, South Australia and

delivered to the laboratory at the Aquatic Sciences Centre, South Australian Research and Development Institute

(SARDI) at 0–4�C within 24 hr after collection. Methods for broodstock maintenance, spawning induction, and

fertilization were the same as demonstrated by Liu et al. (2020). Briefly, the M. galloprovinvialis were cleaned with

1 μm filtered seawater before the animals were treated by thermal cycling for the individually spawning. The qual-

ity of gametes was assessed under a light microscope. Sperm with vigorous motility >80% and oocytes with

healthy morphology based on the shape and color were used for fertilization (Paredes et al., 2013; Wang, Li,

Wang, Clarke, & Gluis, 2014). The fresh oocytes and sperm were mixed together from at least 10 and 5 animals,

respectively. Then, the sperm were added to the oocyte suspension for the fertilization with the sperm to oocyte

rate about 20:1. After 10 min contact period, the fertilized eggs were transferred and incubated at 17�C until

developing to trochophore larvae. The trochophore larvae were collected from the top of incubation tanks (Wang

et al., 2014) at 25 hr postfertilization and diluted to a concentration of 4 � 105 individuals ml�1 for experiments.

The fresh trochophore larvae were divided into three groups: one group was incubated directly to 48 hr

postfertilization and then the D-larval rate was calculated; the second group was directly transferred into 2 ml

cryovials and stored at �80�C until further analysis; and the third group was used for cryopreservation. The pro-

cedures used for cryopreservation were adopted from Liu et al. (2020). One volume of trochophore larvae suspen-

sion was mixed with one volume of cryoprotectant medium (final concentration: 10% ethylene glycol + 7.5%

Ficoll + 0.2% polyvinylpyrrolidone) for 10 min on ice. The trochophore larvae and cryoprotectant medium suspen-

sion were then transferred into 0.25 ml straws and kept at 0�C for 5 min in a rate-controlled freezer. The straws

were cooled at a rate of �1�C/min from 0 to �10�C and at �0.3�C/min from �10 to �34�C before finally being

plunged into liquid nitrogen. For thawing, the straws were removed individually in a 28�C water bath until ice

melted (� 8 s) and recovered in an 18�C water bath. After thawing, the post-thaw trochophore larvae were

divided into two subgroups: one was incubated to further 24 h for the assessment of D-larval rates and the other

was immediately stored at �80�C in 2 ml cryovials for subsequent analyses. Larvae from three straws were mixed

(150,000 larvae in total) for each analysis. The above procedures were repeated four times with different

broodstock, except the gene expression assessment for three times. The average values presented for different
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parameters were calculated based on the results of repeats. Method to calculate the D-larval rate was the same

as described by Liu et al. (2020).

2.2 | Total antioxidant capacity assessment

The total antioxidant capacity of trochophore larvae was evaluated using the Total Antioxidant Capacity Assay

Kit (Abcam, USA) following the manufacturer's instructions. The 1 mM Trolox standard solution was prepared

in terms of mixing 20 μl lyophilized Trolox and 980 μl distilled water. Then the Trolox standard curve was pre-

pared by adding Trolox standard solution to individual wells and mixed with ddH2O. The final volume standard

in each well was 100 μl with the final concentration of Trolox in each well at 0, 4, 8, 12, 16, and 20 nmol. The

trochophore larvae from fresh groups and cryopreserved subgroups were weighed and homogenized in ice-cold

PBS with the same protein concentration measured by the Bradford method. After a 10 min incubation, the lar-

val lysis was centrifuged for 5 min at 4�C at the top speed (14,000 rpm) in a cold microcentrifuge to remove

any insoluble material. The supernatant was transferred to a new tube and used for the total antioxidant capac-

ity measurement and protein quantification. Each sample was aliquoted and diluted with PBS alone or with Pro-

tein Mask and PBS together to require the same amount of larvae. Subsequently, 100 μl Trolox standard and

100 μl larvae supernatants were diluted with PBS, or 100 μl larvae supernatants were diluted with protein mask

and PBS, then added to each well in a 96-well plate. The reactions were then processed by adding 100 μl Cu2+

working solution to all the standard and sample wells, with the plate incubated at room temperature for 90 min

on an orbital shaker in dark. The output was measured at OD 570 nm by microplate reader. The antioxidant

capacity was calculated against the linear Trolox standard calibration curve according to the equation men-

tioned in the kit.

2.3 | ROS production assessment

Quantification of ROS in fresh and post-thaw trochophore larvae was assessed by OxiSelect™ In Vitro ROS/RNS

Assay Kit (Cell Biolabs Inc., USA) according to the manufacturer's instructions. Purified trochophore larvae superna-

tants were isolated and the protein content was quantified and diluted to the same concentration. Diluted samples

(50 μl) were mixed with catalyst reagent (50 μl) and incubated for 5 min at room temperature. Subsequently, 100 μl

dichlorodihydrofluorescin solution was added and incubated for another 15–45 min in the dark at room temperature.

The generated fluorescent product 20 , 70-dichlorodihydrofluorescein (DCF) and the DCF standard were measured on

a SpectraMax M2 spectrophotometer at a 480/530 nm excitation/emission. The ROS concentration was evaluated

by spectrophotomer and calculated against the DCF standards.

2.4 | RNA extraction and cDNA synthesis

The RNA extraction procedures were adopted from published article (Legrand et al., 2018) with modifications. The

larvae were centrifuged at 2,500 rmp at 4�C for 1 min to remove the seawater. Then ~20 mg larvae were mixed with

a precold RLT buffer (v/v). The mixtures were transferred into a tube and disrupted via bead-beating by the FastPre-

24™ 5G instrument (MP Biomedicals). The intensity of 5.5 was set for the bead-beating and lasted for 40 s. The

disrupted samples were then centrifuged at 12,000 rpm for 10 min at 4�C prior to the RNA was extracted from the

supernatant using the RNeasy mini kit (Qiagen, Germany). The DNase treatment using the Turbo DNA-free™ kit

(Life Technologies) was conducted to the samples for removing the genomic DNA contamination. All samples were
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subsequently concentrated by ethanol precipitation using standard procedures. The quantity of total RNA was evalu-

ated using a NanoDrop 2000 spectrophotometer (Thermo Scientific) and stored at �80�C.

Up to 5 μg of purified RNA were reverse-transcribed using the SuperScript™ III first-strand synthesis system

(Thermo Scientific). The resulting cDNA was diluted and the equivalent amount of 10 ng of purified RNA was

assessed for gene expression.

2.5 | Quantification of mRNA

The mRNA expression analysis was performed by quantitative real-time PCR (qRT-PCR). The following apoptotic and anti-

oxidant genes were selected: p53 tumor suppressor-like protein (p53), p53 and DNA damage regulated protein (PDRP),

Bcl2 protein (Bcl2), Bcl-2-associated X protein (Bax), Bax inhibitor-1 (BI-1), DNA fragmentation factor 45 (Dff-A) (Estévez-

Calvar, Romero, Figueras, & Novoa, 2013); glutathione-S-transferase (GST) (Banni et al., 2014); catalase (CAT), manganese

superoxide dismutase (MnSOD), Cas3/7–3 (Romero, Estévez-Calvar, Dios, Figueras, & Novoa, 2011). The specific primers

for selected genes cited from published articles on the same species (Banni et al., 2014; Estévez-Calvar et al., 2013;

Romero et al., 2011) are listed in Table 1. RpL19 was used as a reference gene for a normalization purpose in

M. galloprovincialis (Manfrin et al., 2010). The qPCR reaction was performed by the StepOnePlus Real-Time PCR System

(Applied Biosystems, USA). The reaction mixture contained 10 μl of PowerUp™ SYBR™ Green Master Mix, 1 μl of 10 μM

forward and reverse primers, and 10 ng of cDNA template. An enzyme activity step of 2 min at 50�C and a preincubation

step of 2 min at 95�C were included. cDNA amplification was performed in 40 cycles under the following conditions:

denaturation for 15 s at 95�C, annealing for 1 min at 60�C, including a final melting gradient up to 95�C using a ramp of

0.4�C/s to check primer specificity. The relative abundance of genes was calculated by the method of 2�ΔCt.

2.6 | Statistical analysis

Statistical differences on the D-larval rate, ROS production, antioxidant capacity, and gene expression patterns

between fresh and post-thaw trochophore larvae were analyzed by a t-test using the IBM SPSS 26.0 software. The

results were presented as mean ± standard deviation (SD) and the arcsine transformation was conducted for the

D-larval rate before statistical analyses. The level of significance was set at p <.05.

TABLE 1 The forward and reverse primer sequences of selected apoptotic and antioxidant enzyme related genes
in Mytilus galloprovincialis

Gene Forward primer sequence Reverse primer sequence

p53 CTAGGTAGACGGGCAGTAGAAGTT GCCTCCTGGTGTTACTGTAGTGAT

PDRP CTGCCAAAGAAAGCTACAAAGAAG CCTTTGACAATGGATTGAGGTT

GST AACTGACCACTTCAAGAATATGCC AGAAAGTCTGCCATTTACAAAGCT

CAT CTCTGACCGTGGAACCCCTGA ATCACGGATGGCATAATCTGGA

MnSOD GATGCAGCAGTAGCAGTCCA GTAGGCATGCTCCCAGACAT

Bax CCAACAGGTCCACCATTAGAAC CTCTTGGCCACAGTTAGGAATG

Bcl2 AGATAACGGTGGTTGGCAAG TAACGCCATTGCGCCTAT

BI-1 GGCCAGTTTTCTCACCTCCT CCAATCCATGACTGGACCAA

Dff-A GCTGCGTGTTGTTATAGCAGAG CTTCACCTATGCCTTCAGGTCT

Casp-3/7-3 CAATGTGTAAAAACGAGAGACATTG GTTAGTATATGCCCACTGTCCATTC

RpL19 ATCCGTAAACCTGTGGCAGT CCATGTGACGTCCTTTTCCT

520 LIU ET AL.



3 | RESULTS

3.1 | Comparison of D-larval rate, ROS production, and antioxidant capacity between
fresh and cryopreserved trochophore larvae in M. galloprovincialis

Significantly lower D-larval rate was produced from the cryopreserved trochophore larvae in comparison to fresh

M. galloprovincialis (Figure 1; p <.05). However, no significant difference was recorded for total antioxidant capacity,

small molecular antioxidant capacity and ROS production between fresh and cryopreserved trochophore larvae

(Figures 1 and 2; p >.05).

3.2 | Comparison of gene expression patterns between fresh and cryopreserved
trochophore larvae in M. galloprovincialis

Figure 3 showed that there was no significant difference in the expression patterns of selected apoptotic and

antioxidant enzyme related genes between fresh and cryopreserved trochophore larvae in M. galloprovincialis

(p >.05).

4 | DISCUSSION

In marine bivalve species, the programmable freezing method has been predominantly used to cryopreserve larvae

(Liu et al., 2020; Paredes et al., 2012, 2013; Simon & Yang, 2018). Like other methods used in cryopreservation,

cryodamage has been reported in the programmable freezing method which compromises larval development

(Martínez-Páramo et al., 2017). Therefore, understanding the effects of programmable freezing method on larval

quality in marine bivalve species is of importance for the purpose of improving the post-thaw larval survival, conse-

quently resulting in an increase in the efficiency of the application of the larval cryopreservation technique. How-

ever, research on cryodamage in marine bivalve species is rare.

F IGURE 1 Comparison of D-larval rate (bar) and ROS production (line) between fresh and cryopreserved
trochophore larvae in Mytilus galloprovincialis, n = 4. Different letters indicate significant difference (p <.05)
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Studies on human and livestock species have shown that the over-produced ROS after cryopreservation has

been considered as one of major reasons resulting in the arrest of cellular development (Tatone et al., 2010;

Mehaisen et al., 2015; L�opez-Damián et al., 2020). In Greenshell mussel P. canaliculus, Gale et al. (2014) have also

found that the viability of oocyte was reduced because of the increase in ROS production after CPA addition. Never-

theless, the level of ROS showed no significant difference between fresh and post-thaw trochophore larvae in

M. galloprovincialis in this study. This result was in agreement with our recent study in C. gigas with no significant dif-

ference on the ROS production between fresh and post-thaw trochophore larvae (under review). However, this ROS

outcome was not in agreement with the research in cattle (L�opez-Damián et al., 2020) and mouse (Gao et al., 2012;

Yang et al., 2019) which have found that ROS was over produced after cryopreservation, resulting in the decrease in

the post-thaw embryonic development. Furthermore, different freezing methods used to cryopreserve embryos have

shown different trends of ROS production in the same species (Rocha-Frigoni, Le~ao, Nogueira, Accorsi, &

Mingoti, 2013; Zhao et al., 2012). Zhao et al. (2012) have found that the ROS level was significantly reduced after

the bovine blastocysts were cryopreserved by programmable freezing method. In contrast, Rocha-Frigoni

et al. (2013) found in their investigation on the effect of vitrification on bovine embryos that the production of ROS

F IGURE 2 Comparison of antioxidant capacity between fresh and cryopreserved trochophore larvae in Mytilus
galloprovincialis, n = 4

F IGURE 3 Comparison of expression patterns of apoptotic and antioxidant enzyme related genes between fresh
and cryopreserved larvae in Mytilus galloprovincialis, n = 3
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had no correlation with the post-thaw embryonic development and survival as reduced intracellular ROS level did

not increase the post-thaw embryonic development and survival.

Some enzymes have the antioxidant capacity, which play major roles in scavenging the ROS. Thus, the mainte-

nance of the physiological balance between ROS production and antioxidant defenses of enzymes in cells would be

vital for cellular functions (Len, Koh, & Tan, 2019; Miyamoto et al., 2003; Tatone et al., 2010). Generally, at the nor-

mal physiological condition, the ROS is effectively eliminated by the antioxidant defense system in terms of com-

bined action of enzymes, such as superoxide dismutase, catalase, and glutathione S-transferase, and other low

molecular weight scavengers, such as tripeptide glutathione (Giannetto et al., 2017). Therefore, this study used the

total antioxidant capacity and small molecular antioxidant capacity as the parameters to evaluate the trochophore

larvae antioxidant capacity instead of a few single enzymes. Similarly, the capacity of total antioxidant and small

molecular antioxidant between fresh and cryopreserved trochophore larvae had no significant difference in

M. galloprovincialis. This result was in agreement with the study by Mehaisen et al. (2015) who has found that the

activity of antioxidant enzymes did not make a significant difference between fresh and cryopreserved rabbit

embryos. However, the activity of enzymes in cryopreserved embryos was significantly decreased in zebrafish Danio

rerio, turbot Scophthalmus maximus (Robles et al., 2004), and crab Eriocheir sinensis (Huang et al., 2016). On the con-

trary, Khatun et al. (2020) and our recent study (under review) found that the antioxidant enzyme was significantly

higher in cryopreserved bovine embryos and C. gigas trochophore larvae, which could be used to mitigate the ROS

production.

Correct gene expression is paramount for embryonic development as abnormal genomic processes can result in

the irreversible damage (Dhali et al., 2007; Mehaisen et al., 2015). Like other cryopreservation methods, the pro-

grammable freezing method also has complicated procedures, such as CPA addition and removal, and freezing and

thawing, which involve the physical and chemical factors that expose cells to extreme conditions (Lin & Tsai, 2012).

These nonphysiological conditions may collectively change the expression patterns of genes in cryopreserved cells

and the subsequent developmental stage in cells. Therefore, it is important and necessary to investigate the changes

of cell quality at a molecular level, which can provide useful information to design the strategies for the improvement

of post-thaw cellular survival (Gao et al., 2012).

Apoptosis in cells has been received more attention as it is a highly conserved and regulated program that initi-

ates cell death in terms of eliminating defective cells by accumulating genetic damage under a diversity of internal

and external controls (Dhali et al., 2007; Park et al., 2006). Thus, the reduction on the developmental competence of

cells may be correlated with the occurrence and regulation of cellular apoptosis (Dhali et al., 2007). Among the genes

involved in apoptosis, Bcl2 was anti-apoptotic and promoted cell survival, whereas the Bax was pro-apoptotic and

accelerated cell death. The p53 gene is a connection point of several stress response pathways and governs the deci-

sion between cell survival and apoptosis, which has been considered as a marker of cellular stress in mussel

(Estévez-Calvar et al., 2013). The function of PDRP in apoptosis is not well investigated, but it may be involved in the

protein–protein and protein-DNA interactions (Luo, Huang, & Sheikh, 2003). The BI-1 exerts the anti-apoptotic

activity and the Dff-A gene functions at the terminal stage of apoptosis, inducing chromatin condensation and DNA

breakdown in mussel (Estévez-Calvar et al., 2013). Casp-3/7-3 is one of the key effector caspases that play the

important roles in apoptotic pathways, maintain the normal tissue and organ development and homeostasis (Romero

et al., 2011). In this study, there was no significant difference on the relative abundance of all the examined

apoptotic-related genes between fresh and cryopreserved trochophore larvae in M. galloprovincialis. This result is in

agreement with the research in porcine blastocysts (Castillo-Martín et al., 2015) and mouse embryos cryopreserva-

tion (Shin et al., 2011), which has shown that the cryopreservation procedures had limited effect on the gene expres-

sion of Bax and caspase3. In contrast, Chen et al. (2018) reported that the Bcl2 gene was significantly down

regulated in cryopreserved blastocysts in porcine. Moreover, Dhali et al. (2007) recorded down regulation of expres-

sion patterns of Bax, Bcl2, and p53 in cryopreserved zygotes of mouse. In addition, in bovine oocyte and embryo

cryopreservation, the expression pattern of caspase-3 in blastocysts (Park et al., 2006), Bax in embryos (Kuzmany
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et al., 2011) and Bax and Bcl-2 in oocytes (Anchamparuthy, Pearson, & Gwazdauskas, 2010) have shown to be signif-

icantly increased after cryopreservation.

The MnSOD gene has been demonstrated to be involved in the innate immune response, therefore, the mRNA

expression of MnSOD could be influenced by stress which can be used as the stress-responsive element (Wang,

Yuan, Wu, Liu, & Zhao, 2013). The GST and CAT belong to the detoxification enzyme which plays an important role

in detoxification of ROS (Dasari, Ganjayi, Oruganti, Balaji, & Meriga, 2017; Diaz-Albiter, Mitford, Genta, Sant'Anna, &

Dillon, 2011). In the current research, no significant difference was recorded on the expression patterns of these

three antioxidant related genes between fresh and cryopreserved trochophore larvae in M. galloprovincialis. This

result could be in accordance with the outcome of the antioxidant capacity in this study. Moreover, the expression

pattern of the MnSOD gene showing no significant difference after cryopreservation has also been reported in por-

cine blastocysts (Castillo-Martín et al., 2015) and mouse embryos (Shin et al., 2011).

Moreover, we have evaluated the established cryopreservation technique on transcriptomic profiles of trocho-

phore larvae by RNA-seq in M. galloprovincialis. The result showed that there were 1,406 differentially expressed

genes with 846 genes up-regulated and 560 genes down-regulated between fresh and post-thaw trochophore larvae

(unpublished data). However, the genes assessed in the current study did not include in these differentially

expressed genes. Nevertheless, in C. gigas, the results of gene expressions between fresh and cryopreserved trocho-

phore larvae in our recent study have demonstrated different trends. Most of the apoptosis (FADD, Baxlike, Bax1,

Bcl2 and Caspase 7)- and antioxidant-enzyme (GPX and CAT)-related genes showed significant down-regulation in

cryopreserved trochophore larvae with the expressions of BI-1, Caspase 3, and SOD genes showing no significant dif-

ference (unpublished data).

The reasons caused the discrepancy of redox status and gene expression pattern between this study and studies

in livestock species were not clear, but are possibly because of the species- and cell types-specific. Most of the publi-

shed articles in pigs, mouse, and bovine species cited in this research have adopted the vitrification method, whereas

the programmable freezing method was used in the current study. Moreover, the cells used in livestock species were

at the early embryonic development from zygotes to blastocyst (Chen et al., 2018; Dhali et al., 2007; Khatun

et al., 2020; Park et al., 2006). In contrast, trochophore larvae (a later developmental stage than blastula) in M.

galloprovincialis were used in this study. These differences might be the reason causing different cryodamages.

Therefore, the cryodamage investigation should be based on the specific cell type and the cryopreservation protocol

used. This has been supported by Martínez-Páramo et al. (2017), who have recommended that the cryopreservation

protocols must be carefully designed for different species and also the type of cells. Regarding the study in mollusks,

there is little research to investigate the effects of cryopreservation at both cellular and molecular levels on larvae.

The various outcomes between C. gigas and M. galloprovincialis reported here were not clear. It may be because mus-

sels are a cold-adapted species with a potentially high capability to adapt to cold stress during the cryopreservation,

whereas oysters are a warmer-water species and potentially lack this capability (Pernet, Tremblay, Comeau, &

Guderley, 2007).

In conclusion, the established trochophore larval cryopreservation technique in M. galloprovincialis markedly

decreased the post-thaw D-larval rate. However, this technique may not compromise the redox status of trocho-

phore larvae in M. galloprovincialis. Although the cryopreservation procedures had no effect on the examined apopto-

tic and antioxidant enzyme related gene expression patterns between fresh and cryopreserved trochophore larvae,

further gene expression profiles should be more thoroughly investigated.
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