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Global Transcriptome Analysis Identifies Regulated
Transcripts and Pathways Activated During Oogenesis and
Early Embryogenesis in Atlantic Cod
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SUMMARY

The molecular mechanisms underlying oogenesis and maternally controlled em-
bryogenesis in fish are not fully understood, especially in marine species. Our aim
was to study the egg and embryo transcriptome during oogenesis and early em-
bryogenesis in Atlantic cod. Follicles from oogenesis stages (pre-, early-, and late-
vitellogenic), ovulated eggs, and two embryonic stages (blastula, gastrula) were
collected from broodstock fish and fertilized eggs. Gene expression profiles were
measured in a 44K oligo microarray consisting of 23,000 cod genes. Hundreds of
differentially expressed genes (DEGs) were identified in the follicle stages investi-
gated, implicating a continuous accumulation and degradation of polyadenylated
transcripts throughout oogenesis. Very few DEGs were identified from ovulated egg
to blastula, showing amore stablematernal RNA pool in early embryonic stages. The
highest induction of expression was observed between blastula and gastrula,
signifying the onset of zygotic transcription. During early vitellogenesis, several of
the most upregulated genes are linked to nervous system signaling, suggesting
increasing requirements for ovarian synaptic signaling to stimulate the rapid growth of
oocytes. Highly upregulated genes during late vitellogenesis are linked to protein
processing, fat metabolism, osmoregulation, and arrestedmeiosis. One of the genes
with the highest upregulation in the ovulated egg is involved in oxidative phosphory-
lation, reflecting increased energy requirements during fertilization and the first rapid
cell divisions of early embryogenesis. In conclusion, this study provides a large-scale
presentation of the Atlantic cod’s maternally controlled transcriptome in ovarian
follicles through oogenesis, ovulated eggs, and early embryos.
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INTRODUCTION

Atlantic cod (Gadus morhua L.) is an important species
both within fisheries and aquaculture. Cod is iteroparous
with synchronous oocyte development, and females spawn
up to 19 batches with up to 300,000 small pelagic eggs
each over several weeks during the spawning season

Abbreviations: ESTs, expressed sequence tags; FC, fold change; KEGG,
Kyoto Encyclopedia of Genes and Genomes; MZT, maternal-to-zygotic transi-
tion; NOD, nucleotide-binding oligomerization domain; PPAR, peroxisome pro-
liferator-activated receptor; qPCR, quantitative reverse-transcriptasePCR; TGF,
transforming growth factor.
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(February�May) (Kjesbu, 1989). Viability of eggs and em-
bryos is unpredictable, and mortality as well as malforma-
tions in early-life stages are high (Brown et al., 2003; van
der Meeren and Ivannikov, 2006; Avery et al., 2009; Fjelldal
et al., 2009; Taranger et al., 2010). In this context, increased
knowledge of cod egg and early embryo development will
significantly aid both wild-stock management and aquacul-
ture of cod.

The development of eggs (oogenesis) in cod (reviewed
by Kjesbu and Kryvi, 1989) (Fig. 1) starts with oogonia (the
precursors for oocytes), which are characterized by their
small sizeand thepresenceof onlyonenucleus.Oogenesis
initiates as oogonia transition to oocytes, and at the same
time, follicle cells start to surround the newly formed oo-
cytes. Primary oocyte growth is characterized by the for-
mation of peripheral nucleoli, a circumnuclear ring, and an
extracellular egg envelope. Cortical alveoli appear at the
periphery as the circumnuclear ring breaks down. Forma-
tion of yolk granules at the periphery of the cytoplasm
marks the onset of true vitellogenesis. The yolk content
in oocytes increases markedly, and the cortical alveoli
increase in size and number. At maturation, the irregular
nucleus migrates to the animal pole, the oocyte hydrates
and increases in size, and is eventually ovulated into the
ovarian lumen. At ovulation, the egg contains all the com-
ponents required to initiate and drive early embryogenesis.
Importantly, the presence of mRNAs synthesized and/or

deposited in the oocyte during oogenesis is crucial for the
synthesis of proteins needed for the first developmental
events to take place, since zygotic gene transcription is not
activated until several cell divisions have completed (New-
port and Kirschner, 1982a,b).

Following fertilization, non-yolk cytoplasm accumulates
at the animal pole and forms the blastodisc. Numerous,
rapid blastomere cleavages then follow.When 9�10 cleav-
age cycles have completed, the blastodisc consists of�500
cells clustered together like a ball (blastula), and the em-
bryo enters the midblastula transition (Kane and Kimmel,
1993). This midblastula transition is characterized by cell
cycle lengthening and loss of cell synchrony, and often
coincides with the maternal to zygotic transition (MZT),
when a gradual shift from degradation of maternal RNAs
to activation of zygotic transcription occurs (reviewed by
Tadros and Lipshitz, 2009). From the time of gastrulation
onwards, the embryo relies on zygotically expressed tran-
scripts to control further development.

Recent efforts have been made with large-scale meth-
ods to gain more insight into the molecular mechanisms
that control egg development. In the model species zebra-
fish (Danio rerio Hamilton), a range of methods have been
applied to study the transcriptome of gonads and isolated
follicles, inlcludingmicroarrays (Li et al., 2004;Santos et al.,
2007; Sreenivasan et al., 2008), mass sequencing of ex-
pressed sequence tags (ESTs) (Zeng and Gong, 2002),

Figure 1. Overview of the developmental stages of Atlantic cod follicles, eggs, and embryos assessed with themicroarray. Histological sections of
pre-, early-, and late-vitellogenic follicles (A,B, andC, respectively) and photos of an unfertilizedegg (D) andembryoat blastula stage (23.5 hr post-
fertilization (hpf)) (E) and gastrula stage (58 hpf) (F). e, egg envelope; ca, cortical alveoli; n, nucleolus. Scale bar, 100mm. [Color figure can be
viewed in the online issue which is available at wileyonlinelibrary.com]
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and serial analysis of gene expression (SAGE) (Knoll-
Gellida et al., 2006). Likewise, increasing knowledge about
oogenesis is emerging in salmonids like rainbow trout
(Oncorhynchus mykiss Walbaum) and coho salmon (On-
corhynchus kisutch Walbaum), as changes in the ovarian
transcriptome during different stages of oogenesis have
been studied with microarrays and suppression subtractive
hybridization (SSH) (von Schalburg et al., 2005, 2008;
Bobe et al., 2006; MacKenzie et al., 2006; Luckenbach
et al., 2008). Such studies have identified numerous par-
ticipants that may be essential for oogenesis, greatly en-
hancing our knowledge of molecular mechanisms
underlying this complex process in fish (Cerd�a et al.,
2008a). Nevertheless, large-scale studies on transcrip-
tome dynamics during oogenesis are limited for marine
species. In Senegalese sole (Solea senegalensis Kaup),
the ovarian transcriptome at different maturational stages
has been studied by microarray (Cerd�a et al., 2008b;
Tingaud-Sequeira et al., 2009). Goetz et al. (2006) ana-
lyzed 1,361ESTs from the cod ovaryat finalmaturation and
ovulation, and Breton et al. (2012) identified genes differ-
entially expressed between mid- and late-vitellogenic ova-
ries by a subtractive hybridization-based approach. In
addition, the expression of 50 genes was recently mea-
sured in ovaries at six different stages by quantitative
reverse-transcriptase PCR (qPCR) (Breton and Berlinsky,
2013). To our knowledge, no study has so far revealed (on a
larger scale) which genes are developmentally regulated
through the course of oogenesis in Atlantic cod.

A few reports have followed the fish transcriptome
throughout embryogenesis using microarrays, in zebrafish
(Mathavan et al., 2005), gilthead sea bream (Sparus aur-
atus L.) (Sarropoulou et al., 2005), and mummichog (Fun-
dulus heteroclitus) (Bozinovic et al., 2011). Environmental-
based changes in the mummichog embryonic transcrip-
tome have been described (Tingaud-Sequeira et al., 2013).
The first large-scale analyses of the Atlantic cod transcrip-
tome during embryogenesis were recently performed by
Drivenes et al. (2012), Kleppe et al. (2012), and Lanes et al.
(2012), respectively usingmicroarray (7,000 genes), cDNA
sequencing (257 genes), and qPCR (25 genes). Additional
studies with a larger gene-diversity coverage would be
beneficial to reveal the whole picture of cod embryogene-
sis. In order to understand the the egg and embryo devel-
opment in this species, it would be beneficial to combine
information about embryogenesis with information about
stages during ovarian maturation when maternal RNAs
become stored in the egg. Little information exists about
the dynamics of maternal RNA storage, usage, and sub-
sequent degradation.

The Atlantic cod genome is now sequenced, and more
transcripts are available (Star et al., 2011). The aim of this
study was therefore to identify genes and pathways asso-
ciated with specific stages in Atlantic cod oogenesis and
early embryo development. Consequently, expression pro-
files of more than 23,000 genes were measured using a
44K oligo microarray in pre-vitellogenic, early-, and late-
vitellogenic follicles, ovulated eggs, and embryos at blas-
tula and gastrula stages.Genes and pathways differentially

up- and downregulated between specific stages of devel-
opment were also identified. To our knowledge, this is the
first study to characterize the cod transcriptome throughout
oogenesis and early embryogenesis at such a large scale.
Increased knowledge around pathway activity will contrib-
ute to the overall goal, which is to understand mechanisms
that contribute to viability of cod eggs and embryos.

RESULTS

Transcriptome Dynamics
A range of genes were significantly upregulated from

pre- to early-vitellogenic follicles (349), from early- to late-
vitellogenic follicles (376), from late- vitellogenic follicles to
ovulated eggs (149), from ovulated eggs to blastula em-
bryos (30), and from blastula to gastrula embryos (657).
The corresponding numbers for downregulated genes
were 555, 532, 655, 10, and 396, respectively. In general,
more transcripts of genes were downregulated than in-
duced throughout oogenesis, with the largest difference
detected from late-vitellogenic follicles to ovulated eggs,
during which 506 more genes were downregulated then
upregulated (Fig. 2). The smallest difference was observed
from ovulated eggs to blastula, where 20 more genes were
upregulated than downregulated (Fig. 2). From blastula to
gastrula, many more genes were upregulated than down-
regulated (Fig. 2). The complete gene lists can be found in
Supplemental material (Additional Files 1a�j).

Figure 2. Number of up- and downregulated genes between specific
stages of oogenesis and embryogenesis in Atlantic cod.Number of up-
(white bars) and downregulated genes (black bars) (y-axis) are shown
for eachstage comparison (x-axis). vit., vitellogenic; foll., follicles; ovu.,
ovulated.
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Regulated Genes and Associated Pathways
Differentially expressed genes (DEGs) detected in this

study were linked to KEGG (Kyoto Encyclopedia of Genes
and Genomes) pathways in order to identify their systems-
level function. An overview of the pathways represented by
the highest numbers (�10) of DEGs can be seen in Sup-
plemental material (Additional File 2). ‘‘Housekeeping’’
pathways tend to encompass a large proportion of the
DEGs, whereas smaller pathways that might be mainly
up- or downregulated will be masked due to their lower
contribution of DEGs. As we consider pathways that are
clearly activated or silenced, and therefore represented by
mostly up- or downregulated genes, respectively, we fo-
cused on the ratio between the number of upregulated and
downregulated genes within each specific pathway. In
addition, we applied a cutoff for this ratio in order to limit
the long list of pathways annotated to the DEGs: up/down
�5 for upregulated pathways, and down/up �5 for down-
regulated pathways. We added ‘‘1’’ to all ‘‘numbers of
genes’’ within a pathway to avoid arithmetic errors that
would otherwise result from division by pathways with
zero genes. Figure 3 shows an overview of the up- and
downregulated pathways. As few genes were differentially
expressed from ovulated eggs to blastula embryos, this
group was not included. The most up- and downregulated
(based on fold change (FC)) genes from one stage to the
next are shown in Figure 4, and are also presented with
associated KEGG pathways in the following sections.

From Pre- to Early-Vitellogenic Follicles
The following genes are most-upregulated from pre- to

early-vitellogenic follicles (Fig. 4A): sodium- and chloride-
dependent GABA transporter 3 (slc6a11, FC 117.2), neu-
ropeptide y (npy, FC 42.8), Na(þ)/H(þ) exchange regula-
tory cofactor NHE-RF3 (pdzk1, FC 39.2), protein ADP-
ribosylarginine hydrolase-like protein 1 (adprhl1, FC
36.1), diacylglycerol O-acyltransferase 2 (dgat2, FC
31.0), 5-hydroxytryptamine receptor 1a-alpha (htr1aa,
FC 28.2), proheparin-binding EGF-like growth factor
(hbegf, FC 26.6), keratin, type 1 cytoskeletal 13 (krt13,
FC 24.9), a predicted gene (similar to protein tyrosine
phosphatase, receptor type, Q isoform 1 precursor, FC
35.8), and an unknown gene (FC 24.1). Nervous system
signaling pathways are associated with three of these
genes (npy, slc6a11, and htr1aa).

A high number of the downregulated genes (555) (Fig. 2)
are linked to the pathways pancreatic secretion and protein
digestion and absorption (27 and 25 genes, respectively)
(Fig. 3A). A number of other pathways (tight junction, viral

myocarditis, carbohydrate digestion and absorption, nitro-
gen metabolism, arginine and proline metabolism, and
glycolysis/gluconeogenesis) are also downregulated at
this stage, among which tight junction is represented by
more than 10 genes. Among the most downregulated
genes from pre- to early-vitellogenic follicles are two lac-
tose-binding lectin l-2 (ajl2, FC 2665.5 and 767.1) and two
trypsin-2 (try2, FC 503.9 and 416.5) genes. In addition,
elastase-1 (ela1, FC 1558.4), chymotrypsin a (ctra, FC
1422.2), trypsin 10 (try10, FC 820.3), nitric oxide synthase
(nos1, FC 473.8), a predicted gene (similar to f57g4.9, FC
446.4), and an unknown gene (FC 518.0) are within
this group of genes (Fig. 4B). Three of the genes (try2,
try10, ela1) are annotated with protein digestion and
absorption.

From Early- to Late-Vitellogenic Follicles
Three pathways are upregulated from early- to late-vitel-

logenic follicles: dopaminergic synapse, glycerophospholi-
pid metabolism and glycine, serine and threonine
metabolism (Fig. 3B). The following genes show the most
marked upregulation (Fig. 4C): pepsin a (pga, FC 955.5),
UDP-GlcNAc:betaGalbeta-1.3-N-acetylglucosaminyltrans-
ferase 7 (b3gnt7, FC 539.9), inositol monophosphatase 1
(impa1,FC475.0),mitochondrialuncouplingprotein2 (ucp2,
FC 430.8), nitric oxide synthase, brain (nos1, FC 298.8),
arrestin-C (arr3, FC 192.6), myosin XVA (myo15a, FC
139.1), type-4 ice-structuringprotein (afp4, FC137.7), fibrin-
ogen-like protein 1 (fgl1, FC 103.2), and an unknown gene
(FC 107.0). pga, ucp2, arr3 and impa1 are annotated with
protein digestion and absorption, peroxisome proliferation-
activated receptor (PPAR) signaling, meiotic arrest, and
osmoregulation, respectively. myo15a and fgl1 are linked
to immune-related pathways.

Cell cycle, glycosphingolipid biosynthesis, and the p53-
signaling pathway are downregulated from early- to late-
vitellogenic follicles (Fig. 3C). The followinggenes show the
mostmarkeddownregulation fromearly- to late-vitellogenic
follicles (Fig. 4D): radial spoke head 1 homolog (rsph1, FC
420.1), leucine-rich repeat-containing protein C10orf11
homolog (c10orf11homolog, FC 411.9), histone-lysine N-
methyltransferase PRDM9 (prdm9, FC 185.8),myomesin-
1 (myom1, FC 158.7), zinc finger BED domain-containing
protein 1 (zbed1, FC 127.6), lyzosome g (lyg, FC 91.0),
interphotoreceptor matrix proteoglycan 2 (impg2, FC72.4),
disks large-associated protein 3 (dlgap3, FC 64.3), and two
unknown genes (FC 158.0 and 75.9). Nervous system
signaling pathways are associated with two of the genes
(prdm9 and dlgap3).

—————————————————————————————————————————"
Figure 3. Up- and downregulated KEGG pathways between specific stages of oogenesis and embryogenesis in Atlantic cod. Downregulated
pathways from pre- to early-vitellogenic follicles (A); up- and downregulated pathways from early- to late-vitellogenic follicles (B and C,
respectively); upregulated pathways from late-vitellogenic follicles to ovulated eggs (D); up- and downregulated pathways from blastula to
gastrula embryos (E and F, respectively). The name of each KEGG pathway (y-axis) and the number of genes (x-axis) are shown. The dotted line
separates pathways represented by 10 or more genes from pathways represented by less than 10 genes. The number at the top of each bar is the
ratio (see the section ‘‘Regulated genes and associated pathways’’) between up- and downregulated genes for that pathway. Gray and black bars
represent up- and downregulated pathways, respectively. vit., vitellogenic.
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Figure 3.

Mol. Reprod. Dev. 81:619–635 (2014) 623



From Late-Vitellogenic Follicles to Ovulated
(Unfertilized) Eggs

Upregulated pathways from late-vitellogenic follicles to
ovulated eggs include: focal adhesion, purine metabolism,
neuroactive ligand-receptor interaction, regulation of actin
cytoskeleton, cell adhesion molecules, ECM�receptor in-
teraction, and vitamin digestion and absorption (Fig. 3D).
The following genes show the most marked upregulation

(Fig. 4E): polycystic kidney disease protein 1-like 2 (pkd1l2,
FC 109.2), DNA helicase B (helb, FC 84.7), transmem-
brane protease serine 2 (tmprss2, FC 63.2),CCchemokine
type 3 (ccr3, FC 58.3),ATPsynthaseF0 subunit 8 (atp8, FC
52.3), protein FAM111A (fam111a, FC 51.1), probable N-
acetyltransferase 8 (nat8, FC 36.7), a predicted gene
(hypothetical protein LOC100005938, FC 68.7), and two
unknown genes (FC 67.7 and 49.0). atp8 is annotated with
the KEGG pathway oxidative phosphorylation.

Figure 4. Heat maps of the expression of the most-regulated (based on fold change) genes from one developmental stage to the next in Atlantic
cod, ranging from pre-vitellogenic follicles to gastrulating embryos. Themost-up-/downregulated genes are shown for periods between: (A,B) pre-
to early-vitellogenic follicles; (C, D) early- to late-vitellogenic follicles; (E, F) late-vitellogenic follicles to ovulated eggs; (G, H) ovulated eggs to
blastula embryos; (I, J) blastula to gastrula embryos. 1, pre-vitellogenic follicles; 2, early-vitellogenic follicles; 3, late-vitellogenic follicles; 4,
unfertilized eggs; 5, blastula; 6, gastrula. Green and blue colors represent up- and downregulation of genes, respectively. In cases of predicted
genes, the Ensembl gene IDs (when possible) or GenBank EST ID’s are shown. The predicted genes include: ENSGAUG00000014755, similar to
protein tyrosine phosphatase, receptor type, Q isoform 1 precursor; lccot-6j24.fp1_b1.ab1, similar to F57G4.9; ENSGAUG00000013485,
hypothetical protein LOC100005938; lccob-6c3.fp0_b1.ab1, similar to predicted protein; lccga-8a16.fp1_b1.ab1, hypothetical protein; and
ENSGAUG00000014014, hypothetical protein LOC559540.
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Two afp4 genes (FC 5924.8 and 1420.3) are repre-
sented among the most-downregulated genes from late-
vitellogenic follicles to ovulated eggs. Also within this group
of genes are secretogranin-3 (scg3, FC 3060.3), pga (FC
3008.0), cholesterol side-chain cleavage enzyme, mito-
chondrial (cyp11a1, FC 1164.3),mitochondrial uncoupling
protein 2 (ucp2, FC 1101.1), inhibin alpha chain (inha, FC
941.0), fibrinogen-like protein 1 (fgl1, FC 746.6), claudin-15
(cldn15, FC 695.3), and 3 beta-hydroxysteroid dehydroge-
nase type 5 (hsd3b5, FC 685.9) (Fig. 4F). Two of these
genes (cyp11a1 and hsd3b5) are linked to the KEGG
pathway steroid biosynthesis. In addition, pga, ucp2,
cldn15, and fgl1 are annotated with protein digestion and
absorption, PPAR signaling, cell adhesion molecules, and
immune related pathways, respectively.

From Ovulated (Unfertilized) Eggs to Blastula
Embryos

Few genes are differentially expressed from ovulated
eggs to blastula embryos (Fig. 2). The following genes
show the most marked upregulation (Fig. 4G): rCG23115
(FC 114.4), left-right determination factor 2 (lefty2, FC
10.4), a predicted gene (similar to predicted protein, FC
10.5), and 7 unknown genes (FC 80.1, 19.4, 17.9, 17.2,
16.8, 14.6, and 10.5). lefty2 is associated with the trans-
forming growth factor (TGF)-beta signaling pathway (left-
right determination).

The only genes downregulated from ovulated eggs to
blastula embryos are high choriolytic enzyme 1 (hcea, FC
39.1), circumsporozoite protein (py03168, FC 14.3), ccr3
(FC 12.0), bacterial permeability-increasing protein (bpi,
FC 10.1), transcription factor PU.1 (spi1, FC 9.3), unchar-
acterized protein C16orf73 homolog (c16orf73 homolog,
FC 8.3), keratin, type 1 cytoskeletal 18 (krt18, FC 8.2), iron/
zinc purple acid phosphatase-like protein (papl, FC 6.0),
protein lin-7 homolog B (lin7b, FC 6.0), and an unknown
gene (FC 11.5) (Fig. 4H). hcea, spi1, and bpi are annotated
with protein digestion and absorption, osteoclast differenti-
ation, and toll-like receptor signaling, respectively. Further-
more, papl is linked to a number of pathways including
folate biosynthesis, two-component system, and amino-
benzoate degradation.

From Blastula to Gastrula Embryos
The pathway ribosome is represented by the highest

number (51) of upregulated genes from blastula to gastrula
embryos. The nucleotide-binding oligomerization domain
(NOD)-like receptor signaling pathway is also represented
by more than 10 upregulated genes. Less dominating,
although upregulated, pathways include wnt signaling
pathway, retinol metabolism, fat digestion and absorption,
metabolism of xenobiotics by cytochrome P450, linoleic
acid metabolism, glycerophospholipid metabolism, vascu-
lar smooth muscle contraction, porphyrin and chlorophyll
metabolism, pentose and glucuronate interaction, vitamin
digestion and absorption, and glycosphingolipid biosynthe-
sis (Fig. 3E). During this period of development, the follow-
ing genes show the most marked upregulation: retinol-

binding protein 4-A (rbp4a, FC 10582.0), apolipoprotein
C-1 (apoc1, FC 9999.3), keratin, type 1 cytoskeletal 13
(krt13, FC 8161.2), a predicted gene (hypothetical protein,
FC 3080.3), and 6 unknown genes (FC 5391.3, 4607.9,
3975.3, 3593.1, 3569.3, and 3194.6) (Fig. 4I). No KEGG
pathways could be annotated to this group of genes.

Three pathways are downregulated, including osteo-
clast differentiation, phagosome, and RNA degradation
(Fig. 3F). The genes showing the most marked downregu-
lation include serine/threonine-protein kinase mos (mos,
FC 183.3), rac GTPase-activating protein 1 (racgap1, FC
149.4), a predicted gene (hypothetical protein LOC559540,
FC 185.9), and 7 unknown genes (FC 258.9, 234.9, 172.5,
168.1, 163.8, 160.1, and 150.1) (Fig. 4J). One gene,mos, is
linked to the MAPK-signaling pathway, regulation of actin
cytoskeleton, oocyte meiosis, and progesterone-mediated
oocyte maturation.

Markers for Stage-Specific Processes
Previous studies (reviewed by Lubzens et al., 2010) have

identified a number of genes that mark specific stages/
processeswithin oogenesis and embryogenesis in different
fish species, and such genes were also found within our list
(Additional File 1) of significantly regulated genes in cod
follicles, eggs, and embryos. growth and differention factor
9 (gdf9) was highly expressed in all maternal stages, and
significantly decreased at the gastrula stage (Fig. 5A). The
gene encoding the Steroidogenic acute regulatory protein
(Star) was significantly downregulated from late-vitellogenic
follicles to ovulated eggs, with peak expression during late-
vitellogenic follicles. In addition, the related genes cyp11a1
and cytochrome P450 aromatase a (cyp19a1) showed al-
most identical expression profiles to star (Fig. 5B). Several
genes encoding Insulin-like growth factor (Igf)-binding pro-
teins were found to be differentially expressed, either upre-
gulated from early- to late-vitellogenic follicles and/or
downregulated from late-vitellogenic follicles to ovulated
eggs (Fig. 5B). A number of zona pellucida genes (zona
pellucida sperm-binding proteins 2-4 (zp2, zp3and zp4) and
zona pellucida-like domain-containing protein 1 (zpld1))
were found to be differentially expressed, where most
were expressed through oogenesis and significantly down-
regulated inovulatedeggs (Fig. 5B).anti-müllarianhormone
(amh) was downregulated from late-vitellogenic follicles to
ovulated eggs (Fig. 5B). Avitellogenin (vtg) was significantly
downregulated frompre-vitellogenic to early-vitellogenic fol-
licles, and significantly upregulated from early- to late-vitel-
logenic oocytes (Fig. 5B). Other vitellogenins were also
observed, although no significant changes in expression
were measured (data not shown). The genes encoding
Syntabulin (Sybu) and Zygote arrest protein 1 (Zar1) were
highlyexpressed throughout oogenesis, followedbya sharp
downregulation at the gastrula stage (Fig. 5C).

DISCUSSION

A dominant pattern in the cod transcriptome during
oogenesis is the continuous accumulation and degradation
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of transcripts. Interestingly, the latest stage of oogenesis
shows a marked increase in degradation of transcripts.
These results are in line with observations in mouse
(Mus musculus L.), where a controlled degradation of
maternal RNAs has been observed at later stages of
maturation (Su et al., 2007). More recent findings in mouse
have shown that the stability of maternal RNAs is essential
for normal fertility (Medvedev et al., 2011). It is well estab-
lished that maternal RNAs are stored in oocytes during
oogenesis (reviewed by Stitzel and Seydoux, 2007), and
such mRNAs are subsequently translated in an inter-de-
pendent manner, ensuring the correct timing for specific
protein synthesis (Vasudevan et al., 2006); less is known
about the timing of maternal RNA incorporation or produc-
tion. Our observation of a steady upregulation of genes
throughout the maturing follicular stages implies that
mRNAs are actively accumulated starting at pre-vitello-
genic stages, and continues gradually throughout oogene-
sis in cod.

Another complex feature of the cod early-development
transcriptomes is the remarkable stability from the mature
egg to the blastula stage. Few transcripts are up- or down-
regulated during this time, showing a high homogeneity of
maternal RNAs during early development of the cod egg
and embryo. This is in contrast to the findings of Ferg et al.
(2007) in zebrafish, where they characterized a pool of fast-
degrading transcripts by the 64-cell stage. This comparison
suggests a later post-ovulatory degradation of maternal
transcripts in cod versus zebrafish. The few induced genes
observed over the same period of embryogenesis in the
current study may be explained by early zygotic activity
before blastula stages (Mathavan et al., 2005; Vesterlund
et al., 2011; Drivenes et al., 2012), which would indicate
possible functions for these genes in the activation of the
zygotic transcriptome or specific processes in the early
embryo. Nevertheless, the early-induced genes could also
be explained by an underrepresentation of storedmaternal
RNAs due to their short poly(A) tail, as observed in zebra-
fish (Aanes et al., 2011). In general, the highest number of
upregulated genes is observed between blastula and gas-
trula embryos. This can be explained by the onset of zygotic
transcription and the initiation of organogenesis in cod
embryos (Drivenes et al., 2012; Kleppe et al., 2012).

A dominant feature from pre- to early-vitellogenic fol-
licles is the downregulation of genes involved in protein
degradation pathways (Fig. 3A).During this period, oocytes
are arrested in prophase I and are awaiting activation by the
maturation signal (Kondo et al., 1997). In reproductive-
arrested (diaphase) Drosophila melanogaster oocytes,
protein degradation pathways are also activated by highly
expressed trypsins (Baker and Russell, 2009). Interesting-
ly, trypsins were also identified in the current study. One
could speculate that protein degradation pathways contrib-
ute to the arrested growth of oocytes. More than 10 genes
involved in tight junction are also downregulated frompre-to
early-vitellogenic follicles. Tight-junction protein complexes
serve as barriers that regulate paracellular transport
across epithelia (Van Itallie and Anderson, 2004). Several
tight-junction proteins, such as claudins, are regulated
during oogenesis in zebrafish (Clelland and Kelly, 2010).
Likewise, several of the claudins were downregulated from
pre- to mid-late-vitellogenic follicles in cod, which supports
the hypothesis that changes in the abundance of tight
junction proteins could be responsible for modifications
in the follicular layer at this stage. The role of tight-junction
proteins in oogenesis is further supported by their respon-
siveness to sex steroids (Clelland and Kelly, 2010).

One of the most upregulated genes from pre- to early-
vitellogenic follicles is htr1aa, a member of the Htr1a family
of G-protein coupled receptors for the neurotransmitter
serotonin, which can act both pre- and post-synaptically
(Pi~neyro and Blier, 1999). Another highly upregulated gene
involved in the serotonergic synapse is slc6a11, a member
of the family of Naþ/Cl� transporters which contributes to
neurotransmitter uptake (Grossmann and Nelson, 2002).
The neurotransmitter npy is also highly upregulated in cod
follicles during this stage. Npy has previously been identi-
fied in ovaries of mammals (Keator et al., 2010).

Figure 5. Heat maps for the expression of selected genes that
previously have been shown to be involved in specific processes
related oogenesis and the MZT. Genes involved in primary oocyte
growth (A), vitellogenesis (B), and the MZT (C) are shown. 1, pre-
vitellogenic follicles; 2, early-vitellogenic follicles; 3, late-vitellogenic
follicles; 4, unfertilized eggs; 5, blastula; 6, gastrula. Green and blue
colors represent up- and downregulation of genes, respectively. [Color
figure can be viewed in the online issue which is available at wileyonli-
nelibrary.com]
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Furthermore, this gene has previously been associated
with ovarian expression in snakeskin gourami (Trichogaster
pectoralisRegan) (Boonanuntanasarn et al., 2012) and cod
(Kehoe and Volkoff, 2007), but has not been shown to be
upregulated at a certain stage of oogenesis. Results from
cow (Bos primigenius), however, show that npy upregula-
tion coincides with the onset of follicular development
(Hulshof et al., 1994). npy is an important regulator of
energy homeostasis in fish and mammals (Wu et al.,
2012), so upregulation of local npy expression as well as
other players in nervous system signaling may indicate
activation of processes important for energy uptake and
rapid oocyte growth during early vitellogenesis. A similar
process may occur during late-vitellogenesis as well, since
the dopaminergic synapse pathway is upregulated at that
stage.

Among genes previously implicated in the regulation of
pre-vitellogenic growth are different growth factors like gdf9
(Lubzens et al., 2010), a TGFb factor essential for female
fertility in mouse (Yan et al., 2001). In zebrafish and Euro-
pean sea bass (Dicentrachus labrax L.), gdf9 expression is
elevated in the ovary during primary ovarian growth, with
subsequent reduction during secondary growth (Liu and
Ge, 2007;Halmet al., 2008), indicating an important role for
this gene in primary ovarian growth in fish. gdf9 seems to
also be of maternal importance in cod as its expression is
high throughout oogenesis; its major downregulation took
place during gastrulation, which may reflect a possible
function related to follicular-somatic-cell survival, as ob-
served in mammals (Paulini and Melo, 2011).

At late vitellogenesis, glycerophospholipidmetabolism is
upregulated while glycospingolipid biosynthesis is down-
regulated.This implies that there is lessdenovosynthesisof
lipids and more degradation for storage. Furthermore, the
involvement of the highly upregulated ucp2 in PPAR signal-
ing implies an active uptake of fats during late-vitellogenic
stages (Oku and Umino, 2008). It is well known that lipids
accumulate in the fish oocyte during vitellogenesis, forming
nutritional and energetic reserves for the subsequent em-
bryo and larvae. Furthermore, Breton et al. (2012) recently
reported that maturation and ovulatory competency during
codvitellogenesis areassociatedwith genes involved in lipid
metabolism. In coho salmon, ovary accumulation of lipids
during vitellogenesis is associated with increased ovarian
expression of star (Campbell et al., 2006), which encodes a
protein that regulates the transport of cholesterol across the
mitochondrial membrane, a rate-limiting step in steroid
synthesis (Stocco, 1998). Similarly, we observed that
ucp2 and star expression increases from early- to late-
vitellogenic oocytes in cod. The associated cyp11a1 and
cyp19a1, which are essential for estradiol-17b synthesis
(reviewed by Uno et al., 2012), show similar expression
profiles to star, partly in agreement with the findings of
Breton et al. (2012). Increased expression of star,
cyp19a1, and cyp11a1 increases the steroid synthesis
capacity, including the production of estradiol-17b, which
is increased in parallel with follicle-stimulating hormone
(FSH) in coho salmon plasma during cortical alveoli syn-
thesis. One could thus speculate that the transition from

primary to secondary growth is stimulated by FSH in cod;
plasma levels of FSH were not measured in this study. In
coho salmon, accumulation of lipids is also associated with
increased plasma Insulin-like growth factor 1 (Igf-1) and
increased ovarian mRNA levels of igf-1 and igf-2 (Campbell
et al., 2006). Conversely, we observed that igf-1 and its
receptor igf-1r are expressed throughout cod oogenesis,
with no significant changes in mRNA levels. Nevertheless,
expression of genes encoding Igf-binding proteins peaks
during the late-vitellogenic stage,which reflects thepossible
involvement of the Igf system in lipid accumulation in cod.

pga is associatedwith theprotein digestion pathway, and
is strictly upregulated during late vitellogenesis. Whereas
Pga is one of the main proteolytic enzymes of the digestive
system (Dee et al., 2009), it has never been associatedwith
oocytes before. Little is known about which enzymes pro-
cess vitellogenin and yolk proteins during oogenesis in fish;
perhaps Pga participates in this process. We also found an
arrestin (arr3) upregulated at late vitellogenesis. Arrestins
have previously been shown to be involved in the G-protein
signaling pathway that relieves meiotic arrest in Xenopus
laevis and mouse (Wang and Liu, 2003; Lowther et al.,
2011). The occurence of this arrestin pathway and the
decrease in cell-cycle pathways in cod late-vitellogenic
oocytes together suggest that final maturation is approach-
ing and signals associated with late-meiotic steps might be
activated. Osmoregulation in both goby (Gillichthys mira-
bilis Cooper) and eel (Anguilla anguilla L.) has been linked
to high experession of impa1 (Evans and Somero, 2008;
Kalujnaia et al., 2010). Interestingly, we observed induction
of impa1 in follicles at late vitellogenesis; itmay therefore be
possible that this upregulation is linked to the preparation of
the egg for the marine environment, where it may soon be
fertilized.

A number of cell-structure-related pathways are upre-
gulated in ovulated eggs, including focal adhesion, regula-
tion of actin cytoskeleton, cell adhesion molecules, and
extracellular-matrix�receptor interaction. During egg mat-
uration, the oocyte undergoes large reorganizations as it
divides and expels the first polar body (reviewed by Lub-
zens et al., 2010). Further reorganization occurs during
fertilization and subsequent cell divisions; the changes
detected in these pathways might be in preparation for
the above-mentioned processes. Structural components of
the egg envelope, the Zona pellucida proteins, accumulate
in the growing oocytes (Arukwe and GoksØyr, 2003). In
agreement with previous findings in cod (Drivenes et al.,
2012), the high expression levels of such genes in follicle
stages, with subsequent downregulation by the ovulated-
egg stage, reflect their maternal role.

Oneof themost upregulatedgenes in the ovulated egg is
atp8, which is involved in oxidative phosphorylation. atp8 is
one of the 13 protein-coding mitochondrial genes in cod
(Johansen and Bakke, 1996). Mitochondrial genes were
recently shown to encode a significant proportion of the
high-abundance transcripts in cod eggs and embryos at the
1�2 cell and blastula stages (Kleppe et al., 2012), reflecting
a high energy demand in eggs and embryos at the time of
fertilization and during the first rapid cell cleavages of
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embryogenesis. Another gene associated with the accu-
mulation of energy store for the egg is amh (Luckenbach
et al., 2008), and this seems to be true for cod as well since
we observed a high expression of it in all follicle stages
investigated, with a significant downregulation in ovulated
eggs.

Two of the most downregulated genes from late-vitello-
genic follicles to ovulated eggs, cyp11a1 and hsd3b5, are
involved in steroid-hormone biosynthesis. Steroid hor-
mones are produced by theca and granulosa cells in the
follicle; during ovulation, the egg is released from these
surrounding cells. This may explain the sharp decrease in
steroidogenic transcripts at the ovulated-egg stage. Termi-
nation of vitellogenesis and the initiation of maturation
(resumption of meiosis) are also associated with a switch
in the ovarian steroidogenic pathway, wherein the produc-
tion of estradiol-17b is replaced by the production of matu-
ration-inducing steroid (MIS) (Nagahama and Yamashita,
2008). The downregulation of steroidogenic genes
cyp11a1 and hsd3b5 during this period may therefore
reflect maturation-related changes in steroidogenesis.

lefty2 is one of the highest-upregulated genes from
ovulated eggs to blastula embryos. Lefty2 is a TGFb factor
that plays an important role in left-right patterning in the
embryo (Meno et al., 1996). A significant upregulation of
lefty2 during cleavage stages may reflect early preparation
for right-left asymmetry in cod. The expression of this gene
is detected at the blastomere stage in zebrafish embryos
(Thisse et al., 2001), which might indicate that lefty2 is one
of the early zygotic genes.

A number of different pathways are linked to a few genes
that are downregulated from ovulated eggs to the blastula-
stage embryo. The genewith the highest fold change, hcea,
is annotated with the KEGG pathway protein digestion and
absorption, and its encoded protein is an astacin metal-
loproteinase that functionsasahatchingenzyme (digestion
of the egg envelope) in teleost embryos (Yasumasu et al.,
1989). Maternally deposited variants of hatching enzymes
in cod were also observed by Drivenes et al. (2012),
although the information about potential additional func-
tions of hatching enzymes at this stage is limited. One
possible role for Hcea could be similar to that of Alveolin,
which is an astacin metalloprotease similar to Hcea that
acts as a ‘‘trigger’’ for the hardening of the egg envelope
upon fertilization inmedaka (Oryzias latipesTemminck and
Schlegel) (Shibata et al., 2000). Although the hcea identi-
fied in this study is most similar to a gene encoding a
hatching enzyme, it is possibile that this factor instead
contributes to egg envelope hardening in cod.

The high number of upregulated genes involved in the
ribosome pathway from blastula to gastrula embryos sup-
ports the suggestion that the zygotic transcription is initiat-
ed during this period of development. Ranking second to
the ribosome pathway is the NOD-like receptor signaling
pathway, which was represented by more than 10 upregu-
lated genes. NOD-like receptors sense intracellular patho-
gens and activate innate immune responses in humans
(reviewed by Chen et al., 2009), and a number of orthologs
are found in teleosts (Laing et al., 2008). Upregulation of

genes linked to NOD-like receptor signaling during gastru-
lationmay indicate early activation of some of the players in
the cod innate immune system. Other known, developmen-
tal pathways are also upregulated (Fig. 3E), further
strengthening the importance in the transition between
blastula and gastrula stages. A few pathways are down-
regulated, including osteclast differentiation, phagosome,
andRNAdegradation. These processes could be related to
the degradation of maternal RNA and associated proteins.

Some maternal RNAs stored in the oocyte may be
essential for the activation of zygotic transcription or
even for embryonic events after theMZT (Putiri andPelegri,
2008). zar1 is a maternal-effect gene necessary for post-
MZTembryogenesis in the mouse (Wu et al., 2003), and is
also suggested to play a role in the timing of MZT in cod
(Drivenes et al., 2012). In the current study, zar1 was
expressed in all follicle stages investigated, and significant-
ly downregulated during the MZT, supporting the previous
suggestion by Drivenes et al. (2012). Another maternal-
effect gene is sybu, a regulator of dorsal axis formation in
zebrafish. During oogenesis, RNAs encoded by sybu are
transported to the vegetal pole of the oocyte, and subse-
quently translocated from there in amicrotubule-dependent
manner during embryogenesis. It is therefore suggested
that Sybu is involved in vegetal-pole localization andmicro-
tubule-dependent transport of dorsal determinants, there-
by linking oocyte animal-vegetal polarity with embryonic
dorso-ventral polarity (Nojima et al., 2010). Interestingly,
sybu is significantly downregulated during the MZT in cod,
and it is highly expressed through all follicle and egg stages
investigated as well as in early embryos (blastula). Nojima
et al. (2010) suggested that Sybu localizes dorsal deter-
minants to the vegetal pole during oogenesis and/or in early
stage zygotes, which makes sense in relation to the ex-
pression pattern observed in the current study; we there-
fore suggest that Sybu may likely play a similar regulatory
role in cod.

Apart from the biological results, our results may differ
from previous studies of the cod transcriptome in follicles
and early embryos due to different methods applied, sam-
ple types, and number of genes assayed per sample. For
example, we measured gene expression in isolated follicle
cells with a certain size range, whereas other studies used
heterogenousovary tissue (Goetzet al., 2006; Breton et al.,
2012; Breton and Berlinsky 2013), which in addition to
follicle cells of different size ranges contains connective
cells. Hence, using whole-ovary samples from cod may
introduce heterogeneity in data since a mix of stage-spe-
cific processes during oogenesis are being monitored. In
previous studies involving the cod embryonic transcrip-
tome, Drivenes et al. (2012) monitored 7,000 geneswhere-
as more than 23,000 genes were included in the current
study, which provides greater diversity. Another aspect to
consider between these two microarray studies is the
samples themselves. While Drivenes et al. (2012) used
two to three pools of embryos from the same egg batch for
each embryonic stage, we applied three pools of embryos
from three different females for each embryonic stage.
Consequently, the fold changes reported herein are a
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more robust indicator of regulation shared among different
genetic backgrounds.

CONCLUSIONS

This study provides a large-scale presentation of the
Atlantic cod maternally controlled transcriptome from pre-
vitellogenic follicles through selected stages of oogenesis,
unfertilized eggs, and early embryos until onset of zygotic
transcription. We show that more than 3,000 genes are
differentially expressed during this period of egg and em-
bryo development. Several hundred genes are up- and
downregulated throughout oogenesis, reflecting a continu-
ous accumulation aswell as degradation of polyadenylated
maternal transcripts in the developing follicle. Furthermore,
stages between the mature egg and blastula show high
homogeneity as very few genes are differentially ex-
pressed. A high level of degradation as well as induction
of gene expression from blastula to gastrula indicates that
most maternal transcripts are degraded after blastula
stages, while a wave of major zygotic transcription is
initiated during the same period.

Several highly-upregulated genes during early vitello-
genesis are associated with nervous system signaling; this
may be related to increased synaptic signaling in the ovary
that help initiate the rapid growth of oocytes. The highly-
upregulatedgenesof latevitellogenesisare linked toprotein
processing and fat metabolism, as well as to osmoregula-
tion and arrested meiosis, which, implicate the importance
of controlling oogenesis and the timing of acclimation to the
marine environment. Oxidative phosphorylation is linked to
one of the geneswith highest upregulation from late vitello-
genesis to the ovulated egg, which coincides with fertiliza-
tion and the main activity of the early embryo, namely to
divide in a rapid and energy-consuming manner. These
basic profiles of expression and pathway regulation will
be beneficial for further studies of oogenesis and early
embryo development in cod and other teleosts.

MATERIALS AND METHODS

Animals and Collection of Eggs
All samplings in this study were performed according to

the guidelines approved by the Norwegian Animal Re-

search Authority (NARA). Atlantic cod were hatched and
reared at the Institute of Marine Research, Austevoll Re-
search station (60.18N). Fish of different ages were kept in
netpens under ambient temperature and light conditions,
and fed daily using a commercially available dry feed.

On February 17, 2011 (early in the spawning season),
both maturing and spawning females were sacrified by a
blow to the head, and follicles were collected and immedi-
ately put in RNA later. Connective tissue was removed,
leaving isolated follicles for stage determination (see the
section ‘‘Categorizing of follicles’’) and subsequent analy-
sis. To collect immature ovaries containing only pre-vitello-
genic oocytes/follicles, 1-year-old females were also
sacrified by a blow to the head, and gonad biopsies were
sampled and put in RNA-later until further analysis. Imma-
ture female gonads were too tightly organized to isolate
oocytes/follicles from the connective tissue; therefore, the
samples referred to as pre-vitellogenic follicles in this study
also contain connective tissue.Ovulated (unfertilized) eggs
and embryos at blastula (23.5 hr post fertilization (hpf)) and
gastrula (58 hpf) stageswere collected in 2009 according to
Kleppe et al. (2013). For an overview of all samples and
subsequent analyses in this study, see Table 1.

Categorizing of Follicles
Follicles in RNA later were manually sorted by size

(diameter), and were staged based on criteria defined by
Sivertsen (1935) and Kjesbu et al. (1991, 1996). Follicles of
specific stages of oogenesis can be seen in Figure 1:
immature/pre-vitellogenic (diameter< 250mm (Fig. 1A)),
early-vitellogenic (�350mm in diameter (Fig. 1B)), and
late-vitellogenic (�700mm in diameter (Fig. 1C)) follicles
were analyzed. Ovulated eggs and the embryonic devel-
opmental stages included in this study can be seen in
Figure 1D�F.

RNA Extraction for Microarray and qPCR
Analyses

Total RNA was extracted from 20mg of follicles/eggs/
embryos by applying RNeasy1 Mini Kit (QIAGEN, Oslo,
Norway), and genomic DNA was removed by using Turbo
DNA-freeTM Kit (Ambion, Austin, TX), according to the
manufacturer’s instructions. A NanoDrop1 NP-1000 spec-
trophotometer (NanoDrop Technologies, Wilmington, DE)
was used to measure the quantity and quality of the RNA

TABLE 1. Overview of the Samples of this Study

Sample type Amount (mg) Analysis Number of samples (n)

Immature ovary tissue, pooled from several females 20 Microarray and qPCR 3
Early vitellogenic follicles, pooled from several females 20 Microarray and qPCR 3
Late vitellogenic follicles, pooled from several females 20 Microarray and qPCR 3
Ovulated eggs, pooled from one femalea 20 Microarray 3
Blastula embryos, pooled from one femalea 20 Microarray and qPCR 3
Gastrula embryos, pooled from one femalea 20 Microarray and qPCR 3

aSamples from Kleppe et al. (2013). Each sample is a pool of eggs/embryos from one female. Three samples at the same developmental stage represent sibling pools
from three different females.
Type and amount of each sample, downstream analysis and number of samples in each analysis are shown.
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samples. The quality of theRNAsampleswasalso checked
usinga2100Bioanalyzer (Agilent Technologies, Inc.,Santa
Clara, CA); and no sampleswith RIN values below 8.5were
accepted for further analysis.

Microarray Design and Assay, cDNA Synthesis
and Microarray Hybridization

A custom, Agilent 44 k oligo design was constructed
based on the Atlantic cod gene set described by Star
et al. (2011). In addition, we supplemented this with ap-
proximately 6000 ESTs from oocyte, blastula, and gastrula
libraries (Kleppe et al., 2012). The resulting design con-
tained a transcriptome coveragewith 23,857 unique genes,
ofwhich 19,973 receivedannotation throughSwissProt and
UniRef. For each developmental stage (pre-, early-, and
late-vitellogenic follicles, unfertilizedeggs, andblastula and
gastrula embryos), three pooled samples (see Table 1)
were included in the microarray analysis. A one-color
microarray-based gene expression analysis (Agilent Tech-
nologies) protocol was applied, according to the manufac-
turer’s guidelines. For each array, 200 ng of total RNAwere
used for cDNAsynthesis. Labeling efficiencyandamount of
labeled cRNA were measured using a NanoDrop1 NP-
1000 spectrophotometer (NanoDrop Technologies). Slides
were scanned using an Agilent B Scanner (G2505B).

Microarray Data Analyses: Importing Raw Data,
Rank Product, and KEGG Annotation

The array raw data were read and processed by the
Feature Extraction software (Agilent Technologies) before
importing into J-express (Dysvik and Jonassen, 2001) for
analysis. The data was quantile normalized (Bolstad et al.,
2003), andmissing values replacements were predicted by
LS impute Adaptive (Bo et al., 2004). All data were log(2)-
transformed and collapsed on contigs before downstream
analysis.

Mitochondrial genes represent a significant fraction of
the transcripts in cod eggs. As the microarray used in this
study had been enriched with �6,000 probes from a previ-
ous study of the cod egg and early-embryo transcriptomes
(Kleppe et al., 2012), many probes found in our array were
of mitochondrial origin. The Ensembl annotation for cod
does not contain mitochondrial genes, which means that
the sequences from which the microarray probes were
designed were not checked against mitochondrial DNA.
This created an error when looking for over- and under-
represented processes during oogensis and early embryo-
genesis. Consequently, these untranslated region (UTR)-
sequences and UTR-contigs were mapped to both the
genome and to the mitochondrial DNA. The sequences
that had a BLAT hit above 70% identity to the mitochondrial
DNA, in a gene or within 2,000-bp downstream of a gene,
were annotated as a mitochondrial gene. The microarray
probeswereannotated basedon the geneannotation of the
sequences or contigs that they originated from. Subse-
quently, all probes representing the same mitochondrial
gene were merged, thus obtaining a median gene-expres-

sion profile. This median profile was used when identifying
processes that demarcated a specific stage of
development.

To identify genes that were differentially expressed
through egg development and early embryogenesis,
mRNA levels in pre-, early-, and late-vitellogenic follicles,
ovulated eggs, and blastula and gastrula embryos were
compared from stage to stage applying the statistical
method Rank product (Breitling et al., 2004). Only genes
with a q-value below 0.05 were considered significantly up-
or downregulated from one stage to the next. The Ensembl
genes, UTR-sequences, and UTR-contigs that the micro-
array probes originated from were annotated with KEGG
pathways, using the best-hit from BLASTagainst 12 of the
species that are annotated in KEGG Pathways. All path-
ways containing genes of interest were visualized by map-
ping the up- and downregulated genes in different colors on
the pathwaymap (Kanehisa et al., 2012). KEGGannotation
BLAST scores were manually checked for each gene of
interest. We provide MIAME-compliant description of the
microarray study, available in the arrayexpress database
(http://www.ebi.ac.uk/arrayexpress), with accession num-
ber E-MTAB-2170.

Verification of the Microarray by qPCR
Gene expression profiles of selected genes were mea-

sured by qPCR for most of the samples that were included
in the microarray (three pooled samples from each of the
following developmental stages (Table 1)): pre-, early-, and
late-vitellogenic follicles, and blastula and gastrula embry-
os. As it is challenging to find stable reference genes for cod
egg- and embryo stages (Mittelholzer et al., 2007; Olsvik
et al., 2008; Kleppe et al., 2012; Lanes et al., 2012), an
external reference genewasapplied for the qPCRanalysis.
One picogram of rabbit hemoglobin alpha (hba) mRNA
(SIGMA;Norway)wasspiked into eachRNAsample before
cDNA synthesis (Kleppe et al., 2012). cDNAwas produced
using Superscript VILO cDNA synthesis (Invitrogen, Carls-
bad, Germany). All primers used for amplification, and
detection of genes were designed applying the software
Primer Express 3.0 (Applied Biosystems, Foster city, CA)
(see Table 2) together with hba-primers (Kleppe et al.,
2013).

qPCR was performed on an SDS 7900HT Fast Real-
Time PCR system (Applied Biosystems, Oslo, Norway)
system using Fast SYBR1 green PCRMaster Mix (Applied
Biosystems). Thermal cycling conditions were: 958C for
20 sec, and 40 cycles of 958C for 1 sec followed by 608C for
20 sec. PCR efficiencies were verified to be approximately
equal between target and reference genes (standard-curve
method using 250, 125, 62.5, 31.25, and 15.63 ng RNA).
Melting-curve analysis revealed that each primer pair only
produced one product. One hundred twenty-five micro-
grams of RNAwere used to produce cDNA for downstream
analysis of the relative transcript abundance. No-template
controlswere run for each gene per PCR plate. The relative
gene expression level was calculated using the Compara-
tive Ct method (Applied Biosystems). All data were
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normalized to rabbit hba mRNA. For each gene, the data
were calibrated to the sample with the lowest value for DCt.

For the gene expression measurement with qPCR, a
one-way ANOVA with the post test Tukey’s multiple com-
parison test was applied on log-converted values to reveal

significant differences between groups. Statistical tests
were performed using GraphPad Prism 5.04 (GraphPad
Software Inc., La Jolla, CA). AP-value of�0.05 indicated a
significant difference. The gene expression profiles mea-
sured by qPCR can be seen in Figure 6.

TABLE 2. The Primers Used for qPCR

Gene Gene ID Forward sequence Reverse sequence

hba NM_001082389.2 50TCCCCACCACCAAGACCTACT TGGGCTTTGATCTGCTCAGA
ajl2 ENSGMOG00000020535 50TGAAGAAGGCTCCTGGATGTG CATTCCAACCACCTTTCATCACT
rsph1 ENSGMOG00000019274 50CCTGGAACAACGGCAAGATAG CCCGGTCCCGTTGGAT
afp4 ENSGMOG00000002484 50GCTGATGGCGACTGTTGAAG GGTCCTCCCGTCCTCGAT
sybu ENSGMOG00000006474 50GGCTCTACTCGCGACATGGT TGCAATCCCATAATGCAACAG
ipo7 ENSGMOG00000001681 50GGAAAATAGCAGTCCGCTCACT CCTCCTCTGGAGCTCAGCAA
pga ENSGMOG00000001326 50GCCTCTGCCTACGTGTCTCAGT CGTAGAACTCCCTGATGAAGACATC
krt13 ENSGMOG00000011430 50ACACGAGGAGGAGCTACTGGTT ACTCCCTCGTAGTGACTCCTAATCTC

Gene short names, ID (Ensembl gene ID or GenBank expressed sequence tag ID (hba)) and corresponding sequences are shown.

Figure 6. Verificationof themicroarraybyqPCR.Geneexpressionof theselectedgenesajl2, sybu, rsph1,pga,afp4, ipo7, andkrt13 relative tohba,
in follicles (pre-, early-, and late-vitellogenic) and embryos (blastula and gastrula). Graphs to the left represent gene expression profiles measured
by qPCR, while graphs to the right represent gene expression profiles measured by microarray for the same stages using the same RNA samples
(three pooled samples fromeach developmental stage). All qPCRdata are shownasmean� standard error of themean from three animals (n¼3).
[Color figure can be viewed in the online issue which is available at wileyonlinelibrary.com]
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