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Small-ruminant lentiviruses (SRLV), which include the caprine arthritis-encephalitis and the maedi-visna
virus, cause persistent inflammatory infections in goats and sheep. SRLV are mainly transmitted from mother
to offspring through milk. Transmission after prolonged contact between adult animals has also been observed.
The observation that certain SRLV subtypes are found in both goats and sheep suggests that interspecies
transmission has occurred on several occasions in the past. We investigated seropositive goats and sheep that
were kept together in small mixed herds. Phylogenetic analysis of long proviral sequences in gag and pol,
combined with epidemiologic information, demonstrated natural sheep-to-goat transmission of the recently
identified SRLV subtype A4 in two instances and goat-to-sheep transmission of the same subtype in one
instance. In a further mixed cluster, the direction of the interspecies transmission could not be determined.
These findings present for the first time direct evidence that natural interspecies transmission of SRLV is
ongoing in both directions. The findings are of relevance to virus eradication programs in both species.

Caprine arthritis-encephalitis virus (CAEV) and maedi-
visna virus (MVV) are small-ruminant lentiviruses (SRLV)
that infect goats and sheep (14, 17, 18, 28). Earlier phyloge-
netic analysis, mostly based on short sequences, has suggested
that these very diverse viruses can be divided into six different
sequence clades, I to VI (12, 21, 22, 32). Recent work based on
long sequences in gag and pol of more than 100 new isolates
from Switzerland and all available database sequences has,
however, demonstrated that the SRLV should rather be di-
vided into four principal sequence groups A to D, which differ
by 25 to 37% in gag and pol sequences. Sequence groups A and
B are further divided into different subtypes that differ from
each other by 15 to 27%. Group A contains at least 7 subtypes,
A1 to A7, and group B contains two subtypes, B1 and B2 (26).
To date, subtypes A1 and A2 have been isolated only from
sheep, and subtypes A5, A7, and B1 and groups C and D have
been isolated only from goats. In contrast, subtypes A3, A4,
A6, and B2 have been isolated from both sheep and goats.

Most transmissions of SRLV among goats or sheep occur
through the ingestion of virus-infected colostrum or milk by
the newborn (5–8, 13, 23). Less efficient transmission has been
associated with prolonged contact with infected animals (6, 8,
23). Contact transmission is seen particularly with the maedi
form of MVV infection, in which respiratory exudates may play
a role (15). The widespread distribution of these viruses in
certain regions and the resulting economic losses have led to
segregation-based virus eradication programs for both goats
and sheep in several countries (3, 8–10, 19, 23–25).

In Switzerland, a CAEV eradication program in goats was
started on a voluntary basis in the early 1980s, and since 1998
the program has been mandatory for all goat holders of the
country. The program provides annual serologic testing for all
goats. Seropositive animals are to be culled, and a herd in
which a seropositive animal is detected is put under a strict
quarantine that is maintained until at least three consecutive
annual serologic tests of all adult animals yield negative results.
When these criteria are met, the farms are certified as CAEV
free and may again engage in purchase or sales relations but
only with other certified CAEV-free farms. The program has
reduced the prevalence of CAEV, which on the herd level was
83% in the early 1980s, to 1.0% in 2002.

Despite the undisputed successes of this eradication pro-
gram, goat owners, veterinarians, and authorities alike were
puzzled time and again by the reemergence of seropositivity,
especially in farms that had been CAEV free for many years
and had maintained good adherence to the program’s guide-
lines. Since goats in Switzerland are frequently kept to-
gether with sheep, the suspicion arose that reinfection of
goats from CAEV-free herds might originate from infected
sheep. MVV can, indeed, be experimentally transmitted to
goats and, vice versa, CAEV can be transmitted to sheep
(1). The fact that some SRLV subtypes have been isolated
from both sheep and goats furthermore indicates that inter-
species transmission must have occurred at least once in
each of these subtypes, although the frequency and direction
of transmission remain unknown (12, 21, 22, 32). While
interspecies transmission from goats to sheep under natural
conditions has never been observed (1, 16, 23, 27), we have
recently forwarded statistical evidence suggesting that trans-
mission of the newly discovered SRLV subtype A4 from
sheep to goats must occur regularly, though rarely (26).
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Individual events of interspecies transmission, however,
have never been described.

Here we have performed a phylogenetic analysis of SRLV
strains isolated from goats and sheep that became infected
after they had become newly exposed to SRLV-infected ani-
mal(s) of the other species. We provide direct evidence for
natural interspecies transmission of SRLV subtype A4 in both
directions.

MATERIALS AND METHODS

Animal specimens. Goats or sheep of epidemiologic interest were identified by
the Extension and Health Service for Small Ruminants, a government-supported
cooperative involved in the Swiss CAEV eradication program. From all selected
animals, 100 ml of EDTA-anticoagulated blood was drawn by venipuncture.
Peripheral blood mononuclear cells were isolated by Ficoll density gradient
centrifugation, and aliquots of 5 � 106 or 50 � 106 cells were frozen at �70°C
as nonviable cell pellets. Milk samples, if available, were also collected from
some of the animals and separated into milk plasma and a milk cell pellet by
centrifugation.

Amplification of an SRLV sequence by PARRA and molecular cloning of a
proviral sequence. All procedures relating to this work are described in detail
elsewhere (11). In short, milk plasma from seropositive goats was tested for
reverse transcriptase (RT) activity by the product-enhanced RT (PERT) assay
(20), and 1.0 ml of the sample with the highest activity was fractionated on a 7.5
to 60% sucrose density gradient. The fraction with peak RT activity and a density
of 1.15 g/ml was used for amplification of the full-length viral RNA sequence by
particle-associated retroviral RNA amplification (PARRA), restricting the initial
cDNA synthesis in the 5� rapid amplification of cDNA ends (RACE) step of
PARRA to priming by primer pK1 (11). DNA sequence information obtained
from PARRA was used to design specific primers for nested PCR. Primers GR-2
(5�-CTTAGTGCAGGCAGGAG-3�) and GU5-1 (5�-GTTATTATCGGGATC
CGTC-3�) were used in the first round of long-distance PCR according to the
instructions given in the Expand 20 kbPlus PCR system kit (Roche Molecular
Biochemicals). After a 2-min denaturation step at 94°C, the temperature profile
consisted of five cycles at 93°C for 10 sec, 57°C for 30 sec (with a decrement of
1°C), and 68°C for 8 min, followed by a further 25 cycles at 93°C for 10 sec, 53°C
for 30 sec, and 68°C for 8 min, with a time increment of 15 sec for the last 20
cycles. The second round of PCR with 1 �l of the initial PCR product was
performed with primers GR-1 (5�-AGATCGCTCTCCAAGAGAC-3�) and
GU5-2 (5�-GGATCCGTCACTAATTCTG-3�) under the same conditions as
above. The agarose gel-purified 9-kb PCR band was isolated (QIAquick gel
extraction kit; QIAGEN) and cloned by TA cloning into the pGemTeasy vector
(Promega) according to the instructions of the manufacturer. One full-length
clone was selected and sequenced by transposon-mediated insertion sequencing
according to kit instructions (Template Generation System F700; Finnzymes).

DNA extraction, sequence amplification, and sequence analysis. These pro-
cedures are also described in detail elsewhere (26). Briefly, DNA was extracted
from cell pellets and stored at �70°C prior to use. Proviral sequences from a
1.7-kb sequence in gag-pol and a 1.1-kb sequence in pol were amplified by
sequence capture PCR by using published capture probes and amplification
primers. Specific PCR products were purified from agarose gel, and both DNA
strands were sequenced by means of published amplification and sequencing
primers by using dye terminator chemistry and capillary electrophoresis. Nucleic
acid sequences were assembled and edited with AutoAssembler 2.1 (Applied
Biosystems) and analyzed with MacVector 7.0 (Accelrys, Inc.).

Phylogenetic analysis. Nucleic acid sequences were aligned by using the Clust-
alW algorithm of the MacVector software 7.0 (Accelrys, Inc.), and the aligned,
length-adjusted sequences were imported as a nexus-file into the software pack-
age PAUP� version 4.0 beta 10 (Sinauer Associates, Sunderland, Massachusetts,
2001). All further calculations and tree constructions were carried out with this
software.

Pairwise genetic distances were calculated by using the F84 substitution model
with default settings, with the exception that all sites with ambiguous codes and
gaps were ignored. All unrooted phylogenetic trees shown were constructed by
the neighbor-joining method and were based on the distances calculated with the
F84 substitution model, again ignoring all sites with ambiguous codes and gaps.
Bootstrap values are based on 1,000 repetitions.

Nucleotide sequence accession numbers. All new nucleotide sequences were
deposited in the GenBank database and are available under accession number
AY445885 for the nearly full-length sequence and number AY445886 for the 5�

RACE sequence of PARRA; under numbers AY577031 to AY577033 for the 1.7
kb-gag-pol fragments of G7592, S7730, and S7731, respectively; and under num-
bers AY577034 to AY577039 for the 1.1-kb pol fragments of S7565, S7566,
G7569, G7570, G7571, and G7572, respectively.

RESULTS

Goat-to-sheep transmission. Evidence for goat-to-sheep
transmission of SRLV was found in the aftermath of a sheep
and goat show that took place in September 1997 in the Swiss
town of Interlaken. During this event, 68 (60%) of 114 attend-
ing goats, all from certified CAEV-free herds (see introduc-
tion), became infected with a single virus strain under unex-
plained circumstances. Of note, this strain, which was more
closely related to MVV than to CAEV, was also isolated from
a dairy sheep that had been exhibited at the show (31).

In 2002 we investigated goats from farm A which had been
certified CAEV free up to spring 1997 but had become in-
fected through eight goats that were exposed at Interlaken.
Although all seropositive or seroindeterminate animals were
culled by 1998, the farm has been unable to regain the status of
certified CAEV negativity. One goat was found seropositive in
the annual testing of 2000, and 5 of the total of 73 goats (7%)
were seropositive in 2002. When the 55 dairy sheep of the farm
were tested, 15 (27%) were seropositive (Fig. 1).

We obtained peripheral blood mononuclear cells from the
five seropositive goats and three seropositive sheep and am-
plified a 1.7-kb fragment comprising sequences in gag and pol
(distal two-thirds of capsid, nucleocapsid, and protease and the
proximal one-third of RT) by sequence-capture PCR. Provirus
amplification was successful in two goats and one sheep; in two
other goats and one sheep a 0.7-kb fragment representing the
5� end of the 1.7-kb sequence was obtained by using alternative
primer combinations (data not shown). Amplification of a
1.1-kb sequence located in the deoxyuridine triphosphatase
and integrase regions of pol was successful in four goats (G
designations; here, G7569 to G7572) and two sheep (S desig-
nations; here, S7565 and S7566) but also remained unsuccess-
ful in one goat and one sheep despite the use of alternative
primers. Analysis of the pol sequences demonstrated that all six
proviruses belonged to SRLV subtype A4 (26) and were
closely related, exhibiting 0.0 to 1.0% substitutions between
each other (Fig. 2). In comparison, the mean divergence (�
standard deviation) between viruses of subtype A4 that were
isolated from animals originating from epidemiologically un-
linked farms was 6.2% � 1.2% (26). The viruses isolated from
farm A were also closely related to the virus transmitted at
Interlaken, as demonstrated by the sequences from five goats
from other farms infected at Interlaken, which we had ob-
tained for investigation in 1999 (cluster B). The sequences
from farm A and the Interlaken sequences differed by 0.2 to
1.0%. We also discovered that the six sequences from farm A
were closely related to sequences that had already been iso-
lated in 1999 from 2 other dairy sheep of the farm, S5678 and
S5679 (see Fig. 1), after it had been determined that 3 (23%)
out of the 13 dairy sheep the farm kept at that time were
seropositive. These two sequences differed by 0.1% from each
other and by 0.2% from the most closely related Interlaken
sequence, G4668. Phylogenetic analysis of the three 1.7-kb
gag-pol sequences and the six 0.7-kb gag sequences available
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from this cluster confirmed these findings (data not shown).
These data thus show that the Interlaken strain had not only
been further transmitted to adult goats of farm A that had not
been present at Interlaken but had also crossed the species
barrier and was now present in the sheep.

For elucidation of the full-length sequence of this virus, we
purified virus particles from the milk of goat G4668, which had
exhibited the highest RT activity (327 nU of human immuno-
deficiency virus type 1 RT equivalent per ml) by sucrose den-
sity gradient fractionation, and subjected the viral RNA to

PARRA, as described in Materials and Methods. From the
DNA extracted from milk cells a 9,023-bp proviral DNA frag-
ment was subsequently amplified, cloned, and sequenced. This
first, nearly full-length sequence of SRLV subtype A4 was
clearly different throughout the entire genome from all other
full-length sequences deposited in the GenBank database and
was in all sequence fragments (1,000-bp steps) more closely
related to SRLV group A than to groups B or C, thus indicat-
ing that it was not a recombinant between viruses of these
previously known sequence groups. A comparison with Gen-
Bank sequences also revealed identity in positions 7665 to 7842
with a env sequence from the SU5 region (GenBank accession
no. AF295075) (2) which had also been isolated from a goat
exhibited at Interlaken (G. Bertoni, University of Berne, Swit-
zerland, personal communication).

Sheep-to-goat transmission. Evidence for interspecies trans-
mission involving SRLV subtype A4 was also found when other
clusters of seropositive goats kept together with sheep were
investigated (Fig. 3, clusters C, D, and E). The strains isolated
from goats and sheep within each of these clusters were closely
related, with strains in cluster D related as closely as strains in
the Interlaken cluster (B). Clusters C and D represent partic-

FIG. 1. Epidemiology of goats and selected sheep of farm A. Each
horizontal line symbolizes an animal. Circles denote goats, and squares
denote sheep. Open symbols, documented negative SRLV serology;
black symbols, documented positive serology; cross, indeterminate se-
rology. Lines marked with numbers identify the animals from which
viral sequences were obtained.

FIG. 2. Phylogenetic analysis of SRLV 1.1-kb pol sequences from
goats (G designations) and sheep (S designations) of farm A, together
with sequences from the Interlaken goats (cluster B), demonstrating
goat-to-sheep transmission. The G5745 sequence used as the outgroup
is the most closely related sequence and belongs to SRLV subtype A4.
For the position of the G5745 sequence within subtype A4, refer to Fig.
3.
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ularly well documented cases of sheep-to-goat transmission.
Farm C kept two sheep and then bought two young goats from
a certified CAEV-free farm, which has maintained this status
to the present date. One of the newly acquired goats subse-
quently seroconverted. The close relatedness of the viruses
isolated from this goat (G4861) and from one of the sheep
(S4863) demonstrates beyond reasonable doubt that the goat,
which was initially seronegative and had originated from a herd
that was and still is certified CAEV negative, must have been
infected by one of the sheep. Analysis of the 1.1-kb pol se-
quence confirmed the close relationship (data not shown).

Farm D kept 10 sheep and a single old goat born in 1992
(G7592). Through all the years this goat and all of its offspring
had been CAEV negative, but in 2002 it was suddenly found to
be seropositive, together with its kid born in 2001 (not shown
in the figure since the 1.7-kb gag-pol sequence could not be
amplified; analysis of the shortened 0.7-kb gag fragment
showed, however, that the two sequences differed by only
0.48%). Since two of the sheep, which, in contrast to the old
goat, had never before been tested, were found infected and
carried the same virus strain, infection of the goat must have
come from one of the sheep.

Sequences from another mixed cluster, E, were also closely

related to each other, but epidemiologic information permit-
ting elucidation of the direction of the interspecies transmis-
sion is not available. Cluster F finally presents intraspecies
transmission of a subtype A4 strain in a small flock of sero-
positive sheep and is shown for reference only.

DISCUSSION

Although some subtypes of the large and diverse SRLV
group are found among both goats and sheep, thus presenting
evidence for more than one event of interspecies transmission
in the past (12, 26, 32), and although interspecies transmission
has been achieved experimentally (1), the natural transmission
of these viruses across the species barrier has never been doc-
umented directly. Here we have phylogenetically analyzed vi-
ruses isolated from goats or sheep that seroconverted after
they were newly exposed to SRLV-infected animals of the
other species. We demonstrate a much closer genetic relation-
ship among these epidemiologically linked sequences, which
differ by less than 1% from each other, than that found among
viruses from epidemiologically unlinked animals, which differ
by 4 to 8%, as is evident from Fig. 3 and has been reported
previously (12, 26, 32). We thus present the first direct evi-
dence that the recently identified SRLV subtype A4 is trans-
mitted across the species barrier in both directions by the
natural horizontal infection of adult animals. While the direc-
tion of transmission is unclear in cluster E, cluster A demon-
strates goat-to-sheep transmission (Fig. 1 and 2) and clusters C
and D represent sheep-to-goat transmissions (Fig. 3).

With regard to the goat-to-sheep transmission, the fact that
farm A was always certified CAEV free prior to Interlaken and
that five goats exposed at Interlaken subsequently became
seropositive suggests strongly that the virus was newly intro-
duced into the farm by these five goats and that it was later
transmitted to the sheep, as first documented by the two sero-
positive sheep, S5678 and S5679, which we investigated in
1999. There is a theoretical, alternative explanation: that the
sheep of farm A already harbored this virus strain prior to
Interlaken, that they transmitted it to at least one of the goats
brought to the show shortly after, and that these goats in their
early state of infection actually represented the source of the
virus distributed at the show. This explanation is rendered
highly unlikely by the fact that the founder animals of the herd,
which was started in 1996, were purchased as lambs from a
farm that had tested MVV negative in 1995 and remained
negative in 1997 and 1999. The rams of farm A were also
always selected from MVV-free farms, thus minimizing the
risk of introducing the virus into the expanding young herd.
There is, thus, no indication that infection of the sheep of farm
A by the Interlaken strain originated from a source other than
an infected goat.

Sheep-to-goat transmission is clearly demonstrated by clus-
ters C and D, in which the sheep kept on the respective farms
represented the only possible source of infection. That sheep-
to-goat transmission may not be exceptional is suggested by a
previously reported finding that the infection of goats by vi-
ruses of subtypes A3 and A4, which we have found to be
present among sheep in Switzerland, is significantly associated
with both a previously CAEV-free herd status and documented
exposure to sheep (26). Although such events may be infre-

FIG. 3. Phylogenetic analysis of SRLV 1.7-kb gag-pol sequences
from epidemiologically linked clusters of goats (G designations) and/or
sheep (S designations). Boxed letters denote the different clusters, as
described in the text. The G5560 sequence used as the outgroup is the
most closely related sequence and belongs to SRLV subtype A5 (26).
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quent, they must occur regularly since truly exceptional events
would not be amenable to statistics.

In combination, these findings demonstrate that sheep may
function as reservoirs for SRLV subtypes that can be naturally
transmitted to goats by horizontal infection. Conversely, goats
may function as reservoirs for SRLV infection in sheep. These
new facts should be considered in all SRLV eradication pro-
grams. Whether subtype A4 may be particularly prone to in-
terspecies transmission is unknown, but the fact that subtypes
A3, A6, and B2 can be found in both sheep and goats is as
compatible with ongoing interspecies transmission as with a
single event in the past (12, 26, 32).

Little information is available as to the route of infection in
these interspecies transmissions. On farm A, the goats and
dairy sheep were housed in separated areas of a large barn but
shared a common milking berth with a large feeding trough,
and they grazed together on the same pastures, where they
used the same water source and frequented the same salt lick.
In the smaller herds of the farms in which we demonstrated
sheep-to-goat transmission, the two species probably had even
closer contact. It is thus conceivable that these transmissions
occurred by the oral route. Contact transmission among sheep
is seen particularly with the pulmonary manifestation form of
MVV infection, suggesting that respiratory exudates may be
involved (15). It has also been shown that coinfection, e.g., with
the pulmonary adenomatosis (Jaagsiekte) retrovirus, which is
also enzootic in Switzerland (29, 30), increases the pulmonary
MVV load, thus leading to more efficient contact transmission
among sheep (4, 15). Since SRLV infection of goats may also
manifest itself as a chronic progressive interstitial pneumonia,
it is conceivable that a similar mechanism may be involved in
horizontal transmission originating from goats, e.g., via com-
monly frequented salt licks or feeding troughs. Further re-
search is needed to elucidate these possibilities.
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