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Abstract Embryos (morula stage) of Atlantic cod, Gadus morhua L., were collected and subjected to air

exposure for 2 min. followed by recovery at ambient conditions in the rearing container. Total immunore-

active cortisol and transcription of selected stress- and apoptosis-related genes of the embryos were deter-

mined before the application of the stressor and at 0.5, 1 and 24 h post-exposure. There was no significant

difference in the total cortisol levels of the fertilized eggs before and after handling stress. There was high

expression level of hsp70 and sod before application of the stressor and significantly increased at 0.5 h post-

exposure. The expression levels of cat and gpx were weak to moderate and were not affected by the stressor.

The apoptotic genes, mcl1 and NR-13 were highly expressed and significantly increased after exposure to air.

Bcl-X1 and Bcl-X2 were moderately expressed in the control samples, but only the expression level of Bcl-X1

significantly increased following exposure to air. Cluster analysis of the different gene expression levels

indicated three categories: those genes that did not show any change in the expression levels post-air exposure;

those that had low expression level in the control followed by a significant increase after air exposure; and

those that had high expression levels in the control followed by a further increase in expression after air

exposure. These results clearly demonstrate that there are potential molecular biomarkers of the response in

cod embryos as a consequence of air exposure at a time when cortisol is not fully active.
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Introduction

The culture of Atlantic cod, Gadus morhua, has gained much attention in recent years. The interest in

commercial aquaculture of this species is brought about by various factors including reduced capture of cod

from the wild, good market value, high growth rates, anti-freeze protein production and the integration of this

species for grow-out in existing culture operations for Atlantic salmon, Salmo salar (Goddard et al.1999;

Otterlei et al. 1999; Brown et al. 2003). Artificial fertilization has been developed and routinely used to

produce embryos and larvae of Atlantic cod to supply the growing demand of the seedstock for cod aqua-

culture (Trippel and Neilson 1992; Rideout et al. 2004). At present, there are commercial cod hatcheries that

are located in the USA, UK, Canada, Iceland and Norway (Rosenlund and Halldórsson 2007).

Modern hatchery methods for Atlantic cod include supplemental feeding with cultivated plankton such as

rotifers and Artemia (Howell 1984). The provision of supplemental feeds ensures year-round mass production

of larvae. However, bulk production of cod eggs and larvae is also confronted with high mortality rates during

the early stages of embryonic and larval development (Seppola et al. 2009). These high mortality rates in cod

hatcheries are due to poor egg quality and infection with either bacterial or viral pathogens. The identification

of the different defense mechanisms, particularly maternal-derived immune factors in cod during early

embryogenesis has been explored in previous studies (Seppola et al. 2009; Lanes et al. 2012; Rise et al. 2012).

In those studies, the various immune response genes that are related to innate immune defense have been

identified and believed to have roles in protecting the early embryos and the larvae against those pathogens.

Aside from identifying the key immune factors that will improve survival of the embryos and larvae of cod,

egg quality is also one aspect that is considered when predicting survival rates in cod juveniles.

The variability in the quality of eggs and embryos is one of the most important constraints on the yield of

production in any aquaculture facility (Bromage et al. 1991). As such, it is important that good quality eggs are

produced to ensure good quality larvae and juveniles that will be used for grow-out culture operations. Good

quality eggs exhibit low mortality at fertilization, eyeing, hatching and at first feeding (Bromage and Shepherd

1992). There are several factors that contribute to egg quality in fish, and these include: nutrition, stress,

genetics, egg buoyancy, egg overripening, fertilization rates,age of the broodstock, hormonal induction of

spawning, environmental factors and the like (Brooks et al. 1997; Bobe and Labbé 2010). The effects of these

different factors on egg and embryo quality are species-specific (Rideout et al. 2004). In Atlantic cod, the

preceding factors contribute to good quality eggs as well as other requirements for a successful production of

juveniles (Rosenlund and Halldórsson 2007).

One of the factors that are likely to affect egg quality in fish is the exposure of the eggs to a variety of

stressors. There have been previous studies on the effects of stress on the broodstock and spawners and the

resulting progenies that are produced (Stratholt et al. 1997; Mileva et al. 2011; Li and Leatherland 2012). On

the other hand, the primary response of the eggs and embryos during exposure to various stressors is somewhat

difficult to assess because cortisol is not synthesized during early embryogenesis due to a lack of functional

interrenal cells (Barry et al. 1995; Szisch et al. 2005; Auperin and Geslin 2008). Hence, there is no direct

measure of what is happening to eggs and early embryos immediately after application of the stressor. The

effects of stress are only seen at later development of the fish larvae, including decreased hatching rate, higher

incidence of deformities and higher larval mortality, which were observed in milkfish, Chanos chanos, eggs

following exposure to mechanical stress and simulated transport (Hilomen-Garcia 1998).

Exposure of Atlantic cod eggs and embryos to elevated temperature, ultraviolet and environmental con-

taminants resulted in high mortality of the embryos, differential expression of heat shock proteins and stress-

related genes, changes in the activities of antioxidant enzymes and DNA damage (Lesser et al. 2001; Olsvik

et al. 2012; Skjærven et al. 2011, 2013). These are few of the stressors that cod eggs and embryos are exposed

to and there are other hatchery-related activities that could contribute to embryonic stress. Routine collection

and handling of cod eggs including the pouring of fertilized eggs from one container to the other, siphoning as

well as dispensing eggs in the incubation tanks make the fertilized eggs as well as the developing embryos

vulnerable to being exposed to air even for a short period of time. There have been no studies conducted on the

effects of these handling procedures on the fertilized eggs of cod; hence, this study aimed to find out the

effects of short-term air exposure on the fertilized eggs of cod by measuring the cortisol content of the early

embryos and profiling the transcription of selected oxidative stress- and apoptosis-related genes that could
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serve as biomarkers of the response to a stressor and immune status during the early stages of embryonic

development in cod.

Materials and methods

Sampling of eggs

Fertilized Atlantic cod eggs (morula stage), approximately 36–48 h post-fertilization, were kindly provided

by a commercial cod hatchery in Bodø, Norway. These eggs were obtained from the same batch of fertilized

eggs and hence had more or less similar stage of development. The fertilized eggs (approximately 150–200

eggs) were placed in a 500-ml beaker (filled up to 80 % capacity) containing seawater (salinity 32–35 ppt) at

6 �C and provided with ample aeration. The eggs were immediately transported to the laboratory for the

experiment and used immediately for the assays. The beakers were placed on top of a wooden plank during

transport to prevent severe mechanical disturbance to the eggs. Upon reaching the laboratory, the eggs were

subjected to handling stress by scooping them out with a fine-meshed net and exposing them to air for

2 min. The duration of 2 min is most likely the time that the eggs are exposed to air during normal hatchery

operations when they are transferred from one tank to the other. Except for a study done by Ramsay et al.

(2009) on the effects of air exposure for 3 min on the resting egg cortisol of adult zebrafish, no such data on

the length of exposure to air as a potential stress factor in fertilized fish eggs have been collected. After

exposure to air, the eggs were placed in individual beakers to allow recovery. Each beaker contained 50–60

eggs and four beakers with eggs were sampled at each time point. Samplings were done at 0.5, 1 and 24 h

post-exposure to air. Analyses of gene expression were done over a 24-h period to ensure that the fertilized

eggs are still within the morula stage. Egg samples that were not exposed to air were used as control for the

experiment.

Determination of egg cortisol

Total immunoreactive cortisol from the fertilized eggs (20–30 eggs per cortisol extraction) was extracted

following the procedures described by de Jesus et al. (1991). Egg cortisol was quantified by Enzyme-linked

Immunosorbent Assay (ELISA) with a commercial kit (Cortisol EIA Kit, Oxford Biomedical Research, MI,

USA) following the protocol supplied by the supplier. A series of dilutions of the egg cortisol samples were

tested to determine the effective range for cortisol determination.

Isolation of total RNA and analyses for gene expression

Total RNA was extracted from fertilized eggs using TriZol� (Invitrogen) following standard procedures. To

obtain significant amounts of RNAs, 20–30 eggs were pooled for each extraction. The samples for each time

point as well as the control had four batches of fertilized eggs for the extraction. The RNA purity of all the

samples was [1.85 and hence were suitable for the synthesis of the complementary DNA. First-strand

complementary DNA (cDNA) was synthesized from the total RNA (1 lg) using qScriptTM cDNA SuperMix

(Quanta Biosciences, USA). The cDNAs were quantified and normalized at a concentration of 10 lg mL-1

with 19 TE buffer. The samples were stored at -20 �C until use for subsequent PCR reactions. The

expression of selected genes that are related to oxidative stress response (catalase, cat; glutathione per-

oxidase, gpx; Hsp70, hsp70; and Cu,Zn-SOD, sod) and apoptotic activity (Bcl-X1; Bcl-X2; Mcl-1, mcl1;

and NR-13) was determined using the published primers in previous studies (Caipang et al. 2008a, b; Feng

and Rise 2010).

PCR amplification was carried out at the following conditions: an initial denaturation at 95 �C for 3 min,

followed by 30 cycles of denaturation at 95 �C for 30 s, annealing at 53 �C for 30 s and elongation at 72 �C.

A final elongation step at 72 �C for 5 min was done to complete the reaction. Five microliters (5 ll) of the

PCR product was used for electrophoresis on a 0.8 % agarose gel and stained with SYBR SafeTM

(Molecular Probes, USA). The intensity of the band on the image was visualized using a gel documentation

system (Kodak Electrophoresis Documentation and Analysis System 120, Eastman Kodak Co., USA) and
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compared with the intensity of the band from the reference gene, b-actin using Image J software (http://rsb.

info.nih.gov/nih-image/). The ratio of expression for each gene was measured and used for the Cluster

analysis.

Cluster and TreeView analysis

Relative expression levels of the genes were grouped into categories based on the patterns of their expression

using Cluster Program 3.0 (Clustering library version 1.27) (De Hoon et al. 2004) and visualized with

TreeView program (Version 1.60) (Saldanha 2004). The genes that belong to specific clusters were grouped

based on their expression patterns in the fertilized eggs before and after air exposure.

Data analysis

The data are represented as mean ? SD. One-way ANOVA was used to determine significant differences in

the total cortisol in the eggs. For the gene expression analyses, the assumptions for ANOVA were checked

prior to carrying out the computations. If the data did not follow the Gaussian distribution, transformation was

conducted prior to parametric one-way ANOVA; thereafter, the differences between the groups were checked

by Tukey’s Multiple Comparison Test. Kruskal–Wallis test followed by Dunn’s Multiple Comparison Test

was used for non-parametric data. All significance levels were set at P \ 0.05.

Results

Cortisol content of the fertilized eggs

Fig. 1 shows the cortisol content of the fertilized eggs before exposure to air and several time points during

recovery. The cortisol content of the fertilized eggs was less than 1 ng per gram of fertilized eggs and the

levels were not significantly affected upon exposure of the eggs to air as a stressor.

Gene expression

The expression levels of the different stress-related genes in the fertilized eggs before and after handling stress

are shown in Fig. 2. The levels of hsp70 and sod prior to application of the stressor were high, whereas there

was weak expression of cat and gpx. The expression level of hsp70 significantly increased at 0.5 h post-air

exposure and maintained until 24 h post-exposure. On the other hand, significant increase in the expression of

sod was observed at 0.5 h post-air exposure and then the expression returned to its pre-exposure level. The

expression level of cat was still weak but significantly increased at 0.5 h post-air exposure. However, the

levels of expression returned to their pre-exposure levels after 1 h post-exposure to air. No significant change

in the levels of expression in gpx was observed before and after exposing the fertilized eggs to air.

Fig. 1 Immunoreactive cortisol content of the fertilized

eggs of Atlantic cod before and after exposure to air for

2 min. Each bar represents the mean ± SD of n = 4 egg

batches. Ns denotes no significant difference from the initial

value (time 0) at p [ 0.05
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Fig. 3 shows the expression profile of the different apoptosis-related genes in the fertilized eggs of cod as a

consequence of handling stress due to air exposure. The expression levels of Bcl-X1 and Bcl-X2 in the eggs

were weak before air exposure; however, the expression of Bcl-X1 significantly increased at 0.5 h post-air

exposure and gradually returned to the pre-exposure levels. No significant change in expression of Bcl-X2 in

the fertilized eggs was observed before and after exposure to air. There were high expression levels of both

mcl1 and NR-13 in the fertilized eggs before exposure to air. The expression levels of both genes significantly

increased at 0.5 h after exposing the fertilized eggs to air and continued until 24 h post-exposure.

Cluster analysis

The expression levels of the different transcripts that were analyzed in this study are categorized into three

categories (Fig. 4). Category 1 included the genes that did not show significant change in their expression

levels post-exposure to air. These were the cat, gpx and Bcl-X2. Category 2 included the genes that had low

expression level in the control followed by a significant increase after air exposure; and this included Bcl-X1.

Category 3 is classified as the group of genes that had high expression levels in the control followed by a

further increase in the expression after air exposure. The genes in this category included: hsp70, sod, mcl1 and

NR-13.

Discussion

The present study demonstrated that immunoreactive cortisol can be detected in fertilized eggs of Atlantic cod

and corroborated the earlier findings of Kleppe et al. (2013). However, the egg cortisol was not responsive

when the eggs are exposed to air for a short period of time as shown by no significant changes in the cortisol

levels following exposure to air. In several species of fish including rainbow trout, Oncorhynchus mykiss

(Barry et al. 1995; Auperin and Geslin 2008) and gilthead sea bream, Sparus aurata (Szisch et al. 2005),

cortisol was detected in the fertilized eggs. It is believed that the hormones, which are present in the oocytes

and during the early embryonic stages in teleosts are of maternal origin (Greenblatt et al. 1989; Hwang et al.

1992). The data that were obtained in this study together with the findings obtained in other species of fish are

concrete evidence that the cortisol in the fertilized eggs of Atlantic cod is maternal in origin and is utilized

during early embryonic development similar with other species of fish (de Jesus et al. 1991; Yamano et al.

1991; Hwang et al. 1992). The cortisol level of the fertilized eggs in Atlantic cod was comparable to the

cortisol levels in the fertilized eggs of gilthead sea bream (Szisch et al. 2005). The fertilized eggs of rainbow

trout had higher cortisol content than Atlantic cod (Barry et al. 1995; Auperin and Geslin 2008) and this could

be due to differences in egg size and the amount of hormones and other bioactive substances that are

transferred from the mother to the developing oocytes. The amount of cortisol in the oocytes as well as in the

fertilized eggs is largely determined by the amount of the circulating cortisol in the female spawner as shown

in coho salmon, O. kisutch (Stratholt et al. 1997); thus, if the female spawner is subjected to stressors, the level

of circulating cortisol could increase and subsequently be transferred to the eggs. Hence, the initial cortisol

level in the fertilized eggs is reflective of the condition of the female spawner during oocyte production. It is

difficult to ascertain whether the low level of egg cortisol in cod obtained in the present study is an intrinsic

factor or due to the physiological status of the female spawners because the condition of the spawners was not

assessed in the study. It is important to consider this aspect of stress physiology in female spawners when

assessing cortisol content during embryogenesis.

The effects of a hatchery-related stressor on the fertilized eggs of cod were determined by measuring the

amount of circulating cortisol before and after application of a potential stressor. Exposure of the fertilized

eggs to air for 2 min followed by placing the embryos back in the rearing container for recovery was the

method of choice as a stressor for the embryos because this practice is common in hatcheries, especially when

fertilized eggs are scooped out from the spawning tanks and transferred to the hatching tanks. Exposing the

eggs to air during handling is inevitable and is a likely stress factor. No significant changes in the cortisol

content of the embryos were observed following air exposure, indicating that there was no mechanism in the

developing cod embryo that can synthesize cortisol. This is expected because at this stage in cod development,

the embryos have the ability to metabolize cortisol but do not have the capacity to produce this corticosteroid
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0h 0.5h 1h 24hFig. 4 Clustering of genes involved in oxidative stress and

apoptosis in the fertilized eggs of Atlantic cod following

exposure to air for 2 min. Black shade indicates highest

expression levels and light gray shade indicates lowest

expression levels. Analyses were done for the expression of

the individual gene from n = 4 egg batches

Fig. 2 Changes in the expression levels of oxidative stress-

related genes in fertilized eggs of Atlantic cod before and

after exposure to air for 2 min. Each value represents

Mean ? SD of n = 4 egg batches. An asterisk denotes

significant differences from the initial value (time 0) at

p \ 0.05

Fig. 3 Changes in the expression levels of apoptosis-

related genes in fertilized eggs of Atlantic cod before and

after exposure to air for 2 min. Each value represents

Mean ? SD of n = 4 egg batches. An asterisk denotes

significant differences from the initial value (time 0) at

p \ 0.05
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(Stratholt et al. 1997). Studies in other fish species including the temperate flatfishes, tilapias, salmonids and

sea breams also demonstrated the inability of embryos to synthesize cortisol (de Jesus et al. 1991; Hwang and

Wu 1993; Barry et al. 1995; Tanaka et al. 1995; Sampath-Kumar et al. 1997; Szisch et al. 2005; Auperin and

Geslin 2008). In rainbow trout, changes in the cortisol levels due to acute stress have been observed 9 days

after hatching, and this species of fish is capable of cortisol synthesis at least 6 days before hatching (Auperin

and Geslin 2008). This was also observed in chum salmon at 1 week before hatching (de Jesus and Hirano

1992). In this study, the cod embryos were at the morula stage; hence, the cells that are responsible for cortisol

production are not likely to be fully functional. It is unlikely that the hypothalamus-pituitary-interrenal axis

(HPI) that produces and regulates cortisol in fish is fully functional during the embryonic stage (McCormick

and Nechaev 2002). Because cortisol is regulated by the hypothalamus and pituitary in fish (Mommsen et al.

1999), the changes in the levels of this hormone in the fertilized eggs as a consequence of exposure to various

exogenous factors may not be possible.

At several time points after exposing the embryos to air, there were changes in the expression levels of

genes related to oxidative stress and apoptosis. This indicates that even if there was no increase in cortisol

production, the embryonic cells were already capable of synthesizing transcripts that respond to an exogenous

stimulus. The changes in the expression levels of these different genes are likely a result of the response of the

embryos to an external stimulus rather than a response due to a shift in the developmental stage. This is

because embryonic development in cod takes a longer time as compared to warm-water fish, and the duration

of sampling that was done over a 24-h period ensures that the stage of the embryonic development was more

or less similar over that time period. All the genes that were used in the analyses were upregulated following

exposure of the eggs to air, and it would be interesting to determine what other genes that could be down-

regulated as a consequence of air exposure. Large-scale analysis using microarray or bulk transcript

sequencing could be done in future studies.

The oocytes and early embryos largely depend on the barrier defense that is provided by the vitelline

envelope as well as by the innate immune factors in the ooplasm (Li and Leatherland 2012). These defense

systems are maternal in origin and protect the eggs from opportunistic pathogens in the aquatic environment.

Moreover, the transcriptional profile of the eggs includes various mRNA transcripts of the immune response

that contribute to the proteomic profile of early embryos (Aegerter and Jalabert 2004; Keyvanshokooh and

Vaziri 2008; Li and Leatherland 2012). In cod, maternal-derived transcripts that are involved in immune

defenses have been detected in developing embryos (Seppola et al. 2009; Lanes et al. 2012; Rise et al. 2012).

Lysozyme activity was also observed even in unfertilized eggs, suggesting the presence of a functional protein

(Seppola et al. 2009). In the present study, the oxidative stress-related genes, sod and hsp70, responded to the

handling stress, where significant upregulation of the expression has been observed for both genes. The

increased expression of sod is a likely consequence of the response of the embryos against oxidative stress.

The by-products of oxidative stress are known as reactive oxygen species (ROS) and these include superoxide

anion radical (O2
-), hydrogen peroxide (H2O2) and the hydroxyl radical (HO.) (Halliwell and Gutteridge

2007). These ROS by-products are degraded or converted to non-toxic metabolites by both enzymatic and

non-enzymatic antioxidant defense systems (Romero et al. 2011). Superoxide dismutase (SOD) is an anti-

oxidant enzyme that prevents oxidative stress by transforming O2
- to H2O2 (Paital et al. 2013). Exposure of

embryos to a stressor leads to increased production of ROS as demonstrated in zebrafish embryos when

exposed to an environmental contaminant (Xu et al. 2013). Although in both studies the early embryos were

subjected to different stressors, the responses that were observed for sod expression were similar. Unlike in

aquatic invertebrates where there have been some studies done on the effects of air exposure to the production

of antioxidant enzymes (Almeida and Bainy 2006; Weihe et al. 2010; Romero et al. 2011), in fish very few

studies have been done in such effects. Hence, the results generated on this study will provide a platform for

future studies on assessing gene expression and activity of these oxidative stress-related genes when early

embryos are exposed to various handling stressors.

There was also increased expression of hsp70 when the early embryos were exposed to air for 2 min. Heat

shock proteins function as molecular chaperones during embryonic development and they are involved in cell

movement, proliferation, morphogenesis and apoptosis (Rupik et al. 2011). In fertilized eggs of cod, basal

expression of hsp70 was detected (Lanes et al. 2012), indicating the role of this gene during early develop-

ment. Exposing fertilized eggs of cod to heat resulted in the enhanced expression of hsp70 and hsp90a

transcripts (Skjærven et al. 2011). While hsp70 is constitutively expressed in fertilized eggs of cod, this gene
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had low expression level in any developmental stage of Xenopus laevis but was induced upon heat exposure in

the embryos at the post-blastula stage (Lang et al. 2000). Although the specific function of hsp70 during

embryogenesis is not clearly understood, it was clearly evident that various kinds of stressors upregulated the

expression of hsp70 in fish (Deane and Woo 2003). Whether the upregulation of hsp70 in early embryogenesis

would protect the embryonic cells or ensure proper folding of proteins that are required for normal metabolism

and development needs further studies.

In addition to the upregulation of key oxidative stress-related genes in the fertilized eggs of cod during

exposure to air, there was also increased transcription of apoptosis-related genes, mcl1, Bcl-X1 and NR-13.

These genes belong to the anti-apoptotic gene sub-family, Bcl-2. These anti-apoptotic genes bind and

sequester the pro-apoptotic Bcl-2 proteins, thus preventing mitochondrial membrane permeabilization

(MMP)- induced apoptosis (Brunelle and Letai 2009). These genes have been identified in cod and were

differentially expressed when the fish were exposed to both bacteria and virus (Feng and Rise 2010). In the

fertilized eggs of cod, mcl1 and Bcl-X2 were detected and believed to be maternal-derived transcripts (Lanes

et al. 2012). The roles of these anti-apoptotic genes during short-term exposure of fertilized eggs of cod to air

are not clearly defined due to a limited number of studies. However, it is known that the damaged, unwanted

and misplaced cells are continuously replenished through apoptosis during early development in multicellular

organisms (Krumschnabel and Podrabsky 2009), but such process may only occur during the gastrula stage as

demonstrated in zebrafish (Hensey and Gautier 1997; Ikegami et al. 1999). The early embryos that were used

in this study were at the morula stage, which is a few stages earlier than the gastrula stage; hence it is possible

that the upregulation of the anti-apoptotic genes following air exposure prevented the unwarranted pro-

grammed cell death during the morula stage. This is also to ensure that the early embryos undergo normal

growth and development. Additional studies are needed to firmly establish the roles of these anti-apoptotic

genes during early embryonic development of cod and in other fish species as well.

Conclusion

In conclusion, the study demonstrated that the embryos of Atlantic cod during early development contained

immunoreactive cortisol, which has been derived from the female spawner. The embryonic cortisol does not

show changes in the amount when the fertilized eggs are exposed to air for a short period of time, indicating

this hormone is not synthesized by the cod embryos during the early stages of development. On the other hand,

there are potential molecular biomarkers in the cod embryos that could offer clues on how these embryos

respond to a potential stressor. Transcription analyses of two oxidative stress-related genes, sod and hsp70,

demonstrated increased expression levels following exposure of the embryos to air. In addition, the apoptotic

genes: mcl1, Bcl-X1 and NR-13 showed enhanced expression levels after exposure to air. These are anti-

apoptotic genes and their upregulation in the embryos following air exposure could indicate their role in

arresting premature cell death during early embryogenesis. These molecular biomarkers that are involved in

stress response and apoptosis could be potentially used to assess the impacts of any drastic conditions that the

developing embryos are subjected to as well as the immune status of these eggs during early development.

Transcription profiles and the subsequent products of translation can be determined in the embryos in lieu of

measuring cortisol at a time when this hormone does not exhibit a dynamic response during the early stages of

development. Future studies should focus on establishing the relationship between gene expression and stress-

induced abnormal development in the fish following exposure of the fertilized eggs to various stressors at a

longer duration as well as the nutritional status and stress levels of the female spawners.
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