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Abstract
A number of efforts have been made to elucidate factors regulating egg quality
in fish. Recently, we have shown that eggs originating from wild broodstock (WB) of
Atlantic cod (Gadus morhua) are of superior quality to those derived from farmed
broodstock (FB), and this is associated with differences in chemical composition of egg
yolk. However, non-yolk cytoplasmic components accumulated during oogenesis, such
as maternal transcripts, have not been studied extensively in fish. The aim of the present
study was to characterize putative maternal mRNA transcriptome in fertilized eggs of
Atlantic cod, and to compare transcript pools between WB and FB in order to
investigate the relation between egg developmental potential and putative maternal
mRNA deposits. We performed high-throughput 454 pyrosequencing. For each WB and
FB groups, five cDNA libraries were individually tagged and sequenced, resulting in
98,687 (WB) and 119,333 (FB) average reads per library. Sequencing reads were de
novo assembled, annotated, and mapped. Out of 13,726 identified isotigs, 238 were
differentially expressed between WB and FB, with 155 isotigs significantly upregulated
(P<0.05; fold change ≥2.0) in WB. The sequence reads were mapped to 11,340 different
Atlantic cod transcripts and 158 sequences were differentially expressed between the
two groups. Important transcripts involved in fructose metabolism, fatty acid
metabolism, glycerophospholipid metabolism and oxidative phosphorylation were
differentially represented between the two broodstock groups, showing potential as
biomarkers of egg quality in teleosts. Our findings contribute to the hypothesis that
maternal mRNAs affect the egg quality and, consequently, early development of fish.

Keywords: Atlantic cod; Egg quality; Maternal transcripts; RNA-seq; Transcriptome.

3

Introduction
In the last few decades, significant efforts have been made to elucidate the
factors affecting egg quality in fish, since such knowledge is needed to overcome the
major bottlenecks that restrict the expansion of both marine and freshwater fish farming
(Brooks et al. 1997; Bobe and Labbé 2010). In particular, the roles of chemical
constituents of yolk on early embryonic development have been intensively investigated
in a number of fish species (Furuita et al. 2003; Faulk and Holt 2008; Lanes et al.
2012a). However, less data are available on the role of non-yolk cytoplasmic
components such as structural and regulatory proteins, cortical alveoli content and
maternal transcripts that are accumulated during oogenesis (Brooks et al. 1997; Bobe
and Labbé 2010; Lubzens et al. 2010).
Maternal transcripts are essential for early embryonic development. They
support basic cellular functions such as cellular metabolism, nuclear and cellular
divisions, intercellular adhesion, as well as the establishment of body axes and
specification of early embryonic cells until activation of zygotic transcription (reviewed
by Pelegri 2003). Furthermore, maternal transcripts may also function indirectly as a
source of nutrition, providing nucleotides and phosphorus during the development
(Shen-Orr et al. 2010). Recent studies in rainbow trout (Oncorhynchus mykiss) and
Atlantic halibut (Hippoglossus hippoglossus) have shown that some maternal mRNAs
are differentially expressed in eggs of varying quality (Aegerter et al. 2005; Bonnet et
al. 2007; Mommens et al. 2010). For instance, high quality eggs were characterized by
higher transcript levels of nucleoplasmin, tubulin β, and insulin-growth factor 1, and
lower levels of keratins 8 and 18, cathepsin Z and prostaglandin synthase 2 in rainbow
trout (Aegerter et al. 2005). Bonnet et al. (2007) showed that prohibitin 2 was
negatively associated with development success in rainbow trout. In Atlantic halibut,
two maternal genes (HHC00353 and HHC01517) correlated positively with hatching
success and one gene (HHC00255) correlated negatively with the percentage of normal
blastomeres (Mommens et al. 2010).
In recent years, genomic resources for aquaculture species have increased
notably with the advent of next-generation sequencing (NGS). Among the different
NGS platforms available, the Roche 454 Genome Sequencer has the advantage of
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generating longer reads with length between 200-300 base pairs (bp) (Droege and Hill
2008), and it has been used extensively for RNA sequencing (RNA-seq) studies in fish
that aimed at: profiling gene expression in larval stages of gilthead seabream (Sparus
aurata) (Yúfera et al. 2012) and producing a comprehensive transcriptome of fast
skeletal muscle (Garcia de la serrana et al. 2012); enhancing the knowledge on
transcriptome of Atlantic salmon skin (Micallef al. 2012); generating a reference
transcriptome for stress conditions in rainbow trout (Sánchez et al. 2011); providing an
ovary transcriptome database representative of all stages of oogenesis and atresia in
striped bass (Morone saxatilis) (Reading et al. 2012); and characterizing the immune
response to bacterial pathogens in the Japanese seabass (Lateolabrax japonicas) (Xiang
et al. 2010).
In Atlantic cod, factors controlling egg quality are not well understood
(Sawanboonchun et al. 2008). Therefore, we undertook research to identify and
characterize egg yolk and non-yolk cytoplasmic components, and to investigate their
effect on egg quality (Lanes et al. 2012a; Lanes et al. 2012b). We found that Atlantic
cod eggs and larvae originating from wild broodstock (WB) were of superior quality
than those from farmed broodstock (FB), as also reported previously by Salze et al.
(2005). This was found to be associated with differences in chemical composition of
egg yolk, including fatty acids, amino acids and minerals (Lanes et al. 2012a). At a
molecular level, key genes involved in apoptosis, immunity, oxidative stress, and stress
axis were differentially expressed between samples from FB and WB, indicating that
quality of eggs and larvae was also associated with some maternal transcripts (Lanes et
al. 2012b). In the present study, we have performed RNA-seq using Roche 454
sequencing technology in fertilized eggs obtained from farmed and wild Atlantic cod
broodstocks to determine whether and to what extent egg quality is associated with the
whole protein-coding transcriptome deposited in eggs during oogenesis, and to have an
insight into major transcriptome groups that are important during early development in
Atlantic cod. By identifying differentially expressed transcripts between farmed and
wild broodstock which are involved in metabolic pathways, we intended to understand
their importance during oocyte formation and embryonic development.
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Materials and Methods

Broodstock, Sampling and Egg Performance

The experiment was performed at the Research Station of the University of
Nordland (UiN), Bodø, Norway. The rearing conditions of WB and FB, as well as their
origin and characteristics were described previously by Butts et al. (2011) and Lanes et
al. (2012a). WB and FB were allowed to spawn naturally. Five egg batches from each
broodstock group were collected in nylon mesh bags using surface collectors at the peak
of reproductive season in 2009. Samples of fertilized eggs (2-8 cells stage) were snapfrozen in liquid nitrogen and stored at -80 ºC until RNA extraction.
Fertilization and hatching success were evaluated in four replicates, each
comprising of approximately 100 eggs distributed in Petri dishes. Fertilization rate was
estimated for 8 h after egg collection under a Stemi SV 11 stereoscopic microscope
(Carl Zeiss Vision, Aalen, Germany). Eggs at 2-64 blastomere stage were classified as
fertilized. To determine the hatching rate, the Petri dishes were filled with 30 ml of
filtered seawater (0.20 μm filters; 33‰ salinity) containing Penicillin-StreptomycinNeomycin solution (P-S-N; Sigma-Aldrich, St. Louise, Mo, USA; 100 units penicillin,
0.25 mg streptomycin and 0.5 mg neomycin per ml) and kept at 6 ºC in temperaturecontrolled cell incubator until hatching (approximately 2 weeks after fertilization).
Every morning, Petri dishes were checked and dead embryos were removed before
taking the counts. Hatching rates are expressed as the percentage of hatched larvae out
of the total number of eggs incubated. WB and FB egg batches used in the present study
belonged to the major group of samples used in our earlier study (Lanes et al. 2012a).
All procedures adopted in the study were in accordance with the national
guidelines detailed in the “Norwegian Regulation on Animal Experimentation” act.

RNA Extraction, Library Construction and Sequencing

RNA extraction from fertilized eggs (2-8 cell stage) was performed using
QIAzol (Qiagen, Nydalen, Sweden) as reported by Fernandes et al. (2008). RNA
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quantity and quality were checked using Bioanalyzer nanochip (Agilent Technologies,
Waldbronn, Germany), and only RNA with a RNA Integrity Number (RIN) higher than
8 was used for downstream applications.
Total RNA samples (~300 μg) were sent to Macrogen Incorporation (Seoul,
Korea), for mRNA isolation using the PolyATtract® mRNA Isolation Systems
(Promega, Madison, WI, USA) and cDNA synthesis using a cDNA Rapid Library
Preparation Kit (Roche Applied Science, Basel, Switzerland). cDNA libraries were
individually tagged using multiplex identifier adaptors (MID). The 10 tagged cDNAs
were then combined and sequenced on one picotiter plate using the 454 GS-FLX
pyrosequencer (Roche Applied Science).

De Novo Assembly and Annotation

Image analysis, signal processing, and data filtering were performed using the
Roche GS FLX software (v 2.5.3) with default parameters. Reads were first quality
filtered with standard parameters and raw sequencing reads were cleaned from adaptor
sequences. Afterwards, sequencing reads were assembled using the 454 GS De Novo
Assembler (newbler v 2.5.3) software with all parameters set at the default values.
Isotigs were used for the annotation and transcriptome analysis.
Sequences were subjected to BLAST (blastx or blastn in the case of unknown
proteins) against the NCBI non-redundant protein collection (nr) database and annotated
according to the Gene Ontology Consortium (Harris et al. 2004) using Blast2GO
software (Götz et al. 2008). Parameters for blastx were: expected value 10-3 and HSP
Length Cutoff 33. Annotation was done with an E-value Hit Filter of 10-6 combined
with an Annotation cut-off of 55 and GO weighting of 5. Gene ontology (GO) classes
were restricted to those with 50 or more entities (sequence cutoff = 50.0); sequence
filter = 50, score alpha = 0.6; and node score filter = 10. To evaluate GO classes for
differentially expressed transcripts, parameters were set at the default values. Combined
GO graphs for the annotated sequences were created using percentages of 2nd level GO
terms.
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Mapping Sequencing Reads to the Atlantic Cod Database

Cleaned sequence reads from WB and FB egg batches were mapped separately
to the Atlantic cod transcripts (http://codgenome.no/data/ATLCOD1_ANN/; file name:
ATLCOD1_ANN_transcripts.fna) using GS Reference Mapper (v 2.5.3) with all
parameters set at the default values.
The reads mapped from each run were combined and clustered using TGICL
(Pertea et al. 2003). Afterwards, non-redundant sequences were blasted and annotated
using Blast2GO software as described above.

Pathway Annotation

In order to gain an overview of pathways networks, the Kyoto Encyclopedia of
Genes and Genomes (KEGG) analysis was carried out using the online KEGG
Automatic Annotation Server (KAAS; http://www.genome.jp/tools/kaas) for individual
sequences. The SBH method, optimized for EST annotation, was used against 16
vertebrates, a fruit fly and a nematode pathway databases.

Comparison of Transcriptome between Farmed and Wild Broodstock Eggs

To compare gene expression in egg batches from FB and WB, and to identify the
most frequent transcripts in the two groups, gene expression levels were determined.
Expression profiles were characterized by simply counting the number of sequence
reads for each putative transcript. Because our libraries were not normalized, read
numbers should generally correspond to transcript abundance within each library (Hale
et al. 2009). For the identification of differentially expressed transcripts, the analyses
were restricted to the transcripts that showed at least five reads in one of the ten
libraries. The gene expression level for a given transcript was normalized using the
reads per kilobase per million (RPKM) (Mortazavi et al. 2008). Differential expression
between the two groups was determined using two-tailed Student’s t-test. Differentially

8

expressed genes were identified by fold change (≥2.0) and P-value cut-off (<0.05).
Hierarchical clustering analyses were performed on transcripts that were differentially
expressed between WB and FB samples using the GEPAS 4.0 Suite software
(http://gepas.bioinfo.cipf.es/). Data were clustered using the SOTA algorithm (Self
Organising Tree Algorithm) and Pearson’s correlation coefficient was used as a
similarity measurement.

Results

Fertilization and hatching rates were significantly higher in WB group
(91±2.4 % and 86±3.7 %) than in FB group (77±4.6 % and 69±4.8 %, respectively).

Sequencing, Assembling and Mapping

Sequencing of non-normalized cDNA from eggs of WB and FB broodstocks (5
batches from each type), yielded average sizes of 36 million bases (Mbp) distributed in
98,687 reads and 44 Mbp distributed in 119,333 reads, respectively. The average read
lengths were 361 bp and 367 bp for WB and FB, respectively. The summary of
sequencing results is shown in Table 1.
When each library was analyzed individually, at least 46 % of reads were fully
assembled in all 10 libraries (Table 1). When all libraries were treated together, 75 % of
reads were fully assembled, and 11 % of reads were partially assembled (Table 1). In
total, 13,726 isotigs of average length 1,294 bp and minimal length over 100 bp were
obtained (Table 1). Of these, 10,313 isotigs (approximately 75 %) showed significant
similarity (E value < 1e-5) to one or more proteins in the GenBank nr database. Only the
best hit for each isotig was selected.
Approximately 19 % of reads were fully mapped and 21 % were partially
mapped to Atlantic cod transcripts (Table 2). In all libraries, reads mapped to multiple
locations (repeats, 2 %) or mapped chimerically (5 %), and too short reads (3 or 4 %)
were excluded from further analysis (Table 2). On average, 9,794 and 9,875 contigs
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were obtained in WB and FB groups, respectively, of size ≥100 bp (Table 2). In total,
the contigs were mapped to 11,340 different Atlantic cod transcripts.

GO and KEGG Analyses

In total, 8,693 isotigs were annotated with specific GO terms (Fig. 1a). In the
category biological process, genes involved in cellular (19 %) and metabolic processes
(16 %), and biological regulation (11 %), were the most abundant. Regarding the
cellular component group, genes involved in cell (41 %), organelle (31 %),
macromolecular complex (14 %), and membrane-enclosed lumen (12 %) were the most
frequent. In the molecular function set, the most abundant genes were that involved in
binding (55 %) and catalytic activity (29 %). KEGG metabolic pathway analysis of the
annotated isotigs revealed the involvement of transcripts in amino acid, carbohydrate
and energy metabolism (Table 3). Transcripts related to the sub-pathway, signal
transduction were the most abundant, while those related to biosynthesis of other
secondary metabolites were the least (Table 3). In addition, immune and endocrine
related isotigs were predominant among those associated with organismal system
(Table 3).
A total of 29,338 non-redundant contig sequences were analyzed with Blast2go
and KEGG. Of these, 23,471 contigs were annotated with specific GO terms. In general,
the GO terms distribution and KEGG pathways followed the same pattern as those
found for isotigs (Fig. 1a; Table 3).

Most Abundant Transcripts in Fertilized Eggs of Atlantic cod

In both Newbler assembly and the GS Reference Mapper approaches, most of
the top 20 highly expressed transcripts in WB group were also found in FB group, even
though in a different order. Some transcripts including claudin-like protein ZF-A89-like
known as claudin D (cldnd), cyclin A1 (ccna1), cyclin B1 (ccnb1), ribonucleotide
reductase m2 polypeptide (rrm2) and histone H2A type 2-B-like (h2ab) were identified
using both approaches (Tables 4 and 5).
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Transcripts Differentially Expressed in WB and FB Groups

The Newbler assembly approach revealed 427 transcripts differentially
expressed between WB and FB groups. However, when the analyses were restricted to
transcripts that showed at least five reads in one of samples analyzed, this number was
reduced to 238 transcripts, with 155 transcripts highly expressed in WB group and 83
transcripts highly expressed in FB group (Fig. 2a and c). In total, 164 differentially
expressed transcripts were annotated with GO terms (Fig. 1b). Regarding KEGG
pathways, the transcripts were mainly associated with amino acid and carbohydrate
metabolism, translation, transport and catabolism, cell growth and death, signal
transduction, and endocrine system (Table 3).
When the reads were mapped against the Atlantic cod transcripts, 158
transcripts were differentially expressed between WB and FB groups. Among these, 118
transcripts were highly expressed in WB, 40 transcripts were highly expressed in FB
(Fig. 2b and d), and 140 transcripts were annotated with GO terms (Fig. 1b). KEGG
pathways were mostly related to lipid and nucleotide metabolism, in addition to those
sub-pathways identified using De Novo Assembler as mentioned above (Table 3).
Encoding proteins involved in fructose metabolism, fatty acid metabolism,
glycerophospholipid metabolism and oxidative phosphorylation were differentially
expressed between the two groups (Fig. 3a-d). For instance, transcripts involved in
fructose metabolism including 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 1
(pfkfb1), and fructose-2,6-bisphosphatase TIGAR B-like or TP53-induced glycolysis
and apoptosis regulator B (tigarb) were higher (2.1-fold pfkfb1, 2.6-fold tigarb; P<0.05)
in WB than in FB group (Fig. 3a). The expression of transcripts related to oxidative
phosphorylation such as succinate dehydrogenase (sdh), cytochrome c oxidase assembly
protein COX11 mitochondrial precursor (cox11), and atp synthase-coupling factor
mitochondrial precursor (atp5j) were higher (5.4-fold sdh, 2.0-fold cox11, 3.7-fold
atp5j; P<0.05) in samples from WB compared to FB group (Fig. 3b). Regarding
transcritps involved in the fatty acid metabolism, long chain fatty acid ligase 4 (acsl4)
and carnitine o-palmitoyltransferase liver isoform-like (cpt1) were more numerous (2.0-
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fold acsl4, 2.7-fold cpt1; P<0.05) in samples from WB, whereas propionyl- carboxylase
alpha mitochondrial (pcca) was 4.0-fold (P<0.05) higher in samples from FB (Fig. 3c).
Phosphatidylinositol-glycan biosynthesis class f protein (pigf5) and group XV
phospholipase A2 (pla2g15), which are involved in glycerophospholipid metabolism,
were more frequent (7.5-fold pigf5, 2.7-fold pla2g15; P<0.05) in samples from WB
than FB group (Fig. 3d). In addition, the expression of cathepsin A was 2.5-fold higher
in samples from FB compared to WB (Fig. 3e).

Discussion

The application of newly available genomic tools has helped to identify
thousands of maternal transcripts, which play an important role during early embryonic
development of fish (Mathavan et al. 2005; Knoll-Gellida et al. 2006; Vesterlund et al.
2011). For instance, 11,399 different transcripts were described in zebrafish (Danio
rerio) ovarian follicles (Knoll-Gellida et al. 2006), while 11,187 unique gene transcripts
were detected during early zebrafish development from 1-cell stage to 50 % epiboly
(Vesterlund et al. 2011). Using the Newbler assembly approach, we identified 13,726
isotigs and annotated 8,693 isotigs. The sequence reads were mapped to 11,340
different Atlantic cod transcripts, and hence we presume that we have investigated a
substantial proportion of the total protein-coding gene transcripts present in fertilized
eggs. In our study, more than 50 % of reads remained unmapped to Atlantic cod
transcripts, although 99 % of sequence reads were mapped to Atlantic cod genome (data
not shown). However, it is possible that many transcripts that play important roles
during early development are still unknown, as in the case of zebrafish where more than
2,000 putative novel transcribed regions were described recently by Vesterlund et al.
(2011). Thus a clear vision of fish transcriptome is far from to be revealed.
One of the methodical steps to be decided prior to RNA-seq studies is the use
cDNA normalization. The procedure of cDNA normalization is suitable to characterize
as many genes as possible or identify molecular markers (Wall et al. 2009; Yang et al.
2010; Ekblom et al. 2012). Non-normalized libraries are more appropriate to
characterize gene expression levels or to investigate differential expression in samples,
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since normalization can obscure relative gene expression data (Hale et al. 2009).
Recently, Ekblom et al. (2012) found 311 and 328 transcripts that are differentially
expressed between two tissues using normalized and non-normalized libraries,
respectively. Further, the fold changes of transcripts are more evident in non-normalized
library than in the normalized one. Therefore, in the present study, non-normalized
libraries were used to investigate the transcripts that are differentially expressed
between the samples from FB and WB.
In our study, two parallel approaches were used to identify and characterize the
transcripts in fertilized eggs. In general, GS Reference Mapper approach (11,340 unique
transcripts) allowed to identify a large number of unique transcripts than Newbler
assembly approach (8,693 isotigs annotated), illustrating the importance of a suitable
reference database. On the other hand, Newbler assembly approach (238 transcripts)
was more appropriate than GS Reference Mapper approach (158 transcripts) to detect
the transcripts that are differentially expressed between the eggs of WB and FB groups.
The difference in the detection rates may be mainly associated with the difference in the
number of reads assembled (86%) and mapped (40%).

Most Abundant Transcripts in Fertilized Eggs of Atlantic cod

Cyclins play an important role in cell cycle control (reviewed by Schafer 1998).
In zebrafish, cyclins A2 (ccna2), ccnb1, B2 (ccnb2), and E (ccne) were highly abundant
in unfertilized eggs and during cleavage stages (Mathavan et al. 2005). Drivenes et al.
(2012) found a high expression of ccnb1 and ccnb2 during early development of
Atlantic cod. In our study too, ccna1, ccnb1, and ccnb2 were highly abundant (Table 5).
In addition, other important transcripts for cell cycle were abundant in our samples
including calmodulin (cam), serine threonine-protein kinase plk1-like (plk1), cell
division cycle protein 20 (cdc20), rrm2, and ubiquitin (ubi). Cam acts mainly during G1
and G2/M progression (reviewed by Kahl and Means 2003). Plk1 plays a central role in
G2/M transition phosphorylating ccnb1 and cell division cycle 25C (cdc25c) (Roshak et
al. 2000; Yuan et al. 2002). Moreover, plk1 is crucial in the preservation of genome
integrity (Jeong et al. 2010). Cdc20 is required to activate the anaphase initiation and
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exit from mitosis (Kramer et al. 1998), while rrm2 converts ribonucleoside
diphosphates into deoxyribonucleoside diphosphates, and thus provide the precursors
for rapid DNA synthesis important for cleavage stages (Standart et al. 1986). Ubiquitin
is involved in the degradation of cyclins during the cell cycle, as well as in cytoskeletal
regulation, and cell fate determination (reviewed by Bowerman and Kurz 2006).
The zygotic genome activation is a complex process with multiple mechanisms
directing the activation and degradation of specific genes over time (Latham and
Schultz 2001). It has been shown that zygotic transcription in several species already
starts prior to initiation of major zygotic gene expression (reviewed by Andéol 1994;
Tadros and Lipshitz 2009). For instance, Mathavan et al. (2005) showed that 125 genes
accumulate before the onset of maternal-zygotic transition (MZT) in zebrafish.
Vesterlund et al. (2011) also obtained similar results during the early development of
zebrafish. Therefore, the high abundance of transcripts such as ataxin-7-like protein 2
(atxn7l2), tho complex subunit 4 (thoc4), nucleolin-like isoform 3 (ncl3), heterogeneous
nuclear ribonucleoprotein a1 (hnrnpa1), eukaryotic elongation factor 1 alpha (eef1a),
eukaryotic translation initiation factor 4 gamma 2-like (eif4g2), zinc finger protein
(cth1), and dead (asp-glu-ala-asp) box polypeptide 5 (ddx5 or p68) that are involved in
transcriptional and translational control may be needed for the initiation of MZT.
Epigenetic processes, which involve the regulation of gene expression without
any actual modification of the DNA sequence, play an important role during embryonic
development. DNA methyltransferases, and histones proteins (H2A, H2B, H3 and H4)
are important to encode the epigenetic information (reviewed by Meehan 2003).
Therefore, the high abundance of transcripts related to dnmt1, one of the enzymes
involved in methylation of DNA, h2ab, and linker histone h1m (h1m) in our study
might be related to epigenetic processes. Dnmt1 has also been associated with direct
terminal tissue differentiation and knocking down dnmt1 causes an increase in mortality
of zebrafish embryo (Rai et al. 2006).
Chaperonins containing t-complex polypeptide-1 (CCT) are cytosolic molecular
chaperone which were implicated in the biogenesis of cytoskeletal proteins by
promoting the correct folding of tubulin and actin (reviewed in Frydman 2001). In
addition, Dekker et al. (2008) showed that CCT interact with several other processes
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including cell cycle, nuclear pore complex, chromatin remodeling, and protein
degradation. Therefore, the high abundance of T-complex protein 1 subunit epsilon
(cct5) found in our study suggest that cct5 might be involved in several cellular
processes during early development of Atlantic cod.
Claudins, the major tight junction transmembrane proteins, are members of the
tetraspanin protein superfamily that mediate cellular adhesion and migration (Tsukita
and Furuse 2002). In our study, cldnd was one of the most abundant transcripts detected
in fertilized eggs of Atlantic cod. Similarly in zebrafish, transcripts of cldnd and cldng
were detected among the ten most abundant transcripts from 1-cell stage up to 512-cell
stage (Vesterlund et al. 2011). Moreover, a high abundance of cldnd has been found in
zebrafish and striped bass ovary (Clelland and Kelly 2010; Reading et al. 2012), and in
fully-grown follicle of zebrafish (Knoll-Gellida et al. 2006). Recently, Siddiqui et al.
(2010) showed that cldne is essential for zebrafish epiboly, while cldnj is essential for
normal ear function and for the formation of the otoliths (Hardison et al. 2005). Taken
together, these results indicate that claudin genes might be essential for early
development of teleosts. Tumor-associated calcium signal transducer 2 (tacstd2), also
known as epithelial cell adhesion molecule (epcam), was also highly abundant in
fertilized eggs of Atlantic cod. Like claudins, tacstd participates in cell adhesion, as well
as in proliferation, migration and differentiation of cells (reviewed by Trzpis et al.
2008). In zebrafish, tacstd (described as zgc:110304) was also among the ten most
abundant transcripts at 1- and 16-cell stage (Vesterlund et al. 2011). In zebrafish,
transcripts of tacstd are required for epithelial morphogenesis and integrity during
epiboly and skin development (Slanchev et al. 2009), and in the control of neuromasts
migration as well (Villablanca et al. 2006).
In our study, oocyte-specific F-box protein (fbos), kinesin-like protein Surhe
(surhe), and multivesicular body subunit 12a (mvb12a) were among the 20 transcripts
that were more abundant in fertilized eggs of Atlantic cod. However, the roles of these
transcripts during vertebrate development are still unknown. Fbos was recently
identified through analysis of expressed sequence tags (ESTs) from rainbow trout
oocyte cDNA library (Wang et al. 2010). It was shown that fbos interact with histone
H3.3, adenylate kinase 2, ribosomal protein L36, oocyte protease inhibitor 1, zona
pellucida protein 2 and tissue inhibitor of metalloproteinase 2, indicating its essentiality
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for early oocyte development. In zebrafish, transcripts of surhe that were highly
expressed in early embryonic stages were suggested to be involved in dorsalization
process as motor molecule (Kim et al. 2008). The multivesicular bodies (MVB) plays an
essential role in maintaining proper cell surface protein composition, changing quickly
the protein composition of the cell surface during processes such as differentiation and
adaptation (Katzmann et al. 2002); particularly, mvb12 promotes the downregulation of
epidermal growth factor (EGF) receptors (Tsunematsu et al. 2010). Considering all
these information, fbos, mvb12a, and surhe may be important to control cell
proliferation, differentiation and dorsalization in early development of Atlantic cod.

Embryo Survival Success in Relation to Differential Transcriptomes

In rainbow trout and Atlantic halibut, maternal mRNA was differentially
expressed in eggs of varying quality (Aegerter et al. 2005; Bonnet et al. 2007;
Mommens et al. 2010), and the present study, which performed a massive transcriptome
analysis, shows similar findings in Atlantic cod. These results indicate that mRNAs
stored in eggs are important to impart full developmental competence of embryos.
Therefore, RNA-seq can help in identifying potential biomarkers of egg quality.
The KEGG analysis revealed that a large number of transcripts are involved in
carbohydrate metabolism, indicating that carbohydrates are essential for early
development of Atlantic cod. Previously, Finn et al. (1995) showed that glycogen was
the main metabolic fuel sustaining the development of Atlantic cod up to blastula stage.
In gilthead sea bream, whitefish (Coregonus spp.), and spotted wolfish (Anarhichas
minor) also carbohydrate metabolism is essential for early embryonic development and
embryos with insufficient carbohydrate metabolism potentially stop their development
(Lahnsteiner and Partanello 2003; Lahnsteiner 2005; Desrosiers et al. 2008). In
whitefish up to epiboly stage, glycolysis and pentose phosphate pathways are vital,
whereas gluconeogenesis is important from epiboly stage to the eye embryo stage
(Lahnsteiner 2005). Interestingly, in our study transcripts (pfkfb1 and tigarb) that are
involved in the control of glycolysis, pentose phosphate and gluconeogenesis pathways
were up-regulated in samples from WB. In mammals, pfkfb1 is one of four genes
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involved in production of fructose 2,6-bisphosphate (Fru-2,6-BP), which is a key
regulator of cellular metabolism that activates glycolysis and inhibits gluconeogenesis
(reviewed by Bolaños et al. 2010). On the other hand, tigar was found to regulate the
glycolysis pathway negatively (Bensaad et al. 2006). The expression of tigar switches
glucose to the pentose phosphate pathway (PPP), along with decreasing reactive oxygen
species (ROS) generation and apoptosis by promoting glutathione production. PPP
produces more nicotinamide adenine dinucleotide phosphate (NADPH), which is used
as reducing agent in anabolic reactions, such as lipid and nucleic acid synthesis
(Bensaad et al. 2006). Taken these findings into consideration, pfkfb1and tigar might be
playing a role in the control of carbohydrate metabolism during early development in a
marine fish. In addition, the higher expression of pfkfb1 and tigarb in WB embryos
compared to FB embryos, suggests an elevated energy production through glycolysis
pathway, as well as a high protection against ROS generation and an increase in nucleic
acid synthesis, which are essential during cleavage stages.
The roles of fatty acids on egg quality have been extensively studied in fish
(reviewed by Sargent et al. 2002). However, information related to maternal mRNAs
involved in fatty acids metabolism in fish is still scarce. In the present study, acls4 and
cpt1, which play important roles in β-oxidation of fatty acids, were highly expressed in
WB embryos, whereas pcca, which is involved in synthesis of fatty acids, was highly
expressed in FB group. Previously, we showed that the fatty acid profiles were different
between WB and FB eggs of Atlantic cod (Lanes et al. 2012a), which could affect the
developmental potential. Therefore, in FB embryos which may not be able to meet the
fatty acid demands during development, there is an upregulation of pcca to support the
synthesis of fatty acids.
In Atlantic cod embryos and larvae, the anaerobic metabolism is insignificant
(Finn et al. 1995). In lake trout (Salmo trutta lacustris), a positive correlation between
number of eyed stage embryos and respiration rate, malate dehydrogenase activity, and
the ratio of NADH to NAD were found (Lahnsteiner et al. 1999). In cyprinid fishes,
respiration rate also correlated positively with the fertilization rate (Lahnsteiner et al.
2001). In the current study, transcripts involved in oxidative phosphorylation in
different steps of respiratory chain that drives adenosine triphosphate (ATP) synthesis,
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including sdh, cox11, and atp5j were expressed at higher levels in WB than FB eggs,
which suggest better potential of WB embryos for aerobic metabolism resulting in
higher survival success.
Cell membranes of eukaryote are highly complex structures consisting of
hundreds of different lipid molecules and proteins (reviewed by Hermansson et al.
2011). In Atlantic cod, Salze et al. (2005) investigated the different classes of
phospholipids in eggs from three different broodstock groups and identified differences
in

levels

of

phosphatidylcholine,

phosphatidylinositol,

and

the

phosphatic

acid/phosphatidylglycerol/cardiolipin ratio among them. In our study, transcripts
involved in synthesis (pigf5) and degradation (pla2g15) of glycerophospholipids were
upregulated in WB compared to FB, which may be related to the differences in
composition of phospholipids in eggs as observed by Salze et al. (2005).
Cathepsins are important lysosomal enzymes involved in the metabolism of yolk
proteins in the oocyte, fertilized egg and larval yolk sac. This process provides free
amino acids and is essential for the early development of the embryo (Carnevali et al.
1999; Carnevali et al. 2001; Fabra and Cerdà 2004). In sea bass, high levels of
cathepsins B, D, and L were detected in fertilized eggs, whereas no cathepsin A, C, and
E activity was found (Carnevali et al. 2001). In rainbow trout, mRNA levels for
cathepsin D and L were high at fertilization, but the expression of cathepsin B was very
low (Kwon et al. 2001). These studies show that cathepsin D and L play an important
role in yolk mobilization during embryogenesis in teleosts, but the role of cathepsin B is
not elucidated. We have found high expression of cathepsins B, D and mainly L in early
embryos of Atlantic cod. In addition, the expression of cathepsins A, C, F, S, and Z was
profiled in our study. The presence of several cathepsins in fertilized eggs of Atlantic
cod suggests that yolk mobilization during embryogenesis is a complex process. In
Fundulus heteroclitus, Fabra and Cerdà (2004) showed the involvement of several
cathepsins (B, C, F, H, K, L, S, and Z) in the processing of yolk proteins during oocytes
development. Cathepsins have also been associated with egg quality. In sea bass,
cathepsin D activity was significantly higher in sinking eggs, whereas cathepsin L
activity was higher in floating eggs (Carnevali et al. 2001). In rainbow trout, cathepsin
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Z mRNA was more abundant in low quality eggs (Aegerter et al. 2005). In the present
study, the expression of cathepsin A was higher in FB eggs than in WB group.

Conclusions

In summary, 11,340 mRNA transcripts were detected in fertilized eggs of
Atlantic cod which should represent a substantial portion of the total mRNA
incorporated during oocyte development. The study revealed that the most abundant
transcripts are involved in important cell processes including cell cycle control (ccna1,
ccnb1, ccnb1, cdc20, cam, plk1, rrm2, and ubi), transcriptional and translational control
(atxn7l2, thoc4, ncl3, hnrnpa1, eef1a, eif4g2, cth1, and ddx5), epigenetic control
(dnmt1, h2ab, and h1m), and cellular adhesion and migration (cldnd and tacstd2).
Besides, we identified several transcripts that are differentially expressed between eggs
from farmed and wild broodstocks. Interestingly, transcripts involved in glycolytic
pathway (pfkfb1), β-oxidation (acls4 and cpt1) and oxidative phosphorylation (sdh,
cox11, and atp5j) were more highly expressed in WB eggs and may be associated with
egg quality. It is known that broodstock nutrition plays one of the most important roles
in egg quality, affecting directly the chemical constituents of egg yolk and possibly the
regulation of nutrient metabolism at a molecular level during oogenesis. Maternal
mRNAs involved in fructose metabolism, fatty acid metabolism, glycerophospholid
metabolism and oxidative phosphorylation were differentially represented in oocytes
originating from the two broodstock groups, showing potential as biomarkers of egg
quality in teleosts. Taken together, our findings contribute to the hypothesis that
maternal mRNAs affect the egg quality and, consequently, the early development of
fish.
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Figure legends

Fig. 1 Functional categorization of transcriptome of fertilized eggs of Atlantic cod using
De Novo assembler and GS Reference Mapper. Most frequently represented gene
ontology (GO) categories are shown within biological process, cellular component and
molecular function; (a), distribution of all annotated transcripts and (b), distribution of
differentially expressed transcripts between egg batches from wild (n=5) and farmed
(n=5) broodstocks (fold change ≥2.0, P<0.05)
Fig. 2 Hierarchical clustering analysis of transcripts differentially expressed (P<0.05;
fold change ≥2.0) between egg batches from wild (n=5) and farmed (n=5) broodstocks
of Atlantic cod. a) and b), transcripts with higher expression in wild broodstock eggs
using De novo assembler and GS Reference Mapper, respectively; c) and d), transcripts
with higher expression in farmed broodstock eggs using De novo assembler and GS
Reference Mapper, respectively. Red and blue represent higher and lower expression
levels, respectively. Repeated transcripts in different clusters are indicated in blue and
red font, while similar transcripts in the same cluster are underlined. For each transcript,
its expression was normalized against the highest expression value
Fig. 3 Expression of transcripts involved in (a) fructose metabolism, (b) oxidative
phosphorylation, (c) fatty acid metabolism, and (d) glycerophospholipid metabolism, as
well as (e) the different types of cathepsins present in fertilized eggs from wild (n = 5)
and farmed broodstock (n = 5) of Atlantic cod. Expression levels were quantified by
454 pyrosequencing and normalized using the RPKM. Data are expressed as mean ±
SEM. Asterisks (*) indicate significant differences (P<0.05; fold change ≥2) between
wild and farmed broodstocks
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