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Abstract

Background: In vertebrates, late oogenesis is a key period during which the oocyte acquires its ability to rgsume
meiosis i(fe maturational competence) and to develop, once fertilized, into a normal enilerygeyelopmental
competence). However, the molecular mechanisms involved in these key biological processes are far from being

fully understood. In order to identify key mechanisms conserved among teleosts and amphibians, we performed a
comparative analysis using ovarian tissue sampled at successive steps of the maturational competence acquisition
process in the rainbow troubhcorhynchus myRissd in the clawed toadXenopus laeyiOur study aimed at

identifying common differentially expressed genes during late oogenesis in both species. Using an existing
transcriptomic analysis that had previously been carried out in rainbow trout, candidate genes were selected for
subsequent quantitative PCR-based comparative analysis.

Results:Among the 1200 differentially expressed clones in rainbow trout, twenty-six candidate genes were
selected for further analysis by real-time PCR in both species during late oogenesis. Among these genes,|eight had
similar expression profiles in trout akdnopusSix genes were down-regulated during oocyte maturation
(cyp19al, cypl7al, tescalcin, tfrl, cmah, hpediile3two genes exhibited an opposite patteap¢cl, star In
order to document possibly conserved molecular mechanisms, four geaescypl9al, cypliaid hsd11bB
were further studied due to their known or suspected role in steroidogenesis after characterization of the
orthology relationships between rainbow trout akdnopugienes.Apoclwas also selected for further analysis
because of its reported function in cholesterol transport, which may modulate steroidogenesis by regulating
cholesterol bioavailability in the steroidogenic cells.

Conclusions:We have successfully identified orthologous genes exhibiting conserved expression profiles in the
ovarian follicle during late oogenesis in both trout afehopusWhile some identified genes were previously
uncharacterized duringfenopusate oogenesis, the nature of these genes has pointed out molecular mechanisms
possibly conserved in amphibians and teleosts. It should also be stressed that in addition to the already suispected
importance of steroidogenesis in maturational competence acquisition, our approach has shed light on othier
regulatory pathways which may be involved in maturational and developmental competence acquisitions that will
require further studies. T
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Background development is asynchronous and follicles of all stages
Late oogenesis is a key period in the complex proces$l-VI) can be found in the same ovary at any time [11].
ultimately leading to the release of the female gameteéWhile this type of ovarian development can also be
from the ovary. During this period, the oocyte under- found in numerous teleosts, the rainbow trout has, in
goes meiotic maturation (also known as oocyte matura-contrast, a group-synchronous ovarian development
tion), a process leading to an oocyte that will remain type and all follicles of a single clutch develop simulta-
arrested in metaphase Il until fertilization. The ovulatory neously once a year [12]. Thus, we aimed at identifying
process that allows the release of the oocyte from themolecular mechanisms that would be conserved among
ovarian follicle also takes place during late oogenesisthe two studied vertebrate groups despite existing differ-
Both oocyte maturation and ovulation have been exten-ences in ovarian development types. Indeed, it should be
sively studied in vertebrates [1-4]. However, other keystressed that amphibians and teleosts share common
biological processes that also occur in the ovary duringmechanisms such as the predominant role of progester-
late oogenesis have received far less attention. Duringne or a progestin, the maturation-inducing steroid, in
this time period, the oocyte acquires not only its ability the induction of meiosis resumption [10,13]. To achieve
to resume meiosis, once hormonally stimulated, but alsoour goal, differentially expressed genes were selected
its ability to develop, once fertilized, into a normal from an existing microarray study previously carried out
embryo. These two processes are referred to as maturain rainbow trout [14] and subsequently studied in both
tional competence acquisibn and developmental com- species using quantitative PCR (QPCR). The compara-
petence acquisition, resgctively. They both rely on tive QPCR-based analysis was carried out during late
events that could occur very early in the oogenetic pro-oogenesis at successive steps of maturational compe-
cess. For example, the accumulation of maternally-tence acquisition in both species. Finally, the nature of
inherited mMRNAs into the oocyte that can occur very some common molecular mechanisms was highlighted
early during oogenesis is lkawn to support embryonic through a deeper analysis of specific genes encoding
development until the activation of the zygotic genome proteins with known or suspected functions in
[2,5,6]. It is also noteworthy that oocyte-somatic cell steroidogenesis.

interactions and communications participate, at least in

mammals, in the acquisition of the ability of the oocyte Results

to resume meiosis, to be ovulated, to be fertilized, andCandidate genes selection

to subsequently develop into a normal embryo [7]. In a previous study, a miearray analysis was carried
Nevertheless, maturationadnd developmental compe- out during rainbow trout late oogenesis [14] and data
tence acquisitions remain poorly understood, especiallysubsequently deposited in Gene Expression Omnibus
in non-mammalian vertebrates in which available datadatabase (GEO Series accession number GSE4871). This
remain scarce. This problem is further complicated by existing dataset was reanalyzed and used to select candi-
the large variety of ovarian development types founddate genes for the QPCR-based comparative analysis
among those species. In teleosts for instance, thearried out hereafter. A Significance Analysis of Micro-
dynamics of follicular recruitment can be extremely array (SAM) procedure with a false discovery rate (FDR)
variable in comparison to what is seen in mammals [8].0f 5% was performed in the present study and resulted
It should however be stressed that amphibians and telein the identification of 1200 differentially expressed
osts share a common ovarian follicular structure that is genes (Fig. 1A). The clustering analysis of these 1200
also very different from the mammalian follicle in which clones resulted in the identication of two major clus-

an antrum is formed during late folliculogenesis [2]. ters of genes. The first cluster contained 891 clones that
This common feature could suggest that conservedwere down-regulated throughout post-vitellogenesis and
mechanisms may exist amanthese two non-mamma- oocyte maturation. In contrast, the second cluster con-
lian vertebrate groups. In an attempt to identify con- tained 309 clones that were up-regulated during oocyte
served molecular mechanisms underlying oocytematuration. Among the 1200 differentially expressed
development, the present study was designed to identifygenes, 88% were annotated with at least one GO biologi-
common genes that are differentially expressed by thecal process term (Table 1). Among the most enriched
ovarian follicles during late oogenesis in a teleost fishbiological processes associated with cluster 1 genes, sev-
and an amphibian. The rainbow trout@ncorhynchus eral ones appeared to be involved in DNA/RNA meta-
mykis$ and the south-African clawed toadXenopus lae- bolism and post-translational modifications [see
vis) were selected because both species have significadtdditional file 1]. When considering cluster 2 genes, the
genomic resources and a large background in oocyteenrichment analysis brought up biological processes
maturation studies [9,10]. MoreoverXenopusovarian involved in the regulation of transcription, cell cycle
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Cluster 1
(891 genes)

Cluster 2
(309 genes)

-0.85 -0.57 -0.28 0.00 0.28 0.57 0.85

Low Expression level High
Figure 1 Gene expression profiling during rainbow trout late
oogenesis Supervised average linkage clustering analysis of 12
clones in rainbow trout ovary during late vitellogenesis (LV, n =
post-vitellogenesis (PV, n = 4) and during maturation (Mat., n =
Each row represents a gene and each column an ovarian RNA
sample. The 13 samples are supervised according to the naturg
time-course of oogenesis. Data were log2-transformed and med
centered prior to the clustering analysis. For each gene the
expression level within sample set is indicated using a color der
scale. Red and green are used for over- and under-expression
respectively, while black is used for median expression.

Table 1 Number of Gene Ontology (GO) functional
annotation terms associated with differentially expressed
genes using DAVID software

Number of GO genes with
differentially annotated associated GO
expressed genes genes biological process
Total 1200 1059 1056 (88%)
(88.25%)
Cluster 891 764 (85.75%) 759 (85.18%)
1
Cluster 309 304 (98.38%) 297 (96.12%)
2

The number of differentially expressed genes, the number and percentage
genes associated with at least one GO functional annotation term, and the
number and percentage of genes associated with at least one GO biologic

process term are indicated. Clusters 1 and 2 correspond to the gene clusters

presented in fig. 1.
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progression, cell adhesion and cell communication [see
Additional file 2].

Together, these functions are consistent with the var-
ious physiological processes undergone by the follicle-
enclosed oocyte during the preovulatory period (i.e. ovu-
lation, fertilization and embryo development) [1].

Twenty-three genes exhibiting at least a two-fold
change in expression between late/post-vitellogenesis
and oocyte maturation were selected among the differ-
entially expressed genes (Table 2) for the QPCR-based
comparative analysis. In addition, three genes 13-
hydroxysteroid dehydrogenaskesd11b3 the connexin
cx32.2and the transcription factoretvd that exhibited a
lower differential expression were also kept for further
analysis based on their putize role in oocyte matura-
tional and developmental competence acquisition
[15,16]. A total of 26 genes was thus kept for further
QPCR-based comparative analysis (Table Xgnopus
sequences were identified by a reciprocal best blast hit
strategy using the rainbowrbut sequence as a query.
Accession number and symbol akenopusgenes are
also shown in table 2. These genes are involved in dif-
ferent cellular functions such as metabolic processes,
trafficking, proteolysis, transcription, cell cycle, and
post-translational protein modifications.

QPCR-based comparative analysis during late oogenesis
In rainbow trout, a differential expression was demon-
strated for 24 genes out of 26 (Fig. 2). For those 24
genes, the expression ratios calculated from QPCR and
0 microarray data are consistent even if some limited dif-
3): ferences exist, mostly due to the underestimation of
" highest differential expression by nylon array technology
| (Table 2). Six genes belonging to cluster éyp19ala,
ian-cypl7al, tescalcin, tfrl, cmah, hsd1)b8howed a
~ decreased expression during maturation. Eighteen genes
SYhelonging to cluster 2 exhibited an increased mMRNA
expression throughout late oogenesis. These genes are
mostly related to proteolysis, regulation of transcription,
cell cycle and cellular junctions. Contrarily to the results
of the microarray analysis, two genesbm39a and
rgs18 showed a stable expression profile throughout
late oogenesis. IrXenopus 24 among the 26 assayed
genes were down-regulated during late vitellogenesis
and/or maturation whereas only 2 genes (the apolipo-
protein apoC1, and the STeroidogenic Acute Regulatory
protein star-A) showed a sharp increase of mRNA
expression during late vitellogenesis or at the time of
oocyte maturation, respectely (Fig. 2). In summary,
eight genes shared similar expression profiles in both
rainbow trout and Xenopusduring late oogenesis.
of Among these genes, six were down-regulated during
oocyte maturation ¢ypl9ala, cypl7al, tescalcin, tfrl,
cmah, hsd11bBwhile two exhibited an opposite pattern
(apocl, stay.

2}]
~

al
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Table 2 Genes assayed by QPCR in ovarian samples fronOncorhynchus mykissand from Xenopus laevis

Oncorhynchus mykiss Xenopus laevis
target genes symbol GenBank# Lv/ v/ PVI LVI LV/ PV/  symbol GenBank# v/ v VI
PV MAT MAT PV MAT MAT VI MAT MAT
microarray ratio QPCR ratio QPCR ratio
*Aromatase cypl9ala  BX083177 258 25 9.67 2.6 182 7B450arom- NM_001085653 313 1237 3.95
A

*Cytochrome P450 cypl7al BX072662 0.84 246 292 115 47 4.Bypl7al AF325435 241 377 156
17A1

* RNA-binding rbm39a BX081888 177 3.06 173 059 052 0.99m39 BC077813 168 225 134
region-containing

protein 39

* A disintegrin and adam8a BX871415 050 023 045 1.18 0.10 0.18

metalloproteinase

domain 8

A disintegrin and adaml1l3 NM_001087445 2.28 294 1.29

metalloproteinase

domain 13

* A disintegrin and adam22 CA363158 1.00 042 042 047 014 0.30

metalloproteinase

domain 22

A disintegrin and mdcllb NM_001087444 1.41 165 1.17

metalloproteinase

domain 11

* Protein kinase C prked CA372310 1.02 052 051 0.77 0.09 O0fd&-delta2 NM_001090993 1.43 219 152
delta type

* Serum/ sgk2 CA387850 0.99 0.24 0.24 0.01 0.0007 0.08gkla NM_001090340 297 1.72 0.58
glucocorticoid

related kinase 2

* Serine protease 23 prss23 BX087643 053 026 049 0.21 0.07 0.3prss23 CD255705 279 785 282
* Regulator of G- rgsl8 BX876662 1.04 042 040 094 098 1.183ys18 NM_001092321 195 217 1.11
protein signaling 18

* Forkhead box O5  foxo5 BX885992 091 032 035 055 010 0.19

Forkhead box O3 foxo3 NM_001092949 194 185 0.95

* Cytidine cmah BX878414 128 588 458 126 10.57 9.26mah NM_001086828 7.26 6.16 0.85
monophosphate-N-

acetylneuraminic

acid hydroxylase

*Steroidogenic star BX079021 081 034 041 056 020 0.3Star-A AF220437 0.23 0.02 0.10
acute regulatory

protein

* Growth arrest and gadd45bii  CA363171 0.83 036 043 059 0.14 0.p&dd45b DT070441 241 289 120
DNA-damage-

inducible protein

beta

*Apolipoprotein Cl apocl CA353171 0.27 0.14 053 0.26 0.13 0.5apocl DQO096911 0.23 040 1.75

*11-beta 3- hsd11b3  CA348069 083 12 145 129 3.69 2.9%®d11b3 BC106472 218 3.09 141
hydroxysteroid
dehydrogenase
* Receptor-type ptprf CA360891 0.68 038 056 0.69 0.28 0.48ptp-d NM_001090381 2.71 897 331
tyrosine-protein
phosphatase F

* Dystrophin dmd CA377239 0.83 0.11 0.13 053 0.55 0.84md X99700 211 238 1.13
* Cyclin L1 ccnll BX863114 0.79 055 070 101 0.65 0.64cnl1 BCO073707 140 166 1.19
*Transferrin tfrl BX860777 136 3.07 226 147 341 2.50tfr1 CA790915 1.98 7.12 3.58
receptor protein 1

* C-ETS-2 protein ets2 CA368141 099 039 039 111 0.36 0.34ts2b X52635 140 196 1.40
* ETS translocation  etv5 BX870637 098 0.71 074 059 0.62 1.18

variant 5

XERS81 xer81 AF057565 138 169 1.22
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Table 2: Genes assayed by QPCR in ovarian samples fronOncorhynchus mykissand from Xenopus laevis(Continued)

* Gap junction cx32.2 BX082081 096 12 125 0.17 0.13 0.8%x32 DQ096928 128 245 191
Connexin-32.2

protein

* Tight junction tipl BX872029 0.87 048 055 0.85 045 0.54jp1 BC088825 236 284 121
protein ZO-1

* Claudin-11 cldnl1 BX301535 0.77 037 048 043 0.16 0.38dnl1 CB591807.1 190 266 1.40
*Tescalcin tesc BX877446 0.71 234 327 0.84 1319 13.9@sc NM_001095029 2.44 234 0.96
* 7- dher7 BX884545 0.87 048 055 1.17 0.26 0.26hcr7 NM_001087087 1.96 1.79 0.91
dehydrocholesterol

reductase

For each gene, official name, official symbol, GenBank accession number, and expression ratio among studied stages deduced from microarray and QPCR

analyses are indicated. Target gene names are bolded when their expression profile during late oogenesis is similar in both species. Thirteenvraimiio

females were used for the transcriptomic analysis (FV, n = 3; PV, n = 4; females; Mat., n = 6) [14], while 28 females (FV, n = 6; PV, n = 14 females; Mat., n = 8)

were used for QPCR, including the females used for the transcriptomic analysis.

A. Oncorhynchus mykiss B. Xenopus laevis

cypl9ala/ p450-aromA
cmah
tesc
hsd11b3
tfrl
cypl7al
rgs18
rbm39a / rbm39
etv5 / xer81
cenll
dher7
ets2 / ets2b
prked / pke-delta2
tjpl
cldnll
ptprf / xptp-d
gadd45bii / gadd45b
Sgk2 / Sgkla
foxo5 / foxo3
adam22 / mdcllb
adam8a / adam13

star / star-A

apocl
dmd
prss23
cx32.2
LV PV Mat. \Y% VI PI VI MII
-298 -198 -094 0.00 094 198 283 -3.00 -2.00 -1.00 0.00 100 2.00 3.00

Figure 2 Expression of 26 genes assessed by real-time PCR @ncorhynchus mykissnd Xenopus laevivarian samples QPCR analys
of the 26 candidate genes in rainbow trout (A) ovary during late vitellogenesis (LV, n = 6), post-vitellogenesis (PV, n = 14) and during
maturation (Mat., n = 8), and Xenopug¢B) ovarian follicles at stage IV, stage VI and after oocyte maturation (metaphase-Il arrested oo
from six adult females. Data were normalized to the abundance of 18S, log2-transformed, and median-centered prior to the clustering
The expression data sets have been supervised according to oogenesis stage. Genes with similar expression profiles in both species
The dendrograms on the left represent correlation distances between the profiles of studied trout genes. For each gene the expressid
within sample set is indicated using a color density scale. Red and green are used for over- and under-expression respectively, while
used for median expression (grey boxes, not determined).

S

ytes)
analysis.
are bolded.
n level
black is

J
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Characterization of genes with known or suspected Finally, our phylogenetic analysis clearly demonstrated
functions in steroidogenesis the orthology relationship of rainbow trout andXenopus
Among the eight genes exhibiting similar expression ApoC1 genes [see Additional file 5]. At the amino acid
profiles in both species, four genes encode proteins withlevel, rainbow trout andXenopussequences share 36%
known or suspected functions in steroidogenesis andof identity. The trout sequence is 23% identical to the
were further studied here. In addition, the apolipopro- human protein, whileXenopussequence is 29% identical
tein C1 (apoC1) may also be linked to steroidogenesis ag the human protein (Fig. 5).
the cholesterol necessary for ovarian steroidogenesi®varian expression and tissue distribution ofstar in
may come either fromde novosynthesis or from lipo- rainbow trout and Xenopus
protein cholesterol uptakeApoC1lwas therefore selected Star mRNA expression shows a progressive increase
for further analysis. In vertebrates, including rainbow during late and/or post-vtellogenesis and a sharp
trout and Xenopus the orthology relationships of cyto- increase during maturation in both species (Fig. 6A and
chrome P450 19A1dcyp19a) and STeroidogenic Acute 6B). In rainbow trout, star mMRNA abundance is two
Regulatory protein ¢tar) are well characterized [17-20] times higher during post-vitellogenesis than during late
(although star-A is the Xenopusofficial symbol, we will vitellogenesis and six time higher during maturation
usestar hereafter for both trout andXenopusgenes for than during late vitellogenesis. IXenopus laevis, star
clarity reason). In contrast,Xenopusorthologs of mMRNA abundance is four times higher at prophase | of
cypl7al, hsd11lband apoClhad not been previously stage VI and 40 times higher at metaphase Il of stage
identified clearly. We thus performed specific phyloge- VI, when compared to stage IV follicles. Tissue analysis
netic analyses that are reported in additional files 3, 4revealed a predominant expression in gonads of trout
and 5 forcypl7al, hsdl1lband apoClrespectively, to and Xenopus(Fig. 6C and 6D). The expression efar in
demonstrate orthology relationships between rainbow Xenopustestis was 60 times higher than in ovary. In
trout and Xenopussequences. contrast, expression o$tar in trout testis was six times

The rainbow trout and XenopusCypl7al protein lower than in ovary. Low expression levels were also evi-
sequences exhibit 47% overall sequence identity with thelenced in trout intestine and to a less extent in other
cognate human protein. Tk rainbow trout Cypl7al tissues.Star mMRNA expression was also detected in
protein sequence exhibits 61% sequence identity withXenopusstomach.
cypl7alXenopussequence (Fig. 3). Three conservedOvarian expression and tissue distribution of aromatase
domains have been characterized [21]. The domain | isin rainbow trout and Xenopus
composed of a heme-binding domain [22] and displaysThe cytochrome P450 aromatase)pl9alafor trout
71% of identity between human and trout sequencesand p450-arom-Afor Xenopu$ expression shows a dra-
and 79% of identity between trout and{enopus matic decrease during late oogenesis in both species
sequences. The domain Il is a conserved tridecapeptide(Fig. 7A and 7B). The transcript thus becomes barely
with a putative steroid-binding domain [23]. This detectable in matured follicles of both species. Tissue
domain is 77% identical between human and trout expression analysis confirms an ovarian-specific expres-
sequences and 87% between trout andenopus sion of the gonad genecypl9ala for trout (Fig. 7C)
sequences. The domain Il has been described as with no transcript evidenced in brain. When using pri-
CYP17 specific domain [21] and shows 62% of identitymers that do not discriminate ovarian and cerebral aro-
between human and trout sequences and 90% of identitymatase mRNAs, we detected expression of aromatase
between trout andXenopussequences. Finally, a muta- mainly in Xenopusbrain and ovary (Fig. 7D). The higher
tion of the human ser-106 or a deletion of the three expression was detected in the brain and a weaker
amino acids asp-487, ser-488 and phe-489 abrogatexpression of aromatase mMRNA was detected in testis,
CYP17 activity [24,25]. Intergtingly, these amino-acids stomach and intestine.
are poorly conserved in non-mammalian vertebrates. Ovarian expression and tissue distribution ofcypl17alin

Fish Hsd11b3 is orthologous t&Xenopus chicken and rainbow trout and Xenopus
human hsd11b3, also referdeas hsd11lbl-like (Addi- cypl7alexpression decreased from late and/or post-
tional file 4). Rainbow trout Hsd11b3 shares 49% andvitellogenesis to the completion of oocyte maturation in
47% identity with human andXenopusproteins respec- both species, but in a slightly different manner (Fig. 8A
tively (Fig. 4) whileXenopusand human sequences are and 8B). In trout, a signifiant four time reduction was
42% identical. Hsd11b proteins possess a superfamilgvidenced only during maturation even if the decrease
Rossmann-fold NAD(P)H/NAD(P)(+) binding domains was initiated earlier, by the end of vitellogenesis. On the
composed of a glucose/ribitol dehydrogenase domainother hand, Xenopus cypl7agxpression decreased sig-
and a short chain dehydrogenase domain. nificantly during late/post-vitellogenesis as shown by the
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Figure 3 Cypl7al amino acid sequence alignments among vertebratesAmino acid sequence alignments between human CYP17A1
(ENSG00000148785,sapiepsmouse Cypl7al (NP_031838.3nusculyschicken CYP17A1 (ENSGALG00000008121 peptide
ENSGALP00000032832gallus clawed toad Cypl7al (AAG420Q3aev)s zebrafish Cypl7al (AAI626@9.Teripand rainbow trout Cypl7all
(NP_001118219@, mykigs Multiple amino acid sequence alignments were constructed using ClustalW software. The conserved domajns
previously identified are indicated: domain | (heme-binding domain [22]); domain Il (putative steroid-binding domain [23]); domain Il (CYP17
specific domain [21]). The amino acids that have been evidenced as essential for human CYP17 activity are indicated with asterisks (serine 106,
aspartic acid 487, serine 488 and phenylalanine 489) [24,25].

two time mRNA down-expression in oocytes from stage expression significantly decreased at the time of oocyte
IV to stage VI. Then, the decrease afypl7alwas less maturation like in Xenopus In the amphibian, the tran-
important and not significantly different in follicles dur- script reduction was already visible during late vitello-
ing oocyte progression from prophase | to metaphase llgenesis but was not significant because of variable
of meiosis. Tissue analyses showed that its expressiohsd11b3mRNA levels measured irXenopusstage IV
was restricted to gonads in both species (Fig. 8C andollicles from different females. In contrast to the other

8D). three gene candidates analyzed abowsdl1b3was
Ovarian expression and tissue distribution ofhsd11b3in expressed in a more ubiquitous fashion (Fig. 9C and
rainbow trout and Xenopus 9D). In trout and Xenopus, hsd1llb®%as expressed in

hsd11b3is nearly three-times less expressed duringbrain and intestine. Trout skin mRNA abundance was
maturation than during late vitellogenesis in both trout nine times higher than in the ovary, while no expression
and Xenopus(Fig. 9A and 9B). In trout,hsd11b3 of hsd11lb3was detected inXenopusskin. Moreover no
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