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Abstract

A comparison of human anélasmodium falciparum gene flow patterns in the model island system of Vanuatu, the limit
of malaria in the Pacific reveals that human movement is essential for long, but not short diztiahcg@arum gene flow.
This suggests that long distance movement of humans may accelerate the evolution and spread of drug resistance and therefor
exacerbate the global malaria problem.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction <3500 years ago in the Bismarck Archipelago and led
to the human occupation of all the remaining islands
Malaria is endemic throughout the old world trop- of the Pacific known as Remote Oceartip(iggs and
ics and the Pacific until Buxton’s Line at the south- Anderson, 1993; Green, 1999 hese two human col-
ernmost islands of Vanuatu. Anthropological studies onization phases are also reflected in the distribution
suggest that humans colonized the Pacific in two dis- of malaria.
tinct stages. New Guinea-Australia and the islands as  The principal vectors of malaria in the Pacific be-
far east as the northern Solomon Islands were set-long to theAnopheles punctulatus group that consists
tled during the Pleistocene, >29,000 years aigtet of 12 cryptic species with overlapping morphologies.
etal., 1988. The second phase began in the Holocene, The 12 genetically defined species are adapted to
different ecological zones and vary substantially in
- their salt tolerance and dispersal abiliti@&e€be and
* Correqunding author._ Pre_sent_address: Department of An- Cooper, 200)2 AIthough Anopheles farauti s.s. has
Sé?o#‘l?yfl'nggf?ﬁnﬁg'ge?Zﬁf'ggﬁr??&w 13902-6000, apparehtly dispersed _several times among northgrn
E-mail addresses klum@binghamton.edu, i8uni@yahoo.com  Australia and the Archipelagos of western Melanesia,
(J.K. Lum). there remains extensive geographic structure among
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populations indicating gene flow across water gaps settled Vanuatu, the sole malarious Archipelago of
has been infrequent even in this region of Pleistocene Remote Oceaniddooper et al., 2002In addition, the
human habitationBeebe et al., 2000 New Guinea genetic diversity ofPlasmodium falciparum in Vanu-
and the northern Solomon Islands are home to a\12  atuis more restricted than in southeast ASiaKihama
punctulatus species, however, only the salttolerantand et al., 200) and Papua New GuineR4ul et al., 1996
widely dispersedA. farauti s.s. is found in Holocene  Although it remains unclear when and how malaria
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Fig. 1. Schematic of gene flow among the seven villages of Gaua, Santo, Malakula, and Pentecost sampled. The lines connect population:

(open circles) which are not significantly different & 0.05). The solid lines refled®. falciparum and the dashed linkl. sapiens gene

flow. The P. falciparum haplotypes on Pentecost are a subset of those on Malakula and thus, are inferred to be introduced from there via
human mediated gene flow (arrow). The inset shows the location of the Vanuatu Archipelago (solid box) and the region sampled (dashed

box) within the western Pacific.
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became established in Melanesia, these distribu- posed of multiple clades of mtDNA control region
tions suggest that the length of human habitation sequences that reflect contributions from both the
(Pleistocene versus Holocene) and cumulative humanpleistocene and holocene colonizations and thus,
movement is proportional to the extent of anopheline predate the settlement of the region. Genetic dis-
and malaria distributions and diversities. tances between populations are therefore based on the
Human populations of Vanuatu have limited lin- shared frequencies of mtDNA haplotypes defined by
guistic diversity relative to New Guine&(imes and sequence variants as described previouklyr( and
Grimes, 199§ but extensive linguistic and genetic di- Cann, 200D Genetic distances betweBrfalciparum
versity relative to other Remote Oceanic Archipelagos populations were estimated from frequencies of pre-
(Grimes and Grimes, 1996; Lum et al., 200Rach is- viously published shared compound haplotypes incor-
land of Vanuatu is inhabited by small, subsistence pop- porating both 5haplotype and '3sequence variation
ulations often speaking multiple languages indicating (Sakihama et al., 2001 The statistical significance
cultural isolation even among villages on the same is- of a pairwiseFst value was assessed by randomly
land that are separated by short distances. We studiedpermuting individuals between populations 10,000
human mtDNA sequences representing seven villagestimes and determining the proportion of the data sets

on four islands of north-central Vanuatu and compared
them to merozoite surface protein-1 genetic diversi-
ties of P. falciparum infections obtained during malar-
iometric surveys of the same populatior&akihama

et al., 200}. We wanted to explore the influence of
human gene flow on the distribution of malaria haplo-
types over short (intra-island) and long (inter-island)
distances. In our sample only the two populations from
Pentecost speak the same langudgig. (1).

2. Materials and methods

Human andP. falciparum DNA was extracted
from human blood collected during malariometric
surveys of seven villages on four islands of Vanuatu
(Gaua: 2, Santo: 1, Malakula: 2, and Pentecost: 2)
(Fig. 1). PCR primers for and amplification of the
non-coding control region, the most variable segment
of human mtDNA were as previously describédiifn
et al., 1998. PCR products were purified using the
EXoSAP-IT procedure (USB) to remove unincorpo-
rated dNTPs and primers. The purified PCR products
were sequenced in both directions using the DYE-
namic ET Dye Terminator cycle sequencing kit and
the MegaBACE 1000 automated sequencer (Amer-
sham Pharmacia Biotech).

Genetic distancesFgT) among the seven human
(n 159) andP. falciparum (n = 142) popula-
tions and the proportions of genetic variance within
populations, within islands, and among islands were
estimated using Arlequin 2.B¢hneider et al., 2000
Human populations from Remote Oceania are com-

that yielded anFst greater than that of the original
data set $chneider et al., 2000The human andP.
falciparum pairwise Fst genetic distances and their
estimatedP values are shown ifable 1 Congruence
between genetic distances among populations of the
two species was evaluated with the Mantel permuta-
tion method Mantel, 1967 using matrix correlation
analysis version 1.0Long, 1996.

3. Results

Human andP. falciparum genetic distances among
the seven populations were significantly correlated
(r = 0.62, P < 0.02) implicating long-term human
contacts in the dispersal of malaria. The human and
parasite genetic patterns within islands were however,
very different. TheP. falciparum populations on a sin-
gle island are relatively homogenous containing only
5.7% of the variance of populations on different is-
lands. In contrast, human populations on the same is-
land had 77.6% of the variance of populations on sep-
arate islands, consistent with their distinct languages
and cultural isolation. The only two human popula-
tions that were not statistically distinc (> 0.09)
(Table 1) were from separate islands (Malakula and
Pentecost) and speak distinct languadefal ciparum
populations from these two islands were likewise not
significantly distinct ¢ > 0.14) (Table 1 Fig. 1).

These analyses suggest that genetically interacting
human populations are essential for malarial gene flow
between islands. In contrast, human populations on the
same island, despite little apparent human gene flow
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Table 1
Fst genetic distances (upper triangle) aRdialue$ (lower triangle) between populations
East Northwest East West Santo East West
Malakula Malakula Pentecost Pentecost Gaua Gaua
Plasmodium falciparufh
East Malakula - 0.026 0.359 0.121 0.277 0.115 0.309
Northwest Malakula 0.194 - 0.302 0.049 0.423 0.154 0.386
East Pentecost 0.003 0.002 - 0.000 0.393 0.351 0.417
West Pentecost 0.141 0.289 0.617 - 0.318 0.154 0.282
Santo 0.001 0.000 0.000 0.000 - 0.307 0.270
East Gaua 0.031 0.003 0.000 0.047 0.000 - 0.044
West Gaua 0.000 0.000 0.000 0.010 0.000 0.241 -
Humarf
East Malakula - 0.034 0.076 0.021 0.072 0.107 0.113
Northwest Malakula 0.027 - 0.092 0.050 0.079 0.132 0.150
East Pentecost 0.000 0.000 - 0.033 0.150 0.148 0.188
West Pentecost 0.096 0.006 0.049 - 0.082 0.112 0.121
Santo 0.004 0.005 0.000 0.003 - 0.171 0.155
East Gaua 0.000 0.000 0.000 0.000 0.000 - 0.088
West Gaua 0.000 0.000 0.000 0.000 0.000 0.012 -

a P values are the proportion of permuted data sets that yididedsalues greater than the actual value with significant values in bold.
b Plasmodium falciparum genetic distances based on MSP-1 variation.
¢ Human genetic distances are from mtDNA control region haplotype frequency variation.

share a common parasite population indicating a ma- (Holloway, 200) that harbour parasites potentially
jor contribution of vector movement in malaria disper- spread diseases to islands with recently introduced
sal over short distances. Malaria dispersal via human vectors (e.g. dengue fever epidemics in Hawai'i). For
movement within islands is also expected, but may be example, in Queensland, Australia during October
minor among these genetically and linguistically iso- 2002 five people from three separate camping groups
lated populations. contractedPlasmodiumvivax malaria traced to an indi-
vidual who had contracted malaria in Indonesia during
2001 and had stayed in the same area a month earlier
4. Discussion (Hanna, personal communicatjorThese data high-
light the potential risks of disease epidemics resulting
During the approximately 3300 years of traditional from human movement and/or the passive transport
human movement into and within Remote Oceania, of insect vectors. On Aneityum, the southernmost is-
anophelines became established only as far East adand of Vanuatu we demonstrated that malaria could
Vanuatu. Analyses of Remote Oceanic human popula- be eradicated and maintained free of transmission for
tions suggest substantial gene fldwu et al., 20032, over a decade by chemotherapeutic and integrated
but this did not result in the transfer of anophelines be- vector control measures coupled with strong commu-
yond Vanuatu. Modern transportation and globaliza- nity commitment and importantly, malaria surveil-
tion however, have introduced vector species to previ- lance and treatment of all arriving visitors to prevent
ously virgin island populations making them vulnera- reintroduction of parasite&@neko et al., 2000
ble to malaria and other vector-borne diseases. Hence The analyses of our model island system indicate
17 non-indigenous mosquito species including five that both vector and human movement are important
anopheline species have become established on Guanfor malaria gene flow at different levels of geographic
and a number of mosquito species have also invadedisolation. On continents where human populations are
Hawai'i (n = 5), New Zealandi{ = 4), and Australia contiguous, malaria gene flow likely occurs between
(n = 4) (Lounibos, 2002 Global human movement adjacent populations via both human and vector move-
of returning vacationers or those seeking asylum ment. Modern global human movement is expected to
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increase the risk and rate of evolving drug resistance Grimes, J.E., Grimes, B. (Eds.), 1996. Ethnologue: Languages

by transporting diverse genetic strains among conti-
nents. Further studies to explore the contribution of

human and vector movement on malaria dispersal in-

cluding data from additional plasmodium loci and also
anopheles vector gene flow are currently underway.
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