Virus Genes (2007) 35:147-154
DOI 10.1007/s11262-007-0091-2

Genetic and phenotypic differences between isolates of Murray
Valley encephalitis virus in Western Australia, 1972-2003

Cheryl A. Johansen * Veronica Susai - Roy A. Hall -
John S. Mackenzie - David C. Clark - Fiona J. May -

Stéphane Hemmerter - David W. Smith - Annette K. Broom

Received: 27 November 2006/ Accepted: 22 February 2007/ Published online: 29 March 2007

© Springer Science+Business Media, LLC 2007

Abstract Murray Valley encephalitis virus (MVEV) is a
medically important mosquito-borne flavivirus found in
Australia and Papua New Guinea (PNG). Partial envelope
gene nucleotide sequences of 28 isolates of MVEV from
Western Australia (WA) between 1972 and 2003 were
aligned and compared phylogenetically with the prototype
MVE-1-51 from Victoria in 1951 and isolates from
northern Queensland and PNG. Monoclonal antibody-
binding patterns were also investigated. Results showed
that the majority of isolates of MVEV from widely dis-
parate locations in WA were genetically and phenotypi-
cally homogeneous. Furthermore, isolates of MVEV from
WA and northern Queensland were almost identical,
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confirming results from earlier studies. Recent isolates of
MVEV from Western Province in PNG were more similar
to Australian isolates of MVEV than to isolates from PNG
in 1956 and 1966, providing further evidence for the
movement of flaviviruses between PNG and Australia.
Additional representatives of a unique variant of MVEV
(OR156) from Kununurra in the northeast Kimberley
region of WA were also detected. This suggests that the
ORI156 lineage is still intermittently active but may be
restricted to a small geographic area in northern WA,
possibly due to altered biological characteristics.
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Introduction

Murray Valley encephalitis virus (family Flaviviridae,
genus Flavivirus, MVEV) is a medically important flavi-
virus transmitted by mosquitoes in Australia and Papua
New Guinea (PNG) [1]. MVEV primarily exists in a
transmission cycle between Culex annulirostris and birds.
Humans are generally considered to be dead-end hosts [2].
MVEV is enzootic in northern regions of Australia, and is
occasionally responsible for widespread outbreaks of dis-
ease [1]. In recent years, MVEV activity has been detected
as far south as the Midwest region of Western Australia
(WA) [3, 4]. Approximately 1:1000 infections with MVEV
in humans lead to disease [5], although the clinical to
subclinical infection rate is often higher in epizootic areas
[6, C. Johansen and A. Broom, unpublished results]. Dis-
ease ranges from mild febrile illness to potentially fatal

@ Springer



148

Virus Genes (2007) 35:147-154

encephalitis. Of those that develop encephalitis, 25% of
sufferers will die, and 50% experience permanent neuro-
logical sequelae [2, 4].

A prospective surveillance programme for MVEV has
been in place in WA since the mid-1970s that primarily
involves regular bleeding of sentinel chicken flocks in
northern WA. Serum is tested for the presence of anti-
bodies to MVEV and the closely related Kunjin virus
(KUNV) [7]. Results of the surveillance programme indi-
cate that MVEV is enzootic in the Kimberley region [8].
However, MVEV occasionally moves further south into the
Pilbara, Gascoyne, Murchison and Midwest regions when
conditions become suitable [3].

In addition to surveillance using sentinel chicken flocks,
mosquito collection trips are undertaken annually during
the latter part of the wet season in the Kimberley region.
Opportunistic mosquito collections are conducted in other
regions south of the Kimberley, generally following the
detection of seroconversions to MVEYV in sentinel chick-
ens. Mosquitoes are processed for virus isolation to deter-
mine infection rates in mosquitoes and to investigate which
mosquito species are likely to be involved in MVEV
transmission [9].

Murray Valley encephalitis virus isolates have been
obtained from mosquitoes collected in northern WA since
monitoring for arbovirus activity commenced in WA in
1972. The regular isolations of MVEV from mosquitoes in
northern WA during the course of the surveillance pro-
gramme facilitated a study to investigate genetic and
phenotypic relationships and patterns of virus movement
over a 32-year period.

Materials and methods

Nucleotide sequences obtained from part of the envelope
(E) gene of representative isolates of MVEV (Table 1)
from mosquitoes in the Kimberley, Pilbara and Gascoyne
regions of northern WA were compared with other isolates
of MVEV from Queensland [11] and Victoria [12] in
Australia, and PNG [13, 14]. The E region was chosen
because it has been used previously for phylogenetic
analysis of flaviviruses [15-19]. The region used in this
study corresponded to nucleotides 1454—1916 in the com-
plete genome and E gene nucleotide 484 (amino acid 161)
to nucleotide 945 (amino acid 315) of MVE-1-51
(AF161266) [20]. Major neutralisation regions in domains
I and II of E [21], amino acid substitutions found in neu-
tralising escape mutants [22] and other non-conservative
amino acid substitutions previously identified in PNG
isolates of MVEYV from the 1960s [23] were located within
the sequence region. Western Australian isolates included
in the study represented each year and geographic location
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that MVEV was obtained from mosquitoes (Table 1,
Fig. 1).

Total RNA was extracted from 140 pl of tissue culture
supernatant or 10% suckling mouse brain suspensions of
viral isolates of MVEV using a QIAamp Viral RNA kit
(Qiagen Pty., Ltd., Clifton Hill, Victoria, Australia) or
TRIZOL reagent (Gibco BRL Life Technologies, Gai-
thersburg, MD, USA) according to the manufacturer’s
instructions and stored at —70°C. A one-step reverse tran-
scription (RT) -polymerase chain reaction (PCR) was used
to amplify a 675 bp region in the E gene of MVEV using
MVE2F forward (5’-GGGGAGACTTATCTTACCTGA-
GA-3’) and MVE2B reverse (5’-GGCGTCATGTCATT-
GAGACTTGC-3’) primers (M. Poidinger, The University
of Queensland). Between 1 and 5 pl of RNA was added to
0.2 ml thin-walled PCR tubes (Sarstedt, Niimbrecht, Ger-
many) containing 100 ng of each primer, 200 pm dNTPs
(Fisher Biotech, Subiaco, WA, Australia), 2.0 mM MgCl,
(Promega, Madison, WI, USA), 5.0 mM dithiothreitol
(Promega), 5 units of avian myeloblastosis virus reverse
transcriptase (Promega), 1.5 units of Taq polymerase
(Promega), and 8 units of RNasin (Promega) in Taq buffer
and Baxter water (Baxter Healthcare Pty., Ltd., Old
Toongabbie, NSW, Australia) in a final reaction volume of
15 pl. Thermocycling (GeneAmp® PCR System 9700,
Applied Biosystems Pty., Ltd., Scorseby, Victoria, Aus-
tralia) conditions entailed one cycle of reverse transcription
at 48°C for 30 min, followed by denaturation at 94°C for
2 min, then 30 cycles of 94°C for 1 min, annealing at 57°C
for 30 s and elongation at 72°C for 1 min. The resulting
RT-PCR products were purified after agarose gel electro-
phoresis (QIAquick Gel Extraction Kit, Qiagen). PCR
products were directly sequenced in both directions using
the BigDye system (Perkin Elmer Biosystems, Foster City,
CA, USA) by the Australian Neuromuscular Research
Institute Sequencing Service (Sir Charles Gairdner Hospi-
tal, Nedlands, WA, Australia) or the DNA Sequencing
Services (Western Australian Genome Centre, Department
of Clinical Immunology, Royal Perth Hospital, Perth, WA,
Australia).

The E gene sequences were submitted to GenBank
(EF015041 to EF015074) and compared with other avail-
able sequences of MVEV from Australia (MVE-1-51) and
PNG (NG156 and NG6684) (EF015076 and EF015075).
Multiple nucleotide sequence alignments were performed
using the CLUSTAL W programme [24] using BioMan-
ager, provided by the Australian National Genome Infor-
mation Service (http://www.angis.org.au). A 462 bp region
of the alignment was used to complete phylogenetic anal-
yses. MEGA 3.1 [25] was used to analyse the composition
of the nucleotide sequence alignment. A hierarchical like-
lihood ratio test (hLRT) implemented in Modeltest 3.7 [26]
in conjunction with PAUP* 4.0b10 [27] was employed for
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Table 1 Isolates used in the phylogenetic and phenotypic analyses of Murray Valley encephalitis virus in Australia, 1951-2003

Isolate Year of Passage Location” Species of origin® GenBank accession
isolation history“ no.
MVE-1-51 1951 Unknown Mooroopna, Victoria Human brain AF161266
NG156 1956 Unknown Brown River, Central Province, PNG Human brain EF015076
MRM61CY 1960 Unknown Kowanyama, west Cape York Peninsula, Culex annulirostris D00246
QLD
MK6684 1966 Unknown Maprik, East Sepik Province, PNG Mixed Culicines EF015075
OR2 1972 4smb 2tcp Kununurra, northeast Kimberley, WA Cx. annulirostris EF015042
OR155 1973 Ssmb 2tcp Kununurra, northeast Kimberley, WA Cx. annulirostris EF015048
OR156 1973 2smb 2tcp Kununurra, northeast Kimberley, WA Cx. annulirostris EF015074
OR314 1974 3smb ltcp Kununurra, northeast Kimberley, WA Cx. annulirostris EF015067
OR655 1975 3smb 3tcp Kununurra, northeast Kimberley, WA Cx. annulirostris EF015049
OR1109 1977 Itcp Kununurra, northeast Kimberley, WA Cx. annulirostris EF015045
PH260 1979 Unknown Newman, Pilbara, WA Cx. annulirostris EF015044
BG466 1981 2tcp Balgo, southeast Kimberley, WA Aedes EF015043
pseudonormanensis
PH491 1981 2tcp Newman, Pilbara, WA Cx. annulirostris EF015047
ANS505 1984 2tcp Kununurra, northeast Kimberley, WA Ae. normanensis EF015046
K109 1986 2tcp Kununurra, northeast Kimberley, WA Cx. annulirostris EF015073
K5686 1989 Step Kununurra, northeast Kimberley, WA Cx. annulirostris EF015063
K4629 1990 Step Kununurra, northeast Kimberley, WA Cx. annulirostris EF015064
K6454 1991 Step Kununurra, northeast Kimberley, WA Cx. annulirostris EF015070
K6521 1991 4tcp Kununurra, northeast Kimberley, WA Anopheles bancroftii EF015071
K13910 1993 4tcp Kununurra, northeast Kimberley, WA Cx. annulirostris EF015068
K16825 1994 4tcp Billiluna, southeast Kimberley, WA Cx. annulirostris EF015041
K21413 1995 4tcp Kununurra, northeast Kimberley, WA Cx. pullus EF015072
K29484 1997 4tcp Kununurra, northeast Kimberley, WA Cx. pullus EF015050
P5140 1997 4tcp Newman, Pilbara, WA Cx. annulirostris EF015052
K33075 1998 4tcp Parry’s Creek, northeast Kimberley, WA Cx. annulirostris EF015055
PNG6523 1998 4tcp Balimo, Western Province, PNG Cx. sitiens group EF015065
PNG6910 1998 4tcp Balimo, Western Province, PNG Cx. sitiens group EF015066
K37008 1999 Step Kununurra, northeast Kimberley, WA Cx. pullus EF015058
P6311 1999 Step Exmouth, Gascoyne, WA Cx. annulirostris EF015059
CY1189 1999 Step Pormpuraaw, west Cape York Peninsula, Cx. sitiens group EF015062
QLD
CY2603 1999 4tcp Pormpuraaw, west Cape York Peninsula, Cx. sitiens group EF015051
QLD
CY2692 1999 4tcp Kowanyama, west Cape York Peninsula, Cx. sitiens group EF015057
QLD
K41994 2000 6tcp Billiluna, southeast Kimberley, WA Cx. annulirostris EF015053
P6461 2000 6tcp Newman, Pilbara, WA Cx. annulirostris EF015054
K47457 2001 6tcp Derby, northwest Kimberley, WA Cx. annulirostris EF015060
K49077 2002 Step Billiluna, southeast Kimberley, WA Cx. annulirostris EF015056
P7340 2002 Step Harding Dam, Pilbara, WA Cx. annulirostris EF015061
K50609 2003 8tcp Billiluna, southeast Kimberley, WA Ae. normanensis EF015069

a

smb is suckling mouse brain, tcp is tissue culture passage using sequential passage through C6/36 and Vero and/or PSEK cells. PPNG is Papua

New Guinea, QLD is Queensland, WA is Western Australia. “Genetic studies indicate that populations of Cx. annulirostris may consist of several
species including Cx. annulirostris, Cx. palpalis, Cx. sitiens and other undescribed species in the Cx. sitiens group [10]. “Kunjin virus

@ Springer



150

Virus Genes (2007) 35:147-154

Fig. 1 Location of origin of
isolates of Murray Valley
encephalitis virus used in the
phylogenetic and phenotypic
analyses
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selection of the best-fit nucleotide substitution model for
the phylogenetic analysis. The sequence alignment was
analysed using Maximum Likelihood with the Tamura-Nei
(TrN) model of evolution [28] with gamma distribution and
the proportion of invariable sites (TRN + I' + I) estimated
from the data set using PhyML 2.4.4 [29]. The robustness
of the Maximum Likelihood tree was evaluated by the
bootstrapping method with 100 replicates using PhyML. In
addition, a phylogram was constructed using the neigh-
bour-joining [30] method with the Jin-Nei model using the
PHYLIP package [31] within BioManager. The neighbour-
joining tree was assessed by bootstrapping 100 replicates.
KUNYV strain MRM61C (D00246) was used as an outgroup
in the construction of the phylogenetic trees.

Nucleotide sequences were translated using the standard
genetic code and aligned using CLUSTAL W. A distance
matrix was produced to determine the percentage amino
acid sequence homology between isolates of MVEV and to
investigate the presence of unique amino acid motifs in the
amino acid sequences.

Monoclonal antibody (Mab) binding patterns of isolates
of MVEV were investigated by inoculation of isolates onto
confluent 96-well monolayers of C6/36 cells, incubation
for up to 7 days, and subsequent assay by tissue culture
enzyme immunoassay [32, 33] using a panel of flavivirus
and MVEV-specific Mabs. Mabs used in the phenotypic
analysis comprised 4G2, 4G4, ME6, 10C6, 10G4, 2Gl,
4F11 and 5E9, all raised to the prototype MVE-1-51 [34—
37]. Flavivirus group-reactive Mabs 4G2 (anti-E) or 4G4
(anti-nonstructural (NS) 1 protein) were used as positive
controls. Wells that exhibited optical densities of = twice
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the optical density of uninfected negative control wells and
a minimum optical density of 0.2 were deemed positive.
Monolayers infected with MVE-1-51 and uninfected C6/36
cell monolayers were used as positive and negative con-
trols, respectively.

Results

Within the 462 bp nucleotide sequence alignment, 341
(74%) nucleotides were constant, 89 (19%) nucleotides
were parsimony informative and 32 (7%) nucleotides rep-
resented unique singletons. Phylogenetic trees constructed
using the neighbour-joining and maximum likelihood
methods shared similar topography. The Maximum Like-
lihood tree differs from the neighbour-joining tree only in
the bootstrap support value and only the Maximum Like-
lihood tree is presented (Fig. 2). Both methods strongly
support two distinct lineages (I and II). Two remaining
isolates from PNG did not cluster with either lineage I or II
and represent two additional divergent lineages.

A minimum nucleotide sequence identity of 84.6%
(translating to 94.4% amino acid sequence homology) was
observed between all isolates of MVEV between 1951 and
2003. Strains of MVEV from WA were present in lineages
I and II, and the majority of WA isolates were in lineage 1.
A nucleotide sequence identity of 96.1% (translating to
97.6% amino acid sequence homology) was observed
between all WA strains in lineage I. The minimum
nucleotide sequence identity and amino acid homology
between all isolates in lineage I, including the prototype
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Fig. 2 Maximum Likelihood
phylogenetic tree representing
the nucleotide sequence identity
of the envelope region (partial)
of isolates of Murray Valley
encephalitis virus. Bootstrap
values from 100 replicates of
the Maximum Likelihood/
Neighbour-joining phylogenetic
trees are located at branch
origins
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MVE-1-51 and two isolates from PNG in 1998 (PNG6523
and PNG6910) [13], was 94.2% and 97.6%, respectively.
In general, recent isolates of MVEV from WA and
Queensland were more closely related to each other than to
older isolates, and isolates were not clustered based on
geographical origin. Lineage II consisted of five aberrant
strains of MVEV from WA, first isolated in 1973 [38] and
most recently in 1995. Isolates in lineage II shared 97.2%
nucleotide sequence identity (translating to 99.2% amino
acid sequence homology) with each other, and were more
closely related to the lineages III and IV from PNG
(sharing a minimum of 87.0% nucleotide sequence identity
and 96.0% amino acid similarity) than to virus strains in
lineage I (with a minimum of 84.6% nucleotide sequence
identity and 94.4% amino acid homology). Lineages III
and IV comprised two isolates of MVEV from PNG in
1956 (NG156) and 1966 (MK6684) [14], respectively,
sharing 91.3% nucleotide sequence identity and 99.2%
amino acid sequence homology. The two recent isolates of

MVEV from PNG in 1998 were more closely related to
Australian isolates of MVEV in lineage I (with a minimum
of 94.2% nucleotide sequence identity and 97.6% amino
acid homology) than to the older isolates from PNG
(sharing 89.6% nucleotide sequence similarity and 96.8%
amino acid homology). Isolates of MVEV from western
Cape York Peninsula [11] shared high levels of nucleotide
sequence identity and 100% amino acid homology with
recent isolates of MVEV from WA. CY1189 (from
Pormpuraaw, western Cape York Peninsula, 1999) was
identical to isolates from Exmouth (P6311) in 1999 and
Newman (P6461) in 2000.

Four amino acid substitutions in the partial E gene se-
quence were unique to lineage II isolates compared to the
MVE-1-51 prototype: E-205 (thr to ser), E-232 (glu to asp),
E-275 (ser to thr) and E-276 (ser to gly). In addition, two
amino acid substitutions were found only in isolates
belonging to lineages II, III and IV: E-229 (ala to ser) and
E-240 (val to met). All Australian isolates after 1951 had
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an amino acid substitution at E-238 (ile to val) compared to
MVE-1-51. The only non-conservative change was the
substitution of ala with ser at E-229 in lineages II, III and
IV viruses.

A previous unpublished study that examined the Mab
binding profiles of a small panel of MVEV isolates from
Australia and PNG using a similar assay to that used in this
study indicated that some strains of MVEYV, including the
PNG isolates NG156 and MK6684 and North Western
Australian isolate OR156, could be distinguished antigen-
ically [35]. To assess whether the different lineages of
MVEV identified in our study also displayed distinct
antigenic patterns, binding profiles of a panel of MVEV-
specific antibodies were assessed to each isolate in ELISA.
This analysis revealed that three Mabs (10G4, ME6 and
4F11) showed differential binding to MVEV isolates,
separating the panel into five groups (Table 2). Mab 10G4
recognised the majority of MVEYV isolates tested, but failed
to bind to all isolates in lineages II, Il and IV, which
contained the early PNG isolates and OR156-like isolates,
and two isolates in lineage I (K4629 and CY2692). In
contrast, Mab MEG6 recognised all isolates of lineages II, 111
and IV, but failed to recognise 12 of the 30 isolates in
lineage 1. Notably all the viruses that lacked the ME6
epitope clustered together in the tree, and tended to be
more recent isolates. Mab 4F11 recognised all isolates
except the 1956 human isolate from PNG (NG156).

Discussion

This study revealed that recent strains of MVEV, isolated
from geographically separated areas of WA at the same
time, are closely related and suggests that strains of MVEV
active at any one time probably originate from a common
gene pool. The results provide further evidence that MVEV
moves large distances from one area to another, confirming
those of other researchers [23, 39—42] who hypothesised
that MVEV moves from northern regions where the virus is

enzootic, to other areas further south under the influence of
certain climatic conditions. The mechanism by which
MVEYV moves such large distances is not known, although
it is possible that viraemic migratory waterbirds [39, 43] or
wind-borne infected mosquitoes [44, 45] are involved.

This study extends previous investigations of the rela-
tionship between isolates of MVEV from disparate areas of
WA by almost 20 years [41, 46, 47]. The study showed that
only minor genetic changes occur over time and are not
related to geographic origin, similar to findings by previous
researchers [23, 41, 42, 46, 47]. The maximum nucleotide
sequence divergence between the majority of Australian
isolates of MVEYV between 1951 and 2003 in 462 bases of the
E region was 3.9%, slightly greater than the approximate 2%
divergence observed between Australian isolates from 1951
to 1984 [47]. However, the rate of change between 1951 and
2003 (0.07% per year) is similar to the rate of change
between 1951 and 1984 (0.06% per year), which suggests a
relatively constant rate of nucleotide change over time.

Interestingly, in this study four strains of MVEV from
Kununurra in the northeast Kimberley region of WA were
genetically related to a unique variant of MVEV, OR156,
initially described by Lawson [47] and Coelen and
Mackenzie [46] following partial nucleotide sequence
analysis, restriction enzyme mapping and RNase T1 oligo-
nucleotide fingerprinting. The origin of ORI156 was
unknown, although it was suggested that the source might
have been islands to the north of Australia, such as PNG or
the Indonesian Archipelago [1, 41, 46, 47]. The closer rela-
tionship of the OR156 lineage II to old lineage III and IV
PNG isolates of MVEV than to the predominant Australian
lineage I supports the hypothesis that the variant form of
MVEV was introduced from outside Australia. It was gen-
erally thought that the OR156 lineage had not become
established. However, detection of additional representa-
tives of the same unique genetic lineage over an 18-year
period indicates that either lineage II is enzootic with inter-
mittent activity, or that there have been repeated introduc-
tions.

Table 2 Phenotypic analysis of isolates of Murray Valley encephalitis virus

Phenotypic group” Monoclonal antibody reactivity”

2Gl1 SE9 4F11 10C6 ME6 10G4
Group 1 + + + + +
Group 2 + + + + -
Group 3 + + + + - -
Group 4 + + + + - +
Group 5 + + - + + -

“ All of these monoclonal antibodies react with conformational epitopes within the nonstructural (NS) 1 protein [35, 37]. ”Group 1: MVE 1-51,
PNG6523, PNG6910, BG466, OR1109, AN505, PH491, PH260, OR155, OR655, OR2, OR314, K16825, K13910, K50609, CY1189, K49077;
Group 2: ORI156, K109, K6454, K6521, K21413, MK6684, CY2692; Group 3: K4629; Group 4: P6461, P6311, K37008, K47457, P7340,

K29484, P5140, CY2603, K33075, K41994, K5686; Group 5: NG156
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Lineage II has not been detected outside the northeast
Kimberley region of WA, even though environmental
conditions were apparently conducive to movement of
MVEV from enzootic regions in the northeast Kimberley
region to areas further south in 1991 and 1995 (2 years
when lineage II was detected at Kununurra), as evidenced
by seroconversions in sentinel chicken flocks (A. Broom,
unpublished results). Mosquito collections for virus
detection in the Pilbara and more southerly regions of WA
were undertaken less regularly than the annual surveys
conducted in the Kimberley region and it is possible that
more comprehensive surveys would have led to the
detection of lineage II MVEV in mosquitoes from more
southerly regions, if it had moved beyond Kununurra.
Alternatively, lineage II may only exist in transmission
cycles at Kununurra, which would suggest that this lineage
is evolving independently, is possibly restricted to a unique
ecological niche, and is unable to move to other areas due
to the presence of an as yet undefined physical or biological
barrier. Given that the more predominant strains of MVEV
appear to move readily between the northeast Kimberley
and more distant regions, this barrier is unlikely to be a
physical one, and is more likely to be related to funda-
mental ecological or biological characteristics of lineage II
viruses. Isolates of lineage II and the more predominant
Australian MVEV lineage I were obtained from Cx. an-
nulirostris and Cx. pullus, indicating that the likely vectors
and their associated host-feeding preferences may be the
same. However, unique monoclonal antibody-binding pat-
terns for lineage II viruses is evidence that this lineage is
phenotypically distinctive. In addition, McMinn et al. [22]
demonstrated that amino acid substitutions in certain parts
of the E protein of MVEV, particularly between E-270-277
(referred to as the hinge region), were often associated with
phenotypic changes including increased sensitivity to
neutralisation, reduced haemagglutination activity, attenu-
ation of neuroinvasiveness and altered growth kinetics. In
this study, amino acid substitutions found in lineage II
viruses were mostly conservative and, unlike those de-
scribed by McMinn et al. [22], may not be biologically
significant. It must also be acknowledged that mutations
potentially introduced into the genome following multiple
passages through mice and cell cultures during the virus
isolation process may be responsible for some differences.
However, there was no significant correlation between
isolate passage history and the number of amino acid
substitutions (r = -0.188, P =0.295) (SigmaStat for
Windows version 3.5). Furthermore, the passage history of
MVEV isolates used in this study is similar to those used in
other phylogenetic and phenotypic studies [16, 18, 19].
This indicates that passage history is not associated with
the major genetic and antigenic relationships between the
MVEYV lineages described here. Although the significance

of the amino acid sequence differences observed in this
study is not known, it is possible that some of these and/or
other as yet undescribed amino acid changes may have lead
to alterations in biological characteristics such as replica-
tion fitness, host specificity and vector competence, and
may explain why lineage II viruses appear to be restricted
to a small geographic location. Indeed, a previous study by
Lawson [47] found differences in replication efficiency and
virulence for OR156 compared with other more virulent
isolates of MVEV. Further nucleotide sequence analyses,
and mutagenesis and virulence studies using representative
strains of each lineage of MVEV are underway to elucidate
biological differences between the two distinct lineages
found in Australia. In addition, the co-circulation of dif-
ferent lineages of MVEV at one locality provides a unique
opportunity to investigate differences in virus ecology,
epidemiology and transmission.

Recent lineage I isolates of MVEV from Western
Province in PNG in 1998 [13] were more closely related to
mainland Australian lineage I strains than older lineages III
and IV isolates of MVEV from PNG [23, 42]. It has been
hypothesised that the highlands in PNG may be a barrier to
virus movement southwards into Australia [23]. While the
highlands may indeed be a physical barrier, the close ge-
netic relationship between isolates of Japanese encephalitis
virus from Western Province of PNG and Australia pro-
vides circumstantial evidence that, south of the highlands,
certain flaviviruses may move from PNG to Australia,
possibly via wind-blown infected mosquitoes [13, 48] or
viraemic animal hosts. Likewise, the close relationship
between isolates of MVEV from Balimo in Western
Province of PNG, south of the highlands, may be evidence
for virus movement from northern Australia into PNG via
similar mechanisms.

Consistent with a previous unpublished report by one of
the authors [35], we also demonstrated that the older lin-
eages III and IV isolates of MVEV from PNG and lineage
II isolates from Kununurra were antigenically distinct from
lineage I viruses (with the exception of CY2692). Addi-
tional antigenic analysis of the Australian MVEYV isolates
in lineage I revealed that 22 could be further separated into
two groups that strongly correlated with time but not place
of isolation (Table 2). Ten isolates from various locations
prior to 1985, including the 1951 prototype virus to which
the Mabs were prepared, fell into phenotypic Group 1
(Table 2) and retained all the NS1 epitopes recognised by
the panel of six MVEV-specific Mabs. Twelve viruses (in
Groups 3 and 4) that were isolated after 1988 had lost the
epitope recognised by Mab ME6. Some discrepancies be-
tween the phylogenetic and phenotypic analyses were
observed. However it should be noted that all Mabs used in
this analysis react with conformational epitopes and that a
single nucleotide change in the viral genome can poten-
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tially alter the binding site for each Mab. Nevertheless,
despite the few exceptions, these data support the conclu-
sions from the sequence analysis, and provide phenotypic
evidence of a gradual temporal evolution amongst Aus-
tralian MVEV isolates that is not associated with place of
isolation. The biological importance of the amino acid
differences and altered Mab binding epitopes observed in
this study is the subject of further study.
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