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We isolated and characterized three endogenous retroviral fragments from the dart-poison frog Dendrobates
ventrimaculatus. These are the first retroviral sequences to be identified in amphibians, and consequently
retroviruses have now been found in each of the five major vertebrate classes. Comparison of the amphibian
retroviral fragments, termed Devl, Devll, and DevIIl, with mammalian and avian isolates revealed significant
differences between their nucleotide sequences. This suggested that they were only distantly related to the seven
currently recognized retroviral genera. Additional analysis by phylogeny reconstruction showed that the
amphibian retroviral fragments were approximately equally related to the Moloney leukemia-related viruses,
the spumaviruses, and walleye dermal sarcoma virus. Hybridization experiments revealed that viruses closely
related to Devl, Devll, and DevIII do not appear to be widespread in other vertebrates and that Devl, DevIl,
and DevlIII are all present at high copy numbers within their amphibian hosts, typically at over 250 copies per
genome. The viruses described here, along with two others which have recently been found in a fish and a
reptile, indicate that there may be some major differences in the retroviruses harbored by different vertebrate
classes. This suggests that further characterization of retroviruses of fish, reptiles, and amphibians will help
in understanding the evolution of the whole retroviral family and may well lead to the discovery of retroviruses

with novel biological properties.

The retroviruses are a family of RNA viruses which are
associated with a variety of vertebrate diseases (10). Numerous
examples have been isolated from mammalian and avian hosts,
and many have been extensively studied. On the basis of their
biological and phylogenetic properties, retroviruses from these
two vertebrate classes have been classified into seven related
groups or genera (5-7, 10, 38). All of the genera are known to
have exogenous (horizontally transmitted) members, and sev-
eral also have endogenous counterparts (vertically transmitted
elements which are integrated into the host genome) with a
wide distribution.

In contrast to the data which are available for retroviruses of
mammals and birds, there is little information regarding the
diversity and distribution of retroviruses in lower vertebrates.
There have been reports of viral particles in several species of
fish and reptiles, but the almost complete absence of sequence
information has hindered attempts at understanding their re-
lationships with the known genera (1, 8, 11, 17, 18, 26, 39). The
molecular data that are available from the tuatara (Sphenodon
sp.), a reptile, and the walleye (Stizostedion vitreum), a fish,
suggest that at least some lower-vertebrate retroviruses are
substantially different from those found in mammals and birds
(13, 21, 22, 37). There have been no reports to date of retro-
viruses or retrovirus-like particles in amphibians.

Retroviruses have highly variable nucleotide sequences, and
thus the investigation of evolutionary relationships between
distantly related retroviruses has been based almost exclusively
on the regions of their genomes which have the highest levels
of sequence conservation (6, 38). These regions, which are
present in the reverse transcriptase gene (and to a lesser extent
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in the protease and RNase H genes), have significant sequence
homology across all the retroviruses studied to date and also
between retroviruses and other related retroelements. Several
recent studies have used a 178-codon region of the reverse
transcriptase gene which extends across seven domains (6, 38)
to determine relationships among retroviruses.

We used PCR to investigate whether retroviruses were
present within the genome of the amphibian Dendrobates
ventrimaculatus (Amazonian dart-poison frog), a member of
the family Dendrobatidae. The members of the Dendrobati-
dae, or dart-poison frogs (so called because toxic alkaloids
secreted from glands in their skin are used to make poison
darts), are small terrestrial frogs which inhabit forested areas
in the neotropics, specifically from Nicaragua to central Brazil.
An aliquot of genomic DNA, pooled from two individuals, was
obtained from D. ventrimaculatus. This DNA was then used in
a PCR which used two degenerate oligonucleotide primers [5’
GT(T/G)TTI(G/T)TIGA(T/C)ACIGGI(G/T)C and 5" ATIA
GIA(G/T)(A/G)TC(A/G)TCIAC(A/G)T, where I indicates in-
osine], designed to be specific for conserved motifs in retroviral
protease and reverse transcriptase genes. Primers based on
these motifs amplify relatively large retroviral fragments (ap-
proximately 800 bp to 1 kb) from a wide range of vertebrate
taxa (unpublished data). They therefore allow information en-
coded by the protease gene and five of the seven highly con-
served domains within the reverse transcriptase gene to be
included in subsequent sequence analysis. The PCR mixture
contained 0.5 pg of template DNA, 150 pmol of each primer,
and 2 U of Cetus Taq polymerase in a buffer consisting of 200
pM (each) deoxynucleoside triphosphates, 50 mM KCIl, 10
mM Tris (pH 8.0), and 1.5 mM MgCl,. Samples were subjected
to 35 cycles with the following parameters: annealing at 45°C
for 30 s, extension at 72°C for 1 min, and denaturation at 94°C
for 20 s.

Three products, of approximately 700 to 1,000 bp, were
observed in the Dendrobates sample after gel electrophoresis.
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The products were excised, cloned into the plasmid vector
pCRII (Invitrogen), and sequenced with a Sequenase kit
(United States Biochemical). Sequence analysis demonstrated
that all the products, designated D. ventrimaculatus endoge-
nous virus types I, II, and III (Devl, Devll, and DevIII), con-
tained regions with homology to previously described retrovi-
ral reverse transcriptase genes. However, additional analysis
showed that both DevII and DevlII contained substantial de-
letions. Sequence information for these regions was obtained
by designing two pairs of internal oligonucleotide primers
(Devll, 5 TCAGGCCACCATACAGTACT and 5’ ATC
GTCGACGTACTGTAATAG; Devlll, 5" TCAAGTCAGA
CATTCCCAGC and 5" ATGTGACCCAGTTGGTGAAC)
specific for suitable regions of the DevIl and DevIII fragments.
These primers were then used in PCRs with aliquots of Den-
drobates genomic DNA as the template. Reaction conditions,
cycling parameters, cloning, and sequencing were as described
above.

The retroviral fragments were aligned with each other as
shown in Fig. 1. The sequences showed features typical of
many other previously described retroviruses, such as the pres-
ence of the reverse transcriptase gene immediately down-
stream of the protease gene. Furthermore, the fragments were
also similar in size (926 to 972 bp, including the primer se-
quences) to the homologous regions in other retroviruses,
which vary between approximately 800 bp in the lentiviruses
and 960 bp in the Moloney leukemia virus (MLV)-related
viruses.

We next constructed an amino acid alignment which in-
cluded examples of all the previously described retroviral gen-
era (Fig. 2). The alignment, 177 amino acids in length, was
based on that described by Xiong and Eickbush (38) and ex-
tended from 24 residues upstream of reverse transcriptase
domain 1 to the center of domain 5. Scores for similarity
between the Dendrobates fragments and the other retroviruses
were then calculated from the alignment, as shown in Table 1.
Devl, Devll, and DevIII did not appear to be closely related to
any of the retroviruses surveyed. The greatest similarity (40
to 50%) was obtained with walleye dermal sarcoma virus
(WDSV), and a relatively high score (38 to 47%) was also
observed with gibbon ape leukemia virus, which is a member of
the MLV-related viruses. It was also apparent that the am-
phibian retroviral fragments were relatively distinct from each
other, with only 45 to 59% similarity. For comparison, these
scores were slightly lower than those obtained when distantly
related members of two known genera were compared: equine
infectious anemia virus and simian immunodeficiency virus-
macaque (two lentiviruses) were 57% similar, and human en-
dogenous retrovirus E and gibbon ape leukemia virus (two
MLV-related viruses) were 61% similar.

To investigate the affinities of the amphibian retroviral frag-
ments further, we constructed phylogenetic trees by using the
PAUP and PHYLIP packages (9, 36). Maximum parsimony
and two distance-based methods (neighbor joining and Fitch-
Margoliash) were initially used to perform the analyses. Max-
imum parsimony trees were constructed from amino acid se-
quences and were based on the alignment shown in Fig. 2 (the
regions between the reverse transcriptase domains were omit-
ted). Multiple runs were performed with different parameters,
such as stepwise addition and branch-swapping options, in
order to find the minimum tree. Nucleotide sequences, aligned
identically to the amino acids shown in Fig. 2, were used to
generate trees by using the neighbor-joining and Fitch-Margo-
liash approaches. In some reconstructions, third codon posi-
tions were deleted, whereas transition/transversion ratios were
varied in others. Global search and random addition options
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were also invoked where appropriate. Trees based on data sets
reduced by removing one or more retroviral isolates from the
analysis were also generated. We found that there were three
possible relationships of Devl, Devll, and DevIII to other
retroviruses. The first, shown in Fig. 3, placed all three as sister
taxa to a spumavirus-Sphenodon endogenous virus (SpeV)-
WDSYV lineage. This topology was obtained with all the neigh-
bor-joining trees we generated, except those which excluded
the WDSV sequence from the analysis. When this isolate was
removed from the data set, the vast majority of trees placed the
amphibian retroviral fragments as sister taxa to the MLV ge-
nus. The third and final topology which we observed resulted
from the construction of some maximum parsimony trees, in
which Devl, Devll, and DevIII were basal to an MLV-spuma-
virus lineage. It is interesting that the relationship of WDSV to
other retroviruses was equally dependent on the inclusion of
SpeV and the inclusion of the amphibian sequences. Without
them, it appeared as a basal member of the MLV-related viruses,
in agreement with the tree reported by Holzschu et al. (13).
We used the maximum likelihood-based program DNAML
from the PHYLIP package to try to determine which of these
relationships was the most probable (9). Although this method
demonstrated that the best tree was the same as that shown in
Fig. 3, the others were not significantly less likely.

Clearly there are at present too few sequences, with too
much diversity, in this region of the retroviral family tree for
the exact relationships of Devl, Devll, and DevIIl (and
WDSV) to be determined. We therefore think it prudent at
present (until additional sequences become available) to re-
gard this region of the tree as comprising four approximately
equally related groups; (i) the MLV-related viruses, (ii) the
spumaviruses and SpeV, (iii) WDSV, and (iv) DevI to -III.

The distributions and copy numbers of the amphibian ret-
roviral fragments were investigated by hybridization analysis.
Aliquots of EcoRI-digested DNA (10 pg) from seven amphib-
ians were hybridized to 25 ng of [**P]dCTP-labelled Devl,
Devll, or Devlll probe as described by Sambrook et al. (31)
(Fig. 4). Hybridization was performed at 65°C with Denhardt’s
solution and salmon sperm DNA as the blocking agents. The
filters were washed at 65°C in the presence of 0.5X SSC (1X
SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and 0.5%
sodium dodecyl sulfate (SDS). Two of the samples used in the
hybridizations were from D. ventrimaculatus and Minyobates
minutus (the minute dart-poison frog, another member of the
Dendrobatidae). As expected, all three probes hybridized to
the Dendrobates sample. In two cases, DevII and DevIII (Fig.
4b and c, respectively), most of the signal was present in a
single band at approximately 5 kb. Weak bands were also
visible in the Minyobates sample in both cases. In contrast,
Devl (Fig. 4a) hybridized with approximately equal intensities
to the Dendrobates and Minyobates samples, without any strong
banding patterns. This suggested that either the genomic se-
quences with homology to Devl were present at high copy
numbers or the samples to which the probe was hybridized
were degraded. To rule out the latter possibility, the filter to
which the Devll probe had been hybridized was stripped and
rehybridized to the Devl retroviral fragment under conditions
identical to those described above. The same hybridization
pattern was again observed (unpublished data). None of the
probes hybridized to DNA obtained from the other five am-
phibians (tiger salamander [Ambystoma tigrinum], African
clawed toad [Xenopus laevis], edible frog [Rana esculenta], Eu-
ropean common frog [Rana temporaria], and leopard frog
[Rana pipiens]). Hybridization of each of the probes to DNA
isolated from a garter snake (Thamnophis sirtalis), a rook (Cor-
vus frugilegus), and a horse (Equus caballus) also failed to show
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Protease primer site

1
DevI L vopTGAAT s VI S S s QL PP TTI SUL S sS DY L T CI G V E G
DeviI L V D T G A A G T V V H K DL T TP Y M - I T K E TV E C V R E G G
DevIIX L. V D T G A A R & V M R $ V EL L D TTJCTIL S E S S V S HV G I D G

DevI TTGGTGGATACGGGGGCGGCCACCTCTGTTATCTC TTCATCTCAGCTGCCTCCTACGATTTCCCTGTCTTCAGATTACCTCACGTGTATTGGAGTTGAAG
DevII TTGGTGGACACGGGGECAGCCGEGACTGTGGTACACAAAGACTTGACAACGCCATACATG- - - ATTACTAAGGAGACTGTGGAATGTCTCAGGCAAGGGG
DevIII TTGGTGGACACGGGGGCAGCTAGAAGTCTGATCAGATCTCTGCAACTCCTCGATACCACCTGCCTATCAGAATCCTCTGTGTC TCACGTGGGCATTGATG

101
DevI Q¢ T s s P L TV PV SA - - G PF S GV F A KV F L V S ETTCU&PV
DevII Q VvV T E G HM T XK Q I RM KILGDNGQELULTIEXKULTI UV S DNTZPM
DevIII Q VRHS QL T KPIL SMCTQPGHSTIULSQF VV SR T ? P L
DevI GCCAACAAACCTCATCACCACTCACTGTTCCTGTCTCAGCT -~ -~~~ GGCCCTTTCTCTGETGTCTTTGCCAAATTTCTGGTGTCTGAAACCTGCCCTGT

DevII GACAAGTGACTGAAGGCCATATGACTAAACAAATAAGAATGAAATTAGGAGATAACCAAGAGTTGCTTACAARACTTATTGTTAGTGACAATACCCCTAT
DevIII GTCAAGTCAGACATTCCCAGCTTACAAAGCCTCTGAGCATGTGCACTCAGCCAGGACACTCTATCCTGTCCCAGTTTGTGCTGTCAAGAACCTG? CCACT

201
DevI N L L GADLUL QRL HATTITV FGDIOQGMETLUOQTULQDUZPH ASOQQ
DevIX N L L 6 A Y VL S$ATIQATTIGQYSLE®GTITUV TS PUL S$ D KWHL
DevIII N L L 6 A D L L Q K L K A T TV F Q EDG - TV TIL S S S L T Q E

DevI CAACCTTCTAGGAGCTGACCTCCTTCAAAGGCTTCATGCTACCATCACCTTCGGTGATCAAGGGATGGAAC TGCAGTTACAGGACCCTGCC TCACAACAA
DevII GAATCTGCTTGGAGCATATGTGTTGAGTCCTATCCAGGCCACCATACACTACTCTCTTGAGGGTATTACAGTCACAAGTCCCCTCTCGGATAAACACTTG
DevIII CAACCTGCTGGGAGCGGACCTACTGCAGAAGCTAAAGGCAACCACAGTGTTCCAGGAGGATCGG- - -ACCGTGACACTTTCTTCATCCCTGACCCAAGAA

301
Devl ¢ A EDURCV L KAPFPILMMMTILQTT?®PSPD - - L P NV P TG
DevII ¢ K I A A M V Y M A K A V KV ?» T PDTI RMSETDI ROQMS QV P DT
DevIITE - S ¢ W ¢ P Y K N I K ¢ PMRPTQGG - - - - - - L DIV P E S
DevI GGCGCTGAAGATCGTTGTGTCCTTAAAGCCTTCCCTCTGATGATGATGACTTTGCAAACGACACCATCCCCGGAT --- -~ ~ TTGCCTAATGTACCTACCG
DevII TGTAAGATTGCAGCAATGGTGTATATGGCAAAAGCAGTGAAAGTA -~ ~ACACCTGACACCAGAATGTCTGAGGACAGGCAAATGAGTCAGGTGCCAGATA
DevIII GAA---TCATGCTGGCAGCCCTACAAGAACATTAAGCAACCGATGAGGCCTACTCAAGGAGGTA? 2 -~ mmm e o = CTGGACATAGTACCAGAAA
401
DevI L ws TOG?PEUDV G L L KV PPV KV HIL K P GHUPYPRIL P QY
DevII v L. ARG K T™DV GRILUPTIUPILVMINDM®*"TII KEUPULTILUFSG®* S NT

DevIII L W s K GG P QD VR KUPQV APV RV S L KPCTPY PR K A Q A
DevI GTCTGTGGTCAACTGGACCTGAAGATGTGGGTCTGCTCAAAGTGCCTCCAGTAAAAGTACACCTCARACCTGGGCATCCGTACCCCAGACTACCTCAGTA
DevII CCGTTCTGGCAAGGGGAAAAACTGATGTGGGTCGGCTGCCCATTCCCCTGGTCATGATAAATTAAATTAAGGAACCACTCCTCTTTGGTTARAGCAATAC
DevIII GTCTATGGTCTAAGGGACCCCAGGACGTGAGAAAACCTCAAGTTGCCCCAGTACGGGTGTCACTCAAGCCATGTACCCCGTACCCTCGTAAGGCCCACGGC

501 Domain 1
DevI P L KAAGQEZ QQSTLevVveog 1rTs LILTR 6 v L IRGCUVSZPCNT P
DevII P L C L A K S T A M 8 R D I K E NV KA G VYV L V QR SPZPCNTFP
DevIII R P R ? ? ? 8§ Q A A S D Q L KV Y L E I G I I VPRTUHTEPGCNTL

DevI TCCACTTAAGGCTGCCCAAGAGCAGAGCCTTGGAGTTCAGATTACCTCCCTCCTGCGTTCTGGAGTGCTAATCAGATGTGTTTCACCCTGCAACACGCCC
DevII ACCTTTATGCCTAGCCAAATCAACTGCTATGAGCAGGGATATTAAAGAGAATGTTAAGGCAGGGCTTCTGGTGCARAGATCTCCCCCCTGCAACACCCCT
DevIII CAGGCCTAG??7??7??72?2AGTCAAGCTGCCTCTGACCAACTGAAGGTCTACCTGGARATAGGAATCATTGTTCCTCGCACACATCCTTGCAATACTCTG

601 Domain 2
Devi L F P V K K K T A Pcepprp Pl rRLVQDLRAZAZVNSSE ATTITLETFP
Devil L Y P I K E K K ¢ P K G 8 P ? HR M A HDLRATINUDU VTTETS SV T 8
DevIII L, F P V K K K T V K G E P A K F R M V H DL R AV NDV M ETFE T P

Devi CTGTTTCCGGTAAAGAAAAAGACAGCTCCTGGAGACCCTCCAAAATACAGACTCGTACAGGACCTCAGAGCAGTCAATTCAGCCACCATCTTGGAAACTC
DevII TTGTATCCCATTAAGGAAAAAAAGGGACCCAAGGGTTCCCCTGA?CACAGAATGGCTCATGACTTAAGGGCTATTAATGATGTTACAGAGAGTGTGACCT
DevIII CTTTTCCCGGTCAAGAAAAAGACTGTAAAAGGAGAGCCAGCCAAGTTCAGAATGGTACATGACCTGAGAGCTGTGAATGACCTCATGGAGTTTGAAACTC

701 Domain 3
DevI vveNpepNTTILILS S vl s aTL F TV IDLATNGATFT FSUVP L
DevII I F P NPHTTVF S QI AV MSE KTCFTTTITDTILTDNA ATFT PGSV L P
Devii* I Vv P N P H T L L S N VvV P A T A KV F TV TZETLU ANA ATFS S V P L

DPevl CTGTGGTACCCAACCCAAACACCTTGCTTTCTCAAGTGCCTACTTCAGCAACACTCTTTACCGTTATTGACCTGGCTAATGCT TTCTTCAGTGTCCCGCT
DevII CAATTTTTCCTAATCCTCACACCGTATTTTCACAGATCGCAGTGATGTCAAAATGTTTCACAATCACTGATTTGACAAATGCATTCTTCTCTGTACTCCC
DevIII CAATTGTGCCGAATCCGCACACTCTGCTCTCGAATGTGCCTGCCACAGCAAAAGTGTTCACAGTGACCGAACTGGCTAATGCTTTCTCCAGTGTTCCCCT

801 Domain 4
DevI HEDGSOQ QT FTLPFAFPTTFEOQOlG s ¢ L TwWTZRTPOQG G AT GHNSUZPNOQF
DevII T L S v ? ? ? ? 8 F T H * G K Q Y * W TV L P Q 6 G KN S P T I Y
DevIII H S G D Q F L F P L T Q Q R A ¢ H T W T V M P Q R A QN S P S Q F

Devl TCATGAAGACTCACAGTTCTTATTTGCCTTCACGTTTCAAGGATCTCAGCTAACCTGGACCAGGACACCTCAAGGTGCCCAGAACTCCCCTAACCAGTTC
DevII CACCCTGTCAGTA?2??272272227?TCTTTTACTCACTAAGGTARACAATATTGATGGACGGTCCTCCCACAAGGGGGCAAGAACTCCCCTACCATCTAT
DPevIII TCATTCAGGAGACCAGTTCCTGTTTCCCTTAACGCAACAGAGGGCACAGCACACATGGACAGTGATGCCACAGCGGGCTCAGAACAGCCCTTCACAGTTC

901 Domain 5
pevI T H A M K M T L D P w Vv L @ NLHV T L oYy vVvoDDTL L
DeviI S T A L A G I L E Q W Q P P H S @ I Vv L L ¢ YV DDTIL L
DevIIIT ? ? ? ? ? 2 2?2 ? N W V T * HA EV T L L Q Y V DODTIL L

DevI ACTCATGCTATGAAGATGACCCTGGAT CCGTGGEGTGTTACAGAATCTTCATGTCACGCTTCTCCAGTATGTCGACGACCTCCTC
DevII TCAACAGCACTGGCAGGGATCCTTGAGCAGTGGCAACCACCTCATTCACAGATTGTACTATTACAGTACGTCGACGACCTCCTC
DevIII ACC?277272?2227222222722722227 2 AACTGGGTCACATAACATGCAGAAGTAACCCTGCTACAATACGTCGACGACCTCCTC

Reverse transcriptase
primer site

FIG. 1. Nucleotide sequence alignment and amino acid translation of the three Dendrobates retroviral fragments, Devl, Devll, and Devlll. Gaps introduced into
the sequences to allow optimal alignment are denoted by dashes. Frameshifts and stop codons are represented by question marks and asterisks, respectively. The
nucleotide sequences from positions 318 to 582 (DevII) and 789 to 937 (DevIII) were derived from separate clones because of deletions in the first clones examined.
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PRPQKQYPINPKAKASIOQIVIDDL--LKQGVITPQNSTMNTPVYPVPKPD

GPKIPQWPLTEKEKLEGAKEIVQRLLSEGKISEASDNNPYNSPIFVIKEKKS

PVWIDQWPLPEGKLVALTQLVEEKE -

HSV
EIAV
RSV
MPMV

MMTV

GaLVv

- LQLGHIEPSLSCWNTPVFVIREKAS
- LEAGHITESSSPWNTPIFVIEKKKS
~-LOQLGHLEESNSPWNTPVFVIKEKKS
~-LDLGVLVPCRSPWNTPLLPVKKPG
- LEAGHIEPYTGPGNNPVFPVKEKAN
- LRQGVVVKMQSESVCNSPIWPVIKAD

PVWVDQWPLTNDKLAAAQQLVQES®Q -
PVWLNQWPLEKOQEKLQALOQQLVTE?®Q -
PVAVRQYPMSKEAREGIRPHIOQKEF -

HTLVI APRNQPVPFEKPERLQALOQHLYVREKA-

SpeV

PPPOMQYKYPAETEKGIQAMIDSL -

ENQGILIKCHSPCNTPIPFPIIKKAG
-LRSGVLIRCVSPCNTPLFPVEKEKKT
- VKAGVLVQRSPPCNTPLYPIKETIKHK

LPSIRQYPLPKDKTEGLRPLISSL- -

WDsV

YPRLPQYPLEKAAQEQSLGVQITSL -

DeviII LFG* SNTPLCLAKSTAMSRDIEKEN -

DevI

HPCNTLLFPVKEKKT

LEIGIIVPRT

DevIIT Y PRKAQARPR?7? ? SQAASDQLEKVY -

Domain 1

51

e

- WRMVLDYREVNEKTIPLTAAQNQHSAGIULAT -
~-WRLLQDLRELNKTVQVGTEISRGLPHPGG -
- YRLLHDLRAVNAKLVPFGAVQQGAPVLSA -
~-WRLLOQDLRAVNATMVLMGALQPGLPSPVA -

IVRQKYKTTLDL

HsSV

LIKCKHMYVLDI
LPRGWPLMVLDL
IPOGYLEKIIIDL

EIAV

RSV

MPMV
MMTV

VPEKEGWEIIIIDL

~-YRPVQDLREINKRVQDIHPTLPNPYNLLSSLPPSYTWYSVLDL

- WRFIHDLRATNSLTIDLSSSSPGPPDLSSTL -

PV A -

o
>

- WRLLQDLRAVNATMHDMGALOQPGLTP

TND - -

G T -

GaLVv

PTTLAHLQTIDL
IPWGPAGTVIDL
LAPSLWFTVIDL

APGDPPKYRLVQDLRAVNSATILETPVVPNPNTLLSQVPTSATLFTVIDL

HTLVI
SpeV

?? PFAPVVAKYNETIVAA -

i

-DLPDDCRLL??
EYRMIHEHDLRAINNTIVAPLTAVYV

SPTTVLSN -

2
A

WDsV

DevI

FTITDL

VMSKC
A

P? HRMAHDLRAINDVTESVTSIFPNPHTVFSQTA

G &

G P K

DevII

Domain 3
+ + + o+

KVFTVTETL
- GKQYCWTRLPQGFLNSPALTPFT

Domain 2

+ b+

J—
101

DevIII VKGEPAKFRMVHDLRAVNDVMEFETPIVPNPHTLLSNVPAT

ANGFWAHPITPESYWLTAFTWQ -

HsV

GDAYFTIPLDPEFRPYTAFTIPSINHQEPDEKRYVWNCLPQGFVLSPYIYQ
KDCFPSIPLAEQDREAFAFTLPSVNHQAPARRFQWKVLPQGMTCSPTTIC CDQAQ
KDCFFSIPLHPSDQKRPFAFSLPSTNFKEPMQRFQWKVLPQGMANSPTLTCOQ
OQDCPFPPFPNIKLHPEDCEKRFAFSVPSPNFKRPYQRFQWKVLPQGMKNSPTLTCDQ

KDAFPFCLRLHPNSQPLFAFEWKDPEK-GNTGCGQLTWTRLPQGFKNSPTLTFTLD

EIAV

RSV

MPMV
MMTV

GaLVv

KDAFFQIPLPKQFQPYFAFTVPQOQOQCNYGPGTRYAWRVLPQGFEKNSPTILTFE

ANAFFAIPLYPACWYKPAPFTYR -
SNAPFSVPIHKDSQYLFAFTTFE -
ANAFFSVPLHEDSQFLFAFTFPFQ -

HTLVI
SpeV

- NQQYSFTRTPQGFHSSPSICH
- GHQYTWTVLPQGFIHSPTLTFS

WwDsv

- GSQLTWTRTPQGAQNSPNQFT
- GKQY*WTVLPQGGKNSPTIYS
-RAQHTWTVMPQRAQNSPSQFT

Devl

FTH*

TNAFFSVLPTLSV? ? 7?27?28

DevII

J

DevIITANAFSSVPLHSGDQFLFPLTOQQ -~

Domain 4

151

N T T T T B S

ADVVDLLXETIPN -

- VQVYVDDI

HsV

KTLQEILQPFRERYPEVQLYQYMDDL
LVVGOQVLEPLRLKHPSLCMLHYMDDL

EIAV

RSV

KYVATATITHEKVRHAWKQMYIIHYMDDI

MPMV
MMTV

KFVDKAILTVRDKYQDSYIVHYMDDI

EALHRDLAPFRALNPOQVVLLQYVDDL
MOQLAHILQPIRQAFPQCTILQYMDDTI

GaLVv

HTLVI
SpeV
WwDsv
DevI

- VLSYVDDI

KMWDKLEKPESRGC

S

vV
QALY QSLHKIKFKISSE-

S

ICIYMDDYV

HAMKMTLDPWVLQNLHVTLLQYVDDL
TALAGILEQWOQPPHSQIVLLQYVDDL
DevIII ? ? ? 2 ?2 2 2 2 NWVT*HAEVTLLQYVDDL

DevII

Domain 5

FIG. 2. Amino acid sequence alignment of Devl, DevIl, and DevlII with representative members of each of the seven recognized retroviral genera. The recently
identified reptilian retrovirus SpeV and the piscine retrovirus WDSYV are also included. Amino acids conserved between one or more of the Dendrobates viral fragments

acid domains are the finger and palm regions identified from structural analysis of the human immunodeficiency virus type 1 reverse transcriptase protein (14, 15). The

finger regions (identified by dots above the alignment) have been implicated in the binding and positioning of the template strand (especially positions 59 to 69), whereas
the palm (represented by plus signs) is necessary for template, primer, and nucleoside triphosphate binding (positions 72 to 76 and 130 to 164) and catalysis. The three

residues which are thought to make up the active site are indicated by asterisks (positions 99, 174, and 175). HSV, human spumaretrovirus (23); EIAV, equine infectious
anemia virus (35); RSV, Rous sarcoma virus (32); MPMV, Mason-Pfizer monkey virus (34); MMTYV, mouse mammary tumor virus (24); GaLV, gibbon ape leukemia

and other retroviruses are in boldface type. Frameshifts and stop codons are indicated as described in the legend to Fig. 1. Shown in relation to the conserved amino
virus (3); HTLVI, human T-cell lymphotropic virus type 1 (19).
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TABLE 1. Percent amino acid similarities between Devl, Devll, and DevlII and isolates from other retroviral genera
Dendrobates retroviral % Amino acid similarity to”:
fragment HSV EIAV RSV MMTV GaLV HTLV-1 SpeV WDSV Devl Devll DevIIl
Devl 36 28 31 32 39 38 50 45 59
DevlIl 33 30 30 33 35 28 43 45 47
DevlIl 31 23 28 28 36 28 40 59 47

¢ HSV, human spumaretrovirus; EIAV, equine infectious anemia virus; RSV, Rous sarcoma virus; MMTV, mouse mammary tumor virus; GaLV, gibbon ape

leukemia virus; HTLV-1, human T-cell lymphotropic virus type 1.

any signal (unpublished data). Furthermore, the DevII frag-
ment was hybridized to a panel of DNA samples from mam-
mals (cat [Felis catus], human [Homo sapiens], sheep [Ovis
aries], and Mexican free-tailed bat [Tadarida brasiliensis]) and
birds (wood pigeon [Columba palumbus), sparrow [Passer do-
mesticus|, pheasant [Phasianus colchicus], and partridge [Perdix
perdix]), again without any obvious signal. It therefore appears
that retroviruses similar in sequence to Devl, Devll, and
DevlIII have a relatively restricted range within vertebrate ge-
nomes.

Although the copy number of each of the three fragments
could not be estimated directly from the Southern hybridiza-
tions, the relatively strong signal obtained (which was over 150

100

100 SRV
ir_[MPMV
%2 MMTV

—— SMRV.H

63 [ Ty3
Del

Gypsy

FIG. 3. Neighbor-joining tree of retroviral reverse transcriptase sequences
based on the alignment shown in Fig. 2. Three gypsy long terminal repeat-
retrotransposon sequences (gypsy, Del, and Ty3) were included as outgroups. The
branch lengths are proportional to the distances between the taxa. Each value is
the percent support for a particular node after 100 bootstrap replicates were
performed. References and abbreviations are as in the legend to Fig. 2, except
for feline leukemia virus (FeLV) (4), human endogenous retrovirus E (Herv.E)
(29), simian foamy virus type 1 (SFV1) (16), simian foamy virus type 3 (SFVL3)
(28), simian immunodeficiency virus-macaque (SIVmac) (2), bovine leukemia
virus (BLV) (30), gypsy (20), Del (33), Ty3 (12), simian retrovirus (SRV) (27a),
squirrel monkey retrovirus (SMRV.H) (2a), lymphoproliferative disease virus
(LDV) (11a), ovine maedi-visna virus (OMVYV) (27b).

cps, as measured with a hand-held minimonitor) suggested that
Devl, Devll, and DevIII were all present at high copy num-
bers.

To investigate this further, we performed dot blot hybrid-
izations (27). Defined amounts of each of the cloned retroviral
fragments and genomic DNA from D. ventrimaculatus or M.
minutus were spotted onto a nylon membrane and then fixed.
The membranes were screened with the Devl, Devll, and
DevlIIlI fragments (which had been excised from the plasmid
vector, gel purified, and labelled with [**P]dCTP) as probes.
Hybridization and washing conditions were the same as those
described for the Southern hybridizations. Retroviral copy
number could then be calculated by using the estimated ge-
nome size of the host species and the relative intensity of the
hybridization signal obtained from the cloned retroviral frag-
ments and genomic DNA. The exact sizes of the D. ventrimacu-
latus and M. minutus genomes are unknown, but they could be
estimated from the known sizes of genomes of other frogs, the
great majority of which contain between 4.8 and 21.1 pg of
DNA per cell (25). These figures were used to calculate the
approximate copy numbers of Devl, Devll, and DevlII in the
two host species. The copy number of Devl was estimated to be
250 to 1,000 copies per genome in D. ventrimaculatus and 500
to 2,000 copies per genome in M. minutus. The copy number of
DevlI in D. ventrimaculatus was estimated to be 250 to 1,000
copies per genome, and that of DevlIl in D. ventrimaculatus
was estimated to be 1,000 to 4,000 copies per genome. Both the
lower and upper genome size values were used, and thus these
figures reflect the lower and upper copy number estimates. It
was apparent that the three retroviral fragments were all
present at high copy numbers of at least 250 copies per ge-
nome, with a maximum estimate of 4,000 copies per genome
for DevlIIl in D. ventrimaculatus.

Devl, Devll, and DevIII are all clearly members of the
family Retroviridae and as such are the first retroviruses to be
isolated from amphibian genomes. Our phylogenetic analysis
suggested that the relationship of the three Dendrobates retro-
viral fragments cannot yet be determined exactly, although it is
clear that they are more closely related to the spumaviruses,
MLV-related viruses, and WDSV than to members of the
other retroviral genera. The lack of a clear phlogenetic rela-
tionship to other retroviruses suggests that Devl, Devll, and
DevllI should not at present be assigned to any of the currently
recognized retroviral genera. This proposal is supported by the
percent amino acid homologies between the Dendrobates ret-
roviruses and other retroviruses. The highest homologies (be-
tween 38 and 50%, with the MLV-related viruses and WDSV)
are lower than those between the most divergent members of
any of the known retroviral genera. For example, two distantly
related MLV-related viruses, gibbon ape leukemia virus and
human endogenous retrovirus E, have 61% amino acid homol-
ogy across the region shown in Fig. 2.

The highly divergent nature of the Dendrobates retroviral
fragments, in comparison with the retroviruses which have
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FIG. 4. Southern blot analyses of EcoRI-digested genomic DNA hybridized to the retroviral fragments Devl (a), DevII (b), and DevIII (c). Hybridization was at
65°C for 16 h. Filters were washed in 0.5X SSC-0.5% SDS, also at 65°C. Lanes 1, leopard frog (R. pipiens); lanes 2, edible frog (R. esculenta); lanes 3, European common
frog (R. temporaria); lanes 4, Amazonian dart-poison frog (D. ventrimaculatus); lanes 5, minute dart-poison frog (M. minutus); lanes 6, African clawed toad (X laevis);

lanes 7, tiger salamander (4. tigrinum). Sizes are indicated in kilobases.

been isolated from mammals and birds, is a feature they share
with the two other lower-vertebrate retroviruses for which mo-
lecular data have been reported. The type C retrovirus WDSV
from walleyes and SpeV from tuataras are also sufficiently
distinct to hinder their inclusion in any of the recognized ret-
roviral genera (13, 37). It is therefore becoming apparent that
the retroviruses harbored by fish, reptiles, and amphibians
represent a novel, unexplored pool of retroviral diversity. Fur-
ther characterization of this diversity (by sequencing full-
length proviral clones, for example) may well lead to the dis-
covery of novel retroviral genes involved in pathogenesis or
replication and provide a better understanding of the evolution
of the whole retroviral family.

Nucleotide sequence accession numbers. The nucleotide se-
quences presented here will appear in the EMBL, GenBank,
and DDBJ sequence databases under accession numbers
X95795 (Devl), X95796 (DevlI), and X95797 (DevlIII).
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