
tacliment. T h e  l\resence of a m e t l ~ \  1 group in 
tliym~nt., ~n.;tead ot  a liyilroqcn atom 111 ura- 
ell, aprears to 1.e an  Important tactor tcor the 
~ s o l a t c ~ l  pair structure. 

\Y?c ha1.e i1emo11stratet-l the icas~l.illt\- of 
nondeatr~~ct lve  se iec t~on of Illass anil yeo- 
rnetr~cal confiqui-at1011 ~ ) f  both neutral a i d  
i~ega t~ \ye l~ -  chclrgeil polar complesei. 111 '1- 

O ~ O ~ T . ,  ~t 1:: ~ t t e i i  illfticult ti) i l~ i t ing~usl l  
lyet\veeil ~nti-i ixlc pi-i)perties ~ i l d  en\-iron- 

mental ettecti. T h e  proi l~~ct io l i  o t  supe r~on-  
~c lieam5 o t  .e\.eral ~ulmethylated DN.4 or 
RN;I 1:aiea as ~vel l  aa o t  some of t11e1r pairs 

,lllo\ved the espei- mental i leterm~nation of 
the geoilietrlel c > f  these pairs ailJ direct corn- 
panhon to quantum chemical ca1culatli)na. 
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Mating Patterns in Malaria Parasite PopuBations 
of Papeiia New Guinea 

W. Em b. Paul, M. J. Packer, M. Walrnsley, [Vim Bagsg, 
6. C. Wanford-Cartwright, R. Paru, K. P. Day* 

Description of the genetic structure of malaria parasite populatioris is central to an 
understanding of the spread of multiple-locus drug and vaccine resistance. The Plas- 
modium falciparum mating patterns from Madang, Papua New Guinea, where intense 
transmission of malaria occurs, are described here. A high degree of inbreeding occurs 
in the absence of detectable linkage disequilibrium. This contrasts with other studies, 
indicating that the genetic structure of malaria parasite populations is neither clonal nor 
panmictic but will vary according to the transmission characteristics of the region. 

s e x u a l  recombination, n ~ h ~ c h  1s an ol?ligate 
part i)t' the ma la r~a  Ilk cycle in the nliisqu~- 
to rector, I.; belle\-eil to play a s lgn i t l ca~~ t  
role 111 the gcncrat~c>n o t  parasite L1~vers i t~  
( I  ) ohscrl-eLi 111 11at~lral para5lti. popu la t io~~s  
(2-4).  i i l t l~ough  clo~-i;il 1~0p~tlat1011 t r u c -  
tures have 1~ee1-i pro~~osci l  fc)r other p;irasltlc 
protoma (5) a11d hactcricl (6, 7!, thvre arc 

F E L F a ~ i  ancl .<. P C;i  Il:'ellcone Cen-re icr :lie 
E:; cleniclcc~... cf In-ect o~ rs  C sease 9enal i7iei :  cf Zoo l~  
ogy U-11% ersik or Oxrcrd S~LI'-I Pa-KS Pcatl, Oxfo ti 
OX- 3FS IJK 
N J. F a c ~ e -  F.1 Lzgcg, R P;ILI Pzp~ra i\lei; G~ii-~e; 
-1st1:~:e c' Netl~cal Pesezr-cl-I, Post O t c e  Box 379. 

Iv';:l;ng, Fa j i~ ;  Nei; GL nea. 
I\:1. '<,!;lnse:., Depacmen: c- Eioloc~y, ii.;er ;I C o  ege 
Lo ic lcn  St!:': 266 IJK. 
L. C Rai'or-d-C;ri'!~r-~gl-~t, I -~s:~t~r:e of Cell. A-I 1-1; z i t i  
Fc j x  a-icn E ocgy D '  s o i  c- E c  ogc;l Sc ences, ?I -1i- 
s..e.sit:. c' Ed-~Is~irgi- EcIns~.-gli E-9 3 ~ -  L K .  

si~ntllctlng popl11atli)n genetic Ja ta  f c r  ma- 
l , ir~,i  (8) .  Liilkaee illseill~~ll1\rll~rnI analyser 
ha1.e bee11 u11ahle to resol\-c the extent to 
\\-hie11 tllc genetic structure of malaria par- 
asltc l ~ i ) p ~ ~ l a t l o n s  Lle\rlates from p a ~ ~ n l i s i a  
( 3 .  S. 9) .  T h e  11-iter~retatio1-i of sue11 anal- 
\-sc.; is eas~l\-  co~-ifi>~~ncie~i by the cholce of 
samyllnq scale ( 2 .  7 ,  1 c'), n'111cl1 111 tl1e cabe 
o t  malaria m ~ ~ s t  be defined 111 r c l a t~on  to the  
.;p;itlal hzterogc~-ieit\. of liaraslte trai-ismis- 
sion ~ \ . l t l ~ i ~ ~  a qi\.en e ~ ~ ~ i c n ~ ~ c  al-ei~ ( 2 ) .  

Llcas~~rcment  of 11ctcro:ygosity enables 
~ le t cc t i~o i~  of an\- cleviat~on from Ilardy- 
A ' c ~ n l ~ r g  c i lu i l i l~r i~~m,  \vhich 1s exlxcteil 
under ranilorn rnatll-ig co1-iclitio1-i.~. Pliiiinodi- 
liin i;tlciprtnirn 1s h a p l ~ i d  tor I I ILJS~  of L ~ S  life 
c\-clc except tor b r ~ c t  ycrik~il 111 the m ~ ~ s i l u ~ -  
to vector. Hetern:\-yos~ty can easily be dc- 
teitecl i1-i the ooc\-st n.lth qene a m p l ~ f i c a t ~ o ~ 1  

tecl~nlc~ues ( 1  1 ). Th~a 11te cycle stage rc51des 
111 the mosclu~to rn~dgut wall and iontalns 
the IlclPl~~~il  I ) r o J ~ ~ t ~  c ~ i  I I ~ ~ I O S L ~ .  Lcll\i~rdtc)ry 
esyyerlments have shown nn m a t ~ i ~ g  incorn- 
l~; i t~ l i i l~ ty  \pet\\ ecn ilitfei-ent pararlte geno- 
typc5 ( I .?) ,  so detection of oocyst lleterozy- 
qoslts- ihould LieLiend on  the ilr~lnher of \ I -  

multaneoualy 111tt.ct1o~1. genotypes per liu- 
ma11 11o.t clnil tlie keciinq beha\-~or o t  the 
a i ~ o ~ i h e l ~ i ~ e  \-cctix, Interrupte~i feedl~lg and 
c o n i e q ~ ~ e n t  .arnyl~i~g ot m ~ ~ l t i p l e  l~osts  I?\. the 
liicorqlllt(c vector may also contr~lwte  to the 
Ll~\-ei-slt\- i 7 f  parasite ge11i)tspes 111 the blood 
meal (1 J ) ,  althougl~ t h ~ a  contr~liution 1s ci)n- 
s~Je red  negllg~ble (2, 14). 

\Y?e have meaw~reil oocyst heterozjigosity 
and pattern5 i ~ t  genetic linltage Lliseilulllhri- 
LIIII 111 rara5ite polp~~lation. of rural hladang, 
o n  the ~ l o r t h  czla5t of Pap~l;i Nelv Guinea 
( P N G ) ,  \ \here ~ n t e i ~ a e ,  a l l -yea~ . - ro~~ i~d  
trali5mlqsloil i)f  malar~a o c c ~ ~ r s .  Parasite 
samples \vcre collected tircrn both 11~11naii 
re51clcnt. and l.li)od-t;.i-l m o ~ q u ~ t ~ ) c s  in three 
inland (Um~uil ,  Gau, and Sclh) and th1.e~ 
coaital (;igan, LJogia, anil Llaraga) villages 
\ 15)  ~vhere  ;1 f~vc io l J  tl~ifereiice 111 tran.m~i- 
sioil ha \  previo~~al\ .  I ~ e e i ~  r e p r t e d  ( I  6 ,  17) .  
Parah~te LTK.2; \v,s estracteJ anLl ,~mpl~fieii  
tor thrce l p o l y ~ ~ ~ i ~ r p l ~ i c  l o c ~ :  rni.ro;olt? sli~;tccce 
pi.otzins 1 ailJ 2 (L'ISP-1, LfSP-2) anLl tile 
:l~itrcmnt~-lick j)i.ottlril (GLL:RP), locateii on  
chr~7moaomes 9, 2, and 10, reapecti\,el~-, of 
ihe  1.t chromosomes of the l ~ a ~ ; l o ~ ~ l  gcnoilie 
(18 ) .  These l o c ~  \Yere ampl~fieil 1.1- pol\-- 
mzrahe c l i a ~ n  reactli)n (PCR)  techn1c~ue5, 
s~zeil, anil pri~l\t.d \\.lth a l le le- ipec~i~c prohes 
( 1  1 ,  19-21), 

Con.iiierallle a l le l~c  i l~vcrs~t \ -  \\-AS 011- 

ser\-eci in paraaite pc7pulations i ron  I:otli 
human I?lood a i d  mosquitoes (Fig. 1). 
Theri. 'ivere 14 alleles ident~flecl hr AISP-2, 
9 ,111eles tc~r MSP-I ,  anil 9 alleles tor 
GLL'RP In human 13100Ll samples. Tliere 
n.i.1-e 13  LISP-7 allele., S LISP-I allele., and 
7 GLL:RP alleles In the oocv.ts. cornpar- 
1 ~ 0 1 1  i)t allele trequenc~es of the liunlan and 
o~>iy ' t  para5~te po1:~~l;lt~olis a i t l l ~ i l  reg~011 
(ci)astal i ~ r  i ~ l l ~ ~ i l d )  was cai-rleL1 out ~nclcpen- 
clently t ~ ) r  e C ~ c h  ~ C ~ C L I ~ :  T h e  h ~ u n a n  para.lte 
r i ) p ~ ~ l a t l o ~ ~ s  n-ere s~g~-i~ficantl\-  iliffcrcnt 
troll1 t l ~ c  Oi)CyFt parasite popu la t io~~s  for 
XfSP-2 anil GLL'RP ( P  < 17.171) ( 2 2 ) .  hlo';- 
quito ;inil humal-i parasite populat1i)ns share 
111ost of the alleles, but they are fi)u11iI at  
verl- ,Iiffvrcl-it frcquc11clcs. Tl-ils s~~ggvsts  
that 1 1 ~ ~ t  all 111kct1o11s 111 the  11uma1-i popu- 
l a t ~ o n  lvcrc . ; i rnul ta~~co~~. ; l \ -  al-ici eiqually 111- 

kctlous.  Thv ~ u b t a n t ~ a l  i i if ircnce 111 pre\.- 
alenee of 1nfectio1-i in the l - i u m a ~ ~  (22  ~ L J  

2 9 ' " ~  i~~ la~- i i l ,  3S to 51% coastal) compared 
with the hlooil-fed m o s ~ l ~ ~ i t o  populatio11 
[ l o b  ( 2 2 ,  23)] prcsumal~ly r r c ~ d t j  fron1 this 
1-ariahlc i11fect1~~us11cs~ of tlie paraslte anii 
thv souric of the hloildnleal [ that IS, a111mal 
comliarcd TI -~ th  11uma11 (24)l .  

Heterozygoslty after hlooil-feed' L m e  re- 



quires multiple ~nfectlous genotypc in the 
human host. T h e  number of single-locus 
genet\-pea per 1:erson 1-ar~ed from one ~ L J  

three ani\ was not s~gnlf~cant l \ -  different 
bctn~cc1-i the coastal (1.9) and ~n lan i l  (1.73) 
v~llages \\-hen data for each locus were 
pooleil = 9.33 (25)l .  T h e  111ea1-i num- 
ber clepcnilcd or1 the locus use,i, reflcctinY 
its degree of yolymorpl-iism (Table 1). Tak- 
111g ~ n t o  account all three loci, 72?!o of the  
l-iuman population (96 of 133) hail multiple 
qenot\-pes, \vhercas only 15% of tllc oocl i t  
sample \\-ere 11ctero:ygou. 

Any dcl-iat1o1-i from random matlno \\ill 
procluce a lon.er than prcd~ctcd numher of 
heterozygote oocysts (26) .  For all loci, the 
number of hetcrozygotes ~vas  1% than that 
expected g ~ v c n  the allele freilucl-icy Jlst~-l-  
bution (Table 1 ) .  T h e  cstc11t to which 
there is i1cvlati~)l-i from ranelom matung is 
dcscr~bcd by W.Trightis coc f f~c~cn t  of 111- 

breedinp, f (27) .  F statlstlcs arc a set o t  tools 
to account for population s~ tbd i~ . l s~on  
(coastal anil 111lan~l) anil to o a r t i t i ~ ~ n  any 
ol.cr\rcLi h e t c r o r ~ . o t e  ilcflclt appropr~atc l~-  
(28) .  T h e  F .qtatlstlcs n-ere cvaluateil by 
using the  three-locus senotype for the a m -  
pled oocyst Liatc~ (22).  yicliling an  FIS o t  
9.915 [9goh contldcncc interval (CI )  of 
2.835 to 9.9661, ~v111cl-i IS .~ignificantly Jif- 
ferent from zero ( P  < 0.2021) (29)  and 

Fragment size (base pa i rs )  

Fig. 1. The frequency distribut~on of alleles of 
three polyrnorph~c P. falopa,-UI:? loc t i  hulnan and 
~mosqu~to loocyst) paras~te ,oop~~!aiions: (A: 
ll.4SP-2 Ihurnan. r: = 221 , ( $ 1  ll.4SP-2 oocyst, IJ = 

123: iCi /'ASP! human. n = 142; !D: !ASP-1 oo- 
cyst, 17 = 73: IE) GLURP human. /7 = 1 1  6 :  and (Fj 
GLURP oocyst, n = 82. Sarnpes from the coastal 
and Inland villages are colnbned, although tliey 
~vere analyzed separately. The legend designa- 
iiolis refer to the allele-spec~f~c probes used for 
M S P  ! ano MSP-2. 

m a t ~ n g  at the human population level. 
A ~ecoi-id approach to assess the  nlatmg 

structure of a pokiu1at1o1-i is by inference 
from nonrar-i,iom asoc la t~ons  b e t ~ ~ e e n  
ph\;sically unlinked l o c ~ :  Ilnkage dlscilulllb- 
rlum. This has lieen the standard measure to 
iiecrlbe the l.opulatloi~ genetics of a num- 
her of microorgan~sms (7. 9 ,  12). L~nkage 
~ l~scqu l l~br ium can occur for 111a11y ccologi- 
cal and evolut~onary reasol-is (3i?), inclucli~~g 
nonrandom mating. For the h ~ ~ m a n  parasite 
r o p ~ ~ l a t ~ o ~ ~ ,  the eslstence of linkage Jis- 
e~ lu i l~ l i r i~un~  lietn-een p a i r  of locl was as- 
sessed n-ithln each region l ~ y  usll-ig only 
sunglc-genotype unfectiol-is (31 ). There \\as 
110 I l n k a c  diseq~ui l lhr~~~rn liet~vccn any of 
the l o c ~  111 either rqlo1-i ( P  > 0.1)  (22) .  For 
tllc oocyst data, a11aly:cd as coastal or in- 
land p o p ~ ~ l a t ~ o n s .  110 linkage discquilibria 
n-ere observcil, each loc~ts hclng ~ndcpcn-  
dent of the  others (P > 2.1)  (22) .  Thu ,  
analysis of the raraslte in c ~ t h e r  host a t  
illfferent spatial s c a l e  revealed 110 linkage 
di.qcil~til~brlum. T h e  apparent lack of link- 
age L l i s c i l ~ i l ~ b r i ~ ~ ~ l  ancl the  occurrence of 
nc>nranilom lllatlnq means that there was 
s u f t ~ c ~ e n t  o ~ ~ t b r c e ~ i i n g  to cll.rupt an\. 11nk- 
age diseciuilihria (32) .  T h i  observation in- 
cl~cates that a reconslderat~on k ~ f  the co1-i- 
clusion of pa11mlsia may he ~varrantcil wit11 

Table 1. Number of Iiuniali !iosis witli s~ng!e or 
n?utip!e paraste genorypes. The va!i~es for a !OCI 

ind~cate tlie n i i ' i im~~m n~llnber of genotypes per 
person. 

Nuniber of liuma'i 
liosis Ih1tn one. t v~o ,  or 

Nuniber three paras~te 
of alleles genotypes 

One Two Thr-ee 

/!ASP-2 14 49 74 -- 7 
I '~ !~SP- ! 9 i ;  25 J 

GLURP 9 97 1 1  1 
All O C I  37 83 13 

Table 2. Compal.ison of the obsewed and :he 
expected tiumber of heierozygote oocysts. The 
expected heterozygote number was calculated 
from oocyst allele frequelicies wlili i l ie assump- 
t ~ o n  of paliniix~a iF~g 1). Allele classes ~vere 
pooled where necessaiy to acheve su~table sani- 
ple sizes for analyss (allele number: MSP-2, 10: 
?ASP- 1 .  6; GLURP. 5). 

Obserled Expected 

ioccls Homo- Heiero- Hetero- 
zygote zygote zygote X' 
oocysts oocysts oocysts 

l1/jSp-2 55 9 54' 24C 
!ASP 7 33 1 30* 121 
GLURP 4C 1 29* 92 

'0 < 0 01 
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respect to p r c ~ ~ i o u s  pol>~~lat lon genctlc anal- 
yses of Gambian parasite populations (3 )  

T11c 11iql-i rdte of u-ihreccling observed in 
PKG parasite populations 1 ~ : ~ s  prcdlctcd by 
sex allocdtlon tlleory. .q female sex ratlo 
l71as o t  ~n tcc t~ous ,  sexual stages (gamcto- 
cytes) has Ixcn  olxcr\-cd in rarasltes from 
PKG, a h i c l ~  is consistent \vlth m ~ n ~ m a l  
local Inate competition (33). T h e  espcrl- 
m c ~ ~ t a l  corrol.oratlon of t h ~ s  theoret~cal 
prcd~ction suggets that measurement of ga- 
metoc\.te ses ratlos ma\- be a uscf~tl indlca- 
tor of the genetic structure of ~ l l a l a r~a l  pop- 
ulatiolls in Jlffercnt endcmlc areas. 

It is not altogether surprlslng that para- 
1 tcs  that cxlst 111 a subcllv~dccl hal~ltat  (llu- 
man host3) have restricted hreciling ~:ar tncr .  
In fact, even 1~~1t1-ii1-i humans, limlted overlap 
of the infcctlou periods of different 17araite 
g e ~ ~ o t ~ ~ : e ~ ~ l ~ g h t  retrlct  outcrossing, .A high 
rate ot  inbrccJmg ma\- l ~ c  cspected g11.cn 
that the n~ull~bcr of lmrasitc a l le le  ner locus 
per person varies only I~ctwccn ~ J n e  and 
three. Therefore, n - ~ t h  our human parasite 

data (Table 1 ), the numl~er  of h o m o ~ ~ g o ~ ~ s  
oocysts can be c s t~mate~ l  as 62.390 (34) .  T h e  
ol:servcd proportion of oocyst  that xerc  110- 

mo:yqotes n-as SSUri. .qltho~tgh only qual~ta-  
t1I.e. the nurnher of l~etcrozygou oocyst es-  
pected from the ditril?utlnn of qenotypes in 
the human populatiL)n \vas l c s  than that 
founcl, suggesting [that multiple ~nfections 
may not glvc rise tc) eclual prol3al~ll1ties of 
selfing or cross ln~,  because a11 genotype> ,Ire 
11ot cimultancously o r  ec1lua11y in fcc t~ou .  
T h ~ s  contrasts i v ~ t l ~  the result ollta~ncd from 
a nreilict~ve model that ~lseil the Tan:anian 
data, ~ \~ l i i ch  impl~eil that all gellotylics iverc 
simultaneously intcctious ( 4 ,  35).  T11is lack 
of i)verlar. in i n k e t ~ o u s n c . ~ ~  nlav lie ~iurelv a 

, L .  

con3equence ot  thc d\-nam~cs k ~ t '  tlie human 
host ~ m m u n c  resl~ol-isc to polymorpl~~c para- 
.-~tc antigens of virrlous l ~ f e  cyclc s tqcs .  

.%I oocyst stuciy 111 Tanrania ( 4 ) ,  which 
~1,jecl comparal3le tecl~ni~lues  hut a il~ffcrcnt 
sampl~ng stratccv (?6 ) ,  concluded that mat- 
lne \vas ranLlom. Ho\vc~.cr, population ue- 
netic analysis o t  this study >hon.eil that 
there \vas a s l q n ~ t ~ c a n t  ~nhrcc~lil-ig cocftl- 
cient (F,, = 2.33) (35), alhclt l c s  than 111 

PKG (F,; = 0.915). Thl i  cliftercnce 111 

1-rceil~np structure, a'; meaurcL1 by F,,, is 
cxp l~ca l~ lc  by compariscin i l t '  the in tcns~ty ot 
malaria t r a n s r n i ~ s ~ ~ ~ n  in the tnio endemic 
areas (23) .  A trans~~lission i n t c n s ~ t ~ -  111 Tan-  
zania li7-folil that 111 PKG results in Illore 
lparasltc gcnot\-pe ycr person (3.2 corn- 
pared 1 ~ 1 t h  1.8) c~ni l  c i in icq~~ent l \ -  higher 
rates of o ~ ~ c y s t  hctcro:\~gc>sity. Thus, thc 
q e n e t ~ c  structure elf 11lalarid pi?pulations \v111 
he ~ l e t e r n ~ ~ n c ~ l  by the n ~ ~ m b c r  of i ~ l f e c t ~ o ~ ~ s  
genotvpe.; per hu111an host, a .h~ch  appears 
to he ,I ti111ct1011 of transmis.;~on inteniit.;. 
Ho\vever, t l ~ c  ~nabili ty tcl detect Lliiferenccs 
111 the nrtrnlxr of genotypes per hul-ildn h o t  
111 coastal and 1111and rcgii~l-is 111 PNG, 



where there IS a fivefold d~fference in trans- 
miss~on intens~ty, suggests that t h ~ s  relation 
may be nonlinear. 

Geographical variation in the  extent  of 
inbreeding may have consequences for the  
success of p t e n t i a l  global malaria control 
strategies. Mathematical models have 
demonstrated a n  effect of recombination 
and the  degree of outbreeding o n  the  de- 
velopment of multiple-drug resistance 
with reference to  their use as mixtures or 
sequentially: inbreeding may accelerate 
the  build-up of drug resistance ( 3 7 ) .  O n e  
would expect variability in  the  evol~l t ion 
of multilocus phenotypes such as virulence 
and drug and polyvalent vaccine resis- 
tance to  occur in  places of differing ma- 
laria transmission characterist~cs nurely as 

& ,  

a result of parasite mating patterns. T h e  
relativelv s lo~v  snread of chlorouuine resis- 
tance in Tanzania ( 3 8 )  compared with 
P N G  (16) lends weight to  this prediction, 
as high degrees of inbreeding may acceler- 
a te  the  snread of multilocus drug resis- 
tance (37) .  Furthermore, inbreeding rates 
may influence the  rate of development of 
any strain-specific component of immuni- 
ty, if strains are defined by m u l t i l o c ~ ~ s  
variant surface antigen genotypes as pro- 
posed by Gupta  and Day (39) .  
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