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Abstract

Background: In chickens, as in most birds, female gonad morphogenesis is asymmetrical. Gonads
appear first rather similarly, but only the left one undergoes full differentiation and gives rise to a
functional ovary. The right gonad, in which the cortex does not develop, remains restricted to the
medulla and finally regresses. Opportunity was taken of this left-right asymmetry to perform a
suppression subtractive hybridization screening to select for transcripts preferentially expressed in
the developing left ovary as compared to the right one, and thus identify genes that are potentially
involved in the process of ovarian differentiation.

Results: One of these transcripts, named Ovex /| according to its expression profile, corresponds
to an endogenous retrovirus that has not been previously characterized. It is transcribed as full-
length and singly spliced mRNAs and contains three uninterrupted open reading frames coding
potentially for proteins with homology to Gag and Pro-Pol retroviral polyproteins and a third
protein showing only a weak similarity with Env glycoproteins. Ovex| is severely degenerated; it is
devoid of typical long terminal repeats and displays some evidence of recombination. An
orthologous Ovex | locus was identified in the genome of zebra finch, a member of a different bird
order, and similar sequences were detected in turkey, guinea fowl, and duck DNA. The relationship
between these sequences follows the bird phylogeny, suggesting vertical transmission of the
endogenous retrovirus for more than 100 million years.

Ovex| is transcribed in chicken gonads with a sex-dependent and left-right asymmetrical pattern. It
is first expressed in the cortex of the left indifferent gonads of both sexes. Expression is transient
in the left testis and absent in the right one. In developing ovaries, Ovex/| transcription increases
sharply in the left cortex and is weakly detected in the medulla. After folliculogenesis, Ovex|-
expressing cells constitute the follicular granulosa cell layer. Ovex/ expression highlights a striking
desquamation process that leads to profound cortical remodeling associated with follicle
morphogenesis.

Conclusion: Evidence for a selection pressure at the protein level suggests that this endogenous
retrovirus, expressed in the ovarian supporting cell lineage, might play an active role in bird ovarian

physiology.
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Background

In chickens, as in most birds, gonad differentiation is
characterized by left-right (L/R) asymmetry. In the female,
only the left gonad becomes a functional ovary. The right
one fails to fully differentiate and ultimately disappears.
By contrast, both male gonads, initially asymmetrical,
become functional testes. Bird sex determination is not
fully understood. The heterogametic sex, with a ZW kary-
otype, is female and the homogametic sex, with two Z
chromosomes, is male. Unlike in mammals, the initial
genetic sex trigger is not clearly identified (reviewed in

[1,2]).

Gonad organogenesis begins around the 4t day of incu-
bation (E4), with identification of the genital ridge, a
thickening of the coelomic epithelium on the medial
aspect of the mesonephros, in which primordial germ
cells, migrating from the germinal crescent, are going to
settle [3]. In both sexes, the gonad epithelium is character-
ized by the expression of the Lim homeodomain-contain-
ing protein Lhx9 [4]. The subjacent mesenchyme, which
will give rise to the so-called "medulla”, expresses the ster-
oidogenic factor SF-1 (Nr5al/Ad4BP), Wnt-4, and by day
5, anti-Miillerian hormone (AMH) [4-7]. Early L/R asym-
metry is observed in both sexes. The left gonad is larger,
has a thicker epithelium, usually called "cortex", and is
colonized by a greater number of primordial germ cells.
This asymmetry, more pronounced in females than in
males, is considered an early sign of some sex differentia-
tion, prior to other morphological changes [8]. L/R asym-
metrical expression of several genes (estrogen receptor ER-
a, FET-1, Bmp7, R-Spondinl) in female gonads had been
reported and was related to the asymmetry of their differ-
entiation [9-13]. However, the mechanism responsible
for this asymmetry has been identified only recently [14-
16]. It depends on the bicoid type homeobox gene Pitx2
(Pituitary homeobox 2), a general actor in early embryo L/
R differentiation [17]. In both sexes, Pitx2¢ is asymmetri-
cally expressed in the left lateral plate mesoderm, and later
in the epithelium of the left coelomic cavity in the region
of gonad formation. This factor is sufficient to induce the
differentiation of gonads along a "left pathway". The
action of Pitx2c results from its effect on retinoic acid (RA)
signaling. A balance between RA-synthesizing enzymes
(RALDH2) and RA-metabolizing enzymes (CYP26) con-
trols RA levels. In both sexes, Pitx2c¢ is expressed in the cor-
tex of the left gonad. Pitx2c repression of RALDH2
synthesis prevents RA formation. In the cortex of the right
gonad, where Pitx2c¢ is not expressed, RA is formed and, as
CYP26 is absent, the RA cascade is activated. RA sup-
presses transcription of ER-« and of SF-1, a factor required
for the expression of the cell cycle mediator cyclin D1, thus
limiting cortical cell proliferation. Conversely, in the left
cortex, where RA is absent, ER-« and SF-1 are expressed,
and cyclin D1-stimulated cell proliferation is activated. In
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the medulla of both gonads, RA is degraded by Cyp26A1,
which allows some ER-« expression.

After 6.5 days of incubation, ovaries and testes can be dis-
tinguished histologically by the differentiation in the
internal region of the male gonads of testicular cords
delimited by a basement membrane, enclosing germ cells
and supporting Sertoli cells. These somatic cells express
high levels of SOX9, DMRT1 and AMH [7,18-22].

At the same time, aromatase (P450 arom), the enzyme
converting androgens to estrogens, begins to be present in
the female gonads but is not expressed in the male ones
[9,10,23,24]. Estrogens are essential for ovarian differen-
tiation [25-27]. The medulla is rather similar in both
female gonads. It expresses the estrogen receptor ER-a,
aromatase and FoxL2, a forkhead transcription factor [28].
On the other hand, the expression of ER-a in the left cor-
tex and its absence in the right one leads to an asymmetry
in the estrogen-mediated differentiation of the gonads.
Primordial germ cells and somatic cells multiply in the left
ovarian cortex. Germ cells enter meiosis at E15.5 [29]. Fol-
liculogenesis occurs after hatching at E21, with the pro-
gressive formation of follicles constituted of an oocyte
surrounded by a layer of somatic granulosa cells. In con-
trast, the development of the right gonad is limited. The
surface epithelium devoid of ER-a is not stimulated by
estrogens and does not proliferate. The few germ cells do
not enter meiosis, and the gonad becomes vestigial after
hatching. The female right gonad does not have the phys-
iological potential to form a functional ovary and even, in
the case of left ovary castration, differentiates into a testis
[30]. However, early Pitx2c ectopic expression is able to
overcome the degenerative fate of the right gonad and to
direct it toward an ovarian differentiation pathway [14].

With the purpose of finding yet unknown factors involved
in the early steps of ovarian cortex differentiation, we took
advantage of the differential fate of the two female gonads
in chicken. Suppression subtractive hybridization screen-
ing (SSH) was used to select transcripts expressed in the
left differentiating ovary and underrepresented in the
right gonad. In the course of this study, we identified a
new endogenous retroviral element that we named Ovex1,
whose specific expression in gonads is characterized by a
sexual dimorphism and a L/R asymmetry.

More than 30,000 endogenous retroviruses or ERVs, rep-
resenting 2.9% of the DNA, are present in the chicken
genome [31,32]. They are remnants of ancestral retrovi-
ruses that have gained access to the germ line of a host,
leading to vertical transmission of the integrated provirus
to the offspring in a Mendelian fashion. They are charac-
terized by the presence of two long terminal repeats
(LTRs), flanking sequences coding for structural and
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enzymatic viral proteins. The genomic organization of
simple retroviruses is 5'LTR-Gag-Pro-Pol-Env-3'LTR. Viral
protein expression is controlled by the promoter and
enhancer elements located in the 5' LTR. The polyprotein
Gag (group specific antigen) is a structural component of
the virus particle. Pro encodes an aspartyl protease
required for processing of the Gag precursor. The polypro-
tein Pol contains domains for reverse transcriptase (RT),
RNase H, and integrase (IN). The envelope protein (Env)
is composed of two domains, a surface region (SU) and a
transmembrane domain (TM). After their initial integra-
tion, ERVs can copy themselves to different locations
within the genome, giving rise over long periods of time
to a family of related ERV elements, most of them inacti-
vated by mutations (for a review, see [33]). Retroviruses
are divided into three major classes. Class I contains ele-
ments related to gammaretroviruses (such as Moloney
murine leukemia virus, MMLV) and epsilonretroviruses
(as Walleye dermal sarcoma virus, WDSV). Class II ele-
ments are related to alpharetroviruses (as the Avian leuko-
sis virus, ALV), betaretroviruses (as Mouse mammary
tumor virus, MMTV), deltaretroviruses (as Human T-lym-
photropic virus, HTLV) and lentiviruses (as Human
immunodeficiency virus, HIV). Class III contains ele-
ments related to spumaviruses (as Human foamy virus,
HFV) and ERV-L elements [34]. Some fish viruses, as the
Snakehead fish retrovirus, SnRV, have an intermediate
position and are said to be epsilon-like [35]. Endogenous
retroviruses of the chicken remain incompletely described
in spite of intensive studies. The most studied chicken
ERVs are class I elements specific for Gallus species. The
existence of retroviral sequences, related to human ERVs
and representative of the other classes of retroviruses has
been reported [31,32,35,36], but little is known about
these elements.

Chicken Ovex1 contains three long open reading frames
(ORF). The first two consecutive ORFs are similar to Gag
and Pro-Pol retroviral sequences. The third ORF in a differ-
ent frame is possibly related to Env. A sequence ortholo-
gous to chicken Ovex1 was found in the genome of zebra
finch. We also detected the presence of similar Gag and Pol
sequences in the DNA of three other domestic birds.
Expression of Ovex1 was analyzed by RT-PCR and by in
situ hybridization in chicken gonads from embryonic day-
5 to adulthood. It depends both on the sexual determin-
ism and on the L/R asymmetry pattern of gonad differen-
tiation. This gene is specifically transcribed in somatic
cells of the ovarian cortex involved in the formation of the
follicles and in granulosa cells of the adult hen ovary. Its
expression enlightens the profound remodeling of the
ovarian cortex that occurs during follicle morphogenesis,
an important phase of the ovarian differentiation which
has not yet received much attention.
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Results

Identification of differentially expressed genes in chicken
embryonic ovaries using SSH

In order to identify unknown factors involved in early
steps of the ovarian cortex differentiation, we performed a
suppression subtractive hybridization screening (SSH)
[37] to selected transcripts expressed in the chicken differ-
entiating left ovary and underrepresented in the right
gonad in which the cortex does not differentiate. The 8-
day embryonic stage (E8) was chosen because the process
of cortex development is at its beginning; meiosis has not
yet started; and the gonads are easily dissected. We gener-
ated a left ovary cDNA-enriched library (LO-RO), by sub-
tracting Rsal-digested cDNAs from the left ovary (LO)
with those of the right ovary (RO), and a right ovary
cDNA-enriched library (RO-LO) by the opposite screen-
ing. Two hundred and fifty clones from the (LO-RO)
library were pick-up randomly and submitted to differen-
tial hybridization screening. Macroarrays established with
the PCR-amplified inserts were hybridized with labeled
cDNA probes prepared with either the (LO-RO) or the
(RO-LO) subtracted libraries. Asymmetry of expression
was quantified by the ratio of (LO-RO)/(RO-LO) counts.
We report here the study of one clone, OG43, which had
a differential hybridization-screening ratio of 154, and a
high expression in gonads, preferentially the ovaries, with
left-right asymmetry. This clone was shown to correspond
to an endogenous retroviral element not yet identified
that we named Ovex1 (Ovary expressed, #1) in relation to
its expression pattern.

Sequence analysis of the Ovexl locus

Identification of the insert of clone OG43 was performed
by BLAT screening of the May 2006, v2.1 draft assembly of
the chicken genome (galGal3). It revealed a 99.7% iden-
tity with the 3'-untranslated region (UTR) of a hypotheti-
cal gene [GenBank:XM_420865] (locus LOC422926),
located on the chromosome 4 long arm (Fig. 1A). This
gene, annotated as coding for a protein "similar to env",
corresponds to the 3' region of the sequence given in Fig.
3, from nucleotide 6764.

Most of the expressed sequence tags (EST) corresponding
to this locus have an ovarian origin. Some of them extend
5' from the locus (Fig. 1B), suggesting that transcription
might start further upstream. Interestingly, the next locus
upstream from LOC422926 in the galGal3 draft assembly,
LOC422925, displays also a strict ovarian expression. It
corresponds to a predicted gene, [GenBank:XM_430004],
coding for a hypothetical protein of unknown nature (Fig.
1A) and extends from nucleotide 15 to 2461 of the
sequence given in Fig. 2. None of the already published
ESTs overlaps with the two loci. To examine if there might
be a relationship between these two neighboring loci that
have the same orientation and display the same specificity
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Structure of the chicken OvexI endogenous retrovirus. (A) Genomic position of Ovex/. LOC422925 and LOC422926
(May 2006 Gallus gallus v 2.1, galGal3 genome draft assembly) are indicated. The SSH-cloned OG43 cDNA fragment is shown.
(B) Published ESTs (8-26-2007). (C) Overlapping RT-PCR fragments amplified from ovarian RNA used for cDNA sequencing.
(D) Determination of mMRNA ends by 5' and 3'RACE PCR (primers used and direction of the synthesis). (E) ORF map. (F)
Transcription profile. Two types of mRNA are produced: a mRNA corresponding to the complete genomic sequence and a
mRNA with one splicing event. Position of the splice donor and acceptor sites relative to the transcription start site is indi-
cated between brackets, and the spliced out domain represented by a dotted line. Untranslated regions are shown in gray and
the 5'and 3' imperfect repeats marked by (R). Encoded protein domains are indicated. Primer sequences are given in additional
file 9 (Table SI, Primers and PCR conditions).

of expression, we tried to amplify overlapping cDNA frag-  and the second with a primer (Ov654a) located in the
ments from one locus to the other by RT-PCR using  intron to amplify the unspliced mRNA. Both experiments
embryonic ovary mRNA. The series of fragments obtained  gave the same 5'-terminal sequences, indicating that the
demonstrates that the two loci constitute in fact a single  cap site of the two mRNAs is presumably G,, or A, , (Fig.
transcription unit (Fig. 1C). 2), a few bases upstream from the putative start of
LOC422925. The cap site is located 23 nucleotides after a
The initiation cap site of this mRNA was determined by  consensus TATA box (Fig. 2).
rapid amplification of the 5'cDNA-end method (5'RACE)
using, in a first experiment, Ov6849a as antisense primer ~ The mRNA polyadenylation site was identified by 3' RACE
(Fig. 1D). Two sequences were amplified, indicating the  (Fig. 1D), using a forward primer common to both
existence of two types of mRNA: a genomic mRNA similar ~ mRNAs (Ov8378s). The longest sequence obtained was
to DNA and a spliced subgenomic transcript lacking the  polyadenylated at position 9213 (Fig. 3). Shorter
97-5766 sequence (Fig. 1F). Additional 5'RACE experi-  sequences, polyadenylated at positions 9203 to 9211,
ments confirmed this result, one with a primer (Ov6061a)  were also found. The polyadenylation site is preceded by
located downstream from the acceptor splice site which ~ a consensus polyadenylation signal, AAUAAA (nt 9190 to
allows only amplification of the short spliced transcript, 9195). The maximum size of the unspliced mRNA is 9213
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TATA box

+1 GCCAGCACCTTGACCCTAAAGGTGCCGAATCCAGCAGAGCTCTGCAGCATCCATCCCCAGGTCCCCGGGATTCCCAGCACGTCCGGACGAGGATTGETGAGATCTTATTATTGGGGTCCT

121 CCTCTTTTCCTCCTCTTTGCCCGCACCCCGGGTGCCGGCAGGCCGCAGCGGCCGCCTGCTAGGCCTCGGTCCCCTACCCCCCACTGTCTCCTTGTTCCCACCGTCCCCTTCTCTTGCTGC
241 TGGGTTTGGTGTCSFAGGGAGGTCGTGGGhL111L AGGGTTGGTTTGTGGGTCTGTGGGGCCCCAGTGTTATGGTAGTTGTGCTGTGAGACGCGGCCGTCTCTCAGCTCATCACCCCA
G

361 CCTCTCACTTGTCCGATATTGTTAGCAACTGGAAGCTGGAGCAATTTGTGCTCCAGAAGTGTCTCCCTCCGATTTGGTCCCCTGGGGCC’I‘TTCAGGGCCCTGAGGCATACCAGCAA

D I Vs N W XKL E Q F VL QXK CULU?P?PIWS?PGA AT FOQGUPUEA AYQQ 37
481 CTGTGTCAGCAGTGGGAGAGCTGGTCAGAGGAGAACAAAAAGCCCAAACCCACTAACAAGTGCAAAAAGAGAGCGGCCTTGCAGGGTTTGCTGATGGTGGGCAGGGAGTTGTCCAAGTTG
L ¢CQ QW E S W s EEN KK P K P T N K C XK KR AATILOQG GI LTI LMV G RETL S KL 77

601 CTTAAGGAGGCTCTTGAGAGTGTGCAGACTCTGGAGCAGGCCAAGGGTGAGCTCAAGATGCAGGTGGATAACCTGAGGGCAGAGGTGCAGGGTCTGTGCGGAGACTCGCTGAGGAGCGCA
L K EALE SV QTZLEI QA AZ KSGEZLI KMQVDNU LU RAEUVOQGLTCGDS L R S A 117

721 GTGGAAATAACCCGGCTGGAGAGCAAGCTGGGCTATGAGAAGTTGAAAACAGAGGAGTTAGAGAAGGAGGTGGGCAAATGGATTGGGGAGACGCATGACGCACAGAGTGCAGTGCGGGCT
VvV EI T RUL E S KL G Y E KL KTEZETZLEIZ KTEUV G XKW I GETUHUDA AU QSA AUV R A 157

841 GTCCTGCAGGATGCCCAGCGGGACCGTGGCACCGGCCCCGATCACAAAGTGTGCCACGCCAAGATCCAGGAGCTGCAGGCTGAGCTGGGGGTGTCACGGGGCATTGTGGCTGCCATCCAG
vV L Q DAQRDI RGTSG?PDHI KV CHAZI KTI GQETLW QA AZEIULSGV VS RGTI VAN ATIDQ 197

961 GGCAAGAGGAGCCGGTTTGGGAATGGTGAGGGGGATGACTGTCTTGATCCACACCCACCCCACTATGACTATGAGGATGATGTGTGGGGGGCCAATGGCCCCACCAGGCCATCCCCATAT
G K R SRVF GNGEGDDCLDU®PH?PUPHYDYEDU DVWGANG?®PTTRU?P S P Y 237

1081 GCTCCCCTGCGGGAGGAGGTGTGCCAGCTGCAGGGCAATGAAGCAGAGGTTGCTAAAACTAAGAAAAGTCCTCCTGATGAGCCAGTCAGCCACGGCCCACTGCAGGCCATCGATACCAAC
A P L REEV CQLQGNEAEVAI KT K KS?PUPDEU?PV S HG?PULOQA ATIUDTN 2717

1201 CGGGCCATGCTGTGGTTCACCCCCGAGCAGCTCAAAACAGTGGGAAAGATGCTGGGGCCGCTGACCAAAGAGACAGCGGTCAACTGGCTGTCCAGGGCCCAGAGGCTGCCCCGGTGCCAG
R A MLWU FT®PES QLI KTV G KMTLSG?®P?PULT KETA AVNWI LS RAQOQT®RTLU®PIRTCOQ 317

1321 AGCGGCAGTGCAGTTAGTGACCTGATAGACGTGGTGAGGAAATGCATGAAACCCGATGATTTCGCAGCCCTTCCAGGGGATGTGCAAATGGGCAATGTCCAGGATATCGGGGATGTCCAG
G s AVsDULIDVVRI KT CMIE K?®PDU DT FAALU®PGDUVQMGNUVQDTIGDVQ 357

1441 TCAGCCGTGCTAAAGGTGTTTTTCCCAGAGGTCAACCCCTTGGTGCTCTTCCACCAGGAAAAACAGAACCCTGAGGAGCGGCCTGATGCCTATGTCAACCGTAAAAAGATGCTCTACCAG
AV L KV F F P E VN PL VL F HQEZ KOQNU®PEZEIR®PDAY VN RIEKI KMTLY Q 397
MHR
1561 ATGGCAGGGCTGCCCGGTTCTAAGGAGTCCCCCCTTGATTTTGACAGGCCAGAATTCAAGGAGCCGCTGGTGGTGGGGCTGACCCCCCCTTTGCGGGTGATTGCGGGTGGGGATGCGGCA
M A GL PGS KE S PLDU FD RU®PETFI KE®PTLVV GGLTU®PUPULI RV IAG GG GTDANA 437

1681 AGGAAGCCACTATCAGAGCTAGAGCAAATCCTGACCCAGAATTTCGAGCTACAAAAGCAGGCATTCCCGGGGTACATGCTGGGGGGGAAGAAGGGGAAACCCTCAGCCATGTCCTTCCAA
K P L s EL EQ I L TQNTFETULIOQI KO QA ATFU®PGYMTILSGS GI K I KGI KU?PSAM S F Q 4717

1801 AATGCAGGAATGAGAAAAATGCAAGGGGACAACCGGAAAGATCCTGATGGCAAGAACAGCTCGGGGAAGGAAAACCAGCAAGGGCTGAGGTTTCAGAAGTCCAACCCTTGGCGGGCTGAG
N A G MRIKMOQGDNU R KUDU®PIDG KNS S G KENDNOQOQGILI R FQIK S NP WR A E 517

1921 CTGAGGAAACGCTTGATCAAATATGAGAAGCAGGAGGACATTGATGGCTTGCCAGATGCCGAGCTGTTTAGAAAGCTGGCACTGCACGAGGCCAAGAAGCACAGCAGCTCCAACCCCATC
L R K RL I K Y E K Q E DI DGV LUPUDA AETLZ FRI KU LA ATLUHEA AIZ KI KU HS S S NP I 557
Pro-Pol->
2041 GACCCGGGGTCTAAGGCTCAGCAATAGGGCTGCCAGGCACCCGCATCGCCCCTTTTTGTGGCACCGATTAAGACCGATTTGTGGGGGCGCCTGATAGTTGATATAACTATTGGAGGAGGG
D P G S KAQOQ * GC QAP ASUPULV FVAUPIIKTUDUILWSGI RULTIUVDTITTIGG G 597

2161 GTGCTTGGACAAGTGATGTTAATTGACACTGGTGCCTCTTACTCAATTCTGAATATGATCCCTGGTGAAACTGGGCTCTTCCAAACACGTGAAATTATTGAAGTAACTGGGCCAAATGGC
v L G Q VML IDTGA S Y s I L NMTIU®PSGETSGULU FOQTA RETITIZEV TGP N G 637 |Protease

2281 CAAAAATCCTCAGTGCCATTCACAGAGCCCATACCCTTTGAAATTGGAACTGCCAAGGGGTCAGAAAAATTTGGGAAAATGGAAATGAAGGGAAAGCCAGGAATTTTGGCCATCTCCACC
Q K s s v p F T EU®PTIUPYV FETIGTA AIZ KSGSEIZ KT FS G KMEMMIKSGI KU®PGTITU LA ATIS ST 677

2401 CTTACAAAGATGGGGGTGGTAGTGGACCTGGCAAACCAAACATTGTTATGTTGCCCCCAAAGTGATGTGCCCATCATCCCAGCAAGCCACAGAGTCATGTCAATCAAAGCTCCTGAGCTC
L T KM GV VVDILANSO QTTULU LT CT C®PAGQSDV?PITIPASHRUVM S I KA AUPTEL 717

2521 CTCATCCATCCTGAGTGGGAGCCCCGAGTGAGACGGGTAACAGAGCAGTTCCCACAGGTCTGGGCAAGGAACAAGCTGGACTGTGGGCGGATTGATGCTGTAGTTGTGATAAAAGGGCCA
I HP EWE?PIRVRIRVTEZ QT FU?PQVWARNUNIZEKILDT CG G RTIUDA AWVV VIIZ KG?P 757

2641 GATCCCCCTCCTCAGCAGCAGCCTCAATACCCAATTGAGGCTGAGGAGGGCTTATGGGATACAGTCAAAACCCTGCTGGACCAGGGGGTGCTGGTGGAGCAGCAGAGCACCAGCAATGCT
D PP P QQQP QY P I EAEZESGTLWTDTV VI KTT LTULUDIGQGV VL VEZQQS TS N A 797

2761 ATGGTGTGGCCCCTGCGGAAAGCTGACAGGAAAACCTGGAGGTTGATGGTCAACTACAGCATTCTCAATCAGGTCACCCCACTAAAGGCATCAATAGTGACCAAATACCCTGATGTCATG
M v w PLRI KA AD RIKTWIRILMUVNYSsSs ILNOQVTU?PILI KA AJ S I VT K YPD VM 837

2881 GAAGCCATCTTCCGGGGATCAGAGTGGTTTTCAGTGCTCAGCCTGACCAGCATGTCCTTCGCTATCCCCCTGCACCCTGAGTCCTGGCACAAATTTGCCTTCACTCTCCAGGGACGGCAG
A I FRGSEWZ FS VL SLT s M S FATIUPILUHZPESWHI KT FATFTTULOQGURQ 877 |RT

3001 TTCACCTTCACCAGGCTCCCCCCAGGCTTTCACAGCACTCCCACCATCTGCCACACGCATGTGTTGAAGATGTGGGAGAAGCTCAGCCACAAAGAGAGCGTGTTGTCCTGTGCTGGTGAC
T F T R L P P G F HS T©P TTICHTHVILIEKMWEI KT LS HI KES VL S CA G D 917

3121 ATCCTCATCCACACTAGGACCAAGGAGGAGAACCTGGAGGTGCTGGCAGAGGTGCTGGAGGCCATCCAGAAGACGGGGTTCAGGGTCAGCCCAACGAAGGCCCAGCTGTGCTGGAAAGAG
L I H TR T K E ENL E VL A E VL EATIQI KTSGT FI RV s P T KA AUOQTILTCWK E 957

3241 GTGTCATATTTAGGGGTGACTCTAGGGGAGGAAGGACGCTCGCTGGAGAAGCAGCGGGTTGAGTTGATACAGAAATTGTCAGCGCCAGCTGATGTTACCACCTTACGGTCCTTTATGGCT
Vs YL GV TULGEE ESGRSLEIZ K QRUVET LTI QI XTI LSAPA ADUVTTTILI RS F MA 997

3361 CTTGTGAAGTTCTCCCGAGAGTTCATTGAAGGGTTTGCAGAAAAGGCCGCCCCACTCTGCAAGCTCCTCAGAAAGGATGCTTTGTGGGAGTGGGGTCCAGAGCAGGATGAGGCAGTTAAA
L VK F S REVF I EGV FAEI KA AAPTLTCI KUILTLU RI KUDA ALUWEWSGU?PEQDE A V K 1037

3481 ACCCTAAAGGAGAGTGTGGCCCAAGCCCCCATGCTGGTGTGGCCCCGTGGGGACAGACCCTATGTGCTGCAGCTGGCCAGCGTGGGGACAGGGCTGCGGGCCACCCTTAGCCAACATCGT
T L K E SV AQAPMULUVWZPRGD R®PYVL QLA ASVGTSGTULURATTIL S Q H R 1077
3601 GGTGCCCTCCTCCAACCCATTGCCCATGCCTCACGGCTCCTGACACCAACTGAGCAGCAGTTCACTGCATACGAGAAGGAGGTTTTGGCCTTGATCTGGGCCCTGCAGCACTGGGAGTAT Tether
A L L Q P I A HA S RULULTU®PTEJ QU QT FTA AYZEZ KT EV VLA ATLTIWATLIOQHWE Y 1117

3721 TTGGTGGGGTCTGCCCCAGTGCTGCTAAGGACATCCCGTGCCCCAGTGAGGTACCTCTTGTCAGGGAAGGGAGGGAACAGACCCATACACAGCCCCAGAATGGCCAACTGGGTGCTGGCA
vV Gs AP VL LRTSURAPVI RYT LULSGZ KGGNI RU®PTIHSZPRMANU WUV L A 1157

3841 CTGCCCAACAAGGACACCCCTGGGGAGGCTCAGGAGCCCCCACCCAGCACCTATGGGGTGGTCATCAGCAGTGAGAGGGATGGGGAGGATGTGGGGGAGCCAAAGCCACAGCGGGCACCC
P N K DTPGEA AOQEU®PZPZPSTYGV VIS S ERUDGEUDUVGEU?PIZ KP QR A P 1197

3961 CTGTTTGAGAGCAGCATCAGCTTGGTGGATGCCAAGGACAGAGGCTATGTGGTATGGTTTGTAGATGGCTCCAACTACCATGAGAATGGGGTGCCCTACACAGGCTATGCTGCCATCAAC
L F Es s I s L VDA AI KUDI RTGYVV W F VDG S N YHENSGV?PY TG YA ATI N 1237

4081 CGATGCACCGGGGAGGTGATCAAAGGGAAGTGCCTGCCGCACTCCATCCAGGCTGCTGAGCTGGTGGCTGTGACAGTTGCCCTTGAGAACACTCCGGCAGACCAGCCACTGGCCATATTT
R ¢C T GG E VI K G K CL P HS I QA AETULVAVTVATLTENTUPA ADIOQZPTLATI F 1277|RnaseH

4201 TCAGACTCAGGCTGGGTGGTGAGGGTGGCATTGGAGTGGCTGCCACTCTGGAGGGAGAGGGACATGCAGTCAGCTGATGGCAAGCCTGTCACCTATGCCAAAAAACTGCAGTACCTCGCC
s b S GWVVRVALEWT LU®PULWR® REI RIDMMGQSADGI K?PVTYAIZ KI KT LOQYL A 1317

4321 AAGCTGGCAGAGCAAAGGGCACACCCAGCCCATATAATTAAGGTCAGGGCCCACAAGAAGGGAACAGAAGAGGCTAAGTGGAACAAAGAGGCAGATGCCAAAGCCAARACAAGGAGCTAAG
K L A E Q R AHPAUHTITII KV RAHIZKI KTSGTETEAI KUWNI KEA ATDA AIZ KA AIZ KIOQG A K 1357

4441 GAAGGGCAGATGTGGAAGGCCAGTAGGCCCTCAGAGAATGGCCCCTTGTTGGTGTCTACAGGCAGGAACTGGGAGAACGTGGACTTGCTGGGCTTGCAGGCACAAGACCCAAGTGTCCGG
G QMW XK ASRPSENGPTLTZLVS TG RNWENUVDILIULSGULIOQA AU QTDUP S V R 1397

4561 GAGTTAGCGCAGGGCAGGGAGTACAAAGGGTGCAAGGTCTGGAAGGATGTCTCAGGTCTGGTCCTGGCAAGGAGAGAGGGGTCAGATTTCCCTGTCTGGGTGGTGCCAGAACTTGTCCGG
E LA Q GREYZ KGO C KVWI KDVS GLVLARUI RETGSUDT F?P VWV V P E L V R 1437

Figure 2
Complete nucleotide sequence of chicken Ovex| and predicted translation products (first part). See legend in Fig.
3.
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4681 ACAGAGCTGGTGGCTCTGGCTCATGAGCAGGGGCATTTGGGAATAGATAAGACCTTGGCAAGGCTACAGGGTGCTGGTTGGTGGCCCGAGATGAGAGAGGATGTAGACAGGTATGTCAAC
T E L VA LAHEIOQGHULGTIDI KTTU LARILUOQSGA AGWWZ®PEMT® RTETDV DR Y V N 1477

4801 AACTGCCTCACCTGTGCAGCCAACAATCCTGATGCAAAAGCTGCAAAAGCCCTTCTGGGCCACCAGAGGATTTCTGGGCCGTGGAGCAAGCTACAGATGGAGTTTATTGGTCCTTTGCCC
c L T CAADNNUPUDA AI KA AATI KA ATLTLSGIHOQRTISG?PWS KL QMETFTI G P L P 1517

4921 CAAACGGCCCAAGGGAACAAGTACTGCCTGGTGATCAGTGATAACTTCACCAAGTGGGTGGAAGCATTTCCAGCTCGAAACAACACAGCCAACACAACTGCCAAGATCTTGGTAGAGCAT
Q T A QGNIKYCULVISDNV FTI KWV VEA ATFU?PA ARNINNTA ANTTA AIZ KTITLV E H 1557

5041 GTCTTCTCACGGTGGGGCATCCCAAAGGAGGTCGACTCAGACCATGGCCAACGCTTCGTTGGAGAAGTCTCAAAAGGTGTGTGCCAGGTACTGGGCATTAAGCAAAAGCTTCATATCATG
vV F S RWOG I PXKEVDSDHGA QR FUVGEVS KGV CQVUL G I K QKL H I M 1597|integrase

5161 GGGCATTTCCACAAGCCTGGCTTGATGGAGGGGCCCAACCAAACACTGAAGATGGCACTGAAGAAGATCATAAACCAACAAAGGAAGGACTGGGATCAGAAACTCCCACTTGTCCTCCTA
H F HX P GLMEG?PNDNOQTU LI KXKMATLI K KTITINU OO ORI KUIDUWDQIKTULUPILV L L 1637

5281 GCATTACGGGGAGCTGTGGCATCTCACGTACCTTCTCCCCCAAAAATGGCTCCTGCAAGAGACCCAAAGATGCTGGAGCACTGGTGTCAGAGAGGGGCACCGCCAGACGAACTGCAGCCC
A L RGAVASHV?P S PP KXKMAPA ARIDU PI KMTLEUHWTCUOQRGA AZPU?PUDETL Q P 1677

5401 CGCGTGCTGACAGACAGGTGGGTTCAGGACATGCTGAGGACGGTGTCAGATACATACCACCAACTCGCCTCAGTGCAGGAGGCCAATATCCACAAGATGGATAAGCAGCTAGGAGTGCTG
R VL TD®RWVQDMTZLRTVS DT YUHOQTLASVQEA ANTIHI KMMDI KO OQTLGV L 1717

5521 CTGCGCCCCATGGAGTGGAACACAGGGGACCTGGTATCATATCGGGGGGTTAGGGAGAAGAATCAGGAGCTGGGACCCCAGTGGATGGGACCCGTTAGGGTTGTGAACAAGGCCAGCTCC
R P MEWNTSGUDTILV S Y RG VU REI KNS QETLSGZPOQWMG?P VRV VN KA S S 1757

5641 TCCATGTACCAAGTAGAAATCAGAAAGGGGGCGAAAAGACAGGAAAAATGGTTCCATTCTTCACAGTTAAAAGCATGGAAGGGAAATTAACGGGGCTGGAGAGCCCGCTTTGCTTATGTT
M Y QVETIRTEKTGA AT KT RO QETZ KT WTFHTSSO QLTI KA ATUWTE G N * 1786
SA ORF3->
5761 TTGCAGRTGAAGGAANRTGGAAGGTGATTGTGACCAGCGGGAAAGGCGAACTTCGTGGCATCACCATCCCTATGTGTTCTGCAGGGAAAATGCTTTCAAATTTGTGGTTGCAGGATTTGC
y GDCDOQRETRNRTSWHEHEHEPYVFCRENATFE KTFVVAGTFA 35

5881 TTTGATTTCTGGTATGTCTATAACGCTGAGCATGCAACATGCCCAACAAACCCACCAGCACCTCCAAGAAAAAGTCAGTTCCAACTTAGACACATACCCCAGCAAAAGGGCCACAGCCCA
L I s GM s I T L S MOQUHAOQOQTUHAOQHTLOQEI KV VS S NILUDTYUPS KRATAQ 175

6001 GCACAGGGTCAGGCGGTATGTAAAAATTGACACAGATTGGCCTTGGTCTCAAGCTCATGTAAAATATACAGGTAGTATGGGATTAAATTCTAACAGAGGCTTAAATTTGTCAACAGTAGT
RVR/T\RYVKIDTDWPWSQAHVKYTGSMGLNSNRGLNLSTVV115

6121 AATGCATGGGACTGAAGTGTATTTGGAAAATGAGTGGAGCTGGGATAGCACAAGCAGGCTTCCGCAGTTGCTGGGGAAGGTGGGGCAAGAAATTARAGTAGGATGCAGGGTAATTAATGG
H G T EV Y LENUEWS WD S TS RULUPOQULULGI KV GQETIZ KUVGCRV I N G 15

6241 TTCCACTCATCAGCAGGTAACTCAAATCTCCATAACTGAAATIAAAAACCAAGAAGAGTCAGAAAAAAAACTGTGCCCTCGAAAAACTGGATTGTTGGTGCAACTTTACATTAGTCCAGCC
T HQ Q Vv T I s I T ETIZ XTI KU K S QZ K KNG CA ATLTEIZ KT LDTCWTCNTFTTULV Q P 195

6361 AGTCTTTGTGGTCTGTCTCTGGGCCCAAAACAGTGTGGGGTTGTCATTTAAATTCAAGATTGTCACCATGATGCATTCATTTGCTGCCCTTAAGGTCCCAAGGTGCCACTTTCTGGCCTG
F VvV CL WA QNSUV GGL S F KT FKXKIVTMMHEST FAATLI KV VZ®PRTUCHTFTILAW 235

6481 GCGTGCAGCCCAATATGCTGAAGTGGGGAACCAAGTAAAATTAGAAATTAGATACTCTCAAGAAAGTGTAACTGATGCAAAGCAAATTAATGGCACCCCTGTGACTCTCACTGCTCCTAA
A A Q YAEVGNOQOQV XK LETIW RYSOQESVTDA AZ KU GQQTINSGT?®PVTTLTA AP N 275

6601 CAGCCGTAAGTGGATTGTGTCAGTAAATTGCCCCCCCGAGAGCAAAATGCTTAGTAGATCTGAATTAAATGCAGAGACATCATGGTATAGCCAGGATTATGGATACTGTTCAAGTCCACT
R KW I Vs vVNTCZPZPES S KMILSU RS ETLNAETSWY S QDY G Y C S s P L 315

6721 GAAAAACCTCCAGGTGTGGTGTCAAGGAAAGCTGAGTGTAGAAATGTCCCCTGAGCTTH GAAAGTGGTTGATAGG. CCCGAAGGATTTCAAAAAGAGTTTCCCATCATTGCTGT
K N K L s V EM S P EL G G KWL I GG P E G F Q KEF P I I A V 355

6841 CCTGCGTCCCTTTGTTTCCAAAATAGGCCCATATGTAGTCAAGCAAAATCACATCCAAGAGCTGCTGACCAGCCCTGTGAGATCATTGAAGAAGGTGGTGCTGTCCCTGTCCACTGCCAA
R P F VS K I GP Y VYV KQNUHTIOQETZLTLTSUPVRSTLI I KI KUVVIL S L S TA N 395

6961 CATTTCATCCATCAGACCACACTGTGCTCCCTTCCTGTCCACCCTCTACACTGGCTGGCTGGCCTGGCTTCACAGCCGCTCCATGCAGGAGGCCCGCACCAGGAGAGACCTTCTGGCCAC
S s I R P HCA?PTV FILSTULYTGWIUILAWTU LU HS S RSMOQEA AR RTRARTDTLL A T 435

7081 AGCCCTGGGAGGAGGAGGTGCTGGGCTGGGAGTGCTCAACAGCATGAACGCTGAGGTCTTGGCCAACAAGTTGGAGGCTGTCACTTCGGGTGTGCAGGGCCTCCTCAACCCCTTGAATTC
AL GGGGAGLGVLNSMNA AEUVILANIZ KT LEA AVTSGV Q GL L NP L N S 475

7201 ATCCCTGACCAGCCTGGGTATGGGGCAGTGGCTTGTGTCTGAGGTGCTGCCTACGTGGGAACACATAAGTGAGAAAGACCACCAGGTGCTGTTGCAAGCGCTGGGAATCGAGCAAAATAA
s L TS L GMGQWIULV S EV L PTWEUHTISEIZ KU DI HQ QQVILUL QATLGTITEQNN 515

7321 TGTCTCCCTTGCTCTTAGTTGCATCCAGGCCCAGATGTGGGTGCAGAGTGTCATTGCAGGTATCCTGAGGGATGGCGACAACGGCATCCTCCCCACTGAGATCCGAAAGATCGTGTGGGA
vV s L AL s C I Q A QMW V Q S I A G I LRDGDNGTITULUPTETIIRI KTIUV WD

7441 CGCAGCCACGGAGAAGGAGCGGCAGCTCCAAGCCTGGTGGAGGCTGGTGAACTTCACCCACGACCAGGTCCTCAACTCAGTCATCGCCCACGTCCTCACCGTGGTGGAAGCCCGCATCGA
A T E K ER QL QAWW RYULUVNV FTUHDQVL NSV IAHV VLTV VVEAIRTIE 59
7561 AAAGGTCTACCCCATCGTGGCCCTGGGGATTAACACAAATGGGTCTGTGGTCTATCCGCTGGACCACCGGATGTGGGCAAGAGTGTCAGACAGAARAATGGCAATCTGTAGATTTGGAAGC
vy P I VALGTINTNSGS SV VY PLDHRMUWARUVYVSDI RIEKWAOQS VDUL E A 635
7681 CTGCATTTTGGAACAGGGGCTGGGATTCATATGCGAAGATGATGCCCTTAAGGCAAGTGATGTTTGCTTTGATACCAGCGAGGGGGTGTGCCATTTTGAGATCAATCCTCGCAGCAATAA
¢c I L EQ GUL G F I CEDUDA ATLI KA AST DUV CTFDTSETGVCHT FETINTZPI RS N N 675
7801 CAAAACCATGTTAGTTTACGTAGGGAAAGGGTGTGTGTGCTTTAGAACAATGTGTAAATACGTGCAAATTAATGACATCTACAATCAGACCGTATTCAATGATTCAAATACGTGTGCTTG
K T™M™M L VY V G K GCVCFRTMZC CI KYVQTINDTIYNIOQTV VT FNDSNTCA C 715
7921 CAATGTAGCTATTATTAGAGGCTGTGATTTTGTGTATAAGCCACCAGTTTTTACTAGCCAATTACTAATCAGAAACTATAGCCTGTATCGTAGTATAACCCCGACCCCAATCGGTATGGA
v AITIWRTGT CDT FVYXK?PPV F TS S(QULI LTI RNYSULYURSTITU®PTU?PTIGMD 755
8041 TTTGTCGCTAGTAAAAGAAATGTTAGAGCATGCAAATTTACAACAGCTTTTAGAAAACGCTAAGGCAGAAGCTAAAAAGATCCTAATAACTGTACATCATGATGGTAATGTTATAAAGCA
S L V X EMILEHANUL OO OTULTULENDNA AT KA ATEA AIZ KT KTIULTITUVHUHDSGNUV I K Q 795
8161 GATAGT! AC TTAAG. 1y AGCACCACTGGT! AATTTTCTTTGGCTGGTCCCCAACAGCGACCGGCATCTTCAACGCGCTCCTGCATCCTGTTGTAATCATACTGCT
I VvV E R I K4\R V G EHHWWETIFF GWSPTATGTIFNA ATILTLUHU®PUVV I I L L 835
Transmembrane domain
8281 AATGCAAATGTGTGTGTGCTTTGCCATGGTTGCTACTTGTTACTGGATAAGGCAGGTGAGGCTCTGCATTGAGAACCAGCTGAAAGGACTGGGGATGGCCAAGCGCCTCCTACCATAGTC
M o M ¢C V CF A MUVATCYWTIWRIOQUVI RILT CTIENDN QLI KSGT LG GMMAT KT RTILTLUP * 873
8401 AAGGGCAAGACTGGGTTGGCCTCTGTGTTTGCCACCAAGAAGAACCTTTAGCTCCGCTGTTGGCTGCAACCCAGTAGGCGTTGAGCGGTGGGGACACAAGCCATACCAGACCTTGATGCG
8521 AGGGGGCTGCCTCTGCTGATACAAGAGGACCATCCAGGAGCAGAGGGCAGGCCGTGCAGCCTGCAGGTGGTGTGAACCACAGAATGGTTGAGGTTGGAAGGGGCCTCTTGAGGTACCTGG
8641 CCCAATTTGCCTATTCAGGCAGGGTTACCTAGAGCAGATTATCTGGGACTGTATCCAGCTGGGTTTTGACTCTCCCTGCAGTAGAGACTCCACAACTTCTCTGGGCAACCTGTTCCAGTG [CR1-Y4
8761 CTTGACTACTCTCCCAGTAAGAAAGTAAGAGTAACTTCTCTCTGAATATCTCACTCCCAAATACTAATGACAAAAAGCTGCTTTTGTGTGATTTTAAGACTCCTTAAGCAGAGGAGAAGA
8881 GGTTAGGGAAAGCCAAGGACAGTGCTTCTGGAAGGGTACAGAGGCAAATGTAACACCTGAGTGCAGAAAAGCAGACACTGAAGATGGCAGAGATGTTATCAGCCTCAGAGACTTGGAAAG
9001 CTGCTAGAGGAGCAGAACAAATGATCGTGTGATCACCTTGGACTTAAAGGAGCTGAATTCACATGGACCTTTGCAGCAACCTTCCCTGGGTTCCCAAGACTCCCAAGACGTCTGGCCAGE
9121 GGATTGGTGAGATCTTGTTCTTGGAGCCTGGACATCACTGCTTTGCTTCGCTTAGTTGTGCATGTAACCAATAAAATCTGTTTGTTAGAGGAT 9213
Polyadenylation signal

Figure 3

Complete nucleotide sequence of chicken Ovex| and predicted translation products (second part). Nucleotides
are numbered on the left, from the most 5' cap site of the mRNA as position +1. The genomic sequence preceding the start of
transcription is taken from the chicken genome draft assembly (galGal3). The 5' and 3' imperfect direct repeats are indicated by
dashed underlines. Sequences identified as GGLTRI | and CRI-Y4 by RepeatMasker are on a gray background. The TATA box
and polyadenylation signals (AATAAA and ATTAAA) are underlined. SD and SA indicate the splice donor and acceptor sites.
The conceptual translation of Gag, Pol and ORF3 is given under the nucleotide sequence, and amino-acid positions indicated on
the right. Putative translation start codons are boxed. Conserved motifs are underlined: the Gag nuclear localization signals
(NLS), leucine zipper motif and major homology region (MHR). In Pro, the active site is underlined. In RT, position of the usu-
ally conserved aspartate residues is indicated in bold underlined characters. In the integrase, amino acids involved in the zinc-
binding finger are in bold characters and residues of the degenerated DD35E motif bold and underlined. In the ORF3 protein,
potential N-glycosylation sites are in bold letters, potential cleavage sites indicated by arrows, and the transmembrane domain
underlined. In the 3' UTR, the |3-base polypurine tract is doubly underlined. The position of the SSH cDNA fragment is indi-
cated by a double arrow and its Rsal terminal sites (GTAC) printed in bold characters.
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bp and that of the spliced transcript 3543 bp (not taking
into account the polyA tail). No other splicing was
detected by RT-PCR amplification using various pairs of
primers.

Surprisingly, in addition to the final polyadenylation sig-
nal, Ovex1 contains one AAUAAA and three AUUAAA hex-
amers followed by U and GU-rich elements, clustered in
the region of nucleotides 6082 to 6669, which might con-
stitute polyadenylation signals leading to premature tran-
scription arrest. However, the efficiency of these signals in
vivo is low as demonstrated by the RT-PCR amplification
of cDNA fragments D, E, and F (Fig. 1C) and the existence
of ESTs overcoming the signals (Fig. 1B). To verify if poly-
adenylation at these internal signals would affect differ-
ently the spliced and unspliced mRNAs we performed RT-
PCRs using sense primers located upstream from the poly-
adenylation signals, either into the intron to amplify the
unspliced mRNA, or across the splice site to amplify the
spliced product. Several antisense primers, upstream or
downstream from the four polyadenylation signals, were
tested in both cases. The amplification of cDNAs overrun-
ning the signals indicates that at least a substantial frac-
tion of both types of mRNAs is transcribed unto the final
polyadenylation site (additional file 1: Figure S2, Effect of
the internal polyadenylation signals).

The complete sequence of chicken Ovexl, obtained by
sequencing the cDNA fragments and the cloned RACE
products, is given in Figs. 2 and 3. It is 99.9% identical to
a region of the chicken genome draft assembly version
v2.1 (galGal3, chr. 4, + strand, 89,102,054 to
89,111,266). Differences between these two sequences
determined on different strains of Gallus gallus, the wild
type Red Jungle fowl for the DNA and the domestic White
Leghorn strain in our study, are exclusively single nucle-
otide substitutions.

Blat search in the recently sequenced genome of a passer-
ine bird Taeniopygia guttata (zebra finch) revealed the pres-
ence of a sequence with 83% identity to chicken Ovex1
(taeGutl, chr. 4, + strand, 65,939,815 to 65,948,592). The
sequence is incomplete, due to the presence of a sequenc-
ing gap of some 600 bp in this first version of the genome.
This OvexI homolog is located on zebra finch chromo-
some 4, syntenic to chicken chromosome 4 long arm,
between the CD8 and SMYD1 loci as for chicken Ovex1.
Such conservation indicates that this sequence is the
ortholog of chicken Ovex1. The sequence of zebra finch
Ovex1 is given in additional file 2 (Figure S3, Partial zebra
finch Ovex1 sequence). Conservation of the TATA box, the
polyadenylation signal, and of sequences surrounding the
donor and acceptor splice sites suggests that zebra finch
Ovex1 is transcribed and spliced as chicken Owvex1.

http://www.retrovirology.com/content/6/1/59

The first two thirds of the Ovex1 sequence appear to be
present as a single copy in chicken (galGal3) and zebra
finch (taeGutl) genomes. In contrast, in both species the
last third of Ovexl contains sequences identified by
RepeatMasker as the internal part of a multi-copy LTR-
containing element, GGLTR11-int [36]. In addition, an
imperfect antisense 3'-fragment of CR1-Y4, member of
the large family of chicken CR1 non-LTR retrotransposons
(LINE) [31,38], is included in the 3'-UTRs. These
sequences are indicated in Fig. 3 and in additional file 2
(Figure S3, Partial zebra finch Ovex1 sequence).

Repeated sequences

Endogenous retroviruses are usually bordered by two
LTRs classically divided in U3-R-U5 regions. The 5' U3
region contains promoter and enhancer elements. Tran-
scription is initiated at the 5' U3-R junction and termi-
nates at the 3' R-U5 junction. We looked for repeated
sequences in the chicken Owvex] gene and flanking
sequences. Direct repeats of 120-122-bp were found on
each side of the gene, from nucleotide -6 to +114, 17-bp
after the TATA box, on the 5'-side, and from nucleotide
9023 to 9144, 46-bp before the polyadenylation signal,
on the 3'-side (Figs. 2 and 3). These repeats, which have
only 73% identity, might be degenerated forms of the R
region of previous LTRs. Identity of the zebra finch repeats
is even lower (69%). No other repeated sequences corre-
sponding to the U3 and U5 regions were found in the
genomic sequence in and around the gene. No sequence
complementary to the 3'-end of a chicken tRNA [39] that
might be the primer tRNA binding site (PBS) required for
reverse transcription was identified, thus precluding clas-
sification of Owvex1 according to this usual criterion. The
3'-UTR contains a 13-purine sequence that may corre-
spond to the polypurine tract that precedes the 3'-U3
region in retroviruses (Fig. 3). Conservation of the 5'-
UTRs between chicken and zebra finch is globally low
(65%), but the sequence surrounding the splice donor site
is well conserved. By contrast, the 3'-UTRs are very similar
(80% identity score).

Chicken and zebra finch Owexl 5'-proximal DNA
sequences were screened to detect transcription factor
binding sites, using the Matlnspector program. Among
putative responsive elements conserved with a similar
position in the 5'-flanking regions, we identified a TATA
box and sites for Ras-responsive element binding pro-
teins, forkhead domain factors, estrogen-related receptors,
GATA binding factors, and bicoid-like homeodomain
transcription factors, in particular Pitx2 [40]. These sites
are shown in additional file 3 (Figure S4, Alignment of
chicken and zebra finch 5'-proximal DNA sequences).

Page 7 of 24

(page number not for citation purposes)



Retrovirology 2009, 6:59

Open reading frames

As seen in Fig. 1E, the unspliced chicken mRNA contains
three large uninterrupted open reading frames (ORF). The
first two ORFs are contiguous in frame and separated by a
stop-codon. The third one is in a different frame and non-
overlapping. The spliced mRNA contains only the third
OREF (Fig. 1F). The conceptual translation is given in Figs.
2 and 3 for chicken and in additional file 2 for zebra finch
(Figure S3, Partial zebra finch Ovex1 sequence). Protein
similarity queries using Blastp have shown that the
unspliced mRNA potentially encodes Gag and Pro-Pol
polyproteins and that the spliced mRNA encodes a pro-
tein that might be an envelope protein. Chicken and zebra
finch Ovex1 display the same organization, which is typi-
cal of numerous retroviruses. Alignment of these proteins
is shown in additional file 4 (Figure S5, Alignment of
Ovex1 putative proteins).

Gag polyprotein

The Gag initiation codon is usually the first AUG after the
cap site. In the chicken unspliced mRNA, the first AUG, in
position 313, initiates potentially a 5-amino-acid hydro-
phobic peptide. Initiation may also occur at the next AUG
downstream, by reinitiation or leaky scanning [41]. The
next AUG is at position 370, in a correct context for initi-
ation of the translation (CUCACUAUGAUGU). If transla-
tion starts effectively at this codon, the ORF would encode
a 565-residue protein till the first stop-codon (nucleotide
position 2065 to 2067) (Fig. 2). However, a second AUG,
immediately following this initiation codon in a seem-
ingly less favorable context, has been chosen as initiator
for the hypothetical protein encoded by LOC422925. The
putative protein was analyzed using Blastp. Gag polypro-
teins are constituted by the matrix, the capsid and the
nucleocapsid domains. The C-terminal region (from the
amino-acid residue 248) has 22% identity with the capsid
domain of an epsilon-like retrovirus, Snakehead fish ret-
rovirus (SnRV) [42]. The Ovexl protein contains a
sequence EKQNPEERPDAYVNRKKMLY corresponding to
the major homology region (MHR) with the three under-
lined fundamental residues [43]. This region, which pro-
vides the interface for capsid binding and dimerization, is
present in all retroviruses with the exception of the spu-
maviruses. No zinc finger domain was identified here,
unlike in SnRV and most retroviruses except the spumavi-
ruses. In the N-terminal region, no sequence similarity
was detected with other Gag proteins, even with that of
SnRV, but they do have some homology. As in SnRV, the
protein N-terminus is presumably not myristylated, and
the N-terminal region contains a polybasic sequence (res-
idues 50 to 61) with two successive consensus nuclear
localization signals, KKPKPTNKCKKR [44]. As in SnRV,
the protein has a region of strong probability of coiled-
coil structure [45], between residues 62 and 114, like in
the rod domain of myosin-type proteins. In addition, the

http://www.retrovirology.com/content/6/1/59

Ovex1 protein contains a L(X),L(X)L(X).L leucine zipper
motif (residues 88-109) seen in numerous regulatory
proteins. Thus, this protein may be classified as a Gag
polyprotein by analogy with that of the SnRV and from
the position of its coding sequence preceding a Pol
sequence, but its functionality remains to be demon-
strated. The uninterrupted zebra finch Gag polyprotein is
well conserved, with 90% sequence identity to chicken
Gag, and contains the same functional domains (see addi-
tional file 4 (Figure S5, Alignment of Ovexl putative
proteins)).

Pro-Pol polyprotein

The second long ORF immediately follows the Gag amber
codon in the same translational frame and is presumably
translated by suppression of this codon as seen for SnRV,
gamma- and epsilonretroviruses [46]. Translation results
in a 1786-amino-acid Gag-Pro-Pol polyprotein unto the
next stop-codon. Analysis of the conceptual translation of
this ORF allows the identification of retroviral aspartyl
protease (Pro) and Pol polyprotein domains: reverse tran-
scriptase (RT), Rnase H, and integrase (IN) (Figs. 2 and 3).
In zebra finch, the Pol region is only partially sequenced
and most of the Rnase H domain is unknown. Chicken
and zebra finch Pol sequences display 81% identity in
their common regions and the same characteristics (see
additional file 4 (Figure S5, Alignment of Ovex1 putative
proteins)).

The aspartyl protease domain, approximately between
residues 583 and 686, contains the active site MLIDT-
GASYSIL and presents 29 to 26% identity with the pro-
teases of Sphenodon endogenous virus SpeV [47],
immunodeficiency viruses and porcine endogenous retro-
virus (PERV). As for SpeV, we note the absence of the con-
served GRD/N motif present in all retroviral proteases,
except for spumaviruses [48].

The RT domain, from residue 767 to 965, displays a simi-
larity with RTs of foamy viruses, fish viruses: Walleye epi-
dermal hyperplasia viruses WEHV 1 and 2 [49], Walleye
dermal sarcoma virus (WDSV), SnRV (33-30% identity),
and with the partially sequenced reptilian SpeV. However
in chicken as in zebra finch Ovex1, several fundamental
RT residues are not conserved, in particular two of the
three aspartates that make up the catalytic active site [50],
a difference resulting presumably in the loss of the
enzyme activity.

The chicken Rnase H core domain, between amino-acid
residues 1211 and 1357, is similar to those of SnRV (35%
identity) and Moloney murine leukemia virus, MMLV
(32%) with, in particular, the conserved WFVDGSN and
FSDS motifs [51]. The distance between this sequence and
the RT domain is consistent with the presence of the tether
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region that separates RT and Rnase H domains in verte-
brate retroviral Pol genes [52].

The integrase (INT) has a similarity with those of MMLYV,
WEHV2, foamy viruses and SnRV. It contains a putative
zinc finger: H(X);H(X),,C(X),C, as most retroviral inte-
grases. The core domain, rve, between residues 1500 and
1647, is only partially conserved. Where other integrases
have the catalytic triad D(X)s5_60D(X)35E, the motif is
E(X)59D(X)35E in chicken and E(X)50E(X)5sE in zebra
finch Ovex1. The difference is important since substitu-
tion of the first aspartate by a glutamate drastically
impairs the integrase activity of Rous sarcoma and HIV
viruses [53]. The C-terminus does not contain the consen-
sus GPY/F motif but a WMGPVRYV sequence that might be
the degenerated remnant of this motif [35].

ORF3: an envelope protein?

The Ovex1 third ORF (ORF3) is located downstream from
Gag-Pol. 1t is entirely contained in the second exon of the
singly spliced transcript (Fig. 1F). A similar organization
occurs for the envelope protein of gammaretroviruses. The
OREF starts 11 bp after the splice site and encodes a puta-
tive protein of 873 amino acids. This ORF is potentially
interrupted by the presence of the internal polyadenyla-
tion signals that do not appear very efficient in vivo, as
demonstrated above. In zebra finch, the third ORF
encodes an 874-amino-acid putative protein with 81%
identity with the chicken protein and similar characteris-
tics (see additional file 4 (Figure S5, Alignment of Ovex1
putative proteins)).

This region is quite complex. Segments of sequence on
gray background in Fig. 3 were identified by RepeatMasker
as weakly similar to GGLTR11-int, a consensus sequence
quoted in Repbase as internal part of an ERV1 chicken
endogenous retrovirus [36]. Nucleotide conservation with
GGLTR11 is rather low (60%) and better-conserved cop-
ies of ERV1 can be found in the chicken genome. Further-
more, the first two GGLTR11-like sequences are separated
by 30 nucleotides in GGLTR11 while located 960 nucle-
otides apart in Ovex1. The intervening region, not identi-
fied by RepeatMasker, is locally similar to sequences
found in chromosome Z. A similar presence of GGLTR11-
related sequences is detected in zebra finch ORF3, as seen
in additional file 2 (Figure S3, Partial zebra finch Ovex1
sequence). The conceptual translation of GGLTR11 is
given in additional file 5 (Figure S6, Structure and conser-
vation of ORF3-encoded proteins). Unlike Ovex1 ORF3, it
contains stop-codons and frameshift mutations.

Significant similarity of the ORF3 putative protein with
other proteins was found only in an avian retrovirus, the
Tetraonine endogenous retrovirus (TERV). This defective
ERV of the ruffled grouse, Bonasa umbellus, a member of
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the galliform order as chicken, contains 5' and 3' LTRs, a
Gag-like protein and a truncated region considered as an
envelope TM domain [54]. The similarity between Ovex1
and TERV is limited to this envelope domain, with 52%
identity over a 92-amino-acid region (residues 754 to
845) that can be extended upstream to amino acid 645,
with stop-codons and frameshifts in the TERV sequence.
This TERV region is closer to the consensus GGLTR11 than
is the Ovex1 sequence. The main arguments sustaining
the identity of the TERV envelope are its position just
before the 3' LTR and some similarity with envelope pro-
teins of MMLV and PERV. Identity of ORF3 with these ret-
roviral envelopes is even more limited.

The protein potentially encoded by ORF3 is larger than
prototypical retroviral envelope proteins. It contains two
hydrophobic regions shown in additional file 5 (Figure
S6, Structure and conservation of ORF3-encoded pro-
teins). One is close to the N-terminus, and the second,
located in the C-terminal part, corresponds to the identi-
fied transmembrane anchor and is preceded by a
sequence susceptible to adopting a coiled-coil structure
(residues 753 to 780). The cytoplasmic domain, C-termi-
nal to the TM region is short. Retroviral envelopes are gly-
cosylated. Four conserved potential N-glycosylation sites
are present in the sequence. However, the protein does
not seem to possess a signal peptide. Retroviral envelope
precursors are cleaved between the surface and transmem-
brane domains at specific RX(R/K)R sites. The proteins
encoded by ORF3 in chick and zebra finch contain con-
served potential cleavage sites. However, neither these
proteins nor TERV's contain the conserved CWLC
sequence [55], the consensus immununosuppressive
motif CKS17, and the disulfide bonded loop C(X),CC
that precede the TM region in many retroviruses [43,56].
Thus, despite its position and its homology with the TERV
predicted envelope, the identity of the ORF3 product as an
envelope protein is still uncertain, given its limited simi-
larity with other retroviral envelope proteins.

Single nucleotide polymorphisms (SNPs)

Differences between the sequence of chicken Ovex1 tran-
scripts and the genomic galGal3 draft assembly are exclu-
sively point substitutions reported in additional file 6
(Table S7, Polymorphisms in chicken Ovexl sequences).
Among 14 substitutions in Gag, Pol and ORF3 coding
sequences, 12 are silent. These differences reflect the pol-
ymorphism between two types of Gallus gallus derived
from a common ancestor: the wild Red Jungle fowl and
the domestic White Leghorn strain. In addition, direct
sequencing of RT-PCR products from pools of gonads
allowed the detection of the presence of two nucleotides
in variable proportions at some positions of the sequence.
This heterogeneity is presumably due to polymorphism
within the Leghorn chicken population. Some of these
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differences are also found in ESTs. In the sequence coding
for Gag-Pol, these SNPs correspond to silent differences.
In ORF3, conservative and non-conservative substitutions
are observed.

Presence of Ovex|-related sequences in other birds

To investigate the presence of sequences related to Ovex1
in the genome of other birds, we performed PCR amplifi-
cations with primers corresponding to Ovex1 Gag and RT
regions, using DNA from turkey (Meleagris gallopavo),
guinea fowl (Numida meleagris) and duck (Anas platyrhyn-
chos). Direct sequencing of the fragments gave unique
sequences, corresponding to ORFs highly similar to those
obtained from chicken. The 132-bp-long Gag fragment,
which contains the nuclear localization signals, has no
analog in nucleic-acid and protein databases. Conserva-
tion for turkey, guinea fowl and duck with respect to
chicken is 98%, 96% and 92% at the nucleotide level and
100%, 100% and 98% at the protein level. The 400-bp-
long RT fragments present 94%, 92% and 84% of nucle-
otide conservation. Although it is not proven that the
amplified Gag and Pol sequences are linked in the DNA of
turkey, guinea fowl and duck, the result suggests that
Ovex1 orthologs exist in these birds. Alignment of the pro-
tein sequences is shown in additional file 4 (Figure S5,
Alignment of Ovex1 protein sequences). Amino-acid iden-
tity scores for the RT fragments range from 93% between
chicken and turkey to 76% between chicken and zebra
finch (Fig. 4B). By comparison, identity with the closest
known retrovirus, SpeV, is only 42%. The neighbor-join-
ing tree based on the alignment of the five Ovex1l RT
sequences (Fig. 4C) follows the bird phylogenetic rela-
tionship shown in Fig. 4A.

Comparison with other retroviral elements

To classify Ovex1 amongst retroviral sequences according
to the criteria defined by Jern [35], we may recall general
characteristics. (i) The Gag-Pro-Pol coding sequences are in
the same frame and translation of the Pro-Pol polyprotein
results likely from the translational suppression of the Gag
stop-codon, as in gamma-, epsilon- and intermediate
epsilon-like retroviruses. (ii) The putative Gag protein
contains no zinc finger, as in spumaviruses and spuma-
related HERV-L and MuERV-L [43,57]. This is in contrast
to the SnRV, which displays some similarity with Ovex1
Gagbut has one zinc finger. (iii) No dUTPase domain was
detected, unlike in MuERV-L. The absence of the integrase
GPY/F motif is not discriminating as for spuma-like
viruses, since a degenerated sequence may be present. A
single splicing event and no obvious accessory ORFs were
found in Owvex1, unlike in complex retroviruses like SnRV,
WEHYV and spumaviruses. In the analysis, it is necessary to
distinguish the Gag-Pol and the ORF3 regions of Ovex1.
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Figure 4

RT-based phylogenetic analyses. (A) Simplified phyloge-
netic relationship of modern bird lineage. Bayesian estimates
of the divergence times (in million years, Myr) are based on
mitochondrial gene data [68,91]. (B) Protein identity scores
of avian Ovex| RT fragments. The |33-amino-acid sequences
of the RT fragments obtained by PCR from turkey, guinea
fowl and duck were aligned with the homologous regions of
chicken and zebra finch (Gag-Pol residues 768 to 900). The
corresponding sequence of SpeV was added for comparison.
The alignment, performed with ClustalW2, is shown in addi-
tional file 7 (Figure S8, Alignment of Ovex| RT and homolo-
gous sequences). (C) Relationship of the five Ovex| RT-
fragment sequences. The phylogenetic tree and bootstrap
values (1,000 iterations) were calculated by the neighbor-
joining (NJ) method [85] using the QuickTree software and
the tree drawn with NJplot. Branch lengths are proportional
to substitution levels. The scale bar represents 5% diver-
gence. Bootstrap percentages are indicated at the branch
forks. (D) RT-based unrooted dendrogram of Ovex| and
representative retroviral elements. The alignment, corre-
sponding to chicken Ovex| Gag-Pol amino-acid residues 759
to 917, was performed with ClustalW?2 with default settings
and adjusted manually. It is given in additional file 7 (Figure
S8, Alignment of Ovex| RT and homologous sequences).
The relationship and bootstrap values (1,000 iterations) were
calculated by the neighbor-joining method with QuickTree
and the unrooted dendrogram drawn with NJplot. Abbrevia-
tions and database accession numbers are given in Materials
and methods. RTs of avian origin are underlined. Branch
lengths are proportional to substitution levels. The scale bar
represents 10% divergence. Bootstrap percentages are indi-
cated at the branch forks when at least equal to 50%.
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RT is the most conserved retroviral domain generally used
for phylogenetic analysis, allowing detection of the rela-
tionship between distant elements [58]. We performed
the alignment of a 159-amino-acid sequence of chicken
and zebra finch putative RTs (Gag-Pol polyprotein resi-
dues 759 to 917) to that of representative retroviral ele-
ments and retroviruses, using ClustalW2 (see Additional
file 7 (Figure S8, Alignment of Ovex1 RT and homologous
sequences). The derived neighbor-joining unrooted den-
drogram presented in Fig. 4D displays three groups of
sequences. They correspond to the class I and class IT of
retroviral elements and to a third group more dispersed
(similar to group I in [59]) that contains class III elements
and the intermediate epsilon-like retrovirus SnRV [34,35].
Ovex1 RT is not closely related to any known avian retro-
viral sequence. On the basis of this analysis, Ovex1 does
not belong to class II. Despite some similarity with the
epsilonretroviruses WEHV and WDSYV, it is not included
either in class I elements. It appears more related to the
third group of sequences. However, its relation with mem-
bers of this group is not well defined. Ovex1 does not clus-
ter with spumaviruses or spuma-related elements MuERV-
L and HERV-L. It is not either similar to the Repbase
GGERV-L element [36] or to avian sequences like ENS-3
(Chicken Embryonic Normal Stem cell gene 3) [60] and
the bird Tinamou retrovirus [59]. Ovex1's closest relative
is the Sphenodon endogenous virus, SpeV, found in an
archaic reptile [47]. So far, only the Pro and RT domains
of this endogenous virus are known, and they are the most
similar to Ovexl. Ovex1 and SpeV constitute a distinct
branch of the RT-based phylogenetic tree, close to the
branch point of SnRV and spumaviruses. However, Ovex1
and SpeV are distantly related since their RT identity score
is only 42%, which is not higher than between some
members of different classes.

The second region of chicken and zebra finch Ovex1, cor-
responding to the third ORF, is partially related to
GGLTR11, a class I ERV, which is not the case for Pol. Sim-
ilarity with Bonasa TERV is limited to the transmembrane
domain of the putative TERV's envelope. TERV is a defec-
tive endogenous retrovirus devoid of Pol that has been
classified as an alpharetrovirus on the basis of its LTRs and
Gag region but, according to the authors, the truncated
Env might have a different origin [54]. Similarly in Ovex1,
ORF3 and Gag-Pol might originate from different
retroviruses.

Analysis of chicken Ovex| expression by RT-PCR

Semi-quantitative RT-PCR amplification of Ovexl tran-
scripts in various 8-day chicken embryo tissues shows that
the unspliced Gag-Pol mRNA and the spliced ORF3-con-
taining transcript are expressed in a similar manner (Fig.
5A). Expression is higher in the left ovary than in the right
one, lower in the left testis, and absent in the right testis.
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Figure 5

Semi-quantitative RT-PCR analysis of Ovex| expres-
sion in chicken tissues. (A) Expression of Ovex/ in 8-day
embryo tissues. RT-PCR was performed with pairs of prim-
ers designed to amplify specifically the unspliced mRNA (Gag-
Pol) or the spliced transcript (ORF3). Amplification of GAPDH
transcripts was used as control for mMRNA amounts. Primers
and RT-PCR conditions are given in additional file 9 (Table
S1, Primers and PCR conditions). A similar pattern of expres-
sion is observed in both cases. The level of transcripts is
higher in the left ovary than in the right one and in the left
testis. Expression is null in the right testis and in the other
tissues tested, but for occasional traces in the wing. (B)
Expression of Ovex|/ in chicken gonads, as a function of age.
The unspliced and spliced mRNAs were amplified from 8-
and |2-day embryo left (L) or right (R) gonads, from |8-day
embryo left gonads, and from adult (7 weeks) left ovaries or
mixed (LR) testes. The identity of the RT-PCR amplified
product was verified by sequencing. A control with chicken
genomic DNA was performed in order to verify the absence
of the deleted form in the genome and the specificity of
amplification. The level of both types of mRNAs is up-regu-
lated in the left ovary, weak in the right one, down-regulated
after 8 days in the left testis, and null in the right one.

Amplification is negative for the other tissues investigated
(mesonephros, heart, brain, liver), but for traces in the
wings. In female embryos, expression of both types of
transcripts is asymmetrical at 8 and 12 days (Fig. 5B). The
highest expression is found in the adult (left) ovary. The
expression observed in the left testis at 8 days is down-reg-
ulated at 12 days and after, and the right testis remains
negative.

In situ hybridization
Expression of Ovex1 in chickens was examined by in situ
hybridization using a probe corresponding to the Pol
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region and compared with that of other genes expressed in
the gonads. In both sexes, the region of the presumptive
gonad can be first identified at four days of incubation
(E4) (Hamburger and Hamilton stage 24, HH24) by the
expression of the Lim homeobox gene, Lhx9, in a
restricted area of the mesonephros coelomic epithelium
[4,61]. At this stage, neither the transcripts of OvexI nor
those of the estrogen receptor alpha ER-« are detected in
this region (not shown).

At E5 (HH27) (Fig. 6A), male and female gonads, mor-
phologically indistinguishable, are protrusions at the sur-
face of the mesonephroi. They comprise two territories:
the outer epithelial area or "cortex", negative for fibronec-
tin, and the inner region, or "medulla”, containing irregu-
lar groups of cells separated by strands of fibronectin-
positive material [4,7]. The two gonads are not identical:
the left one is larger and has a thicker cortex. The pattern
of expression of the studied markers is the same for male
and female embryos. Ovex1 starts to be transcribed with a
L/R asymmetry. Transcripts are present in the apical
region of the cortex of left gonads, whereas they are not
detected in right ones or in the mesonephros and sur-
rounding tissues. Lhx9 is transcribed in the totality of the
cortex of both gonads, and in part of the dorsal mesentery
epithelium. At the same time, ER-« starts to be expressed
asymmetrically in the cortex of left gonads and symmetri-
cally in the medulla of the both, as reported [14,15].

At E6 (HH28) (Fig. 6B) in both sexes, the cortex is thicker
in left gonads. In the female (ZW), Ovex1 is now detected
in both gonads, but with a very dissimilar distribution. In
the left ovary, it is expressed in the columnar cortical cells
of the medioventral region, whereas in the right gonad a
few Ovexl-expressing cells are scattered throughout the
medulla. In the male (ZZ), expression of Ovex1 is visible
in the medioventral region of the left testis cortex, whereas
no expression is detected in the right gonad.

AtE7.5 (HH31), the morphological L/R asymmetry of the
female gonads is even more evident. In the left ovary (Fig.
6C), the thickening cortex, constituted of multiplying
oogonia and somatic cells, is bordered by a single epithe-
lial-cell layer. The medulla contains loosely connected
cords of epithelial cells. Ovex1 is highly expressed in the
cortical region including the surface epithelial cells, and
also to a lower extent in the medullar cords. Likewise Lhx9
and ER-« are expressed in the cortex and more faintly in
the medulla, but the patterns are not strictly identical.
Ovex1 and ER-« transcripts are not detected at the lateral
ends of the gonad, where the thickness of the cortex
diminishes. Oogonia, identified by the chicken vasa
homolog, Cvh, a germ cell-specific factor of the DEAD-box
family [62], are mostly located in the depth of the cortex,
although rarely some are dispersed in the medulla. If a
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germ-cell expression of Ovex1 cannot be fully excluded, it
is clear at this stage that most of the cells that express
Ovex1 in the left gonad are somatic cells and not germ
cells. FoxL2, the female-specific forkhead transcription
factor [28,63], is transcribed exclusively in the medulla in
cordonal cells.

In the smaller right ovary (Fig. 6D), the cortex has not
undergone the same development and the medulla repre-
sents the major part of the gonad. Ovex1 transcripts are
completely absent from the cortical region but are present
in some dispersed medullar cells. Similarly, ER-« is only
expressed in the medulla as reported [9,10]. Lhx9 is
expressed in the thin cortical region and in dispersed
medullar cells, whereas FoxL2 is expressed in patches in
the major part of the gonad but absent from the surface
region. A few germ cells are present in the gonad.

At this stage, the morphological L/R asymmetry of the
gonads is less obvious in males. Testicular differentiation
becomes morphologically visible in both gonads. Sertoli
cells, that start to express Sox9 and a high level of AMH,
are clustering to form the sex cords [7]. A weak expression
of Ovex1 is observed in the thin surface epithelium of the
left testis (Fig. 6E), but none in the right one (Fig. 6F). No
expression is detected in the medullas. Lhx9, by contrast,
is expressed in the cortex of both gonads (Figs. 6F and 6F).
Expression of ER-« is asymmetrical. Only the left testis
displays a cortical expression whereas a faint symmetrical
presence of transcripts is detected in both medullas (com-
pare Figs. 6E and G6F), as reported [14,15]. Germ cells,
more numerous in the left testis than in the right one, are
dispersed in the gonads (Figs. 6E and G6F). At this stage,
germ cells display a mostly peripheral distribution, a
rather puzzling situation because Sertoli cells are cluster-
ing in the central part of the medulla to form the sex cords
in which these germ cells are to be enclosed, as previously
observed [4].

In the male, Ovexl expression remains limited. At E12
(HH38), left and right testes appear morphologically
rather similar. In both gonads, testis cords have formed
into the medulla, containing germ cells and supporting
Sertoli cells surrounded by a basal membrane. The male-
specific marker Sox9 identifies the Sertoli cells that express
also AMH. In the left testis, Owvexl transcription is
restricted to a small apical zone where the epithelium is
thicker (Fig. 6G). It is still absent in the right testis (not
shown). At E18, Ovex1 transcripts are no longer detected
in the left testis (not shown). Disappearance of Ovex1
transcription in the left testis is coincident with that of
Pitx2¢ [14] and ER-« [10].

At E14 (Fig. 7A), the well-developed cortex of the left

ovary, overlaid by a single epithelial-cell layer, is com-
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E12

Figure 6

Expression profiles of Ovex! and gonad markers in embryonic gonads before and after sex determination.
Fibronectin (FN) is revealed by immunofluorescence and gene expression detected by in situ hybridization of digoxigenin-
labeled RNA probes on transverse cryostat sections. (A) Immunostaining of fibronectin (FN) and expression of Ovex/, Lhx9
and ER-« in serial sections of a chick embryo (female) at embryonic day 5 (E5), (Hambuger and Hamilton stage HH27). Male
embryos gave similar results. Gonads are outlined by a dashed line on the fibronectin image that corresponds to a double labe-
ling of the section hybridized with Ovex/. m, mesonephros; d, dorsal mesentery; ao, aorta. (B) Ovex/ expression in left (L) and
right (R), female (ZW) and male (ZZ) gonads at E6 (HH28). C-F: Expression of Ovex/, Lhx9, ER-¢, Cvh and FoxL2 at E7.5
(HH32). (C) Left ovary. (D) Right female gonad. (E) Left testis. (F) Right testis. FoxL2 was not detected in testes. (G) Immu-
nostaining of fibronectin (FN) and expression of Ovex/, Sox9 and AMH in E12 (HH38) left testis. Arrows indicate the epithelial
region expressing Ovex|. Scale bars = 100 pum.
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posed of fibronectin-negative regions separated by strands
of fibronectin-positive material, often in continuity with
the medulla, infiltrating sometimes up to the surface cell
layer. The fibronectin-positive medulla is formed of
groups of loosely connected cells and contains lacunae in
its inner region. The interface between cortex and medulla
is underlined by a thick deposit of fibronectin. The corti-
cal fibronectin-negative nests contain clusters of germ
cells and somatic cells. Germ cells are identified by the
expression of Cvh and of the pre-meiotic factor Stra8 [64].
Somatic cells express Lhx9. Ovex1 is highly transcribed in
cells located at the inner side of these cortical nests and
faintly expressed in the gonad surface cell layer. At this
stage, the high density of germ and somatic cells intermin-
gled in the cortical nests does not allow to exclude that
Ovex1 might be expressed in both cell types. Groups of
Ovex1-positive cells are also dispersed within the subcor-
tical region of the medulla. Lhx9 transcripts are totally
absent from the medulla. The dispersed FoxL2 expression
is limited to the medulla and AMH transcripts are located
in the subcortical region of the medulla and in the
fibronectin-positive cortical strands, as previously
reported [4]. The degenerating right female gonad, rela-
tively small and devoid of cortex, has no longer been
studied.

Around hatching (P1) (Fig. 7B) occurs a dramatic remod-
eling of the left ovarian cortex. This is a prelude to follicu-
logenesis. The gonad surface cell layer, which has become
negative for Ovex1, undergoes local disruptions leading to
a sort of peeling. Exfoliation is initiated by apoptosis of
superficial cells, as seen by TUNEL labeling (Additional
file 8 (Figure S9, Detection of apoptotic cells in chicken
ovary at hatching)). The desquamated surface of the
gonad becomes jagged, with irregular cracks and protu-
berances. The phenomenon is emphasized by the intense
expression of Ovex1 in cells that form a nearly continuous
but irregular layer, especially visible in the bottom of the
cracks. This layer appears to form a barrier resisting the
desquamation process. At this stage, FoxL2 is expressed as
previously in the medulla, more specifically in the juxta-
cortical region, but now also in some cells located on the
cortical side of the fibronectin deposit that delimits cortex
and medulla (shown by arrows). Wnt4 expression in the
gonad is almost undetectable.

Folliculogenesis starts in the left ovary after hatching, and
is completed by 22 days [65]. One week after hatching, at
P7 (Fig. 7C), the limit between cortex and medulla
becomes undefined. Small follicular structures expressing
high levels of Ovex1 are observed near or at the surface of
the desquamated ovary. It is also in these structures that a
low FoxL2 expression is now visible and where Wnt4 starts
to be expressed. These cells express also AMH, as illus-
trated in [4]. At previous stages, expression of this hor-
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mone was restricted to cells of the fibronectin-positive
regions, as seen in Fig. 7A.

At P14 (Fig. 7D), follicles of various sizes are present at the
periphery of the ovary, the smaller ones (the last formed)
being the most external. They are constituted of a single
oocyte surrounded by a layer of somatic cells. These follic-
ular cells (also called granulosa cells) express Ovex1 at a
high level, FoxL2, AMH, and in addition Wnt4 as shown
in [4]. At this stage, folliculogenesis appears uncompleted
because a layer of Ovex1-positive cells remains close to the
surface of the gonad.

At P28 (Fig. 7E), the ovary that has acquired an important
development is highly folded. Cells expressing Ovexl,
FoxL2, and AMH, as well as Wnt4 (not shown) are essen-
tially the granulosa cells of the follicles.

Effect of the inhibition of estrogen synthesis on Ovex|
expression

Estrogens play an essential role in ovarian differentiation.
Aromatase, the key enzyme that converts androgens to
estrogens, is expressed in female gonads from E5-E6. A
possible involvement of estrogens in Ovex1 up-regulation
after E6 in the left ovarian cortex and in the medulla of
both female gonads, where the estrogen receptor ER-a is
present, was thus investigated. Fadrozole (CGS 16949A),
a non-steroidal aromatase inhibitor, was injected into the
eggs at E4 to prevent estrogen synthesis, and the embry-
onic gonads examined at E14. Fadrozole treatment has
been shown to lead to female to male sex reversal. The
right gonad differentiates into a testis and the left one into
an ovotestis or a testis. This is characterized by impair-
ment of cortex development, decrease of aromatase syn-
thesis, and formation of testicular cords expressing the
testicular marker SOX9 and elevated levels of AMH and
DMRTT1 transcripts [22,27,66,67]. By comparison with the
E14 control ovary (Fig. 7A), it is evident in Fig. 8 that the
left gonad of the fadrozole-treated female is masculinized,
with a thin cortical region and important medulla con-
taining epithelial cords and lacunae. Ovex1 expression is
extremely reduced in this gonad in the medulla as in the
remnants of the cortical region. Conversely, Sox9, which is
not normally transcribed in female gonads, and AMH are
expressed in internal epithelial structures that resemble
testis cords.

Discussion

Characterization of Ovex| as endogenous retrovirus

The SSH technique used in this study was designed to
identify genes transcribed preferentially in the chicken
embryo left ovary and thus potentially involved in the dif-
ferentiation of this gonad. It revealed the existence of a
locus that we called Ovex1 according to its expression pat-
tern. Ovex1 has a structure similar to that of simple endog-
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Figure 7

Expression profiles of Ovexl and gonad markers in the left ovary before and after folliculogenesis. Fibronectin
(FN) is revealed by immunofluorescence and gene expression detected by in situ hybridization of digoxigenin-labeled RNA
probes on transverse cryostat sections. (A) Left ovary at El14. Immunostaining of fibronectin (FN) and expression of Ovex/,
Lhx9, ER-c, Cvh, Stra8, FoxL2 and AMH in gonad serial sections. Fibronectin and Cvh are double labeling of the same section. (B)
Left ovary at hatching (PIl). Immunostaining of fibronectin (FN) and expression of Ovex/ (two aspects of the cortex desquama-
tion process are presented), FoxL2 and Wnt4. Fibronectin and FoxL2 are double labeling of the same section. Arrows indicate
FoxL2-positive cells located on the cortical side of the fibronectin cortico-medullar interface. (C) Left ovary 7 days after hatch-
ing (P7). Immunostaining of fibronectin (FN) and expression of Ovex/ (two aspects of the folliculogenesis are presented), FoxL2
and Wnt4. Fibronectin and FoxL2 are double labeling of the same section. (D) Left ovary at P14. Expression of Ovex|, FoxL2 and
AMH in serial sections. (E) Left ovary at P28. Expression of Ovex/, FoxL2 and AMH in serial sections. Scale bars = 100 pum.
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Figure 8

Effect of fadrozole treatment on Ovex| expression in
the female left gonad at E14. Chicken embryos were
injected with fadrozole in ovo at E4. Fibronectin (FN) was
revealed by immunofluorescence, and expression of Ovex/,
Sox9 and AMH was detected by in situ hybridization of digox-
igenin-labeled RNA probes on serial transverse cryostat sec-
tions of the masculinized left female gonad. Fibronectin and
Sox9 are double labeling of the same section. Scale bar = 100

pm.

enous retroviruses, with ORFs coding for potential
proteins related to retroviral Gag and Pro-Pol polypro-
teins and a third one (ORF3) which displays only a faint
similarity with retroviral envelope proteins. In the chicken
ovary a full-length genomic mRNA and a singly spliced
subgenomic transcript encoding only the third protein are
present. Translation of the Pro-Pol ORF results presumably
from read-through of the Gag stop-codon, like in gamma,
epsilon and intermediate epsilon-like retroviruses.

A homologous sequence was found in the genome of
zebra finch, a distantly related bird species. The location
of these sequences, at similar positions in synthenic chro-
mosomes, indicates an orthologous relationship. Partial
sequences corresponding to Gag and Pol regions were also
detected in turkey, guinea fowl and duck, suggesting the
presence of similar genes in these species. Protein similar-
ity of the five Ovex1 RT fragments follows the phyloge-
netic relationship of the bird species. This relation is
indicative of the vertical transmission of an ERV inte-
grated into the genome of a common ancestor of these
birds, therefore before the split between Galloanserae
(chicken, turkey, guinea fowl, duck...) and Neoaves (zebra
finch...) some 122 Myr (million years) ago [68]. Investiga-
tion for similar sequences in Paleognathae (tinamou and
ratites), which diverged from the lineage leading to other
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birds 139 Myr ago, would be necessary to ascertain the
precise time of insertion.

Available data indicate that only one copy of the Ovex1
Gag-Pol region exists in the genome of chicken and zebra
finch, in contrast to most ERVs that constitute families of
related sequences derived from an initial integrated virus.
This region is not closely related to other known avian ret-
roviruses. According to the RT-based phylogenetic analy-
sis, Ovex1 is mostly related to SnRV and class III retroviral
elements but its relationship with these elements is very
distant. Its closest relative is SpeV, an endogenous retrovi-
rus of the tuatara (Sphenodon), last representative of an
archaic reptilian lineage that already existed 220 Myr ago
[69]. However the identity is rather low. In SpeV, only a
part of the Pro and RT domains have been sequenced and
the comparison is limited. More information would be
required to confirm the relationship of these ERVs.

In contrast, the region of Ovex 1 ORF3 and the 3'UTR con-
tain sequences similar to an ERV I repeated element and a
fragment of CR1 that are similarly located in chicken and
zebra finch DNA. This means that Ovex1 is likely a com-
posite element and that the recombination events
occurred in an ancestral genome before divergence of the
two bird clades 122 Myr ago. Such a chimerism resulting
from exchange of Pol and Env is frequently observed in the
ERVs [56].

The obvious deficiency of chicken and zebra finch Ovex1
in comparison with other ERVs is the absence of identifi-
able LTRs. However, two imperfect direct repeats, located
in the regions at the start and end of the transcription unit
are the presumable remnants of former LTRs. Retroviral
LTRs, generated from a single template during reverse
transcription of RNA into DNA, are identical at the time
of integration into the host genome. Over time, they will
diverge in sequence because of mutations occurring dur-
ing cellular DNA replication. Differences between the two
repeats can be used to estimate the time that has elapsed
since the ERV integration [32]. The lack of full LTRs and
the high divergence of the remaining 5' and 3' repeats are
consistent with the ancient origin of Ovex1.

The great majority of ERVs, having suffered random muta-
tions since their insertion, have accumulated deletions,
frameshifts and stop-codons that interrupt their ORFs
[70]. In chicken Ovex1, all three ORFs are uninterrupted
(though small deletions or local frameshifts might have
remained undetected) and in zebra finch at least two of
them. This is a rare event, unless the ERV has a very recent
origin, which is not the case. In vivo translation of Ovex1
transcripts remains to demonstrate. However, conserva-
tion of the ORFs suggests the existence of a selection pres-
sure acting to retain not only the RNA but also the
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encoded proteins. The effect of selection can be revealed
by comparing the rates of synonymous (dS) and nonsyn-
onymous (dN) nucleotide substitutions in chicken and
zebra finch coding sequences [71]. dN/dS ratios <1 indi-
cate the effect of a purifying selection acting to eliminate
divergent protein sequences. Gag is under a strong purify-
ing selection, with a dN/dS ratio of 0.08, close to the mean
value (0.085) for genes located on macrochromosomes
[72]. Pol and ORF3, with dN/dS ratios of 0.18 and 0.16,
display less constraint in the purifying selection. In addi-
tion, we detected a certain number of single nucleotide
substitutions between the wild Red Jungle fowl and the
White Leghorn chicken, a domestic strain derived from
the same Gallus gallus ancestor after some 10,000 years of
domestication [31]. Most of these substitutions are silent
(as seen in additional file 6 (Table S7, Polymorphisms in
chicken Ovex1 sequences)). This is in support of an ongo-
ing purifying selection that appears more stringent for Gag
and Pol than for ORF3.

Ovex1, devoid of homologous LTRs, is likely unable to
propagate its sequence. Gag and Pol have retained enough
conservation to be identified, but are nevertheless consid-
erably different from proteins of other retroviruses.
Important amino-acid residues implicated in viral
enzyme activity are not present in chicken and zebra finch
Ovex1 sequences whereas they are conserved in all retro-
viruses including Ovex1's closest relative, SpeV. RT and
Int, if translated, are presumably inactive. The protein
encoded by ORF3, if it is an envelope protein, appears also
highly defective. Conservation of uninterrupted retroviral
ORFs during more than 100 Myr despite the presence of a
high number of presumably invalidating mutations can
hardly occur just by chance and might indicate that these
proteins fulfill some unknown biological function and are
useful to the host.

Expression of Ovexl in chicken gonads

The in situ hybridization study shows that expression of
Ovex1 is restricted to specific cells of the gonads and thus
tightly controlled. This expression is characterized by L/R
asymmetry and is dependent on sex differentiation. In
both sexes, Ovex1 transcription is initiated at E5 in the cor-
tex of left gonads before the onset of evident sex differen-
tiation. At this stage, asymmetry of the gonads is already
determined by the asymmetrical expression of Pitx2¢ in
the epithelium of the left coelomic cavity, including the
genital ridge [14]. In both sexes, Pitx2c inhibition of retin-
oic acid synthesis allows expression of ER-« and SF-1 and
cortical cell proliferation in the left gonad [15]. The pat-
terns of expression of Pitx2c [15] and Ovex1 at E5 and their
transient expression in the left testis are rather similar, and
it is plausible that Pitx2c controls Ovexl expression,
directly or indirectly. In this context, the presence of a con-
served Pitx2 responsive element in the promoter region of
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chicken and zebra finch Ovex1 is interesting and deserves
further study.

From E6 thereon, aromatase, the key enzyme of estrogen
synthesis, is present in female gonads, not in male ones.
Consequently, in female embryos, the cortex of the left
gonad and both medullas, where the estrogen receptor
ER-a is present, become direct physiological targets of
estrogens. After E6 in the female, an increased and sus-
tained transcription of OvexI occurs in the cortex of the
left ovary and a low expression is observed in the medulla
of both gonads. In the male, the cortical region of the left
testis able to express Ovex1 becomes more and more lim-
ited. As Pitx2c [14], Ovex1 is no longer expressed at E18.
The absence of Ovex1 transcription in testicular medullas
suggests that estrogen stimulation might be required for
the medullar expression. Estrogen deprivation by fadro-
zole treatment leads to the masculinization of female
gonads with an inhibition of the left ovarian cortex devel-
opment and the apparition in the medulla of epithelial
structures analogous to testis cords. Ovex] expression is
strongly decreased in the medulla as well as in remnants
of the cortical region, showing the requirement for estro-
gens to get a sustained expression. This effect might be due
to a direct action of estrogens on the Ovex1 promoter but
reflects also the role of the hormone in proliferation and/
or differentiation of cortical and medullar cells able to
express Ovex].

During the embryonic differentiation of the ovary, most
of the Ovex1-expressing cells are tightly associated with
germ cells in the left cortex (or in close vicinity in the sub-
cortical medulla). After hatching, they constitute the gran-
ulosa cell layer surrounding the oocyte in the forming
follicles. This is in contrast with other markers of the gran-
ulosa like FoxL2, AMH and Wnt4 [4], which are not
expressed in cortical cells during embryogenesis, but in
the medullar compartment, and start to be expressed in
granulosa cells only when follicles form. The continuity of
expression of Ovex] makes this factor an interesting
marker of the filiation between cortical somatic cells and
granulosa cells.

The expression of Ovex1 enlightens the dramatic remode-
ling of the ovarian cortical surface that occurs around
hatching preceding the folliculogenesis. The previously
compact cortex, which contained nests of tightly packed
meiotic germ cells and somatic cells covered by a contin-
uous surface cell layer, suffers an important morphologi-
cal change. The surface cell layer loses Ovex1 expression;
patches of cells undergo apoptosis, and local disruptions
lead to an exfoliation of the superficial region of the cor-
tex. Ovex1-expressing cells appear to constitute a barrier
resisting the desquamation process before follicle forma-
tion. A more limited phenomenon has been observed by
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scanning electron microscopy in human and mouse ova-
ries. The extrusion of germ cells and satellite somatic cells
through temporary breaks of the ovarian surface epithe-
lium under the pressure of the subjacent highly proliferat-
ing tissue has been reported [73].

Putative roles of Ovexl| in the gonads

Ovex1 expression constitutes an interesting marker of
ovarian morphogenesis in chicken, but can it be an actor
in this process? In the male, the transient Ovex1 transcrip-
tion in the left testis is dispensable for testis function since
the right gonad becomes a functional testis despite the
absence of Ovex1 expression. The same conclusion cannot
be drawn for female gonads.

ERV transcription in vertebrates is not an exception and
displays variable tissue specificity [33,74]. In mammals,
expression of several ERV envelopes is detected in various
cancer cells, in particular ovarian cancers [75] and in sev-
eral normal tissues [55,76]. However, the role of these ret-
roviral proteins in vertebrate cells - if they are translated -
is not often known. The unique but prototypical example
is the recruitment of the fusogenic properties of retroviral
envelopes for the specific mammalian function of pla-
centa morphogenesis. HERV-W and HERV-FRD envelope
proteins, named syncytin 1 and 2, are responsible for tro-
phoblast cell fusion in placenta syncytiotrophoblast for-
mation in humans [77,78]. Envelope proteins of various
retroviruses have been independently recruited to fulfill
the same function in other mammals [79,80]. However, it
does not seem that embryonic ovary differentiation
involves cell fusion. Another positive role of ERVs for the
vertebrate host is protecting cells against infection by
viruses of the same family. Endogenous envelope proteins
saturate viral cell receptors, thus preventing exogenous
virus entry. In addition, the Gag protein of MuERV has
been shown to be closely related to the murine Fvl gene
that controls the replication of MMLV and prevents dis-
ease in mice infected by this retrovirus [43]. Such a role
might be useful in the ovary.

It is noticeable that Owvexl is not the only retroviral
sequence expressed in the embryonic chicken ovary. FET-
1 (female expressed transcript 1), a W-chromosome gene
asymmetrically expressed in the left ovarian cortex
between E4.5 and E6 has also a retroviral origin [2,11].
We found that it is similar to the consensus GGLTR7A ret-
rovirus (described in RepBase) [36] over 87% of its length
and encodes potentially an Env-like protein with similar-
ity to the HERV-FRD Env protein (syncytin 2). A common
role and/or a common regulation of FET-1 and Owvexl
might be investigated. To speculate further about the func-
tion of Ovex1 (and FET-1) in the ovary, it would be neces-
sary first to establish whether the encoded proteins are
actually translated, and if so, whether they retain viral
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functions, in particular if the putative envelope possess
fusogenic properties. Alternatively, these proteins might
have acquired new functions. The presence of nuclear
localization signals and of a leucine zipper motif in Ovex1
Gag protein suggests a possible role in nuclear
regulations.

In a recent screening for ESTs present in adult hen ovarian
follicles, an EST [GenBank:EC912004] that corresponds
to Ovex1 has been found to be expressed at a rate 6-time
lower in hen ovaries of a chicken strain selected for its
high egg production, compared with another strain with
low egg production [81]. Ovex1, which is expressed in
supporting somatic cells in close contact with germ cells
in the embryonic cortex and in follicles up to adulthood,
might play a role in regulating hen fertility at different
stages: germ cell proliferation, meiosis, folliculogenesis,
follicular survival or rate of follicle recruitment.

Conclusion

Ovex1 is an ERV present in both chicken and zebra finch
genomes. Similar sequences are detected in three other
domestic birds. Sequencing of more bird and reptile
genomes will presumably enlarge the family of Ovexl-
containing species. Unlike most ERVs that are represented
in the host genome by a family of related sequences, most
of the Ovex1 sequence (Gag and Pol regions) exists as a
unique copy in the genome of chicken and zebra finch.
However, these genomes are not fully investigated and
random divergence of elements inserted more than 100
Myr ago may impair their identification. The conserved
copy of this ERV might have been preserved because of a
specific function. Specifically expressed in the gonads,
Ovex1 constitutes an interesting marker of the granulosa
cell lineage useful for the study of ovarian morphogenesis.
The future objective will be to determine if it is only a wit-
ness or if it is an actor. The involvement of a retroviral ele-
ment in crucial processes of the ovarian development
would be very exciting.

Methods

RNA preparation

Commercial White Leghorn chicken eggs were incubated
at 38°C. Development stages (HH) are defined according
to Hamburger and Hamilton [82]. Embryonic left and
right gonads were dissected, collected individually into
RNA-later solution (Qiagen), and stored at -80°C. Young
embryos (up to E8) were genetically sexed by PCR [4] on
DNA purified from extragonadal tissues with the NucleoS-
pin tissue kit (Macherey-Nagel). Total RNA was purified
from pools of male or female, left or right gonads (35
gonads, about 18 mg of tissues for E8 embryos), using the
RNeasy RNA mini extraction kit (Qiagen), with DNase
treatment.
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Suppression Subtractive Hybridization (SSH)

The suppression subtractive hybridization (SSH) tech-
nique [37] was used to select transcripts expressed at a
higher level in the left ovary than in the right one of E8
female chicken embryos. The cDNAs were prepared and
amplified from total RNA of left or right ovaries, using the
SMART PCR cDNA synthesis kit (BD Biosciences Clon-
tech) according to the manufacturer's instructions. To
generate the first strand, 1 pg of total RNA was reverse-
transcribed with an oligo-dT containing primer (CDS),
using PowerScript reverse transcriptase (BD Biosciences
Clontech). Bicatenar ¢DNA was produced using the
SMART II 5'-anchored primer and amplified by PCR for
15 cycles. SSH was performed with the PCR-Select cDNA
Subtraction kit (BD Biosciences Clontech) according to
the user's manual. The two amplified cDNA populations
were digested with the restriction enzyme Rsal. After
digestion, the left ovary cDNAs (LO) were subtracted
against the right ovary cDNAs (RO), giving a cDNA pool
enriched in left ovary transcripts (LO-RO). Conversely,
the right ovary cDNAs were subtracted against the left
ovary cDNAs, giving a cDNA pool enriched in right ovary
transcripts (RO-LO). The efficiency of normalization and
subtraction was assayed by comparing the abundance of
the constitutively expressed glyceraldehyde 3-phosphate
dehydrogenase ¢cDNA in initial and subtracted cDNA
pools, using chicken-specific PCR primers (cGAPDHs:
5'ACCACTGTCCATGCCATCACS3', cGAPDHa:
5'TCCACAACACGGITGCTGTA3").

Cloning of the subtracted cDNA fragments

(LO-RO) subtracted cDNA fragments were cloned into
PGEMT-easy plasmid (Promega), to construct a (LO-RO)
subtracted cDNA library. Two hundred and fifty individ-
ual colonies were randomly selected, grown in 96-well
plates in 100 pL LB medium plus ampicillin for 14 hours
at 37°C and frozen at -80°C after addition of 10%
glycerol.

Differential hybridization screening

Differential hybridization screening was performed to
identify the cDNA clones displaying the greatest asymme-
try of expression between left and right gonads. A proce-
dure adapted from the PCR-Select differential screening
kit user's manual (BD Biosciences Clontech) was used
with the following differences. The (LO-RO) cDNA clone
library was used to prepare macroarrays. The insert of each
clone was PCR-amplified, using PCR-Select nested prim-
ers 1 (5TCGAGCGGCCGCCCGGGCAGGT3') and 2R
(5'AGCGTGGTCGCGGCCGAGGT3'). Four identical
macroarrays were prepared by spotting 2-uL aliquots of
each PCR reaction mixture on nylon membranes
(Hybond-N+, Amersham Pharmacia Biotech). Denatura-
tion of the DNA was achieved by blotting the membranes
onto 0.5 M NaOH, 1.5 M NaCl-impregnated Whatman 3
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MM paper for 2 min, followed by neutralization with 0.5
M Tris-HCl pH7.4, 1.5 M NaCl for 5 min and 3xSSC for 5
min, under the same conditions. Dry membranes were
then exposed to ultraviolet light (0.6 J/cm2) to perform
DNA cross-linking. The membranes were hybridized with
radioactive probes corresponding to the subtracted and
non-subtracted cDNA pools: LO-RO, RO-LO, LO, and
RO. 32P labeled probes were prepared by random priming
(Invitrogen Random primers DNA labeling system).
Hybridization was performed as described previously
[83]. Denatured herring sperm DNA (100 pg/mL) and 3
pg/mL each of PCR-Select nested primers 1 and 2R, anti-
nested primer 1: (5'ACCTGCCCGGGCGGCCGCTCGA3')
and anti-nested primer 2R
(5'ACCTCGGCCGCGACCACGCT3') were added to the
hybridization solution to prevent unspecific hybridiza-
tion of the PCR-Select adaptator sequences. Membranes
were subjected to autoradiography and the intensity of the
spots quantified using the Image] software. The clones dis-
playing the highest ratios of (LO-RO) versus (RO-LO)
hybridization were selected. The inserts were sequenced
by automated fluorescence sequencing (MWG Biotech
France), using pGEMT-specific primers.

Determination of the complete Ovex| sequence

Primers derived from the genomic sequence were used to
amplify by RT-PCR overlapping cDNA fragments from E8
left ovary RNA. Reverse transcription was performed by
random priming on 2 ug total RNA using SuperScript 11
Rnase H-reverse transcriptase (Invitrogen). PCR amplifi-
cation was performed on 1/20th of the cDNA product
(equivalent to 100 ng of RNA), with 10 pg/mL of the PCR
primer pairs listed in additional file 9 (Table S1, Primers
and PCR conditions). The mixture contained 67 mM Tris-
HCI (pH8.8), 17 mM (NH,),SO,, 6.7 mM MgCl2, 10 mM
2-mercaptoethanol, 6.7 uM EDTA, 10% (v/v) dimethyl-
sulphoxide, 0.5 mM each of the four ANTP, and 2 units of
EurobioTaq polymerase (Eurobio) in a final volume of 50
pL. Hot start was performed by addition of the Taq
polymerase after 5 min of preincubation at 80° and fol-
lowed by 30 cycles of amplification (45 s at 95°, 45 s at
57°,and 180 s at 72°). After analysis for purity of the PCR
product by polyacrylamide gel electrophoresis, the PCR
reaction mixture was treated with ExoSap-It (USB) to
remove primers and nucleotides and used for direct
sequencing of the fragments in both directions (MWG
Biotech France).

Determination of cDNA ends

5' and 3' cDNA fragments were isolated by the rapid
amplification of ¢cDNA end methods (5'RACE and
3'RACE) using total RNA purified from E12 left ovaries.
Amplification was performed with the SMART RACE
cDNA amplification kit (BD Biosciences Clontech),
according to the manufacturer's instructions, using
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SMART universal primers and the gene specific primers
indicated in additional file 9 (Table S1, Primers and PCR
conditions). The amplification products were analyzed by
electrophoresis on agarose gel and the main band, puri-
fied with NucleoSpin extract II (Macherey Nagel), was
cloned into pGEMT-easy vector (Promega). At least 5
independent recombinant clones were sequenced in each
experiment.

Amplification of Ovexl-related sequences from other
domestic fowls

Turkey, guinea fowl and duck DNAs were prepared from
muscular tissues. PCR amplification was carried out with
primers and conditions indicated in additional file 9
(Table S1, Primers and PCR conditions). PCR fragments
were sequenced directly.

Computer sequence analysis

DNA sequence searches in the chicken (galGal3) and
zebra finch (taeGutl) genome databases were performed
with BLAT program http://genome.ucsc.edu/cgi-bin/
hgGateway. Nucleic acid and protein similarity was
detected with the BLAST server at NCBI http://
www.ncbi.nlm.nih.gov. Mobile elements were identified
by RepeatMasker http://www.repeatmasker.org based on
the RepBase database http://www.girinst.org[36].
Searches for the PBS were carried out using chicken tRNA
sequence data  http://gtrnadb.ucsc.edu/Ggall/Ggall-
align.html[39]. Promoter screening for transcription fac-
tor responsive elements was carried out with the MatIn-
spector program http://www.genomatix.de/. Sequence
alignments were performed with ClustalW2 multialign-
ment program [84], with default settings http://
www.ebi.acuk and adjusted manually. The phylogenetic
trees and bootstrap values were calculated using the
Neighbor-Joining method [85] with QuickTree software
[86]http://mobyle.pasteur.fr and drawn with the NJplot
software [87]. The ORF map and the hydrophobicity plot
calculated according to Kyte and Doolittle [88] were cre-
ated with the DNA Strider program [89]. Protein structure
was analyzed with Psort version II http://mobyle.pas
teur.fr and N-glycosylation sites predicted by the NetNG-
lyc 1.0 Server http://www.cbs.dtu.dk/. Synonymous and
non-synonymous substitution rates corrected for multiple
substitutions were determined using the SNAP program
http://www.hiv.lanl.gov[90]. Quantification of photo-
graphic spot intensity was carried out with Image process-
ing and analysis in Java (Image] 1.33) http://
rsb.info.nih.gov/ij/.

Database accession numbers and abbreviations

Complete nucleotide sequences of the chicken Owvexl
unspliced and spliced mRNAs (splice variant 1) were
deposited under accessions |[GenBank:FI406461] and
[GenBank:FI406462]. Partial Gag sequences of turkey,
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guinea fowl and duck are respectively [Gen-
Bank:FI423166, GenBank:FI423167, GenBank:F[423168]
and partial RT sequences [GenBank:FI423169,
GenBank:F]423170, GenBank:FI423171].

Abbreviations and database accession numbers of other
sequences referred to in the text and figures are as follows:
ALV, Avian leukosis virus, [GenBank:NC 001408];
cENS3, Pol-like protein ENS-3, [GenBank:NP_989963];
Devl,  Dendrobates  ventrimaculatus ERV 1,
[EMBL:X95795]; EAV-HP, Avian endogenous retrovirus
EAV-HP, [EMBL:AJ292966]; FFV, Feline foamy virus,
[GenBank:NP_056914]; GGERV-L,, ERV3 endogenous
retrovirus from chicken, RepBase [36], RT (nt 2312-
2785); GGLTR11-int, ERV1 endogenous retrovirus from
chicken, RepBase [36], RT (nt 1686-2183), Env (nt4126-
5472); HERV-H, Human endogenous retrovirus HERV-H/
env62, [EMBL:AJ289709]; HERV-L, Human endogenous

retroviral element HERV-L, [EMBL:X89211]; HFV,
Human foamy virus, [GenBank:NC 001736]; HIVI,
Human immunodeficiency virus 1, [Gen-

Bank:NC_001802]; HTLV1, Human T-lymphotropic virus
1, [GenBank:NC_001436]; MMLV, Moloney murine
leukemia virus (Pol polyprotein), [Swiss-Prot:P03355];
MMLYV, Moloney murine leukemia virus (Env polypro-
tein), [Swiss-Prot:P03385]; MMTV, Mouse mammary
tumor virus, [GenBank:NC 001503]; MuERV-L, Mus
musculus endogenous retroviral sequence MuERV-L,
[EMBL:Y12713]; PERV, Porcine endogenous retrovirus,
[EMBL:AI279057]; REV-A, Reticuloendotheliosis virus
isolate REV-A, [GenBank:DQ237900]; RV_Tinamou, RV-
Tinamou partial mRNA for polyprotein,
[EMBL:AJ225235]; SnRV, Snakehead retrovirus, [Gen-
Bank:NC_001724]; SpeV, Sphenodon endogenous retro-
viral gene for protease and reverse transcriptase,
[EMBL:X85037]; TERV, Tetraonine endogenous retrovi-
rus, [GenBank:AF289082]; WDSV, Walleye dermal sar-
coma virus, [GenBank:NC 001867]; WEHV1, Walleye
epidermal hyperplasia virus type 1,
[GenBank:AF133051]; WEHV2, Walleye epidermal hyper-
plasia virus type 2, [GenBank:AF133052]; Xen1, Xenopus
laevis endogenous retrovirus Xenl, [EMBL:AI506107];
ZFERV, Danio rerio endogenous retrovirus ZFERV,
[GenBank:AF503912].

Gene expression analysis by semi-quantitative RT-PCR

Semi-quantitative RT-PCR was carried out to determine
the specificity of expression of Ovex1. Experimental condi-
tions were as described above, except for the use of 1/
100t of the RT product (equivalent to 20 ng RNA). The
number of PCR cycles was limited and optimized in each
case. Primer pairs, hybridization temperatures and
number of cycles are given in additional file 9 (Table S1,
Primers and PCR conditions). Elongation at 72° was for
75 s. PCR products were analyzed by electrophoresis on
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10% polyacrylamide gels. Controls without reverse tran-
scriptase were negative.

In situ hybridization

In situ hybridization was performed on Leghorn gonad
cryostat sections as described previously [7], using anti-
sense digoxigenin-labeled riboprobes. Lhx9 and Cvh
probes have already been described [4]. Other probes
were prepared from cloned RT-PCR fragments, according
to the same procedure. The FoxL2, Stra8 and ER-« probes
correspond respectively to [GenBank:AY155534] (nucle-
otides 1 to 330), [GenBank:XM_416179] (nt 121 to 825)
and [EMBL:X03805] (nt 827 to1752). For Ovex1, a Pol
probe corresponding to nucleotides 2511 to 3245 was
used in the experiments reported. Hybridization of a 3'-
UTR probe (nt 8633 to 8919) gave similar results. Hybrid-
ization with sense probes was negative. Apoptotic cells
were detected by the TUNEL method, using In Situ Cell
Death Detection Kit, Fluorescein (Roche), on frozen sec-
tions previously treated for in situ hybridization. After PBS
washing, sections were incubated for 1 hour at room tem-
perature with the TUNEL Label Mixture containing termi-
nal transferase.

Fadrozole treatment

White Leghorn eggs, were treated on day 4 of incubation
(HH stage 24) with a single injection of 1 mg fadrozole
(CGS 16949A), a specific nonsteroidal aromatase inhibi-
tor (Novartis, Basel, Switzerland), as described [66].
Embryos were sacrificed at 14 days of incubation.
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