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Arbovirus of Marine Mammals: a New Alphavirus Isolated from
the Elephant Seal Louse, Lepidophthirus macrorhini
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A novel alphavirus was isolated from the louse Lepidophthirus macrorhini, collected from southern elephant
seals, Mirounga leonina, on Macquarie Island, Australia. The virus displayed classic alphavirus ultrastructure
and appeared to be serologically different from known Australasian alphaviruses. Nearly all Macquarie Island
elephant seals tested had neutralizing antibodies against the virus, but no virus-associated pathology has been
identified. Antarctic Division personnel who have worked extensively with elephant seals showed no serological
evidence of exposure to the virus. Sequence analysis illustrated that the southern elephant seal (SES) virus
segregates with the Semliki Forest group of Australasian alphaviruses. Phylogenetic analysis of known alpha-
viruses suggests that alphaviruses might be grouped according to their enzootic vertebrate host class. The SES
virus represents the first arbovirus of marine mammals and illustrates that alphaviruses can inhabit Antarc-
tica and that alphaviruses can be transmitted by lice.

The genus Alphavirus in the family Togoviridae represents a
group of enveloped, plus-strand viruses comprising over 40
known members. Alphaviruses are classified as arboviruses
since they are maintained in nature by a biological transmis-
sion cycle between susceptible vertebrate hosts and hemato-
phagous arthropods, usually ticks or mosquitoes. Alphaviruses
have been grouped by geographic distribution into Old and
New World viruses (28). The New World alphaviruses, which
include Venezuelan equine encephalitis (VEE), eastern equine
encephalitis (EEE), and western equine encephalitis (WEE)
viruses are pathogenic for humans, horses, and certain bird
species (26, 28). The Old World alphaviruses are associated
with rheumatic disease in humans and include the Australian
Ross River (RR) and Barmah Forest viruses, the Asian/Afri-
can chikungunya virus, the African o’nyong-nyong virus, and
the European Ockelbo virus, which is a subtype of Sindbis virus
(28). Weaver et al. (39) hypothesized that alphaviruses may
have originated a few thousand years ago in the New World,
possibly through recombination with plant viruses (9), and
spread to the Old World via bird migration. Recently, two fish
alphaviruses have been described, salmon pancreas disease
virus (40) and rainbow trout sleeping disease virus (37), sug-
gesting either aquatic origins for alphaviruses or an invasion of
the marine environment by terrestrial alphaviruses.

Macquarie Island is located some 2,000 km south (54°30’S,
159°E) off the Australian mainland. The island has been a rich
source of tick-borne arboviruses. A flavivirus of penguins (22)
has been identified on Macquarie Island, as have flaviviruses,
bunyaviruses, and orbiviruses, whose enzootic hosts are also

likely to be birds (3, 23, 33). The island is also home to about
12% of the world’s population of southern elephant seals (Mir-
ounga leonina), roughly 78,000 animals (16), which are known
to be infested with the blood-sucking louse Lepidophthirus
macrorhini (25). The Macquarie Island elephant seal popula-
tion has decreased by '50% since 1950 (10) and continues to
decline at a rate of '1.7% per annum (D. J. Slip and H. R.
Burton, unpublished data). The cause of this decline is un-
known (12). Viral infections (1, 27) and pollution-induced im-
munosuppression (36) have been associated with unexpected
seal mortality in Europe and Africa, prompting a worldwide
search for pathogens of seals (13). Vector-borne pathogens
such as arboviruses are a significant cause of infectious disease
in mammals (2). However, none have been described for ma-
rine mammals, perhaps due to the paucity of hematophagous
arthropods of marine mammals (31). One exception is the
suborder of echinophthiriid blood-sucking lice found on some
species of seals (15). These considerations prompted a search
for an arbovirus of seals and resulted in the isolation of a new
alphavirus, the southern elephant seal virus (SES virus), from
the elephant seal louse, L. macrorhini.

MATERIALS AND METHODS

Collection of lice. Live lice were collected from male and female southern
elephant seals of known age that had returned to Macquarie Island for breeding,
the annual molt, and the mid-year haulout. The animals were part of life history
studies at Macquarie Island. Prior to examination, the animals were anesthetised
with a 1:1 mixture of Tiletamine and Zolazepam as described previously (21).
The skin of the seal was searched for lice, which were most often encountered on
the hind flippers (24). Lice were removed with a pair of fine forceps, snap frozen,
stored at 280°C in glass vials, and shipped to mainland Australia.

Bleeding of seals. A 10-ml blood sample was collected from anesthetised seals
(see above) via the extradural-intravertebral vein in the lower lumbar region,
using a 90-mm 18-gauge spinal needle. The blood was left to clot for 30 min and
centrifuged for 5 minutes at 3,000 3 g. The serum was collected, stored at 280°C,
and shipped to mainland Australia.
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Virus isolation. BHK-21 cells (ATCC CCL-10) were grown in medium com-
prising bicarbonate-buffered RPMI 1640 (Gibco-BRL, Life Technologies, Rock-
ville, Md.) supplemented with 5% fetal bovine serum (JRH Biosciences, Lenexa,
Kans.) 2 mM glutamine (Sigma), 100 mg of penicillin per ml, and 100 IU of
streptomycin per ml (CSL Ltd., Melbourne, Australia) at 37°C in 5% CO2. Lice
were individually chopped aseptically using a scalpel, transferred to 1.5-ml Ep-
pendorf tubes, and ground in 500 ml of medium using a motorized pestle. The
debris and contaminations were removed by centrifugation (12,000 3 g for 10
min at 4°C), and the supernatant was added undiluted, at 1/10 and 1/100 dilu-
tions, to BHK-21 cells ('104 cells per well of a 24-well plate containing '1 ml
of medium). The cultures were maintained at 37°C and 5% CO2 and passaged
every 5 to 7 days by transferring '100 ml of the supernatant onto fresh BHK-21
cell cultures.

Virus titer determination. The virus was serially diluted 10-fold in quadrupli-
cate and incubated with Vero cells (ATCC CCL-81), and the virus titer was
determined from the resultant cytopathic effect. Virus titers are expressed as a
log10 50% cell culture infectious dose (CCID50), as described previously (18).

Electron microscopy. Vero cells were infected with SES virus (multiplicity of
infection, '1) and incubated for 48 h before being processed for transmission
electron microscopy. Infected cells were scraped, fixed for 40 min in 2.5%
(vol/vol) glutaraldehyde in 0.1 M cacodylate phosphate buffer (Sigma) (pH 7.2;
300 mosmol), washed in the same buffer (three times for 30 min), postfixed for
1 h in 1% (wt/vol) osmium tetroxide in cacodylate buffer, rinsed in distilled water
(four times for 5 min), dehydrated through graded ethanol (70 to 100%), and
infiltrated and embedded in Spurr’s epoxy resin (ProSciTech, Thuringowa, Aus-
tralia). Sections were cut on a Leica-Reichert-Jung Ultracut E microtome and
double stained in uranyl acetate and lead citrate. The supernatant from infected
cell cultures were stained with 2% phosphotungstic acid (ProSciTech) (pH 6.5).
Sections were examined using a Hitachi H7000 scanning-transmission electron
microscope at 100 kV, and negative-stained samples were examined at 75 kV.
The microscope was calibrated with a 2,160-lines/mm standard (Agar Scientific
Ltd., Stansted, United Kingdom).

Preparation of murine anti-SES virus antisera. BALB/c mice were given two
intraperitoneal injections of '105 CCID50 of SES virus 5 weeks apart, and serum
was collected 2 weeks after the second injection.

Virus neutralization assay by virus dilution and constant serum. Virus was
serially diluted 10-fold in medium, and 50 ml of each dilution was added to a
96-well plate in duplicate. An equal volume of polyclonal antisera diluted 1/10 in
medium was added, and the mixture was incubated at 37°C for 90 min. Vero cells
(104 in 100 ml of medium) were then added, and the plate was incubated at 37°C
in 5% carbon dioxide. After 6 days the cells were simultaneously fixed and
stained with phosphate-buffered saline containing 10% paraformaldehyde and
0.05% crystal violet (Sigma). The neutralization index (NI) was calculated as the
CCID50 of virus in the absence of sera minus the CCID50 of virus in the presence
of a 1/10 dilution of test serum. Sera with an NI greater than 1.5 were considered
to have neutralizing activity. All sera were heat inactivated for 30 min at 56°C.

SES virus cDNA preparation. The virus was passaged a total of four times in
BHK-21 cells and once in Vero cells prior to RNA preparation and purification.
Near-confluent Vero cells in a T25 flask were infected (multiplicity of infection,
'1) and cultured for 33 h. Cells were scraped off the flask into medium and
pelleted (1,500 3 g for 5 min at 4°C). Total RNA isolation reagent (1 ml)
(Advanced Biotechnologies Ltd., London, United Kingdom) was added to the
pellet, and RNA was prepared as specified by the manufacturer.

First-strand cDNA synthesis was performed in a reaction mixture containing
approximately 2 ng of RNA preparation, 1 ml of random hexamer oligonucleo-
tides, 250 mM Tris-HCl (pH 8.3), 375 mM KCl, 15 mM MgCl2, 100 mM dithio-
threitol, 10 mM each dATP, dCTP, dGTP, and dTTP, and 200 U of Superscript
II (Life Technologies) as specified by the manufacturer.

PCR amplification and cloning of the structural region of the SES virus.
Degenerate oligonucleotides were designed from the most highly conserved
region of a nucleotide sequence alignment of the structural region of alphavi-
ruses; they were primer 1 [59TA(C/T) A(A/G)(C/T) TGG CA(C/T) CA(C/T)
GGI GCI GTI 39] and primer 2 [59CCI CCC CAC AT(A/G) AAI GG(A/G) TAI
ACI CC 39] (where I represents deoxyinosine). The amplification reaction mix-
ture contained 2 ml of randomly primed cDNA, 1 mM each primer oligonucle-
otide, 50 mM Tris-HCl (pH 9.0), 1.5 mM MgCl2, 15 mM (NH4)2SO4, 0.1%
Triton X-100, 200 mM each dATP, dCTP, dGTP, and dTTP, and 0.4 U of
DyNAzyme II DNA polymerase (Finnzymes Oy, Ospoo, Finland) in a 20-ml
reaction volume. The cycling conditions were 1 cycle of 94°C for 2 min, followed
by 35 cycles of 94°C for 20 s and 50°C for 30 s, and a final 72°C extension for 10
min. PCR products were analyzed by electrophoresis on 1% agarose gels and
directly sequenced. The products were ligated into pGEM-T vector (Promega,
Madison, Wis.) using 15 ng of PCR product, 50 ng of pGEM-T vector, 23 rapid

ligase buffer, and 3 U of T4 DNA ligase (Promega). The ligation reaction mixture
was incubated at 15°C for 20 h. Then 2 ml of the ligation mixture was used to
transform Escherichia coli XL-10 Blue competent cells (Stratagene, La Jolla,
Calif.) as specified by the manufacturer.

DNA sequencing. PCR products were directly sequenced using primers 1 and
2, and three clones containing the structural protein insert were sequenced with
universal M13 forward and reverse primers. Once a specific sequence was gen-
erated, primer 3 (59TAC AGT CGA TGG CTT CAG ACG 39) and primer 4 (59
ATA CGC ACT TAC TCC GAA TGC 39) were synthesized to allow sequencing
of both strands of the '1.9-kb insert. Sequencing was performed using the
BigDye (Applied Biosystems Inc.) fluorescent-chain terminator technology as
specified by the manufacturer. The products were analysed on an ABI PRISM
377 DNA sequencer.

Sequence analysis. The nucleotide sequences were assembled into a single
contig of the SES virus sequence using the Staden program gap4 (32) maintained
at ANGIS, the Australian National Genomic Information Service (http://www
.angis.org.au). The predicted amino acid sequence was determined using the
GCG Inc. program Translate, maintained at ANGIS. The SES virus nucleotide
sequence was subject to a BLASTX search at the National Center for Biotech-
nology Information (http://www.ncbi.nlm.nih.gov) against the nonredundant
GenBank database. An alignment of alphavirus amino acid sequences was cre-
ated using the program ClustalX (35) and then edited manually. A phylogeny of
the aligned amino acid sequences was constructed using the neighbor-joining
algorithm (29), and bootstrap support percentages (4) for each node were ob-
tained from 1,000 resamplings of the original data set as implemented in the
program MEGA (14). Any positions that contained gaps or unknown residues
were not included in the phylogenetic reconstruction (complete deletion), and
three regions that were difficult to align were also removed: positions 38 to 51,
positions 102 to 127, and positions 588 to 606. This resulted in a total of 589
aligned amino acid residues available for the phylogenetic reconstruction.

RESULTS

Electron microscopy of the SES virus. After individual pro-
cessing of 12 lice, the extracts from two lice produced CPE in
BHK-21 cells. One of these was processed for electron micros-
copy after passage in Vero cells to avoid potentially confound-
ing detection of the endogenous retroviruses in BHK-21 cells.
Transmission electron microscopy of Vero cells infected with
the SES virus showed extracellular enveloped viruses with a
diameter of 55 6 1 nm (n 5 24) (Fig. 1A) and cytoplasmic
nucleocapsid particles (29 6 2 nm; n 5 24) frequently associ-
ated with vesicular membranes (Fig. 1B). Negative-contrast
electron microscopy of the tissue culture supernatants from
virus-infected cells showed enveloped spherical particles (65 6
3 nm; n 5 24) (Fig. 1C) with surface projections of 10 6 1 nm
(n 5 14). These ultrastructural features are consistent with
alphavirus morphology (5, 28).

SES virus serology. To determine the seroprevalence of SES
virus antibodies in Macquarie Island elephant seals, a panel of
elephant seal sera were tested for the ability to neutralize SES
virus. Of 11 1-year-old seals, 2 were found to be seropositive,
whereas nearly all tested seals older than 2 years were sero-
positive (Table 1), suggesting that nearly all seals become in-
fected with the SES virus within 2 years of birth.

To investigate the serological relationship of SES virus to
other alphaviruses, anti-SES virus antisera from SES virus-
infected mice was tested against a panel of Australasian alpha-
viruses in neutralization assays. Inoculation of adult mice with
SES virus resulted in a brief asymptomatic low-grade viremia
lasting 2 to 3 days (data not shown) and the production of
neutralizing antibodies. The anti-SES virus antisera neutral-
ized SES virus but failed to neutralize significantly any of the
other alphaviruses tested (Table 2). These results suggest that
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the SES virus is serologically different from its nearest neigh-
bors in the Semliki Forest (SF) group (see Fig. 3).

Sera from six Antarctic Division personnel who have worked
extensively and closely with elephant seals failed to neutralize
SES virus (data not shown), indicating that human-seal contact
does not readily result in infection of humans with SES virus.
It is unclear whether L. macrorhini, a species-specific louse,
actually bites humans. Control sera from five Queensland In-
stitute of Medical Research staff members, two of whom were
seropositive for RR virus, also failed to neutralize the virus
(data not shown).

SES virus sequence. The nucleotide sequence from the
structural protein region is shown in Fig. 2 (1,983 bp) and
includes part of the capsid protein, all of the small glycoprotein
E3, all of the envelope glycoprotein E2, all of the hydrophobic
peptide linker 6K, and part of the envelope glycoprotein E1.
The 100 best matches from the BLASTX search against Gen-
Bank were all alphaviruses, and the top four matches were all
viruses from the SF group (34): Igbo Ora virus, o’nyong-nyong
virus, Sagiyama virus, and chikungunya virus (data not shown).
Phylogenetic reconstruction showed that SES virus clustered
with the SF group with a bootstrap support of 82% (Fig. 3).

SES virus also clustered with the SF group if the more diver-
gent fish alphavirus sequences were removed (data not shown).

DISCUSSION

This paper describes the first known arbovirus of marine
mammals, an alphavirus infecting Macquarie Island elephant
seals. The virus was isolated from the blood-sucking elephant
seal louse, L. macrorhini, a species-specific louse that infests
elephant seals shortly after birth (25). The isolation of SES
virus from L. macrorhini and the high SES virus seroprevalence
in the elephant seal population strongly suggests that SES virus
is transmitted by these lice. No formal proof of the vector
competence of L. macrorhini is available, and other insects
such as ticks and mosquitoes might represent the true vectors,
with lice simply consuming infected blood meals. However, this
is unlikely because Macquarie Island has no mosquitoes (7, 30,
38) and ticks are rarely found on elephant seals (25). In addi-
tion, the SES virus was isolated from a louse taken from a
5-year-old seal. Such animals are very likely to be seropositive
(Table 1), and lice are unlikely to ingest infectious virus from
animals with neutralizing antibodies. After infection, the lice

FIG. 1. Electron micrographs of SES virus grown in Vero cells. (A) Transmission electron micrograph of extracellular enveloped viruses 24 h
postinfection. (B) Transmission electron micrograph of cytoplasmic nucleocapsids associated with cytoplasmic membranes (vacuoles and vesicles)
24 h postinfection. (C) Negative-contrast electron micrograph of virus particles stained with phosphotungstic acid. The envelope and surface
projections are apparent. Bars, 100 nm.
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(like mosquitoes) probably remain infected for life. The lice
can survive the seal’s long period at sea and reproduce when
the seals haul out twice a year for 3 to 5 weeks to breed and
molt (25).

Alphaviruses are generally believed to be transmitted by
mosquitoes (class Insecta, order Heteroptera), although Ixodes
ticks (class Arachnida) have been implicated in the transmis-
sion of VEE and Sindbis viruses (6, 19). The transmission of an
alphavirus by sucking lice (class Insecta, order Anoplura) has
not been generally reported, although other insects are known
to transmit alphaviruses. For instance, the bug Oeciacus vicariu
(class Insecta, order Diptera) is believed to transmit Fort Mor-
gan virus (a close relative of WEE virus) between birds (39).

Interestingly, the distantly related hematophagous arthropod,
the salmon louse Lepeophtheirus salmonis (phylum Arthropoda,
subphylum Crustacea), has been implicated as a possible vector
for the transmission of the salmon pancreas disease virus (40).

Alphaviruses have so far been found on all continents except
Antarctica (34). Macquarie Island is outside the Antarctic Cir-
cle; however, elephant seals range extensively within Antarc-
tica. For example, an elephant seal from Macquarie Island has
been sighted on Peter 1ØY, which lies within the Antarctic
circle some 5,000 km from Macquarie Island and 1,800 km
from the South American mainland (11). In addition, a male
seal tagged at the Windmill Islands, Antarctica, has also been
sighted at Macquarie Island (C. R. McMahon, unpublished
observation). Alphaviruses therefore inhabit every continent
on the planet. The ability of long-lived lice infected with al-
phaviruses to be carried such large distances on marine mam-
mals also suggests that alphaviruses can travel between South
America and Australasia via Antarctica. Other species of
echinophthiriid blood-sucking lice on other species of seal may
also carry the SES virus, and such lice may also be hosts for
other arboviruses.

Previous sequence analysis has shown that there are three
principal genocomplexes within the genus Alphavirus, the
VEE-EEE group, the SF group, and the Sindbis group (34)
and our analysis shows that the SES virus segregates with the
SF group of Australasian and African alphaviruses (Fig. 3).

TABLE 1. Sera from 60 Maquarie Island elephant seals tested for SES virus-neutralizing activity

Yr of tagginga Seala NIb Yr of tagginga Seala NIb

1998 P455 2.5
P324 3.5
P276 0
P568 0.5
P431 1.5
P734 0.5
E202 0.5
E701 0
E102 1.5
E494 1.0
E614 1.0

1997 D126 2.5
D826 3.0
D261 3.0
D102 2.0
D799 4.5
D876 2.5
D214 2.5
D197 4.0
D874 4.0
D666 4.0
D483 2.0
D511 3.0
D533 2.5
M689 2.5
M953 2.0
M084 3.5

a All seals were tagged after birth. The year of tagging is indicated above each column; seals whose code numbers begin with P or E were 1 year old in 1999.
b The NI was calculated as described in Materials and Methods. NI values above 1.5 indicate the presence of significant neutralizing antibodies and are shown in bold

type. Serum was collected in 1999.

1996 K655 3.5
K528 2.0
K733 3.5
K018 2.5
K266 2.5
K869 3.0
K281 3.0
K159 3.5
K147 1.5
N722 3.0
N576 3.0
N040 3.0
N673 3.0
N775 3.0
N613 2.5
N741 2.5

1995 J937 3.5
J805 2.5
L434 3.0
L204 2.5

1994 F286 3.0
F579 3.0
H779 2.5
H403 2.5

1993 B542 2.5
B069 2.0
C209 3.5

1991 B4656 3.5

TABLE 2. Ability of murine anti-SES virus antiserum to neutralize
a panel of Australasian alphaviruses

Alphavirus NIa

SES virus .................................................................................................4.0
Ross River virus (T48) ..........................................................................0
Barmah Forest virus...............................................................................0
Semliki Forest virus ...............................................................................0.5
Chikungunya virus..................................................................................1.0
Getah virus..............................................................................................0.5
Sindbis virus ............................................................................................0.5

a NI values were calculated as for Table 1. Bold type is defined in Table 1,
footnote b.
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There is also a recombinant group containing members of the
WEE complex, the result of recombination between EEE and
Sindbis group ancestors (9, 39). The recombination point is
somewhere in the E3 protein (8), and since most of our se-
quence data are downstream of E3 (Fig. 2), we are not able to
test if SES virus is a recombinant. However, SES virus is
unlikely to be a member of the recombinant group since it
segregates with the SF group of Australasian and African al-
phaviruses with a high bootstrap support of 82% and not with
either of the two groups that gave rise to the recombinant
viruses (Fig. 3). A grouping of SES virus with the SF group is

also observed if the short region of capsid sequence alignment
(i.e., upstream of the recombination point) is used to construct
a phylogenetic tree (data not shown).

Alphaviruses have been grouped according to their geo-
graphic localization in the New World and Old World (34, 39).
It has been proposed that alphaviruses originated in the New
World several thousand years ago and were then spread by
birds to the Old World (17, 39). The VEE-EEE group is found
exclusively in the New World, while the SF and Sindbis groups
are predominantly Old World viruses. Migratory birds have
traditionally been thought to play a significant role in the local

FIG. 2. Nucleotide sequence and translated amino acid sequence from the structural region of the SES virus. The boundaries of the structural
proteins are indicated and were obtained by reference to the sequence of WEE virus (8).
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dispersion and global distribution of alphaviruses (34). With
birds, fish, and now marine mammals potentially being able to
transport alphaviruses over large distances, geographic isola-
tion of alphaviruses for extended periods during evolution
might be difficult to countenance. An alternative grouping of
alphaviruses based on the virus’s vertebrate hosts emerges
from the phylogenetic analysis (Fig. 3), which illustrates that
alphaviruses segregate into viruses that primarily use fish,
birds, or mammals as their natural enzootic hosts. The fish
alphaviruses (sleeping disease virus and salmon pancreas dis-
ease virus) clearly segregate as a separate group. The Ameri-
can encephalitis viruses (VEE-EEE group) and the European
Sindbis group can all utilize birds as enzootic hosts (20, 26),

although small mammals can also serve as hosts (39) and
epizootic infections of humans and horses occur for many of
these viruses (34). Finally, the Australasian and African alpha-
viruses, which include the SES virus, utilize mammals as their
favored enzootic hosts (39). The discovery of alphaviruses of
fish, birds, and now marine mammals might suggest the exis-
tence of amphibian and reptilian alphaviruses.
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