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We report on the identification and characterization of XTERV]1, a full-length endogenous retrovirus (ERV)
within the genome of the western clawed frog (Xenopus tropicalis). XTERV1 contains all the basic genetic
elements common to ERVs, including the classical 5'-long terminal repeat (LTR)-gag-pol-env-3'-LTR archi-
tecture, as well as conserved functional motifs inherent to each retroviral protein. Using phylogenetic analysis,
we show that XTERV1 is related to the Epsilonretrovirus genus. The X. fropicalis genome harbors a single
full-length copy with intact gag and pol open reading frames that localizes to the centromeric region of
chromosome 5. About 10 full-length defective copies of XTERV1 are found interspersed in the genome, and 2
of them could be assigned to chromosomes 1 and 3. We find that XTERV1 genes are zygotically transcribed in
a regulated spatiotemporal manner during frog development, including metamorphosis. Moreover, XTERV1
transcription is upregulated under certain cellular stress conditions, including cytotoxic and metabolic
stresses. Interestingly, XTERV1 Env is found to be homologous to FR47, a protein upregulated following cold
exposure in the freeze-tolerant wood frog (Rana sylvatica). In addition, we find that R. sylvatica FR47 mRNA
originated from a retroviral element. We discuss the potential role(s) of ERVs in physiological processes in

vertebrates.

Retroviral elements represent a considerable fraction of ver-
tebrate genomes. They have been extensively studied in hu-
mans and mice, for which they make up 8% and 10% of the
genome, respectively (38, 60). Two classes of retroviruses have
been distinguished: exogenous viruses or infectious forms that
are horizontally transmitted and endogenous retroviruses
(ERVs) that have become incorporated into the host genome
following infections of germ or early embryonic cells. ERVs
are inherited vertically by the subsequent generations and
evolve as endogenous elements of the host genome. They often
become defective over time via accumulation of multiple mu-
tations and large deletions and persist as truncated forms or
relics within the genome (8).

Exogenous retroviruses are classified in two subfamilies: the
Orthoretrovirinae and the Spumaretrovirinae. Alpha-, Beta-,
Gamma-, Delta-, and Epsilonretrovirus and Lentivirus are six
genera of the Orthoretrovirinae subfamily, and Spumavirus is
the single genus from the Spumaretrovirinae subfamily (9, 23).
ERVs derived from these exogenous retroviruses are present
in various vertebrate host genomes, including fishes, amphib-
ians, reptiles, birds, and mammals (27). ERV structures can
vary to a large extent across these groups, and this is correlated
by differences in ERV content between host genomes (8).
Thus, a large body of our knowledge on ERVs comes from the
study of their diversity in host genomes. However, there is a
significant gap of scientific literature on amphibian ERVs.
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Three different endogenous retroviral fragments correspond-
ing to retroviral protease and reverse transcriptase genes from
the poison dart frog (Dendrobates ventrimaculatus) have been
isolated and characterized (58). Herniou and colleagues have
shown the presence of ERVs in various vertebrate genomes,
including several anurans and urodeles (27). Nevertheless, the
first and unique complete sequence of an anuran amphibian
ERYV, Xen-1, was only recently characterized within the Xeno-
pus laevis genome (32). Xen-1 is closely related to ERVs de-
rived from Epsilonretroviruses, and its presence in the genomes
of several species of the Xenopus genus, including Xenopus
tropicalis, has been confirmed (32).

In all species, the majority of ERVs take the form of tran-
scriptionally silent proviral relics. However, some elements
retain a certain degree of transcriptional competence, as
shown by active promoter and enhancer elements within their
long terminal repeats (LTRs) (2, 59). In some instances, ERV
regulatory sequences have been coopted by the host to partic-
ipate in the expression of neighboring genes (39, 50, 57). In
addition, increasing data support the view that expression of
active ERVs can be precisely controlled and modulated and
that ERV products (RNA transcripts/proteins) can be associ-
ated with biological functions in both physiological and patho-
logical processes (see reference 30 for a review).

The most striking illustration of the beneficial contribution
of transposable element (TE) sequences such as ERVs con-
cerns the molecular domestication process, by which a TE-
derived coding sequence gives rise to a functional host gene.
Indeed, some ERV proteins have been domesticated to as-
sume important physiological roles. The best examples are the
env-derived proteins syncytin-1 and syncytin-2 in primates and
their analogous proteins in mammals, which have been re-
cruited to act in placenta morphogenesis (7, 10, 44). Similarly,
the FvI (Friend virus susceptibility 1) restriction gene is
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thought to have evolved from the gag region of an endogenous
retrovirus related to the MuERV-L element from mice and to
the HERV-L element from humans (4, 6). Thus, much like
other TEs, the ERV potential for exaptation is high (14).

Here, we report on our discovery and subsequent analysis of
a full-length endogenous provirus, named XTERV1, discov-
ered within the X. tropicalis genome. We found that this ERV
is related to the Epsilonretrovirus genus of the Retroviridae
family. This element exhibited a typical proviral genomic or-
ganization and had the distinctive feature of encoding an en-
velope protein highly similar to a freeze-response protein of
the wood frog (Rana sylvatica). We estimated the copy number
and interspersion of XTERV1 elements by in silico studies and
chromosome mapping experiments. Since XTERV1 LTRs
contained intact regulatory sequences, we explored the tem-
poral and spatial expression patterns of the retroviral genes
during development, including metamorphosis. Moreover, we
showed that XTERV1 transcription is enhanced by particular
cellular stresses, pointing toward intriguing functional analo-
gies with the R. sylvatica FR47 protein.

MATERIALS AND METHODS

Animals and biological materials. X. tropicalis embryos were obtained by in
vitro fertilization or by natural breeding using standard methods (11). Staging
was according to Nieuwkoop and Faber (45). Oocytes at stages I to VI were
obtained as described previously (49), sorted under a dissecting microscope, and
pooled (30 oocytes per stage) before total RNA extraction was performed using
Trizol reagent (Invitrogen) and Phase Lock gel heavy (Eppendorf).

Preparation of sperm nucleus from X. laevis and X. tropicalis was adapted from
transgenesis methods (36). Genomic DNA (gDNA) from sperm nuclei was
extracted as previously described (55).

Cell culture. The Speedy cell line consists of fibroblast-type cells, derived from
a primary culture established from an X. tropicalis limb bud (called 91.1.F1; a
kind gift from H. Y. Hwang, Sanger Institute). Cells were propagated in L15
medium (Invitrogen Gibco) supplemented with 10% heat-inactivated fetal bo-
vine serum (FBS; Sigma) and a cocktail of penicillin G (50 U/ml) and strepto-
mycin (50 pg/ml) (Invitrogen Gibco). Cells were cultivated in a 28°C incubator
and passaged twice a week. For chromosome sample preparations, cells were
treated with colcemid (Invitrogen) at 0.6 pg/ml in culture medium for 5 h and
fixed according to published procedures (37). These cells were karyotyped, and
21 chromosomes were constantly observed, including a full set of X. tropicalis
chromosomes plus an additional chromosome 10 (chr. 10; trisomy 10; unpub-
lished data). gDNA from the Speedy cell line was prepared as described above.
The XL2 cell line was a kind gift from L. Richard-Parpaillon (CNRS, Rennes,
France). Culture conditions were the same as those used for the Speedy cell line.

Cell and embryo treatments. (i) Cold shock. Speedy cells were grown to
confluence in 10-cm? culture dishes and then transferred to a refrigerator set to
8°C to 10°C for 5 h. A set of 10-cm? confluent plates was cultivated at 28°C and
used as an untreated control. Cells were harvested by trypsinization, pelleted,
and resuspended in 500 pl Trizol reagent (Invitrogen) for total RNA extraction.
X. tropicalis tadpoles (stage NF47-48) were incubated at 4°C for 1 h, and 20
individuals were pooled for RNA extraction.

(ii) TH treatment. Speedy cells grown to confluence in 10-cm? culture dishes
were transferred in L15 medium, 10% FBS containing 10 nM thyroid hormone
(TH; T3,3,5,3'-L-triiodothyronine). Cells were collected after 8 h and resus-
pended in 500 pl Trizol reagent (Invitrogen). X. tropicalis tadpoles (stage NF47-
48) were treated with 10 nM TH and incubated for 17 h and 42 h. Twenty
embryos were pooled for total RNA extraction. Untreated embryos served as
controls.

(iii) Serum starvation. Speedy cells were grown in 10-cm? culture dishes at
80% confluence. Growth medium was removed, and cells were washed twice with
phosphate-buffered saline. Serum-depleted medium, which consisted of L15
medium supplemented with 0.2% heat-inactivated FBS, was then added. After
20 to 24 h of treatment, cells were harvested by trypsinization, pelleted, and
treated for total RNA extraction.

(iv) UV-C irradiation. Speedy cells grown in 10-cm? culture dishes were over-
laid with 10 ml of phosphate-buffered saline, placed in a UV cross-linker (BXL-
254; Bio-Link), and exposed to 3 mJ/cm? of UV-C irradiation. Phosphate-buff-
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ered saline was then replaced with growth medium, and cells were collected at
3 h postirradiation for total RNA extraction.

Real-time reverse transcription-quantitative PCR (RT-qPCR). Total RNA
was extracted from pools of 10 to 15 embryos in various developmental stages
using Trizol reagent (Invitrogen) and Phase Lock gel heavy (Eppendorf). After
DNase treatment, RNA samples were purified with either a MEGAclear puri-
fication kit (Ambion) or an RNeasy MinElute kit (Qiagen). RNA integrity was
evaluated using an RNA 6000 nanokit on an Agilent 2100 bioanalyzer. One
microgram of total RNA was subjected to in vitro reverse transcription using a
mixture of poly(dT) and random pentadecamer primers (SuperScriptIII; Invitro-
gen) (46). Products obtained from reverse-transcribed RNAs were monitored
using an RNA 6000 picokit on an Agilent 2100 bioanalyzer.

Real-time amplification was conducted in triplicate using the Maxima SYBR
green/carboxy-X-rhodamine (ROX) qPCR master mix (Fermentas) on a
StepOne apparatus (Applied Biosystems). Biological replicates were performed
for the following experiments: serum starvation, UV irradiation, as well as the
temporal expression of XTERV1 transcripts. Technical replicates were done for
other experiments. The equivalent of 5 ng of total cDNA was subjected to 40
cycles of amplification in two steps: 95°C denaturing for 15 s and 60°C annealing
for 1 min. A melting curve analysis was then conducted for 15 s at 60 to 95°C. The
various primer sets are listed in Data Set S1 in the supplemental material. We
sequenced the amplicons obtained by qPCR using Pol and FR47/Env primers on
cDNA samples prepared from two developmental stages (NF48 and NF60-
NF62) and on gDNA samples prepared from Speedy cells and an X. tropicalis
individual. The sequences were identical between them and to the sequence of
the XTERV1 full-length copy, which confirms that our qPCR assay is specific to
the XTERV1 full-length copy. The normalization of the input cDNA was per-
formed on all samples by monitoring transcript levels of housekeeping genes,
such as X. tropicalis ornithine decarboxylase 1 (odcl) or/and X. tropicalis ribo-
somal protein L8 (1pl8) (54). The comparative threshold cycle (C;) method was
used to determine the relative gene abundance (42). The fold change in target
gene expression at a given time was calculated for each sample as the ratio of
target mRNA normalized to that of the reference mRNA (odc! or rpl8) and
relative to the expression at time zero, using the following formula 2744¢7, Data
were expressed as means *+ standard errors of the means (SEMs).

PCR amplification and cloning. (i) Sequencing of the gap in XTERV1 ORF1/
gag and genomic assembly of XTERV1 sequence. The genomic sequence of
XTERV1 was incomplete because a gap interrupted its sequence. The sequences
bordering this gap on scaffold_387 could be aligned with 92% identity with a
2,117-bp fragment of the scaffold_688 sequence. This gap was most likely due to
a misassembly of the end portions of scaffold_387 and of scaffold_688. Primers
flanking the lacking sequence in XTERV1 gag were used to PCR amplify the gap
fragment (primers 5’ ORF1 seql and 3" ORF1 seql; see Data Set S1 in the
supplemental material). PCR was performed on Speedy cell gDNA (300 ng)
diluted in PCR buffer (Fermentas) containing 200 pM each deoxynucleoside
triphosphate, 2 mM primers, 1 mM MgCl,, and 1 U of Pfu DNA polymerase
(Fermentas) in a 50-pl reaction volume. The cycling procedure was 94°C for 5
min with a hot start and then 35 amplification cycles (94°C for 1 min, 55°C for 1
min, 72°C for 2 min), followed by a final extension step at 72°C for 10 min. The
resulting amplicon was gel purified using a QIAquick gel extraction kit (Qiagen),
cloned into the pCR2.1-TOPO vector using a TOPOTA cloning kit (Invitrogen),
and then sequenced (GATC, Germany). This sequence of 1,232 bp allowed us to
fill the gap in the XTERVI1 sequence and to assemble an uninterrupted
XTERV1 proviral sequence. We assessed the colinearity at a single locus of our
assembly of the XTERV1 genomic sequence using PCR on gDNA from Speedy
cells or individuals. Using primers 5" QP2 ORF1 and 3’ Pol seql, we amplified
a fragment spanning the gap and a 2-kb fragment flanking the 3’ end of the gap.
For each gDNA template, we obtained and sequenced, as described above, a
single amplicon of 3,243 bp. These two sequences were identical to our assem-
bled XTERV1 proviral sequence, confirming its existence at a single locus.

XTERV1 proviral sequences were amplified from gDNA extracted from two
unrelated individuals originating from two different populations of X. tropicalis
(Uyere, Nigeria, and Adiopodoume, Ivory Coast), as well as from the Speedy cell
line. The sequences obtained were identical to the XTERV1 reference genomic
sequence (GenBank accession no. HM765512), except for two adenosines within
the gag nucleotide sequence (position 2702 in the sequence in Data Set S3 in the
supplemental material) and absent from the PCR products obtained from
gDNA.

(ii) Cloning of XTERV1 ORF3/FR47/env. A short fragment (1,305 bp) and a
long fragment (1,718 bp) containing the FR47/env open reading frame (ORF)
were PCR amplified from Speedy cell gDNA using the conditions described
above and primers pair 5" FR47 seq3 and 3' FR47 seql and primers pair 5" FR47
seq2 and 3’ FR47 seql, respectively. Amplicons were purified using a QIAquick
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gel extraction kit (Qiagen) and ligated into the PCRII-TOPO vector using a
TOPOTA cloning dual promoter kit (Invitrogen). The resulting plasmids, pC-
RII-TOPO(FR47/env short) and pCRII-TOPO(FR47/env long), respectively,
were validated by sequencing.

(iii) Amplification of XTERV1 3’ junction. The endogenous nature of
XTERV1 was checked by PCRs performed on gDNA extracted from sperm
nuclei using the following primers: 3’ locus Xterv and 5'QPCR FR47. These
primers were designed to amplify a 1,614-bp amplicon corresponding to the 3’
junction of XTERV1. The PCR conditions were as described above. The am-
plicon was gel purified using a QIAquick gel extraction kit (Qiagen) and directly
sequenced.

(iv) Amplification of Xenopus laevis XLERV1 pol ORF. PCR was performed as
previously described on gDNA extracted from a X. laevis sperm nucleus prepa-
ration by using primers 5" XLERV seql and 3" XLERYV seql. The 2,635-bp
amplified DNA was gel purified and partially sequenced on both extremities.

FISH. The template DNA (500 ng) was labeled by random priming (DecaLa-
bel DNA labeling kit; Fermentas) with incorporation of digoxigenin-11-UTP
(DIG-11-dUTP) nucleotide (Roche). Purification of the reaction mixture was
done using a gel extraction kit (Qiagen). Fluorescence in situ hybridization
(FISH) coupled with tyramide signal amplification (TSA) was carried out ac-
cording to published methods (37). In brief, the slide preparation as well as
labeled probes were denatured for 5 min at 70°C in hybridization buffer (50%
formamide, 2X SSC [1X SSC is 0.15 M NaCl plus 0.015 M sodium citrate], 300
mM NaCl, 30 mM sodium citrate, pH 7.0) and incubated together overnight (12
to 16 h) at 37°C. Visualization of the hybridized probe was performed using an
antidigoxigenin-peroxidase, Fab fragment antibody (Roche). Amplification of
the FISH signals was carried out with a TSA-tetramethylrhodamine kit (NEN,
Life Science, Boston, MA). Pictures of metaphase spreads after FISH were taken
under a fluorescence microscope equipped with an AxioCam MRm camera and
processed through AxioVision software (Zeiss, Germany). Labeled chromo-
somes were identified using their p/q arm ratios and relative sizes. The total
length of the largest chromosome, chromosome 1, was used as an internal
standard (34). Two slides per probe and over ~30 metaphase spreads per slide
were analyzed.

Whole-mount in situ hybridization (WISH). In situ hybridization studies were
carried out according to standard procedures and as previously described (48).
Templates for in situ probes were obtained by PCR using M13 forward and
reverse universal primers on pCRII-TOPO (FR47/env short). Digoxigenin-la-
beled RNA antisense and sense probes were transcribed with T7 and SP6 RNA
polymerases, respectively, using digoxigenin-11-UTP (Roche). Hybridizing
probes were detected using an anti-DIG alkaline phosphatase (AP)-conjugated
antibody (Roche). Following hybridization, the signal was revealed using the BM
purple AP substrate (Roche). For whole-mount imaging, embryos were bleached
in 1% H,0,-5% formamide—0.5X SSC and then progressively transferred to
methanol and viewed in Murray’s clearing solution (benzyl benzoate and benzyl
alcohol, 2:1 [11]).

Sequence analyses and phylogeny. ORF determination was carried out using
ORFinder from NCBI (www.ncbi.nlm.nih.gov/ORFinder). Meaningful align-
ment between the R. sylvatica FR47 ORF and X. tropicalis FR47-like ORF
required the introduction of a frameshift within the X. tropicalis FR47-like
sequence (Fig. 1A, position 669) and the change of the initiation codon within
the R. sylvatica FR47 sequence (the first methionine, at position 260 in Fig. 1A)
defined elsewhere (43). The identification of conserved functional motifs was
made using LTR Finder (61). Reverse transcriptase domains (Prosite PS50878)
from representative members of the seven retroviral genera were extracted and
then aligned using the MUSCLE program (21). ProtTest was used to select the
RtREV+I1+G amino acid substitution model before phylogenetic reconstruction
using the PhyML program (25). Bootstrap values were determined from 1,000
replicates. LTR sequences were recovered and aligned using the NCBI Blastn
and BlastAlign programs (3). For the insertion time estimate, LTR sequences
that contained 45% of the gaps in the final alignment were excluded for further
analysis. All positions containing gaps and missing data were eliminated, result-
ing in a final data set with 151 positions from 79 sequences. The T92+G nucle-
otide substitution model was selected from a maximum likelihood fit analysis of
24 models, and the value of the gamma shape parameter (G) was estimated
before estimating the number of base substitutions per site (d, which is equal to
0.0848 =+ 0.0164). For the LTR phylogeny, the model used was T92+G, in which
G was equal to 0.5553, and the 22 sequences provided 96 positions. Analyses
were made using the MEGA (version 5) program (56).

Nucleotide sequence accession number. The nucleotide sequence of XTERV1
has been submitted to the EMBL, GenBank, and DDBJ sequence databases
under accession number HM765512.
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RESULTS

Identification of retroviral envelope protein homologs in R.
sylvatica and in Xenopus. We previously identified a transcript
highly expressed during X. laevis metamorphosis that exhibits
significant similarity to the freeze-responsive FR47 mRNA
initially discovered in R. sylvatica (22, 43). FR47 encodes a
390-amino-acid (aa) protein specifically expressed in the liver
of this freeze-tolerant wood frog, suggesting that it may be
involved in freeze survival (43). In X. laevis, the FR47-like
transcript is predominantly expressed in metamorphic limbs.
However, transcripts are also detected during embryogenesis
(starting at the gastrula stage) and in most adult tissues sam-
pled, the exceptions being the ovary, testis, and lung (22).

We analyzed the corresponding loci available in the X. tropi-
calis genome sequence to further characterize this FR47-like
gene (26). The scaffold_387 was predicted to contain an ORF
(at positions 1123386 to 125395) potentially encoding a protein
with significant similarities to FR47 from R. sylvatica (cDNA,
GenBank accession no. AY100690). The predicted 742-aa X.
tropicalis FR47-like protein aligned over its whole length with
the 649-aa putative FR47 protein from R. sylvatica (Fig. 1A),
and the two sequences share 36% similarity. Further investi-
gations revealed that these two proteins displayed significant
similarities with other known retroviral envelope proteins, in-
cluding the ORF3 of the chicken (Gallus gallus) ERV OVEXI1,
its zebra finch (ZTaeniopygia guttata) homolog (13), and a por-
tion of env from the grouse (Bonasa umbellus) ERV (19), as
well as with genomic and cDNA sequences from various ver-
tebrate species (Fig. 1B; see Data Set S2 in the supplemental
material). Moreover, sequence analysis of X. tropicalis FR47-
like and R. sylvatica FR47 proteins revealed the presence of
conserved motifs typically described in envelope proteins, in-
cluding a hydrophobic signal peptide at the N terminus, a
transmembrane domain at the C terminus, multiple putative
glycosylation sites, as well as a furin cleavage site (consensus
R/K-X-R/K-R), which separates the surface region (SU) and
the transmembrane domain (TM) subunits (5).

Altogether, we showed that the conceptually translated
product of the X. tropicalis FR47-like sequence corresponds to
a bona fide 742-aa retroviral envelope protein (referred to as
the FR47/Env ORF). R. sylvatica FR47 and X. tropicalis FR47/
Env belong to a family of envelope-like proteins, which are
widespread in vertebrates, from amphibians to mammals.

In 2003, McNally et al. positioned the coding region of FR47
at the C-terminal region of the translated product predicted
from the 3,678-bp sequence of R. sylvatica cDNA (43). How-
ever, we found that the 5’ end of this cDNA resembles a
retroviral polyprotein. Indeed, the N-terminal 401 aa of the
putative protein encoded from this cDNA sequence had 28%
identity to the Gag-Pro-Pol polyprotein of the walleye dermal
sarcoma virus (WDSV). Therefore, we conclude that the FR47
mRNA described by McNally et al. (43) is derived from a
retroviral element within the R. sylvatica genome.

Characterization of an X. tropicalis endogenous retrovirus,
XTERVI1. We analyzed the genomic sequence containing the
FR47/Env ORF and found 485-bp LTRs on both sides (Fig. 2;
see Data Set S3 in the supplemental material). The two LTRs
are 99.8% identical to each other, with a single substitution
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A FR470_RANSY 1. FTPGIDVTTHENN- - - - - - - ... -- 33

. FRA47L_XENTR 1 [RMPRMTRRMTREKLKNQQLPVMNR | S TKY 52 SU
FR470_RANSY DLTW/GFGPKDGTRSYSVGS | VVSIGHESP FYVKD 68
FR47L_XENTR 53 ALWCSLLTFLLLFIPLWI LLNCVCYPSQNSP LGS LCYNAMRNNSNNTEHYLIA 104

FR470_RANSY 69 NDYYPRSPVVFVKARPPALVN- - - - I SFHWR- - - - - - - - ENLPWPYNY TPHK 108
FR47L_XENTR 105 [3SLSTMLSS TEMVHDGTDNFSPAN | MQWGWRNAT | ARQQDNFE TICPANQPC I V 156

FR470_RANSY 109 CHKLGP LE TWKEV FDKTQAV LRTPHSEEYKKKTKGTG | RPVSIGAEP FN 1 TIGP 160
FR47L_XENTR 157 LNMTTSSS | LKSHNH1GYLAIPVQRYCNFS!I I SNATAFQS TLLMPSQEYDKP 208

FR470_RANSY 161 IVTNQSATY | CASWFFVKSNNTAGGY | QWEHYGFSIK - - - - < - - - - - IEDT 201
FR47L_XENTR 209 FLVNVYHDPNS FNWTQNTNYSILPAGY TLLFTNGTP I TNRTWFMIGIVCI I ST 260
FR470_RANSY 202 PPLVFKSISVLTPVPKSICLNTSI sQak TKVKFNV TIFPKLBDC - - - - - LG W 248
FR47L_XENTR 261 SPTAH LIPTPDOTCVNVTITINKAVKV | FK I TTPP | PVCS TSKSLIGAW 311

FR470_RANSY 249 YDTVLGATGTGMGVMSG I QMEMI QNKWKHAGGH | ADGL | | TSQWLPT(TFE TQ 300
FR47L_XENTR 312 YDTLLGGAGTAMGV LNGVDMEV LRNKLYAASHLKTAFHVTAQWAP vvasaQ 363

FR470_RANSY 301 1SQVQLTKYLNAMVNYT1 | As LELWRRDQKF INLTQEAFS TLSYH | QVNRAR 352
FR47L_XENTR 364 LMQLKLDQE FVKYLGDNTFAVLNLTAGS - - - VSWILCGLRYVWLS QQRSE LE 412

FR470_RANSY 353 EELQSGNYHTWLKY FKGLDLENTWFEVPGRE | ECEEQW- - - - - - - - CAGRFN 396
FR47L_XENTR 413 NMLLLPKYSSIKLAKLESWNSRD - - WHLDK INTFCQE | HNGS I SFFTCYLS | T 462

FR470_RANSY ~ 397 | ¥YMVEGIEVMCKL | VMP LLVGEDPPE - - - FWYPE | YGHYADTQDR - - - - - - - 438
FR47L_XENTR ~ 463 LYKADNVS|LACKFTVLPFPHYNGLTSNLTWWP TFLGNYVFPKTNRTFTLEH 514

FR470_RANSY 439 -« - ccccececnnnn THDLCLLKHQSNICKFQRMPVHIGNRFME IGPQHICL 475
FR47L_XENTR 515 CI STNNGLACRHSSPVYEPCLLHKDLNlOHMVVPADYS - IMLEIGPQYVCF 565

FR470_RANSY 476 | TNDND TMRS LNRTAPFSGC | MNVKV FKWLND T/F | FESDADKTFNREWAVDN 527
FR47L_XENTR ~ 566 ATNFPAGIHAVDSSILPFSGCL TNV TLLHWYNYTYYFESP | PIVHRS FVY FPP T 617

FR470_RANSY 528 EDTTP FVISLEPLLQVLKESE | LRKY | ETHEHYLRNNLLSA| I DKGKL I HL 579
FR47L_XENTR 618 LPVGEYQIPNAVYQSLI IHNTNMIAAYRK-HDTQLHDTAIKTVATKNKLLSL 668

FR470_RANSY 580 SSQIKEETTHHWYDVFSGWSPTATKTFS| 631
FR47L_XENTR 669 M- - - - DELQHHWYDVF TGWSIPTGSA | MQS 716

FR470_RANSY 632 AIEGIALGIN IR FS[TEW 649
FR47L_XENTR 717 CTFRKR I QKMISHAQSEQLKL | HASHM 743
B ORF3_TERV/402-874 402 PHCAPFLSTLHTGWLAWLHSRS LQG ::EGAAGLGVL.‘S”A“LA"KL- ETVTLGVQDLLKPLNSSLSSLGMGQWLVSEVLP TWEQISEKDHQVLLRALGMEQS 515
®  ORF3_OVEX1/401-873 IGGAGLGV LNSMNAEVLANKL - EAVTSGVQGLLNPLNSSLTS LGMGQWLVSEVLP TWEH | SEKDHQVLLQALGI EQN 514
A B B S MAD | QATRGKL - SATGEH TAYGLHQI GNWMP TAVEGTKEGAS LWSNY FKWO L TLWNRAFDVLONMSQ 66

FRA47L_AMBTV1-398 LOSLIAGAAGVGTGALNAFDI ETVRNKL - ATMGSDASGA I KLLAQWGP L ISPTLRNTATS | GNHWKWQNFSYED | FSA I GQVNK 91

FRA47L_XENLA/B4-487 R IYGTLAETLNSFDI ETLANRM- HKAGGL TNDAVVWQAKWMP T | WAP LQQQVE | DKN I NNME LEVNNFSLNFDTNMTK 177
FR470_RANSY/240-649 \TGTGMGVMS G | QMEM | QNKW- KHAGGH | ADGL| | TSQWLPTTFETQISQVQLTKYLNAMVNY T1 | ASLE LWRRDQK 330
FRA47L_MACEU/34-442 TGTGLGIVNS IALETLASRL - RSAGQDVAQALTVNAKWLP TMI LPHQHTLEYQGQLLQVFNDSTLAS | TFNANVTA 125
FR47L_ORYLA/207-628 GTILGLSNTANTEVTRSML - SSAGQDASQALHSVGAWMP T TV LTQQQAAKV FFAQFGWTV TAVNEAATVLKNV TK 300
FR47L_XENTR/298-743 GTAMGVLNGVDMEVLRNKL - STAASHLKTAFHVTAQWAPTVVQSQLMQLKLDQEFVK- - - YLGDONTFAVLNLTAG 390

Consensus. ! . e “ o M Froo)

> P 3 2

PHCAPFLSTL- TGWLAWLHSRS - V4++QQ+QAE+++N++KWSN++HN+SLT+LGNV+K
ORF3_TERV/402-874 516 NVSLALSE 1 QAQMWQSVVAG I LROGDNGV LP TE | RK 1 VWDAATEKERQLQA LVNFTHDQALN - - - +« <AVVAHVLTVAEARIEKVYP I VALGVNTNGSVVYP LOHRMNA 622
ORF3_OVEX1/401-873 515 NVSLALSE 1 QAQMWQSV IAGI LRDGDNG ! LPTE | RK1 VWOAATEKERQLQA! LVNFTHDQVLN - “SVIAHVLTVVEARIEKVYPIVALGINTNGSVVYPLOHRMWA 621
FR47L_TETNG/1-359 67 IGNWTA-CTIKTLHAVSQRNNFQRQVTTGNYHD - - - ~WRRMWN ISN- -DVWIRLSPERTVENNT - ~MCTGYWTQYNVSSAI TVCKYRVLPV - - - - - .. yF 156
FR47L_AMBTV1-398 92 TAKDTR-€1 LWQTLLNQQVLAFRSEWGRP | FNP - - - LAHRATVT SRHMDAACFLHEHLSM- ~RCKLSRTAYALE - - - IWCPFIVLPM- - WV 177
FRA4TL_XENLA/B4-487 178 FYNWIV-ETLQT I YEQQQKONM-KTLMTGNEQV - - - WRTVFNRT- - -QEWIQIYPHQMVENDT - ~ICKGTVILFNITRPTIMCKY IVMPL - - Q 265
FR470_RANSY/240-649 331 FINLYQ-CAFSTLSYHIQVNRAREELQSGNYHT WLKYFKGLOLENTWFEVPGRE | ECEEQ- ~WCAGRFNIYMVEGIEVMCKLIVMPL - - v 425
FRA4TL_MACEU/34-442 126 LFNWIQ-CESLONMY TL I QKENAQRLLLSGDPDL WKTLFPSY - - -HYWKSQQQTQAKCTSM - ~WCTGTMYYYNVQHCP TMCQYHVIPF - - --YFAL 214
FR47L_ORYLA/207-628 301 ALDMT | - ENVQGLHARLQQDRFKRIVTTNNPHE - - - WRNLWNISD- -GLWLHIHPEKTICNAT - - - ««~ACTVRWOQMNVTEHTPVCKYHILPV - - - - - G' 390
FRA47L_XENTR/298-743 391 SVSWIL-CGLRYVWLSQQRSELENMLLLPKYSK- -« -« LAKLFSWNS - -ROWVHLOKINTFCQE IHNGS ISFFTCYLS | TLYKADNVSLACKFTVLPFPHYNGLTSNL- - T 494

Consensus ) . 1 N c

WV A . i s & a a I

+VNWTLSCILQ++W+Q+QV+NF+R+L+TGNYHTE IRKIVWR+LFN+++QLQAWSRLVPF+44CN#T - nnn +CTG+ VNTNGS ++++LDH+FW+
ORF3_TERV/402-874 623 RVSEBRWE - - - - - - ¥VOLOAB ! LERGLEBF | BEDDALKASDVCFDTKEGVEHFE I NBQSSNKTMLVY VGKGCV YVQINEAYNQTV NVATIRGCDFVYKPP 731
ORF3_OVEX1/401-873 622 RVSDRKWQ - « « « - VDLEAL ! LEQGLGF I CEDDALKASDVCFDTSEGVCHFE I NBRSNNKTMLVY VGKGCV YVQINDIYNQTVENDSNT 1 IRGCDFVYKPP 730
FR47L_TETNG/1-359 157 LHIDBGEWYAPAKNRTYD TKMEOEMOR - GLACALQI GHYNPCLTDSEVALCOWTQER - - - ARDMLWQVGSHS L =+ -HSQLPSVPETG- - - ELTQWH I WRWNNQTYRLT 260
FR4T7L_AMBTV1-398 178 PQIRGEWL - DSQNYF I HSHTEMPWOQ - GWEP LTGRVPOPCHTSRSRGV -HLDAIPH - -NGTD I FQIDP - AACVVENHS LLINNYRLLGNPQVF - - -EVDQWVTIHRHCYSYP | F 283
FR4T7L_XENLA/B4-487 266 PLFVBAY I - ENCEDTYN-BKVEKLQSSVYEPCLLONS INQCLWTVLPL- -SYEWMLE ISPQVIEVVENQS -V - - - IPKMQTP, -« -CIHNMLAFTWONQTFLLS 369
FR470_RANSY/240-649 426 PEIYGHYA -DTQDR! CLLKHQSNICKFQRMPV -HIGNRFME IGPQHICL | ENON-DTMRS LNRTAP -G I MNVKVFKWLNDTF I FE 512
- €1 QHUS FLHWQGDDFYFS 322

LKNVN I WKWKNVTYQLT 493
LTNMTLLHWYNYTYYFS 602

FR47L_ORYLA207-628 391 VI LKGNWFNPQTNLEYDLS T
FRA47L_XENTR/298-743 495 PTFLGNYVFPKTNREF TLEH

]
G-
MMTRQLEPCLLSHFSNPROLALYEM- FNFSMLHE ISVQSIELVSNNQ- TOLYSVGQVAPEAG -
IMACLVTSRYREPC I TE-DTALCEWYVEK - - -PSDLLWQIAPHTI IAII‘NP- <« -HPMLLWTPESG -
G

FRA4TL_MACEU/34-442 215 PHLYGNY | - DQANV/ -i'l’l.EDITI.TSS .
LAGRHSSPVYEPCLLHKOLN I CHWOVYBA - -DYS I MLE IGPQYVEFA!

ISTNN- FP-AGIHAVDSSLP

Consensus = P O -
[k it A w VTS IR WMo, M
SRVYEPCLLD+S+NVCHW+V+P-S-N+TML+E IGPQ+IC++TN++YVQI +SVL+QTPFSGSN-C++NVAI | +WeN+TY++S

ORF3_TERV/402-874 732 VFTSQLLIRNYTLYRS I TPTP IGMOLS LVKEMLEHA - NLQQLLENAKAEAKK | L1 TVHHDGKV | KQVMER | KRAGE AFF TATGI FNALLHP IVVILLMQICVCFAM 845
ORF3_OVEX1/401-873 731 VFTSQLLIRNYSLYRS I TPTP IGMOLS LVKEMLEHA - NLQQLLENAKAEAKK | LI TVHHDGNV I KQI VERI KRVGE 1EF TATG!I FNALLHPVV I I LLMQMCVCFAM 844
FR47L_TETNG/1-359 261 NYQ- - - - LTEVQWEVL- -RTPCTLSLORFRGALEKSTEVARLIESHKTNVSSLMVSTLIASGKVRHAATLVEQVSA| 1ET TTAKLTMLPPLMVALILE -« ccevvenn 359
FR47L_AMBTV1-398 284 SNPVVSHYSACAPHLLNWTLSYGV I TARLQAIRQFAQTAWKDFQTLATSVISAEYKLI IDRNQLIKTADHLQSVTT 1ET! SSTKLLNI I LHPLLWLL---ISLIFIL 395
FR47L_XENLA/B4-487 370 PNEMINI THIWTPHVL - OPPNWNLSLHRLER I MNSS TKYVMLLYDXNNS LAAHQLY TTIVAQKI VKLGS TIADATS DVET| SAEHMFSVLIHPLLIIM---ICMCILT 480
FR470_RANSY/240-649 513 SDADKTFNREWAVONLTOTTPFVISLEPLLQVLKESE | LRKY IETHEHYLRNNLLSAI IDKGKLIHLSSQIKEETT DVEs TATKTFSWIFSPILILI ~LGLAIVT 624
FR47L_MACEU/34-442 323 PDSXDGV | FSWAPKSLSLPDAY - LSLEPLIHVLNQSQVLQHMSADNQRALNKHHIQTLLVAGQLAEASHLVTSDINY! DFL- - FKPTIAIRYXSFSHVIMIVK- - -SCSILC- 430
FR47L_ORYLA/207-628 494 NFTSESHLTMLOWNVL - - HMPWKVSLERF I CALNRSTOVQK | INSYRSNVSRLMISTV I TKNKVVHAARMVEQHSA| 1 TARTTVVPPLIILIVIL---AVLTLCN 603
FR47L_XENTR/298-743 603 PIPTVHRSFVYFPPTL-PVGEYQIPNAVYQSLI IHNTNMIAAYRKHDTQLHDTAIKTVATKNKLLS LXDELQ- - - - DVET! TGSAIMQSFFYPLLAVI - - -AVLVLLV 709

Consensus
ORF3_TERV/402-874 846 VATCYRMRQVKLCFONQMKEAGLAKS LLK 874
ORF3_OVEX1/401-873 845 VATCYWIRQVRLC | ENQLKGLGMAKRLLP 873
FR47L_TETNG/1-359
FRA47L_AMBTV1-398 396 398
FR47L_XENLA/B4-487 481 487
FR470_RANSY/240-649 625 VINCC I YARI KRRVKRLKRRFS TEW: 649
FR47L_MACEU/34-442 431 ICNCYMY TKMKQ« « = v e e e v v venn 442
FR47L_ORYLA207-628 604 ILTCVY IRHVRREVSKLIYNLAFKX - - 628
FR47L_XENTR/298-743 710 LFNLYLSCTFRKRIQKMI SHAQSEQLKL I HASHM 743

Consensus

P
TANCY - +RQV++ 4+ -4+ K- +G-4K-LLe= ==«



VoL. 85, 2011

TALES FROM A FROG ENDOGENOUS RETROVIRUS 2171
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FIG. 2. Proviral organization of XTERV1. With 9,551 bp in length, the XTERV1 proviral genome is characterized by the classical genomic
organization 5'-LTR-gag-pol-env-3'-LTR (II). The gag and pol genes are in the same frame and are predicted to be translated as a Gag-Pol
polyprotein by suppression of a termination codon at the junction of both genes. env is in a different frame and overlaps the 3’ end of pol. An
asterisk symbolizes the frameshift introduced within the env sequence. The 5" LTR and the leader region are depicted in panel I with the
positioning of the TATA box, the poly(A) signal, the PBS, and the direct repeats. The 3" LTR is located upstream of the polypurine tract (PPT)
(III). XTERV1 is flanked by the 5-bp target site duplication 5'-AAGCA-3'.

occurring at position 54, suggesting a recent integration. We
noticed that this genomic sequence was incomplete, due to the
presence of a sequencing gap. Using in silico data and PCR
amplifications, we reconstructed the whole genomic sequence
of this retroviral genome, delineated by the LTR sequences
(see Materials and Methods). The genomic assembly at this
locus was further validated by PCR using a panel of 20 primer
pairs and by sequencing (primers are provided in Data Set S1
in the supplemental material; GenBank accession no.
HM?765512, see Data Set S3 in the supplemental material).
The inspection of the coding potential of this DNA sequence
indicated the presence of three long ORFs, including FR47/env
(nucleotide [nt] positions 6817 to 9046 in the sequence in Data
Set S3 in the supplemental material). The two other ORFs,

referred to as ORF1 and ORF2, showed significant similarities
to and/or conserved functional motifs of the Gag and Pol
proteins of known ERVs. Moreover, the classical architecture
5'-LTR-gag-pol-env-3'-LTR was fully supported. Therefore,
we named this newly identified provirus XTERV1 (Xenopus
tropicalis endogenous retrovirus 1). The architecture of the
proviral sequence of XTERV1 is depicted in Fig. 2, and the
complete annotated sequence is given in Data Set S3 in
the supplemental material.

To question our model for whether XTERV1 is endoge-
nous, i.e., encoded by the nuclear genome and inherited, we
investigated the conservation of its genetic environment (in-
sertion site) during transmission from the germ line to the
offspring. To address this question, we performed PCR ampli-

FIG. 1. Characterization of X. tropicalis FR47-like protein as an envelope-like protein. (A) Sequence alignment of R. sylvatica FR47 ORF protein and
X. tropicalis FR47-like protein. To maintain a proper alignment with the R. sylvatica FR47 OREF, a frameshift (shown as an X over a black background
at position 669) was introduced within the X. tropicalis FR47-like protein, which is consequently annotated as a 743-aa-long protein. The first methionine
defined elsewhere (43) at position 260 is boxed in black. SU and TM are delineated with the putative cleavage site (R, Y/H, K, R), shown in white letters
over a blue background. The N-terminal hydrophobic signal peptide and the C-terminal transmembrane domain are shaded in blue and red, respectively.
Putative glycosylation sites are boxed. Conservation of residues is according to the BLOSUM 62-aa matrix. (B) Multiple-sequence alignment of envelope
proteins homologous to R. sylvatica FR47 and X. tropicalis FR47/Env proteins. The coloring scheme for the residues is according to the BLOSUM 62-aa
matrix. The putative canonical cleavage sites (consensus R/K-X-R/K-R) are shaded in red. A consensus sequence is displayed below the alignment.
Sequence information is available in Data Set S2 in the supplemental material.
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fications on gDNA extracted from X. tropicalis sperm nuclei. A
primer set was designed to amplify a 1,614-bp fragment span-
ning the end of FR47/env gene, the 3" LTR, and 54 bp of 3’
flanking gDNA. We obtained a single amplicon, and its se-
quence was identical to the XTERV1 reference genomic se-
quence (data not shown). We conclude that the 9,551-bp-long
XTERV1 proviral genome is a bona fide endogenous retroviral
component of the X. tropicalis nuclear genome.

LTRs and leader region. Both LTR sequences display rec-
ognizable features of all ERVs, including the presence of the
terminal sequences 5'-TG and 3'-CA flanking each LTR, as
well as a 5-bp target site duplication (TSD), 5'-AAGCA-3’,
flanking the XTERV1 proviral sequence. Thus, the integration
of XTERV1 followed the common rules of recombination
used by retroviruses.

The XTERV1 5" LTR contains a presumptive TATA box
signal (TATAAA; positions 281 to 286 in Fig. 2) and a poly-
adenylation signal at position 303 (Fig. 2). The 3" LTR follows
a polypurine tract (GACTAAAAGGGGGAT; positions 9052
to 9064 in Fig. 2). The leader region (LR) or 5’ untranslated
terminal region (5" UTR) of XTERV1, positioned before the
gag ORF, is 622 bp long and contains nine short direct repeat
sequences of 7 bp each (Fig. 2; see Data Set S3 in the supple-
mental material). The presence of several repeats is a common
feature of most retroviruses identified in the genomes of ver-
tebrates, such as zebra fish and Xenopus (32). The role(s) of
these sequences remains largely unknown. The LR was also
predicted to contain a potential primer-binding site (PBS) se-
quence adjacent to the 5" LTR (positions 490 to 509 in Fig. 2).
Although the sequences of tRNAs from the X. tropicalis ge-
nome are not yet catalogued, the putative 20-bp XTERV1 PBS
is closely related to the complementary sequence of the 3" end
of the mouse leucine tRNA (CAG anticodon; 16/20 matches).
This PBS sequence was also similar to that described in ele-
ments of human endogenous retrovirus with leucine tRNA
primer (HERV-L) and its murine homolog, MuERV-L (4, 16).
In conclusion, LTRs and LRs of XTERV1 contain the known
functional elements required for retrovirus replication.

ORF1/Gag. The predicted ORF1 start codon is located at
nucleotide position 1108 on the proviral genome (Fig. 2).
OREF1 has a predicted size of 2,154 bp and encodes a putative
717-aa protein. BLAST searches using the ORF1 translated
product did not reveal overt similarities with other Gag pro-
teins. However, conserved motifs of the characteristic matrix
(MA), capsid (CA), and nucleocapsid (NC) functional do-
mains (see Data Set S3 in the supplemental material) were
identified, including the myristylation sequence MGNKTS, a
single NC motif known as Cys-His box (aa 648 to 661), and a
glycine-arginine (GR)-rich region (aa 622 to 627). Moreover,
the ORF1 sequence exhibits two of the canonical late domains,
namely, LXPX,L. and PT/SAP, located at positions aa 155
(LYPNL motif) and aa 179 (PTAP motif), respectively. How-
ever, the L-domain PPPY is absent and may have been re-
placed by the functionally analogous proline-rich region PP-
PPP at position aa 309. To conclude, XTERV1 ORF1 can be
classified as a Gag protein due to the presence of typical Gag
conserved motifs and its relative position following the 5" LTR
and preceding the pol sequence.

ORF2/Pol. The second long ORF spans 3,699 bp and ex-
tends from nt 3331 to 7029 (Fig. 2). gag and pol are contiguous
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in this region and are separated only by a termination codon.
The FR47/env OREF lies in a different reading frame, and its 5’
end overlaps the 3’ end of the pol gene (spanning 218 bp of pol
ORF). It is likely that the Gag and Pol proteins are synthesized
as a large single polypeptide precursor via termination sup-
pression, as described for the murine leukemia virus (62). The
deduced Pol protein sequence resembles that of several retro-
virus polymerases and contains structural domains arranged in
a typical order: protease (PR), reverse transcriptase (RT),
RNase H, and integrase (INT). Using a blastp search, the
highest sequence identities recorded were of 34% and 35% for
polyproteins in zebra finch (Taeniopygia guttata, GenBank ac-
cession no. XP_002195379) and opossum (Monodelphis domes-
tica, GenBank accession no. XP_001377846) genomes, respec-
tively. Therefore, XTERV1 ORF2 encodes a typical retroviral
polyprotein with apparently intact coding capacity.

Genomic environment of XTERV1. We studied the genomic
environment of the XTERV1 locus on scaffold_387. XTERV1
flanking sequences appeared to be devoid of exons. The two
closest transcription units encode a piggyBac transposable el-
ement derived 4 (PGBD4) located approximately 100 kbp
downstream of XTERV1 (in the opposite orientation) and the
oligodendrocyte transcription factor 3 (olig3) located 270 kbp
downstream of XTERV1 (scaffold_387, positions 854246 to
856071). Furthermore, the XTERV1 locus was found to be
surrounded by different types of repetitive elements, such as an
XLGSTS3 repeat and a fragment of TE_ORF_108 sequences.

Characterization of XTERV1-related sequences within Xe-
nopus genomes. Since ERVs are retrotransposable elements,
we first looked for XTERV1-related sequences in the X. tropi-
calis genome database. Using the complete sequence of
XTERV1 as a query in blastn searches, we did not find any
genomic sequence with an overall identity above 95% else-
where in the genome, suggesting that full-length XTERV1
provirus is present at one copy per haploid genome. X. tropi-
calis genome database searches using the FR47/Env protein
sequence as a query led us to the identification of 59 loci
containing FR47/Env paralogs (see Data Set S4 in the supple-
mental material). For 11 loci, FR47/Env-like sequences were
surrounded by LTRs, whereas 12 loci were found to contain
solo LTR elements. Finally, 36 loci contained FR47/Env-re-
lated sequences but without any detectable LTR in the neigh-
boring region (<20 kbp). Sequence analyses of all of these loci
revealed significant differences with XTERV1, as each one
carries multiple in-frame stop codons, frameshift mutations,
and limited nucleotide sequence similarity. Thus, the XTERV1
scaffold_387 locus represents a particularly well-conserved el-
ement of an ERV family that populates the X. tropicalis ge-
nome.

To further characterize the XTERV1 family, we estimated
the age of the integration events using LTR sequence diver-
gence. If mutations occur independently in the two LTRs, the
age of integration can be estimated from LTR nucleotide di-
vergence. However, the precision of this estimate will depend
on the proportion of interlocus gene conversion between dif-
ferent proviruses (29).

We compiled a set of LTR sequences and estimated the age
of the oldest insertion to be 41 million years ago (mya; stan-
dard error, 8 mya), using a rate of nucleotide substitution (r) of
0.00103, as previously calculated for frog nuclear genes (17).
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We documented further the evolutionary history of XTERV1
element insertion by inferring a phylogeny from 22 duplicated
LTRs from 11 elements (see Data Set S5 in the supplemental
material). LTRs from four elements were found to be un-
paired, probably as a result of gene conversion or recombina-
tion with solo LTRs. The LTR tree highlights different sub-
families, suggesting several waves of integration events either
by retrotransposition or by reinfection.

Next, we searched for XTERV1-related elements within the
genome of the sibling species X. laevis. All PCR assays de-
scribed above failed to amplify any fragment on X. laevis
gDNA (data not shown). We identified a single sequence ho-
mologous to the XTERV1 pol gene, contained within the in-
sert of the bacterial artificial chromosome clone CH219-98J22
(GenBank accession no. AC236462). Sequence alignment
showed that a portion of the XTERV1 pol nucleotide sequence
is similar to this BAC sequence, including a portion of the
LTR, with 76% identity (see Data Set S6 in the supplemental
material). We named this element XLERV1 (Xenopus laevis
endogenous retrovirus 1), and sequence analysis revealed that
it did not contain sequences similar to FR47/env (see Data Set
S6 in the supplemental material). We validated the existence of
the XLERV1 pol sequence by PCR on X. laevis gDNA.

Together with our estimation of an insertion time compati-
ble with integration in the Xenopodinae ancestor, these data
allowed us to conclude that the XTERV1 and XLERV1 se-
quences are homologous.

Copy number and chromosomal localization of XTERV1-
related elements within X. tropicalis genome. To explore the
chromosomal localization of XTERV1, we performed fluores-
cence in situ hybridization on metaphasic chromosome prepa-
rations from X. tropicalis. Four probes covering a large portion
of the XTERV1 sequence were generated (probes env, LTR,
pol, and gag in Fig. 3A).

Using the env probe, a unique and strong hybridization sig-
nal was visualized in the centromeric area of chr. 5 (19/23
spreads; Fig. 3B). Since the olig3 gene was found to be located
270 kbp downstream of XTERVI1 on scaffold 387, we took
advantage of its recent characterization as a chr. 5 centromeric
marker to perform FISH with the corresponding probe (34).
Indeed, the olig3 probe hybridized to the same centromeric
region on chr. 5 (Fig. 3C). Since the genetic distance of olig3 to
the centromere was shown to be less than 0.9 cM (34), the
location of XTERV1 (scaffold_387) is pericentromeric.

Using the pol probe, two to nine hybridization signals on
interphase nuclei were observed (average, 5.6 signals per cell,
i.e., 2.8 per haploid genome; n = 45; Fig. 3D). This result was
consistent with that obtained in silico using the pol probe se-
quence as a query in blastn searches. Indeed, four loci located
on two scaffolds, scaffold_387 and scaffold_559, could be iden-
tified (90% identity and coverage of >100 bp). The detection
on metaphasic chromosomes was not systematic; nevertheless,
two loci could be identified with certainty (n = 31): the p arm
of the longest acrocentric chromosome, chr. 3 (n = 8, 25.8%),
and the centromeric region of chr. 5 (n = 8, 25.8%) (Fig. 3E).

Similar results were obtained using the gag and LTR probes
(n = 43), with FISH signals being observed on the two previ-
ously identified chromosomes, namely, chr. 3 (n = 15, 34.9%)
and chr. 5 (n = 16, 37.2%) (Fig. 3F and G). An additional locus
containing XTERV1 elements was identified on chr. 1 (n = 16,

TALES FROM A FROG ENDOGENOUS RETROVIRUS 2173
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FIG. 3. Chromosomal localization of XTERV1 copies. (A) Sche-
matic representation of XTERV1 genome showing the positions and
the lengths of the probes used in this study. Representative images of
metaphasic spreads after hybridization of the env probe (B), olig3
probe (C), pol probe (E), gag probe (F), and LTR probe (G) in FISH
experiments. The numbers next to the arrows are chromosome num-
bers. (D) Image of interphase nuclei after hybridization of the pol
probe.

37.2%). In parallel, we observed that the hybridization signal
obtained using the LTR probe on interphase nuclei was more
abundant than that obtained using the gag and pol probes (data
not shown). These results confirmed in silico data since 47 loci,
distributed on 36 scaffolds, were identified in blastn searches
using the LTR probe sequence as a query (90% identity, cov-
erage of >100 bp). Thus, it is clear that solo LTR elements and
LTRs are more highly represented than full-length elements
within the X. tropicalis genome.

Taken together, both experimental and in silico data pro-
vide evidence that full-length XTERV1 elements exist at a
low copy number (about 10 copies) within the X. tropicalis
genome. These copies are interspersed, since three loci
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FIG. 4. Unrooted phylogenetic tree of representative retroviruses based on a MUSCLE multiple alignment of 40 amino acid sequences
matching the Prosite reverse transcriptase domain (accession no. PS50878). This tree was calculated using a maximum-likelihood algorithm
implemented in PhyML (25). Numbers above or below the branches indicate percent support for the nodes in distance bootstrap analysis (500
replicates). Horizontal branch lengths are proportional to the degree of amino acid substitutions per site. The log likelihood of this tree is
—9,652.52. The retrovirus genera are indicated. Retroviruses are as follows: XTERV1 (accession no. HM765512), XLERV1 (accession no.
AC236462.1), XEN1 (Xenopus laevis; accession no. AJ506107.1), ZFERYV (Danio rerio; accession no. AF503912.1), baboon endogenous virus strain
M7 (BERYV; accession no. BAA89659.1), feline endogenous retrovirus (FERV; accession no. P31792.1), feline foamy virus (FFV; accession
no.NP_056914.1), avian leukosis virus (ALV; accession no. NP_040550.1), equine foamy virus (EFV; accession no.NP_054716.1), feline leukemia
virus (FLV; accession no. NP_047255.1), Gibbon ape leukemia virus (GALV; accession no. AAC80264.1), human immunodeficiency virus type 1
(HIV1; accession no. NP_057849.4), human T-lymphotropic virus type 1 (HTLV1; accession no. NP_057860.1), human T-lymphotropic virus type
2 (HTLV2; accession no. NP_041003.1), simian foamy virus (SFV; accession no. NP_044280.1), Moloney murine leukemia virus (MLV; accession
no. P03355.4), mouse mammary tumor virus (MMTYV; accession no. NP_955564.1), porcine endogenous retrovirus (PERV; accession no.
CAC82505.2), simian T-lymphotropic virus type 2 (STLV2; accession no. NP_056907.1), WDSV (accession no. NP_045937.1), WEHV1 (accession
no. AF133051_3), WEHV2 (accession no. AAC59311.1), reticuloendotheliosis virus (REV; accession no. AAZ57418.1), bovine foamy virus (BFV;
accession no. NP_044929.1), ASSBSV (accession no. YP_443922.1), and RD114 retrovirus (RD114; accession no. YP_001497148.1). All sequences
prefixed with ERV or FERV are from Repbase (31), including ZFERV_2_I_DR, with the organisms of origin given the suffixes Takifugu rubripes
(FERYV), Danio rerio (DR), or Xenopus tropicalis (XT).
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FIG. 5. Expression of XTERV1 genes. Temporal expression profiles of XTERV1 pol and FR47/env genes during oogenesis (A), early development
(B), and premetamorphic and metamorphic stages (C). Amounts of cDNA were used to monitor the levels of transcripts during ontogenesis. The results
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indicate the blastopore lip; (c and d) lateral view of stage NF25; (e and f) lateral view of stage NF35; (g and h) lateral view of stage NF46; (i and j) dorsal
view of stage 46. XTERV1 stress response. (E and F) Expression analysis of pol and FR47/env genes in cells submitted to serum starvation (E) and UV
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could be assigned to chr. 1, 3, and 5. A single complete Phylogenetic analyses. To investigate the phylogenetic rela-
full-length XTERV1 element with classical genomic organi- tionships of XTERV1 and XLERV1 with other known retro-
zation and apparently intact ORFs for the gag and pol genes viruses, we constructed a multiple alignment of retroviral re-
was identified on scaffold_387 and mapped to the centro- verse transcriptase sequences from representative members of
meric region of chr. 5. all seven retroviral genera. As shown in Fig. 4, the resulting
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phylogenetic tree grouped XTERV1 and XLERV1 together
with a zebra fish (Danio rerio) ERV (Repbase ERV4-DR-I).
This group is placed within the Epsilonretrovirus genus but
separately from the other piscine ERVs, such as walleye-de-
rived retroviruses, zebra fish endogenous retrovirus 1
(ZFERV1), and ZFERV2. We conclude that XTERV1 is re-
lated to the Epsilonretrovirus genus.

Expression of pol and FR47/env genes throughout X. tropi-
calis development. Database searches highlighted expressed
sequence tags derived from various tissues and related to the
gag, pol, and FR47/env XTERV1 genes. In Xenopus, previous
analyses have shown that abundant levels of FR47 transcripts
were present in embryos, in metamorphic limbs, as well as in
some adult tissues (22). Moreover, the presence of a TATA
box and a polyadenylation signal within the LTRs strongly
suggests that XTERV1 can be transcribed. To gain insights
into the expression of XTERV1 during X. tropicalis develop-
ment, primers specific for the pol and FR47/env genes were
designed to perform real-time PCR on reverse transcription
products.

At the early stages of oogenesis, both the pol and FR47/env
amplicons revealed low levels of XTERV1 transcripts. As 0o-
cyte maturation proceeded, XTERVI1 transcripts were no
longer detected (Fig. 5A). pol transcripts were detected in
RNAs from stages I and II, whereas FR47/env transcripts were
observed until stage IV. During early development, neither
transcript was detected in unfertilized eggs and two-cell-stage
embryos, in line with the previous results for oogenesis.
XTERVI1 transcripts were not maternally supplied and were
detected at the early neurula stage (NF12-NF13), after the
initiation of zygotic transcription that occurs at the midblastula
transition in Xenopus. The levels of XTERV1 transcripts re-
mained stable in embryos from the neurula stage to the late-
tail-bud stage (NF37-NF38) and then increased significantly to
reach nearly the same amounts as odc transcripts at tadpole
stage 48. These results were confirmed by WISH experiments.
To avoid confusion due to the presence of the multiple copies
of XTERV1, we documented only the spatial expression of
FR47/env-containing transcripts, since the env probe was found
to specifically target the expected complete XTERV1 copy
(scaffold_387) in FISH analysis (Fig. 3B). At the gastrulation
stage, stage NF10.5, FR47/env transcripts were not detected, in
agreement with RT-qPCR data (Fig. 5D, panel a). By stages
NF25 and NF35, FR47/env expression was well-defined within
the head region, including the developing eye (Fig. 5D, panels
c and e). As development proceeds, its expression strongly
increased (Fig. 5D, panels g and i) and the signal appeared
prominent in the brain and eyes (stage NF46). However, there
was no strong tissue or cell specificity of expression.

During metamorphosis, FR47/env and pol transcripts were
found to be transiently upregulated between stages 60 and 62,
with 30- and 13-fold differences, respectively (Fig. 5C). In am-
phibians, the metamorphic climax occurs at stage 62, when the
TH concentration peaks and TH target genes, such as TH/bzip,
are robustly induced (12). Indeed, TH/bzip expression increased
154-fold from the beginning (NF54) to the climax (NF62) of
metamorphosis (Fig. 5C). After the climax of metamorphosis,
TH/bzip, FR47/env, and pol expression levels decreased up to
stage 66 (young juvenile) to reach the levels observed at premeta-
morphic stages. However, XTERV1 transcription was not in-
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duced by the TH signaling pathway, since no significant change
for pol and FR47/env transcripts was observed in RNA extracted
from cells with or without an exogenous supply of physiological
concentrations of TH (data not shown).

In conclusion, the pol and FR47/env genes harbor similar
dynamic expression profiles, and XTERV1 gene expression is
regulated during X. tropicalis development.

Regulation of XTERV1 genes under cellular stress condi-
tions. Several environmental clues (UV exposure, chemicals,
drugs, and stress) or endogenous clues (such as hormonal bal-
ance) have been shown or suggested to influence the expression
of endogenous retroviruses (51, 53). Therefore, we quantified the
expression levels of XTERV1 genes following various cellular
stresses to characterize their regulation in comparison with the
stress responses described for R. sylvatica FR47 (43).

We first investigated the effects of a cold exposure on
XTERV1 gene expression, since FR47 transcripts are upregu-
lated after freezing of R. sylvatica. However, no significant
alteration in the transcription profiles of XTERV1 pol and
FR47/env transcripts between control and cold-shocked cells or
in X. tropicalis tadpoles subjected to cold conditions was no-
ticed (data not shown). Next, cells were subjected to a meta-
bolic stress. For this purpose, we applied serum starvation and
compared pol and FR47/env RNA expression profiles under
these culture conditions. Under starvation conditions, a signif-
icant increase in pol and FR47/env mRNA levels was observed,
with the changes being 5.07- and 5.34-fold, respectively (Fig.
SE). Thus, it appears that XTERV1 transcripts are upregu-
lated in cells under serum deprivation.

Finally, we exposed Speedy cells to UV radiation to deter-
mine if a different type of stress would affect XTERV gene
expression (Fig. 5F). We observed 2.74- and 3.67-fold increases
in pol and FR47/env transcript levels upon UV irradiation.

Taken together, we found that XTERV1 expression was not
affected by cold shock but was upregulated following UV irra-
diation (cytotoxic stress) and serum starvation (metabolic
stress). These results support a fine regulation of XTERV1
transcription, which appears to respond specifically to certain
types of stresses.

DISCUSSION

Genomic characteristics of XTERV1. A first view of the
genome landscape of ERVs in an amphibian was obtained
upon the recent completion of the X. tropicalis genome (26).
ERVs belonging to classes I and IIT could be identified using
the RepeatMasker program, and their abundances were esti-
mated to be 0.02 and 0.10%, respectively. Therefore, retroviral
amplification did not substantially impact the genome of Xe-
nopus. In another study, Basta and colleagues mentioned the
existence of such X. tropicalis ERVs in relation to teleost fish
retroviruses but did not provide details (1).

XTERV1 elements are interspersed within the X. tropicalis
genome but are not abundant. We detected a single complete
full-length XTERV1 element (mapped at the centromeric re-
gion of chr. 5) accompanied by less than 10 full-length defec-
tive copies without any coding capacity (Fig. 3), two of them
being localized to chr. 3 and chr. 1. We estimated the time of
infection to be 41 mya, meaning that it likely happened in the
Xenopodinae ancestor. This approximate age is coherent with
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our finding of a related XLERV1 element in Xenopus laevis.
We detected several waves of insertion, including very recent
ones, since the scaffold_387 element is complete with 99.8%
identical LTRs. This suggests the persistence up to the present
day of a pool of an active element(s) or of recurrent infections.

Our study was first initiated to characterize transcripts highly
expressed during metamorphosis in X. tropicalis (22). The con-
ceptual translation of one candidate was found to be closely
related to the freeze-response FR47 protein in the wood frog
(R. sylvatica) (43) but was also similar to the Env proteins of
several mammalian ERVs (Fig. 1). Further investigations of
the X. tropicalis genomic locus encoding this transcript allowed
us to report the first complete full-length sequence of a simple
endogenous retrovirus within the X. tropicalis genome, named
XTERV1 (Fig. 2). XTERV1 harbors the universal ERV struc-
ture with three long ORFs encoding gag, pol, and env flanked
by LTRs with the typical genetic order 5'-LTR-gag-pol-env-3'-
LTR. The LTRs contained expected and intact regulatory se-
quences, such as a TATA box and a polyadenylation signal.
Furthermore, the almost perfect identity (only one substitu-
tion) between the two LTRs suggests that at least one
XTERV1 element was inserted quite recently. The conceptual
translation of the gag and pol region suggested the possible
expression of a Gag-Pol polyprotein precursor through sup-
pression of an amber termination codon, similar to what is
observed in walleye-derived retroviruses. However, the env
gene required an arbitrary frameshift just upstream the trans-
membrane region to maintain proper alignment to other
known Env proteins, suggesting that XTERV1 either is unable
to encode an Env protein, produces a secreted protein, or uses
an alternative yet unidentified mechanism to produce a mem-
brane-anchored Env. Similar examples have been found in the
case of the EnvR from erv3 and EnvF(c)2, and protein prod-
ucts could be obtained using in vitro transcription-translation
assays (15, 18). We made an exhaustive survey of the X. tropi-
calis genome to identify XTERV1 env paralogs, and we did not
detect a single one without mutations.

Phylogenetic analysis based on Pol protein alignments (Fig.
4) revealed that XTERV1 is related to the group of Epsilon-
retrovirus-related ERVs from piscine hosts, including ZFERV1
and walleye-derived retroviruses (1, 28, 40, 41). XTERV1
shares several features common to most piscine retroviruses. It
exhibits a long leader region of 622 bp with direct repeats, as
seen for the Xen-1, ZFERV], and the exogenous Atlantic
salmon swim bladder sarcoma virus (ASSBSV) (32, 47, 52).
Another important feature common to piscine retroviruses,
including walleye epidermal hyperplasia virus type 1
(WEHV1), WHEV2, and members of the gammaretrovirus
group, is that XTERV1 contains a single Cys-His box in the
NC protein, while retroviruses of other genera have two such
motifs (40).

XTERV1 exhibits singular features in comparison to other
known epsilonretroviruses since it uses a tRNA™" binding site
for replication. Indeed, the tRNA is specific to the virus genus
and other members of Epsilonretrovirus group such as Xen-1
use a tRNA™*? (32). The XTERV1 PBS sequence is similar to
that of HERV-L and MuERV-L (4, 16). Another interesting
functional difference with piscine ERV resides in the fact that
XTERV1 is a simple ERV and does not contain any accessory
genes, such as a homologue of the cellular 2’,3'-cyclic nucleo-
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tide 3'-phosphodiesterase gene (CNPase) found in three dif-
ferent positions in various fish ERVs genomes such as walleye
dermal sarcoma virus (WDSV), WEHV1, WEHV2, ZFERYV,
and snakehead retrovirus (1). All the piscine ERVs are also
characterized by additional short ORFs of about 100 aa lo-
cated within the LR and positioned before the gag sequence
(32, 52). The XTERVI1 LR does not exhibit such putative
ORFs.

Regulation of XTERV1 expression. We report that
XTERV1 genes are transcribed in a regulated manner in var-
ious tissues and organs during X. tropicalis development (Fig.
5). The most remarkable feature of XTERV1 gene expression
remains the upregulation observed at the metamorphic climax,
which was consistent with in silico data (22). Such an expres-
sion profile is reminiscent of the expression profiles of other
genes induced during metamorphosis, a process known to be
under endocrine control by TH in amphibians. However, we
did not observe a correlation between TH levels and XTERV1
mRNA levels. Nevertheless pol and FR47/env might be upregu-
lated during metamorphosis either as a consequence of the
morphological changes and associated cellular differentiation
events observed at this stage or as a response to other endo-
crine signals such as corticosteroids (stress hormones) that are
known to modulate the actions of TH at the time of metamor-
phosis (35).

In Xenopus, other TEs are expressed during development
and exhibit restricted expression profiles (24, 33). However,
the expression profiles of TEs during development are differ-
ent from each other. For example, Xretpos retrotransposon
expression is zygotically activated, restricted to ventroposte-
rior-specific regions, and induced by ventralizing manipulation,
such as UV irradiation (53). Thus, the expression profile of
XTERV1 differs from what has been reported to date concern-
ing other TEs in Xenopus, and therefore, we can postulate that
specific regulation cues might drive XTERV1 transcription
during Xenopus development.

Syncytin proteins constitute a strong and well-documented
case of retrovirus-derived proteins with crucial biological func-
tions in mammals (7, 10, 44). Similarly, the envelope protein of
the endogenous Jaagsiekte sheep retroviruses (enJSRVs) plays
fundamental roles in placental morphogenesis and mammalian
reproduction (20). Analogous cases could exist in nonmamma-
lian vertebrates. Previous reports have shown that ERVs can
display variable and specific spatiotemporal expression pat-
terns. In larval and adult zebra fish, ZFERYV is predominantly
expressed in the thymus (52). In chickens, OVEXI1 is tran-
scribed in gonads with a sex-dependent and left-right asym-
metrical pattern (13). OVEXI retroviral proteins could be
actors or witnesses in the processes of ovarian development
and therefore could fulfill a biological role(s) (13).

McNally and colleagues described the freeze-inducible gene
FR47, which encodes a protein expressed in the livers of
freeze-tolerant anurans and which is upregulated during freez-
ing and thawing (43). Moreover, FR47 transcript levels were
increased following freezing, anoxia, and dehydration stresses.
The authors suggest that FR47 function is important for freeze
survival. In this study, we brought evidence that FR47 mRNA
encodes an envelope protein, derived from a retroviral element
within the R. sylvatica genome. In light of these findings on
FRA47 in R. sylvatica and on XTERV1 expression in X. tropi-
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calis, further studies are required to investigate the potential
role(s) of these particular retroviral elements in the regulation
of cellular and developmental processes in these vertebrate
models.
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