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In a search for previously unknown genes that are required for lymphocyte development in zebrafish, a
retroviral sequence was identified in a subtracted thymus cDNA library and in genomic DNA libraries. The
provirus is 11.2 kb and contains intact open reading frames for the gag, pol, and env genes, as well as nearly
identical flanking long terminal repeat sequences. As determined by in situ hybridization, the thymus appears
to be a major tissue for retroviral expression in both larval and adult fish. Several viral transcripts were found
by Northern blotting in the adult thymus. The provirus was found at the same genomic locus in sperm from
four fish, suggesting that it is an endogenous retrovirus. Phylogenetic analysis indicates that it is closest to, yet
distinct from, the cluster of murine leukemia virus-related retroviruses, suggesting that this virus represents

a new group of retroviruses.

Endogenous retroviruses, which have been identified in al-
most all vertebrate genomes (14), are inherited as cellular
genes and passed on to succeeding generations. Although most
endogenous retroviruses are defective due to extensive muta-
tions and deletions in their genomes, some are apparently
intact (1, 21, 49). Endogenous retroviruses may be transcrip-
tionally active or silent, depending on the differentiation stage
of the cell type in which they reside (25, 29, 38, 47), the
presence of inducing agents (6, 12, 35, 60), and the genomic
locus of viral integration (12, 46). Infectious viral particles can
be produced from intact proviruses (4) or generated through
genetic recombination involving exogenous and transcription-
ally active, either intact or defective, endogenous retroviruses
(25, 45).

Genomic structures of endogenous retroviruses have been
characterized in chickens, mice, pigs, and humans (20, 21, 33,
41). In fish, fragments derived from endogenous retroviral
elements have been reported (14), but they exhibit extensive
mutations and deletions and are unlikely to generate func-
tional proteins. To date, the genomes of only a few intact
piscine retroviruses—snakehead fish retrovirus (13), walleye
dermal sarcoma virus (WDSV) (18) and walleye epidermal
hyperplasia virus (WEHV) (28), all of which are exogenous
infectious agents—have been cloned. To our knowledge, no
full-length fish endogenous retrovirus has yet been identified.

The zebrafish, Danio rerio, has gained recognition in recent
years as an excellent system for developmental studies in ver-
tebrates. In a search for previously unknown zebrafish genes
that are selectively expressed in the thymus, we have identified
an apparently intact endogenous retrovirus, and we report here
its full-length genomic structure and sequence. We refer to this
full-length endogenous retrovirus as ZFERYV and to other re-
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lated endogenous retroviruses, identified by Southern hybrid-
ization with env or long terminal repeat (LTR) probes, as
ZFERV-related proviruses. Evidence for expression of
ZFERV-related viral transcripts in the thymus, as well as for
the presence of ZFERV-related proviruses in the zebrafish
genome, is also presented. By phylogenetic analysis, ZFERV is
closest to, yet distinct from, murine leukemia virus (MLV)-
related retroviruses, suggesting that it may represent a new
group of retroviruses.

MATERIALS AND METHODS

Animals. Zebrafish (D. rerio) of the Tubingen stock were obtained from C.
Niisslein-Volhard (Tiibingen, Germany) and maintained at 28°C. Tissues, RNA,
and DNA were derived from these fish. The N phage cDNA library (provided by
V. S. Hohman) was derived from outbred zebrafish. Genome Jump DNA librar-
ies (10) and sperm samples derived from AB_Tubingen fish were provided by N.
Hopkins, Massachusetts Institute of Technology (MIT), Cambridge. Families of
these fish are partially inbred but are not as uniform genetically as strains of
inbred mice. The use of animals was in compliance with the guidelines set by the
MIT Committee on Animal Care.

Preparation of thymus RNA. Thymi from adult zebrafish (age 5 to 6 months)
were pooled and minced in 15 ml of phosphate-buffered saline (PBS), followed
by centrifugation (250 X g, 10 min). The cell pellet was resuspended in 1 ml of
trypsin-EDTA (Sigma, St. Louis, Mo.) for 3 min, followed by the addition of 10
ml of PBS. The cell suspension was layered onto 2 ml of Histopaque-1077
(Sigma) in a 17-by-120-mm conical tube and then centrifuged at 150 X g for 10
min; the top cell layer was collected and washed once with PBS. Larval fish (2 or
7 days postfertilization [dpf]) were collected and washed once with PBS. RNA
was isolated from thymus cells and from whole larvae with TRIzol reagent (Life
Technologies, Grand Island, N.Y.) according to the manufacturer’s instructions.

Subtractive hybridization. RNA (250 ng) from thymus cells from two adult fish
and from 250 larval fish at 2 dpf was converted to cDNA and amplified by PCR
with the SMART PCR cDNA synthesis kit (Clontech Laboratories, Palo Alto,
Calif.). The amplified thymus cDNA was subtracted with that from the larvae
according to the manufacturer’s instructions for the PCR-Select cDNA subtrac-
tion kit (Clontech). The subtracted cDNA was inserted into the TA cloning
vector pCRII-TOPO (InVitrogen, Carlsbad, Calif.), and the ligated plasmid was
transformed into Escherichia coli strain TOP10F’ (InVitrogen). The insert in
each cloned plasmid in 384 independent bacterial colonies was PCR amplified
with the nested PCR primers 1 and 2R (Clontech) and resolved in a 2% agarose
gel, followed by Southern blotting analysis. Hybridization with 3?P-labeled cDNA
probes prepared from adult thymus, but not with those prepared from 2-dpf
larval fish, identified candidate clones. cRNA probes prepared from these clones
were used for in situ hybridization (see below) on 7-day-old fish to identify clones
corresponding to transcripts selectively expressed in the thymus at this stage;
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these clones were sequenced (Tufts Core Facility, Tufts University Medical
Center, Boston, Mass.).

Screening of X phage cDNA library. To obtain longer cDNA corresponding to
the subtracted cDNA sequences, a N phage library constructed from zebrafish
thymus ¢cDNA was screened. Plaques were transferred to nitrocellulose mem-
branes and hybridized to random-primed 3?P-labeled DNA probes prepared
from the subtracted cDNA clones. Positive plaques were isolated and transduced
into E. coli BM25.8 (Clontech) at 31°C for 16 h to convert A phages into
plasmids. Plasmid DNA from selected bacterial colonies was purified, and the
sizes of cDNA inserts were estimated by restriction enzyme digestion, followed
by agarose gel electrophoresis and ethidium bromide staining. The plasmids
containing the longest inserts were sequenced.

Cloning of env. Thymus RNA (1 pg) was resuspended in 10 pl of H,O
containing 0.5 pg oligo(dT),,.;5 (Life Technologies), followed by incubation at
65°C for 5 min, followed in turn by the addition of 10 wl of reverse transcription
(RT) premix (2 mM deoxynucleoside triphosphate [dNTP], 20 mM dithiothrei-
tol, 2X first-strand buffer, and 200 U of SuperScript II RNase H™ reverse
transcriptase [Life Technologies]) and incubation at 42°C for 1 h. The RT
reaction product was then diluted 10-fold with 1X first-strand buffer. The diluted
RT reaction product (1 pl) was added to 19 pl of PCR premix (0.5 wM each for
top- and bottom-strand primers, 0.4 mM dNTP, 1X PCR buffer, 1 U of Ampli-
Tag DNA polymerase [Roche Molecular Biochemicals, Mannheim, Germany]),
and the sample was incubated at 95°C for 3 min and then at 95°C for 20 s, 50°C
for 30 s, and 72°C for 2.5 min for 35 cycles. The primer pairs were 5'-GAAGC
ATCTAGGCCTGCAGA-3' (top strand) and 5'-CAGGTGTTAAACCACATC
CTGTAC-3' (bottom strand). The PCR product was diluted 50-fold, and the
diluted product (1 pl) was used as a template for the second PCR amplification.
The reaction conditions were the same as described above except for a different
primer pair:  5-ATTACTCGAGGGCCACATTCAGGTAATTCTCCTA-3’
(top strand) and 5'-ATTATCTAGATCTCATAAGAGATCACACCATATC-3’
(bottom strand). These primer sequences, located either upstream or down-
stream of the env coding region, were selected based on the insert sequences of
the N phage plasmids. The PCR product was cloned into the pCRII-TOPO
vector, and the insert was sequenced.

Cloning and ing of ZFERV. Genome Jump DNA libraries had been
generated by digesting genomic DNA with a restriction enzyme, followed by
ligation of DNA fragments to an adaptor containing two universal primer se-
quences for nested PCR (Fig. 1, steps 1 and 2). Nine different restriction enzymes
were used to generate a set of nine different libraries.

To amplify DNA fragments containing genomic sequences downstream to the
env gene, top-strand primers corresponding to sequences in the env gene and
bottom-strand primers corresponding to the adapter sequence were used (Fig. 1,
step 3). The amplified fragments were sequenced, and two different 3’ cellular
junction sequences were identified. Next, another set of bottom-strand primers
corresponding to one of the 3’ cellular junction sequences was used with the
same Genome Jump DNA libraries to amplify DNA fragments containing ad-
ditional sequence upstream to the 3’ cellular junction (Fig. 1, step 4). Among all
DNA fragments amplified from the libraries, the longest one (5.5 kb) was iso-
lated, and the sequence near its 5’ end was obtained.

To obtain genomic sequences upstream to the 5.5-kb genomic DNA fragment,
the same strategy was used except that a new set of bottom-strand primers was
applied according to the 5'-end sequence of the previously derived largest frag-
ment. Such genomic DNA amplification was performed twice more. Three dif-
ferent 5’ cellular junctions were found (Fig. 1, steps 5 and 6).

To generate the entire ZFERYV fragment by PCR, six combinations of primers
containing the derived 5’ and 3’ cellular junction sequences were used together
with each Genome Jump DNA library (Fig. 1, step 7). For PCR amplification, a
50-pl PCR mixture (1 pg of Genome Jump DNA library, 400 nM each for top-
and bottom-strand primers, 400 uM each for dNTP, 1X Expand HF buffer with
1.5 mM MgCl,, 3.5 U of Expand Long Template System enzyme mix [Roche])
was incubated at 95°C for 3 min for 1 cycle, 95°C for 20 s and 68°C for 10 min for
10 cycles, 95°C for 20 s and 68°C for 12 min for 20 cycles, and 68°C for 10 min
for 1 cycle. Only one pair of primers (top-strand primer [5-TCTAAAGGAAA
ATGAACTTAACAGTTGCGAGTGA-3'] and bottom-strand primer [5'-TAT
TCGCAATACTCTGTTCAGTTTACTGTACTTTGCTA-3']), together with
Eagl-digested Genome Jump DNA library, generated a PCR product (11,249
bp). The PCR product was cloned into the TA cloning vector pCRII-TOPO, and
the insert was sequenced from both ends (Biopolymers Laboratories, MIT).

Phylogenetic analysis. Amino acid sequence from the fifth residue N terminal
to the highly conserved Gln residue through the signature motif YXDD of the
reverse transcriptase (61) of ZFERV was aligned with sequences corresponding
to the same region of representative members of recognized retroviruses. An
unrooted phylogenetic tree was constructed with the PHYLIP program (http:
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FIG. 1. Cloning strategy for ZFERV. The zebrafish Genome Jump
DNA libraries had been generated in the Hopkins laboratory by di-
gesting fish genomic DNA with restriction enzymes (step 1), followed
by ligating a universal DNA adapter (open boxes) to the ends of DNA
fragments (step 2). Each of nine libraries was derived by digestion with
a single enzyme. Nested PCR was performed with universal adapter
primers and ZFERV-specific primers (indicated as arrows on top of
the ZFERYV fragments) in conjunction with each of the nine genome
jump DNA libraries (steps 3 to 6). The largest PCR fragments (indi-
cated as lines and boxes) among all amplified products generated from
the different libraries were sequenced, and ZFERV-specific primers
were designed accordingly for PCR amplification in the next step.
Finally, various primers containing the derived 5" and 3’ cellular junc-
tion sequences were used in conjunction with the set of libraries to
amplify the entire ZFERV segment by PCR (step 7). Filled boxes
represent ZFERV sequences and lines are cellular sequences.

/[evolution.genetics.washington.edu/phylip/phylipweb.html [7]). The names and
GenBank accession numbers of the viruses are listed below.

Preparation of genomic DNA. To prepare DNA from whole fish, each fish
was frozen in liquid N,, ground into powder, and incubated in digestion buffer
(100 mM NaCl, 10 mM Tris-HCI [pH 8], 25 mM EDTA, 0.5% sodium dodecyl
sulfate, 0.1 mg of proteinase K [Roche]/ml) at 50°C for 16 h. Samples were
extracted twice with phenol-chloroform-isoamyl alcohol (25:24:1), followed
by ethanol precipitation. DNA was suspended in 100 pl of H,O. To prepare
DNA from sperm, semen (5 to 10 pl) from male fish was mixed with 100 pl
of digestion buffer and incubated at 50°C for 16 h. The samples were ex-
tracted and precipitated as for whole fish. Purified sperm DNA was sus-
pended in 10 pl of H,O.
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Detection of ZFERV-related proviruses in genomic DNA. (i) Whole fish. DNA
(10 pg) was digested with EcoRV or Spel and resolved in 1% agarose gel,
followed by Southern blotting with env and LTR probes.

(i) Sperm. DNA was amplified by PCR, followed by detection of viral frag-
ments in the PCR products by Southern blotting. For PCR amplification, a 50-ul
PCR mixture (1 pl of sperm DNA, 400 nM each for top- and bottom-strand
primers, 500 uM each for dNTP, 1X PCR buffer with 2.25 mM MgCl, and
detergents, and 3.5 U of Expand Long Template System enzyme mix) was
incubated at 95°C for 3 min for 1 cycle; 94°C for 20 s, 55°C for 30 s, and 72°C for
1 min for 35 cycles; and 72°C for 5 min for 1 cycle. The top-strand primer
sequence (5'-TTGCTGCAGCCGAAGGGGATGACGTGAT-3'; nucleotides
[nt] 10470 to 10497 of ZFERYV) is located within the env gene, and the bottom-
strand primer sequence (5'-TATTCGCAATACTCTGTTCAGTTTACTGTAC
TTTGCTA-3") is located 73 bp downstream of the 3’ cellular junction of
ZFERV. Thus, generation of an 853-bp PCR product containing the putative
ZFERV 3’ LTR sequence is expected if the provirus is located in the ZFERV
locus. To confirm that the PCR product contains the LTR sequence, 1 pl of the
PCR products was resolved in 1% agarose gel, followed by Southern blotting
with the LTR probe.

The DNA templates for generating the random-primed 3?P-labeled probes
were as follows: for the env probe, a 1,929-bp insert consisting of the env coding
sequence (see Results) cloned into the pCRII-TOPO vector; and for the LTR
probe, a 425-bp fragment extending from the HindIII site of the U3 region to the
3" end of the R region of ZFERV LTR sequence.

In situ hybridization. Larval fish (3 to 5 dpf) were fixed with 4% paraformal-
dehyde in PBS for 2 h at room temperature, followed by gradual dehydration in
methanol and rehydration in PBS. Adult fish (3 months old) were fixed with 4%
paraformaldehyde in PBS at 4°C for 16 h, followed by gradual dehydration in
ethanol and xylene, embedded in melted paraffin and sectioned (2 or 20 pm
thick). Sections were dewaxed with xylene, followed by gradual rehydration in
H,O0. Both larval fish and paraffin sections were treated with 0.3% Triton X-100
for 15 min and with proteinase K (15 pg/ml) for 10 min, followed by incubation
in acetylation solution (0.1 M triethanolamine [pH 8], 0.25% [vol/vol] acetic
anhydride; Sigma) twice for 5 min each.

For hybridization, samples were incubated with prehybridization buffer (4X
SSC [600 mM NacCl, 60 mM sodium citrate; pH 7], 50% [vol/vol] formamide) at
37°C for 10 min, followed by incubation at 42°C for 16 h in hybridization buffer
(50% [vol/vol] formamide, 4X SSC, 1X Denhardt solution [200 mg/liter each for
Ficoll 400, polyvinylpyrrolidone, and bovine serum albumin], 100 g of heparin/
ml, 0.1% Tween 20, 1 mg of yeast Torula RNA [Sigma]/ml) containing fluores-
cein- or digoxigenin [DIG]-labeled RNA probe (0.2 pg/ml). After two washes
with 0.2X SSC at 60°C, samples were incubated with blocking solution (0.1 M
maleic acid [pH 7.6], 150 mM NaCl, 2% blocking reagent [Roche]) for 1 h.
Alkaline phosphatase-conjugated anti-DIG or alkaline phosphatase-conjugated
anti-fluorescein antibody (Roche) was added to the blocking solution in a ratio
of 1:1,000, and incubation continued for two more hours. Samples were washed
twice with maleic acid buffer (0.1 M maleic acid [pH 7.6], 150 mM NaCl).

For colorimetric detection, samples containing anti-DIG antibodies were
washed once with alkaline phosphatase buffer (0.1 M Tris-HCl [pH 9.5], 0.1 M
NaCl, 50 mM MgCl,), followed by staining in buffer containing 1 mM levamisole,
0.9 mg of nitroblue tetrazolium salt and 0.35 mg of BCIP (5-bromo-4-chloro-3-
indolylphosphate; Roche)/ml. For fluorescence detection, samples containing
anti-fluorescein antibodies were washed once with 0.1 M Tris-HCI (pH 8.2),
followed by incubation in Fast Red staining solution (Roche) according to the
manufacturer’s instructions.

The 1,929-bp fragment containing the env coding sequence in the pCRII-
TOPO vector was used as a template for synthesizing sense and antisense env
fluorescein- and DIG-labeled cRNA probes. pZrl (57) containing a 638-bp
fragment of ragl (11) was used to synthesize antisense rag/ DIG-labeled cRNA
probe. The cRNA probes were prepared with an RNA labeling kit (Roche)
according to the manufacturer’s instructions. The sense and antisense env probes
(50 ng) were incubated in alkaline hydrolysis buffer (40 mM NaHCO;, 60 mM
Na,COs3) at 60°C for 14 min, followed by ethanol precipitation, to generate
shorter fragments prior to addition of the hybridization buffer.

Northern blotting. Thymus RNA (5 pg) from 20 adult fish (5 months old) was
electrophoresed in 1% agarose-formaldehyde gel, followed by Northern blotting
with the env or LTR probe.

RT-PCR. RNA (2 pg) from whole larvae (2 and 7 dpf) was incubated in 25 pl
of DNase solution (1X RQ1 RNase-free DNase reaction buffer, 2 U of RQ1
RNase-free DNase, 20 U of RNase inhibitor; Promega, Madison, Wis.) at 37°C
for 30 min, followed by phenol-chloroform extraction and ethanol precipitation.
The RNA pellet was resuspended in 10 pl of H,O containing 0.5 ng
oligo(dT);,.,5, followed by incubation at 65°C for 5 min, followed by the addition
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of 10 pl of RT premix (2 mM dNTP, 20 mM DTT, 2X first-strand buffer, 200 U
of SuperScript II RNase H™ reverse transcriptase) and incubation at 42°C for
1 h. The reaction products were diluted threefold and sixfold with 1X first-strand
buffer and were used as the template in PCR to assess unsaturated PCR ampli-
fication of cDNA.

For PCR amplification of cDNA, 1 pl of the diluted RT reaction products was
added to 19 pl of PCR premix (500 nM each for top- and bottom-strand primers,
400 uM dNTP, 1X PCR buffer, 1 U of AmpliTag DNA polymerase), followed by
incubation at 95°C for 3 min and at 95°C for 20 s, 55°C for 30 s, and 72°C for 30 s
for 25 cycles. When EF-1a-specific primrs were used, the PCR condition was the
same as described above except that 45°C was used for primer annealing and 20
cycles of amplification were applied. The following primer pairs (top strand and
bottom strand) corresponding to ZFERV LTR env and gag sequences (GenBank
accession number AF503912) were used for PCR amplification: LTR, 5’-GCT
GCAGCCGAAGGGGATGACGT-3' and 5'-CAGGTGTTAAACCACATCCC
TGTAC-3’ (positions 10472 to 10494 and positions 10860 to 10836); env, 5'-C
ATCACTCTAGGGGTAGATGTAGA-3' and 5'-AATCATGTAATGGAGCG
GGTTCAG-3' (positions 9088 to 9111 and positions 9398 to 9375); and gag,
5'-GTACCTGTGAGGACAGAGACAAGA-3' and 5'-GTACCCATCTTTTA
GTTCTGTCTGACA-3' (positions 2671 to 2694 and positions 2814 to 2788).
The primer pair sequences (top strand and bottom strand) for amplifying EF-1a
cDNA were 5'-CTGGTGACAACGTTGGCTTC-3" and 5'-TGGAACGGTGT
GATTGAGGG-3' (positions 971 to 990 and positions 1473 to 1454 [GenBank
accession no. L23807]). A total of 5 ul of PCR products was resolved in 2%
agarose gel, followed by ethidium bromide staining.

Nucleotide sequence accession numbers. The nucleotide sequences of the env
gene and of ZFERYV have been submitted to GenBank under accession numbers
AY075045 and AF503912, respectively. Other viral sequences used for the phy-
logenetic analysis are from avian leukosis virus (GenBank accession number
NC001408), baboon endogenous retrovirus (BAA89659), equine foamy virus
(NP054716), feline endogenous retrovirus (FERV; P31792), feline foamy virus
(NP056914), feline leukemia virus (NP047255), gibbon ape leukemia virus
(AACB0264), human immunodeficiency virus type 1 (NC001802), human T-cell
leukemia virus type 1 (NC001436), human T-cell leukemia virus type 2
(NC001488), human foamy virus (NP044280), MLV (P03355), mouse mammary
tumor virus (NC001503), porcine endogenous retrovirus (CAC82505), simian
foamy virus (NP056803), simian T-cell leukemia virus 2 (NP056907), WDSV
(NP045937), WEHYV type 1 (WEHV1; AAD30048), and WEHV2 (AAC59311).
Retrovirus sequences from birds, reptiles, and amphibians have been described

(14).

RESULTS

Identification of retrovirus sequences in a subtracted thy-
mus cDNA library. In a search for genes selectively expressed
in the zebrafish thymus, we generated a thymus cDNA library
by subtracting cDNA from adult fish thymus with that from
2-day-old larval fish, which have not yet developed T lympho-
cytes (59). Of 384 clones in the subtracted cDNA library, 43
yielded strong signals after hybridization with cDNA probes
prepared from the thymus but not with probes from 2-day-old
larval fish. To evaluate expression in the thymus, we performed
whole-mount in situ hybridization on 7-day-old fish with cRNA
probes prepared from these 43 clones. Probes from 21 clones
stained only the thymus, whereas probes from the other 22
clones either stained the entire body or did not stain any tissue
(data not shown). These results suggest that the 21 cDNA
clones correspond to relatively abundant transcripts expressed
in the thymus (at age 7 dpf).

The 21 positive clones were sequenced; eight, including
three redundant ones, were nearly identical in sequence to
portions of several zebrafish unannotated expressed sequence
tags (ESTs; Washington University Zebrafish EST Project).
These EST sequences did not contain open reading frames
(ORFs). The remaining sequenced clones did not match any
EST sequences. All 21 clones were subsequently shown to
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correspond to different segments of the same or related retro-
viral sequences (see below).

To identify coding sequences that might be adjacent to these
EST sequences, we screened a N phage library that had been
constructed from zebrafish thymus cDNA. Each of the nonre-
dundant cDNA clones that stained only the thymus was used
independently as a probe. Two positive plaques containing
long cDNA inserts (1.8 and 2.3 kb, respectively) were identified
and sequenced. About 600 bp at the 3" end of the 1.8-kb cDNA
fragment and at the 5’ end of the 2.3-kb cDNA fragment were
identical in sequence (later identified as a part of the env
coding sequence; see below). When combined, the superim-
posed 3.5-kb sequence showed a 113-bp direct repeat sequence
at each end, a structural feature similar to the R sequence of
retroviral genomes. Further, the internal sequence contained
an ORF encoding a 642-amino-acid residue protein that in-
cluded a transmembrane domain, as found in retroviral enve-
lope proteins of many vertebrate species.

Since the 3.5-kb sequence was assembled from two indepen-
dent cDNA fragments, we sought to determine whether tran-
scripts containing an intact env coding sequence are expressed
in the thymus. By RT-PCR with thymus RNA, we amplified
the entire env fragment (1,929 bp). The fragment was se-
quenced and found to be identical to the coding sequence of
the 3.5-kb superimposed fragment (this env sequence has been
deposited in GenBank under the accession number
AY075045). Moreover, the entire env fragment was also am-
plified from zebrafish genomic DNA (data not shown). It
seemed possible, therefore, that the env gene is part of an
endogenous retrovirus in the zebrafish genome, which we pro-
visionally designated ZFERV (for zebrafish endogenous ret-
rovirus).

Cloning and structure of ZFERV. If intact ZFERV is
present in the zebrafish genome, it should be possible to clone
the whole viral entity from genomic DNA. To this end, we
chose the zebrafish Genome Jump DNA libraries (10) over
classic N phage genomic DNA libraries as the source for clon-
ing, mainly because the former is PCR based so that the ge-
nome-walking process is directional and more efficient. The
strategy to clone ZFERYV from zebrafish genomic DNA was to
search for junction sequences flanking the LTRs of ZFERV in
the zebrafish genome. Primers corresponding to these junction
sequences were then applied to PCR amplify the entire
ZFERV fragment from zebrafish genomic DNA (Fig. 1). By
this approach, a long contiguous retroviral DNA, which con-
sists of 11,249 bp, was cloned and sequenced. No fragments
other than ZFERYV were amplified by this approach (data not
shown). The sequence contains ORFs for the gag, pol, and env
genes and flanking LTR sequences (Fig. 211I).

LTR. The 5'- and 3’-flanking LTR sequences (nt 1 to 695
and nt 10555 to 11249, respectively) consist of 695 bp each and
are 99% identical (Fig. 2I and II). As in other retroviruses, the
LTR segments contain three consecutive sequence blocks,
from 5’ to 3’, the unique 3’ (U3) sequence, the repeat (R)
sequence and the unique 5" (U5) sequence. Because the mid-
dle block, the R sequence (113 bp), is identical to the flanking
repeated sequences of the superimposed 3.5-kb cDNA men-
tioned above, the upstream U3 and the downstream US se-
quences in the ZFERV LTR segment were recognized by
comparing the sequences of ZFERYV and the 3.5-kb cDNA.

J. VIROL.

As an integrated provirus, ZFERYV also exhibits recogniz-
able features in the U3 and US5 sequences as a result of inte-
gration. The 5’ U3 sequence (513 bp) is 3 bp shorter than the
3’ U3 sequence, presumably because of an AAT trinucleotide
deletion in the 5" LTR upon viral integration. Similarly, the 3’
US sequence (66 bp) is 3 bp shorter than the 5" US sequence
(due to an ATT trinucleotide deletion in the 3" LTR). At the
5" and 3’ ends of the LTR segments, the consensus dinucle-
otide TG/CA inverted repeats are juxtaposed with a duplicated
4-bp cellular sequence (CGAG). Taken together, these appar-
ently symmetric structures suggest that ZFERV follows com-
mon rules for retroviruses upon integration (16).

ORFs. Like all retroviruses, ZFERV contains gag, pol, and
env genes (Fig. 2III). ZFERV appears to have the same gene
organization as MLV-related retroviruses (62), in which the
gag and pol genes are in the same reading frame, whereas the
env gene is in another (Fig. 2IIT). Other ORFs are quite short
(=216 bp), suggesting that they are unlikely to encode func-
tional proteins. The ZFERV gag-pol ORF (nt 1890 to 8603)
would encode a 2,237-amino-acid residue Gag-Pol polyprotein,
when the internal stop codon (nt 3960 to 3962) between the gag
and pol genes is translationally suppressed, as in the case for
MLV (62). The env ORF (nt 8600 to 10531) encodes a 643-
amino-acid residue Env protein. Interestingly, the ZFERYV env
ORF has an extra codon relative to the env cDNA fragment
amplified by RT-PCR. Since the Genome Jump DNA libraries
(10) were prepared from AB X Tiibingen fish, whereas the
thymus RNA was prepared from Tiibingen fish, it is possible
that a length polymorphism in env may exist among different
fish.

Many protein domains that are conserved among different
retroviral genera are also encoded in ZFERYV, including the
protease, reverse transcriptase, RNase H, and integrase do-
mains of the polymerase (Pol) polyprotein and the transmem-
brane domain of Env protein. However, the variable Gag
polyprotein and the surface domain in Env protein are not
similar to these in any known retrovirus, suggesting that
ZFERYV belongs to a distinct retroviral group.

Other features. Like other retroviruses (9), the polypurine
tract (nt 10540 to 10554) and the tRNA primer-binding site (nt
696 to 713), which serve as primer sites in the process of
converting viral RNA to double-stranded DNA, were also
found in ZFERYV (Fig. 2I and II). The sequence between the
5" LTR and the gag gene contains nine consecutive direct
repeats (nt 899 to 1415), each approximately 60 nt in length
(Fig. 2I). As a result, a long 5’-untranslated region (1,376 nt)
for viral genomic RNA is expected.

Comparison of the sequence of genomic DNA with that of
the superimposed 3.5-kb ¢cDNA encoding the env gene re-
vealed two pairs of RNA splice donor and acceptor sites in the
genome (Fig. 2IV). The first exon extends from the beginning
(nt 514) of the 5’ R sequence to nt 780; the first intron extends
from nt 781 to 7802. The second exon extends from nt 7803 to
7855; the second intron extends from nt 7856 to 8010. The
third exon extends from nt 8011 to the end (nt 11183) of the 3’
R sequence. Consequently, the subgenomic RNA lacks most of
the sequences between the 5" LTR and gag, the entire gag, and
the majority of the pol gene (Fig. 2IV). The size of this sub-
genomic RNA is expected to be 3,493 bp plus the size of the
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FIG. 2. Structure of ZFERV genome. The viral genome consists of 11,249 bp and contains ORFs for gag, pol, and env genes and two flanking
LTRs (open boxes; panel III). The gag and pol genes are contiguous and are in the same reading frame, whereas env is in a different reading frame.
The Gag-Pol polyprotein (2,237 amino acid residues) could be translated from the hypothetical viral genomic RNA (10.7 kb; panel IV) by
suppressing the termination codon (TGA) at the junction of the gag and pol genes. The Env protein (643 amino acid residues) could be generated
from the spliced subgenomic env RNA (3.5 kb; panel IV). Three sequence blocks (U3, R, and U5) of both LTR segments, as well as features of
adjacent sequences, are shown in panels I (for the 5 LTR) and II (for the 3’ LTR). The numbers shown in parentheses refer to ZFERV DNA

(GenBank accession number AF503912).

poly(A) tail. It is not known whether other species of sub-
genomic RNA are also generated.

Phylogenetic analysis of ZFERV. To determine the evolu-
tionary relationships between ZFERV and other retroviruses,
we performed a phylogenetic analysis based on an alignment of
RT sequences, the most conserved sequence among all retroid
elements, including endogenous retroviruses (37, 61). Se-
quences of the same RT region from representative members
of recognized retroviral genera and from three previously iden-
tified exogenous walleye fish retroviruses (18, 28) were used in
the alignment.

As shown in Fig. 3A, the analysis places ZFERV closest to
the cluster of MLV-related viruses (43 to 44% identity) and to
the group of exogenous walleye fish retroviruses (42 to 44%
identity) and more distant to other retroviral genera (28 to
35% identity). In contrast, the percent identity between any
two viruses within the group of MLV-related viruses is at least
82%. Similarly, the percent identity between WDSV and
WEHV1 is 82%. Therefore, although ZFERYV shares a com-

mon ancestor with MLV-related retroviruses and walleye fish
retroviruses, it appears that it belongs to a distinct group.

We also compared ZFERV with other endogenous retrovi-
ral elements from birds, reptiles, and amphibians (14). As
shown in Fig. 3B, ZFERYV is not closely related (<40% iden-
tity) to any of these. This result further supports the notion
that ZFERYV belongs to a distinct group of retroviruses.

ZFERY is an endogenous retrovirus in zebrafish. An endog-
enous retrovirus remains in the same genetic locus in every cell
and is transmitted through germ cells to the next generation.
To establish that ZFERV is indeed an endogenous virus, we
performed Southern blotting to detect ZFERV in genomic
DNA from sperm and from whole fish. Several individual fish
samples were examined for the localization of ZFERYV in the
genome.

To detect ZFERYV in sperm DNA, we amplified a fragment
containing the putative ZFERV 3’ LTR segment from four
sperm DNA samples by PCR; one primer was located in the
env gene, and the other was located in the 3’ cellular sequence
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FIG. 3. Phylogenetic relationship between ZFERV and other ret-
roviruses. (A) The ZFERV RT conserved region, consisting of 161
amino acid residues, was aligned with sequences from the same region
of representative members of recognized retroviral genera. The phy-
logenetic tree was constructed with the PHYLIP program (7). (B) The
same RT regions of endogenous retroviral elements from birds (bower
bird and sparrow), reptiles (pit viper, Komodo dragon, gharial, and
slider turtle), amphibians (palmate newt and rhinatremid caecilian)
(14), and mammals (FERV, baboon endogenous retrovirus [BERV],
and porcine endogenous retrovirus [PERV]) were also compared. The
GenBank accession numbers of these viruses are given in Materials
and Methods. Abbreviations: ALV, avian leukosis virus; EFV, equine
foamy virus; FFV, feline foamy virus; FLV, feline leukemia virus;
GALYV, gibbon ape leukemia virus; HIV1, human immunodeficiency
virus type 1; HTLV1, human T-cell leukemia virus type 1; HTLV2,
human T-cell leukemia virus type 2; HFV, human foamy virus;
MMTYV, mouse mammary tumor virus; SFV, simian foamy virus;
STLV2, simian T-cell leukemia virus 2; RV, retrovirus.
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(determined previously in the process of cloning ZFERV). The
presence of the LTR sequence in the amplified fragment was
verified by Southern blotting. As shown in Fig. 4A, a predom-
inant band, located between 800 and 900 bp (the expected size
is 853 bp), was detected in every sperm DNA sample, indicat-
ing that genomic DNA from zebrafish germ cells does contain
ZFERYV sequences. In addition, since one of the primer se-
quences is located in the downstream cellular sequence, this
result suggests that ZFERYV, like cellular genes, resides in the
same genetic locus in different fish.

In another experiment, genomic DNA from three fish was
digested with restriction enzymes, followed by Southern blot-
ting with the env and LTR probes. EcoRV and Spel restriction
enzymes were chosen so that the entire env gene is contained
within a single DNA fragment, since neither restriction site is
present in the env gene. As shown in Fig. 4B, two to four bands
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were detected with the env probe, suggesting that no more than
four copies of ZFERYV exist in the zebrafish genome. Consis-
tent with the results obtained with sperm DNA (Fig. 4A), the
darkest bands hybridizing to the env probe (~8 kb in EcoRV-
and ~6.5 kb in Spel-digested samples) are the same size in
DNA from each fish, suggesting that these ZFERV-related
proviruses are located in the same genetic locus. The other
env-positive bands with lower intensities may result from cop-
ies with truncated env genes. However, it is also possible that
EcoRV and Spel sites are present in the env gene of these
copies due to restriction fragment length polymorphism. Eight
to ten bands were detected with the LTR probe in each di-
gested genomic DNA, suggesting that some provirus entities
are probably defective or recombinant since they contain the
same LTR segments but lack the env gene (e.g., “solo LTR”
[51]).

Most of the LTR-positive bands are consistent in size among
different fish, but some bands were detected in the genome of
only one fish. These results suggest that most ZFERV-related
proviruses, intact or defective, reside in the same respective
genomic loci in different fish but that some fish either contain
different copy numbers of ZFERYV or exhibit polymorphism in
viral and/or cellular sequences.

ZFERV may be limited to zebrafish (Danio rerio). The ge-
nomes of several other fish species were also examined for the
presence of ZFERV. As shown in Fig. 4C, none of these other
fish, including several closely related Danio species, was found
to contain ZFERV (lanes 1 to 3 and lanes 5 to 8), suggesting
that ZFERV may be limited to the zebrafish.

Thymic expression of ZFERV. To determine in which tissues
ZFERV-related transcripts are expressed, larval fish and sec-
tions from adult fish were subjected to in situ hybridization
with probes specific for the ZFERYV env gene. In 5-day-old fish,
the thymus appeared to be the only tissue with detectable
staining, suggesting that the thymus is a major tissue for viral
RNA expression at this developmental stage (Fig. 5A). In
sections of adult fish, the thymus was also the most strongly
stained tissue compared to others on the same sections (Fig.
5B to D).

To determine the sizes of different ZFERV-related tran-
scripts, RNA isolated from adult thymus was subjected to
Northern blotting with probes for the ZFERYV env gene and for
the LTR segments. As shown in Fig. 6, an RNA species mi-
grating at ca. 9.5 kb was detected by both probes (band II),
presumably corresponding to the full-length genomic RNA
(10.7 kb, Fig. 2A). Longer exposure of the same blot showed a
weaker band at about 4 kb (band IV, right panel), presumably
corresponding to the env subgenomic RNA (3.5 kb, Fig. 2A).
In addition, an RNA species at about 6 kb (band IIT) hybrid-
ized strongly to the LTR probe. We do not know whether this
is an early termination of the full-length genomic RNA or
whether it represents a transcript from other proviruses with
LTR sequences similar to that of ZFERYV in the fish genome.
A more slowly migrating band, estimated to be about 15 kb
(band TI), was also detected by both probes, possibly corre-
sponding to a readthrough transcript that does not terminate
at the regular polyadenylation site of the viral genomic RNA.
Although there is uncertainty regarding the identity of bands I
and III, the sizes of bands II and IV are consistent with those
of the putative genomic and subgenomic RNA predicted from



VoL. 78, 2004

A

0.1 =
(kb)
- «
env_| LTR _}—— cellular
ZFERV sequence

B

probe: env LTR
digestion.EcoRV Spel  EcoRV Spel
fish# 123123 123123

fish sample #
12345678

A ZEBRAFISH ENDOGENOUS RETROVIRUS 905

the genome structure of ZFERV and from the sequenced
cDNA clones (Fig. 2A).

Since the thymus appears to be the major tissue in larval fish
for viral RNA expression, we wanted to determine when
ZFERV-related transcripts are detected during thymus devel-
opment. As a hallmark of early thymus development, ragl gene
expression, which is first detected in the thymus at about 92 hpf
(59), was used for comparison. As shown in Fig. 7, ZFERV-
related RNA expression in the thymus was first detected with
the antisense env probe by day 4, at the same time as expres-
sion of ragl. Higher expression levels were observed for both
ragl and the env at day 5, but there was no staining with either
probe at day 3. No staining was observed at any stage with the
sense env probe. These results indicate that expression of
ZFERV-related transcripts begins at 4 dpf. Consistently, re-
sults from RT-PCR analysis also showed that 7-day-old larval
fish contain ZFER V-related transcripts, whereas no viral tran-
scripts were detected in 2-day-old fish (Fig. 8).

DISCUSSION

Properties of ZFERV. We have shown that an intact endog-
enous retrovirus, ZFERV, is present in the zebrafish genome.
Several other teleost species were also examined for the pres-
ence of ZFERV in their genomes (Fig. 4C). These included
more distantly related species such as Atlantic trout, sturgeon,
and bowfin and close relatives of zebrafish such as other Danio
species. ZFERYV was not found in any of these fish, suggesting
that it may be limited to zebrafish. It appears that ZFERV is
widely distributed among zebrafish, because the zebrafish EST
and genomic databases (Washington University Zebrafish EST
Project and Sanger Center Zebrafish Genome Sequencing
Project, respectively) contain many ZFERV-related sequences
from several lines: AB, SJD, and Tiibingen.

We amplified the entire ZFERV fragment by PCR with
primers corresponding to the 5" and the 3’ cellular-viral junc-
tion sequences. When the products were analyzed by gel elec-
trophoresis, no smaller fragment was seen, suggesting that no
solo LTR has the same flanking sequences. An identical 5’
junction sequence was found in the zebrafish genome sequence
database (trace file number zfishC-a1368f09.p1lc [Sanger Cen-
ter Zebrafish Genome Sequencing Project]). Further, the same

FIG. 4. ZFERV is an endogenous retrovirus. (A) Sperm DNA
from each of four zebrafish was used as a template in PCR to detect
the provirus in the putative ZFERV locus. The top-strand primer
sequence, located within the ZFERV env gene, and the bottom-strand
primer sequence, located in the cellular sequence downstream of
ZFERV, were used in PCR (arrows in the diagram). The products
were resolved in a 1% agarose gel, followed by Southern blotting with
the LTR probe. (B) Genomic DNA (10 pg) from three individual
zebrafish (3 months old) was digested with either EcoRV or Spel,
resolved by 1% agarose gel electrophoresis, and subjected to Southern
blotting with probes for the env gene (left panel) or for LTR segments
(right panel). (C) Genomic DNA (10 pg) from different fish species
was digested with EcoRYV, resolved by 1% agarose gel electrophoresis,
and subjected to Southern blotting with the LTR probe. Lane 1, stur-
geon (Acipenser baerc); lane 2, bowfin (Amia calva); lane 3, Atlantic
trout (Salmo salar); lane 4, zebrafish (Danio rerio); lane 5, Danio
albolineatus; lane 6, Danio kerri; lane 7, Danio nigrofasciatus; lane 8,
Danio shanensis.
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3’ cellular-viral junction sequence was detected in each of four
individual sperm DNA samples (Fig. 4A). The darkest bands
hybridizing to the env probe by Southern blotting (Fig. 4B)
appear to be the only ones that are the same size in DNA from
each fish and probably correspond to ZFERV. Other bands
with lower densities may be derived from truncated ZFERV-
related copies. Taken together, these data strongly suggest that
at least one copy of ZFERYV is present in every zebrafish at the
same genomic locus. The additional, nonconserved bands may
be related to restriction fragment length polymorphism in
these fish. It is also possible that exogenous infection with
ZFERV or retrotransposition contributes to the variability
noted.

When compared to proviral MLV (8.9 kb; GenBank acces-
sion number AF033811), ZFERV has a relatively large ge-
nome (11.2 kb), mainly due to the following features. (i) Long
U3 segments in the LTRs. Since the 5 U3 segment serves as
viral promoter and contains many potential transcription fac-
tor binding sites (see below), a longer sequence suggests a
more complex gene regulation for ZFERV. (ii) Nine consec-
utive direct repeats between the 5" LTR and gag. The retrovi-
rus packaging signal, s element, usually resides between the 5’
LTR and gag (3). We speculate that these repeats may form
stem-loop structures, which serve as a signal for encapsidation.
(iii) An extended pol gene that could encode an additional
protein domain at its 3" end. The sequence near the C terminus
of the presumable Gag-Pol polyprotein is homologous to the
phosphoesterase domain found in macrohistone 2 and in
Appr-1'-p processing enzyme (36, 42).

Another intriguing feature of ZFERYV is the double splicing
used to generate the subgenomic env RNA (Fig. 2). These
splicing events join three exons, the last containing the env
ORF. The fragments derived from po/ do not contain transla-
tion initiation codons and therefore could not contribute to the
Env protein sequence.

Phylogenetic analysis places ZFERV closest to the MLV-
related retroviruses and to the exogenous piscine retroviruses
(Fig. 3A). When genomic structures are compared, however,
ZFERY is more similar to MLV since both genomes consist of
the same number of ORFs, whereas exogenous piscine retro-
viruses contain several extra ORFs (18, 28). Herniou et al. (14)
have characterized many endogenous retroviral elements from
a wide spectrum of vertebrates, including mammals, reptiles,
amphibians and fish. However, none of these retroviral se-
quences is >40% identical to ZFERV in the conserved RT
region (Fig. 3B). Therefore, ZFERV appears to be sufficiently
distinct from all known vertebrate endogenous retroviruses to
represent a new group of retroviruses.

Expression of ZFERYV. In the initial screening of the sub-
tracted thymus cDNA library, we chose clones with the stron-
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FIG. 6. Northern blotting showing various ZFERV-related tran-
scripts. Total RNA (5 pg) from thymocytes (pooled from 20 adult fish)
was resolved by 1% agarose gel electrophoresis, followed by Northern
hybridization with probes for env gene or LTR segment. Short and
fivefold-longer exposures (1X and 5X) are indicated, the longer expo-
sure revealing the 3.5-kb subgenomic RNA. The major bands are
indicated on the right (bands I to IV).

gest hybridization signals for further analysis. Of these, 21
showed selective expression in the thymus. Unexpectedly, all
21 were related to ZFERYV. Evidently, ZFERYV transcripts are
particularly abundant among transcripts found in the adult
zebrafish thymus but not in the 2-day-old larval fish.

In addition to the transcripts presumably corresponding to
the full-length genomic and subgenomic env RNA, two addi-
tional ZFERV-related RNA species were identified in the
thymus (Fig. 6). It is possible that these transcripts are gener-
ated from ZFERV by aberrant RNA termination or from
other defective ZFERV-related proviruses in the fish genome.
Another possibility is that they are generated from recombi-
nant retroviruses derived from ZFERYV, a scenario similar to
that for mink cell focus-forming (MCF) MLV in AKR mice
(23, 25). The latter possibility is supported by our finding that
a cDNA clone from the subtracted thymus cDNA library con-
tains a partial ZFERV gag segment combined with a non-

FIG. 5. Expression of ZFERV-related RNA in thymus. (A) Larval fish at 5 dpf were fixed and subjected to whole mount in situ hybridization
with a DIG-labeled sense or antisense probe for the env gene, followed by colorimetric detection. (B and C) Contiguous sections (20 wm thick)
of 3-month-old fish (right two panels) were subjected to in situ hybridization with probes as described in panel A. The section planes and main
organs are indicated. Abbreviations: B, brain; E, esophagus; G, gill; H, heart; I, intestine; L, liver; M, muscle; T, thymus. The bilateral thymi
hybridizing to the antisense probe are highlighted with arrows. (D) Sections (2 wm thick) of the thymus from 3-month-old fish were hybridized to
fluorescein-labeled sense (left panel) or antisense (right panel) env probe, followed by fluorescence detection with the alkaline phosphatase-Fast

Red system.
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FIG. 7. Temporal expression of ZFERV-related proviruses and ragl. Larval fish at stages of 3, 4, and 5 dpf were fixed and subject to
whole-mount in situ hybridization with DIG-labeled probes for env or ragl gene, followed by colorimetric detection. The thymus is highlighted with

an arrow.

ZFERYV DNA segment that encodes a protein homologous to
many retroviral protease proteins (data not shown). This re-
combinant sequence matches one of the sequences in the ze-
brafish EST database (accession number AW232029; Wash-
ington University Zebrafish EST project). Therefore,
additional retroviral transcripts, which are related to ZFERV
but not exactly the same as the ZFERV RNA, are also ex-
pressed in zebrafish. To understand the complexity of viral
expression, a series of probes for different ZFERV segments
and other non-ZFERYV viral segments may be required to
detect these transcripts and reconstruct their detailed struc-
tures.

The thymus was found to be the major tissue for expression
of ZFERYV in larval fish, and a high level of viral RNA expres-
sion persists in the thymus of adult fish. A previous study had
shown that the adult thymus is filled with lymphocytes, which
appear as groups of packed small cells interspersed between
nonlymphoid cells (59). Consistent with this observation, stain-
ing with the env probe revealed that the thymus was packed
with small cells having the appearance of small lymphocytes
(Fig. 5D). A search of the zebrafish EST database for ZFERV-
related sequences revealed a large number of EST sequences
identical to parts of ZFERV. Unexpectedly, the mRNA
sources of these EST clones were derived from a variety of
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FIG. 8. Detection of ZFERV-related transcripts in larval fish by
RT-PCR. Total RNA from 2-day-old (lanes 1 and 2) and 7-day-old
(lanes 3 and 4) larval fish were isolated and amplified by RT-PCR with
primers specific for each indicated region of the virus. Onefold (lanes
1 and 3) and twofold (lanes 2 and 4) amounts of RT reaction mixtures
were used as a template in PCRs. PCR products of the housekeeping
gene EF-1a served as an internal control for equal RNA loading from
both 2- and 7-day-old fish.

tissue types, including the brain, kidney, olfactory rosettes, fin
regenerates, retina, and heart. Since these tissues are from
anatomically discrete organs and many of them are distant
from the thymus, it seems unlikely that they are contaminated
with thymic tissue.

There appear to be several possibilities to account for the
presence of ZFERYV transcripts in tissues other than the thy-
mus. Viral transcripts may indeed be expressed, but at a low
level, in these tissues. A number of potential transcription
factor binding sites can be identified in the viral LTR, suggest-
ing that ZFERV is expressed in a wide range of cell types.
These sites could bind lymphoid-specific (Ikaros and E47 [8,
441), myeloid-specific (AML and MZF [39, 48]), and hemato-
poietic-specific (GATA [22]) factors, as well as more general
factors (STAT, NF-«kB, C/EBP, AP-1/ATF, and Oct-1 [19, 30,
50, 53, 54]). Different cell types may contain limited amounts
and numbers of these factors generating a low level of viral
transcripts. These transcription factors may be expressed si-
multaneously in the thymus, synergistically activating the viral
promoter to generate a relatively high level of ZFERV tran-
scripts.

Another possibility is that mobile white blood cells from the
thymus, such as T lymphocytes, may migrate to and reside in
other tissues. In zebrafish, the intermediate cell mass (ICM),
the first hematopoietic tissue in the embryo, is observed at
approximately 24 hpf (2). The thymic primordium appears at
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60 hpf, and it is colonized by immature lymphoblasts by 65 hpf
(58). By 92 hpf, cells of the T lineage, presumably pre-T cells,
expressing the recombination activating genes ragl and rag2,
are detected in the thymus (59). The same temporal expression
patterns of ragl and ZFERV-related proviruses in larval fish
thymus suggest that activation of ZFERV may be subject to
the developmental program of lymphopoiesis. Although circu-
lation and homing of mature T cells may contribute to the
ZFERV-related transcripts in various tissue types, ZFERV is
probably not activated in cells of the erythroid lineage. The
evidence for this is that ZFERV-related transcripts were not
detected by in situ hybridization or by RT-PCR in larval fish
before 4 dpf, when circulating erythrocytes are already preva-
lent (5, 58). Additional evidence is that radioactive cDNA
probes prepared from mRNA of adult red blood cells did not
hybridize with the subtracted thymus cDNA clones containing
ZFERV fragments in Southern blotting analyses (data not
shown). The definitive cell types that express substantial
amount of viral transcripts remain to be determined.

Finally, it is possible that viral particles, if produced, may
circulate and spread among different tissues. Endogenous ret-
roviruses capable of generating exogenous viruses in mammals
have been reported (31, 32, 34). In mice harboring AKR-type
MLV, there is a good correlation between intact AKR viral
genomes in cellular DNA and the capacity of the cells to
release infectious AKR-type MLV (34). Unlike ancient rem-
nant endogenous retroviruses that contain numerous sequence
deletions and frameshifts in their genomes (33, 56), the
ZFERV genomic structure is essentially intact and contains
three long ORFs for gag, pol, and env genes; abundant viral
transcripts are expressed and processed correctly. Therefore,
ZFERV may have the potential for generating viral progeny.
In addition, the presence of a number of ZFERV-related cop-
ies in the fish genome could also be the source of viral tran-
scripts and provide a reservoir for generating recombinant
retroviruses. Such a case has been well studied in AKR mice
harboring various intact and defective endogenous retrovi-
ruses. These studies indicate that expression of these endoge-
nous retroviruses may eventually lead to the generation of
leukemogenic recombinant MCF MLV (15, 17, 23-25). Since
cells expressing various retroviral transcripts concurrently are
more likely to generate recombinant viruses (25), the thymus
in which multiple viral transcripts are coexpressed (Fig. 6), may
be the potential source for such viral particles. It is also pos-
sible that a tissue other than the thymus is the primary site for
ZFERYV expression and that the resulting viral particles sub-
sequently infect a permissive site, perhaps the thymus, for
replication.

Endogenous retroviruses exist in almost all vertebrate ge-
nomes (14). It has been estimated that ca. 10% of the mouse
and human genomes, respectively, consist of endogenous ret-
roviral DNA (27, 52, 55). In humans, endogenous retroviruses
have been thought to perform a variety of physiological roles,
from being essential to placental development (and therefore
critical to human survival) to tumorigenesis and induction of
autoimmune diseases (26, 29, 38, 40, 43). The potential risks
involving activation of endogenous retroviruses in xenotrans-
plantation and in gene therapies are still being evaluated (33).
The interaction between the host immune system and endog-
enous retroviruses is complex and largely unknown in most
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experimental systems. Given the powerful genetic and molec-
ular tools, together with the biological features of this model
system, the zebrafish may provide an alternative approach to
studying these questions.
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