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SUMMARY

Currently, annual mass treatments with albendazole (ABZ) plus ivermectin (IVM) or diethylcarbamazine (DEC) are

administered under theGlobal Programme to Eliminate Lymphatic Filariasis (GPELF).Drug resistance against bothABZ

and IVM is prevalent in nematodes of veterinary importance, raising awareness that if anthelmintic resistance were to

develop among Wuchereria bancrofti populations, this would jeopardize GPELF’s goals. Genetic structure was incor-

porated into an existing transmission dynamics model for lymphatic filariasis (LF) to investigate the potential development

of concurrent resistance to ABZ and IVM. The resultant models explore the impact of different inheritance modes of

resistance to ABZ and IVMon the likely risk of treatment failure under ourmodel assumptions. Results indicate that under

ABZ+IVM combination, selection for resistance to one drug is enhanced if resistance to the other drug is already present.

Excess parasite homozygosity may increase selection for dominant IVM resistance via enhancing the frequency of recessive

ABZ resistance. The model predicts that if multiple resistance genes are associated with different efficacy properties of a

drug combination, then examining changes at single loci may be misleading. Sampling schemes in genetic epidemiological

surveys investigating the frequency of an allele under selection should consider host age, as individuals of different agesmay

acquire parasites at different rates.

Key words: Wuchereria bancrofti, drug resistance, multi-drug resistance, mathematical modelling, population genetics,

albendazole, ivermectin.

INTRODUCTION

Lymphatic filariasis (LF) is a parasitic disease caused

by the infection with one or several of a group of

filarial nematodes dwelling in the lymph system and

being transmitted by mosquito vectors. Recently,

revised figures estimate that LF is endemic in 83

countries and that 119 million people are infected

worldwide. LF is a major cause of morbidity, with

the loss of 4.6 million DALYs (disability-adjusted

life years) (Remme et al. 2006), severely affecting

socio-economic development in endemic areas

(Ramaiah et al. 1999; Zagaria and Savioli, 2002).

The Global Programme to Eliminate Lymphatic

Filariasis (GPELF), launched in 2000, involves

community-wide annual treatment with the broad-

spectrum anthelmintic albendazole (ABZ) in

combination with ivermectin (IVM) or diethylcar-

bamazine (DEC). The combination chosen depends

on whether or not human onchocerciasis is co-

endemic (Maher and Ottesen, 2000; Ottesen, 2000,

2002; Dean, 2002; Zagaria and Savioli, 2002).

Resistance to both benzimidazoles (including

ABZ) andmacrocyclic lactones (MLs, to which IVM

belongs), has been documented in many parasitic

nematodes affecting livestock (Prichard et al. 1980;

Prichard, 1990; Wolstenholme et al. 2004), sug-

gesting that the possibility of resistance developing in

lymphatic filariae of humans should not be dis-

missed. There have been some reports of tolerance to

DEC by filarial parasites (Eberhard et al. 1988,

1991), and we have shown that a polymorphism,

known to be associated with benzimidazole resist-

ance in veterinary parasites, is present in West

African populations of Wuchereria bancrofti (see

Schwab et al. 2005). ABZ resistance is known to be

associated with selection on b-tubulin and is thought

to be recessive in most helminths of veterinary im-

portance (Elard andHumbert, 1999; Prichard, 2001;

Silvestre and Cabaret, 2002).
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Schwab et al. (2006) incorporated population

genetics into the deterministic mathematical model

EPIFIL, which examines the population dynamics

of W. bancrofti (see Chan et al. 1998, 1999; Norman

et al. 2000), with the aim of investigating the impact

of mass drug administration (MDA) on the devel-

opment of ABZ resistance in the absence of resist-

ance to either DEC or IVM. The model suggested

that if 10 annual treatments with ABZ+DEC were

applied, this would lead to a 5-fold increase in a

(homozygous) ABZ resistant genotype, whereas, in

the case of the ABZ+IVM combination, the increase

in ABZ resistance would be less pronounced.

Recently, it has been documented that in areas of

Ghana endemic for the related filarial nematode

Onchocerca volvulus, in which humans have been

treated more than 9 times with IVM, some infected

individuals exhibit a suboptimal response phenotype

and experience a faster recovery of microfilaridermia

after treatment than normal responders (Awadzi et al.

2004a, b). Whether this phenotype is associated with

genetic changes indicative of selection under IVM

pressure has not yet been ascertained. However,

there is genetic evidence that selection by IVM

treatment may indeed be occurring in O. volvulus

populations. Significant differences in allele fre-

quencies between worms obtained from untreated

and IVM-treated human populations were found for

b-tubulin, P-glycoprotein and other ABC trans-

porter genes (Eng and Prichard, 2005; Ardelli and

Prichard, 2004; Ardelli et al. 2005, 2006a, b ; Eng

et al. 2006).

In Haemonchus contortus, the barber’s pole worm

of small ruminants, more than one gene appears to be

under selection by repeated treatments with IVM or

other MLs (Blackhall et al. 1998a, b ; Prichard,

2005). Although previous reports had concluded that

IVM resistance in H. contortus was a monogenic

trait (Le Jambre et al. 2000), more recent evidence,

based on the responses of field isolates of resistant

H. contortus and Trichostrongylus colubriformis to

MLs, suggests that ML resistance is likely to be

polygenic (Le Jambre et al. 2005). The results of a

mathematical model investigating anthelmintic re-

sistance in sheep parasites examined concurrent

selection by more than one drug upon multiple

resistance genes, and concluded that under the

assumption of linkage equilibrium, resistance is

selected more slowly when it is polygenic rather than

monogenic (Barnes et al. 1995).

Little is known about the relative dominance of

alleles conferring ML resistance in parasitic nema-

todes. Mathematical models have demonstrated

how the mode of inheritance of drug resistance has a

large impact on its selection, with dominant traits

being selected more rapidly (Barnes et al. 1995). In

H. contortus, in particular, it has been speculated that

IVM resistance is a completely dominant trait

(Le Jambre et al. 2000; Barnes et al. 2001), whereas

Le Jambre et al. (2005) have suggested that resistance

to moxidectin and abamectin, also members of the

ML family, are semi-recessive and semi-dominant,

respectively. Another study has shown that the mode

of inheritance of ML resistance to moxidectin in

Teladorsagia circumcincta may be semi-dominant or

recessive (Sutherland et al. 2002).

In this paper, we expand our previous work

(Schwab et al. 2006) to include the possibility of

concurrent selection for resistance to ABZ and IVM

in W. bancrofti. We have chosen to consider resist-

ance to IVM and not to DEC, because, unlike

the many cases of IVM resistance in veterinary

nematodes, resistance against DEC has not been

unequivocally demonstrated to date.

DEVELOPMENT OF THE MODEL

Population dynamics

The model described in this paper is based on

EPIFIL (Chan et al. 1999; Norman et al. 2000), into

which genetic structure was incorporated by Schwab

et al. (2006), where all equations and parameters for

EPIFIL may be found. Since EPIFIL was initially

parameterized for the locality of Pondicherry, India,

where age-specific microfilarial infection profiles

peak in young humans, the model assumes some

degree of protective immunity against incoming in-

fective larvae. This conjecture has been maintained

in the work presented here. Parameters determining

the intensity of transmission and the particular epi-

demiology in the model are such that the annual

biting rate (by Culex quinquefasciatus) is y70000

bites per person per year, the annual transmission

potential is 940 third-stage larvae per person per

year, the mean microfilaraemia is 0.85 per 20 ml of
blood, and the prevalence of microfilarial infection is

8% prior to the introduction of chemotherapy, based

on the EPIFIL model (Norman et al. 2000).

Population genetics

Analysis of patients from villages in Burkina Faso,

prior to the introduction of anti-LF chemotherapy,

indicated that the b-tubulin genotype distribution

of W. bancrofti microfilariae deviates from the

Hardy-Weinberg equilibrium (Schwab et al. 2005).

The non-random mating of W. bancrofti causes a

deficiency in the proportion of heterozygote off-

spring, which can be described using Wright’s in-

breeding F-statistic (Wright, 1951). W. bancrofti

from the untreated population in Burkina Faso was

shown to have an overall inbreeding coefficient of

FIT=0.44 (Churcher, 2006). A detailed description

of this calculation and a discussion of the possible

mechanisms generating homozygosity inW.bancrofti

will be presented elsewhere. Throughout this paper,
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and unless otherwise stated, the genotype distri-

bution for microfilariae shall be altered to account for

this degree of non-random mating (see Tables B.1.

and C.1 of Appendices B and C), as was done in the

previous study (Schwab et al. 2006).

We have assumed that there are no costs or trade-

offs associated with the resistance alleles (i.e., re-

sistant and susceptible W. bancrofti have identical

fitness prior to the introduction of chemotherapy).

We have also assumed that resistance to ABZ is as-

sociated with a single autosomal locus with 2 alleles,

with the resistance allele being recessive. IVM re-

sistance was assumed to be associated with either 1

autosomal locus with 2 alleles (i.e., to be monogenic),

or with 2 autosomal loci with 2 alleles each (i.e., to be

polygenic). In the default setting, IVM resistance

was assumed to be dominant, but this assumption

was later relaxed in order to explore the influence

of different modes of inheritance, ranging from a

fully dominant to a fully recessive trait. Unless

otherwise stated, the initial frequencies of the ABZ

and IVM resistance alleles were (respectively) set

to 0.2 (based on Schwab et al. 2005) and 0.05

(loosely based on polymorph/allele frequencies ob-

served in O. volvulus ; Eng and Prichard, 2005;

Eng et al. 2006). In order to test the sensitivity of

model outcomes to assuming lower initial values,

we also conducted simulations using 0.02 for

both putative ABZ and IVM resistance allele fre-

quencies.

Monogenic ivermectin resistance

When ABZ and IVM resistances were both con-

sidered and each was assumed to be monogenic,

each of the EPIFIL equations for adult worms,

microfilariae and infective larvae populations, was

written to represent parasites which were either:

(i) drug sensitive for both drugs; (ii) ABZ-sensitive

and IVM-resistant; (iii) ABZ-resistant and IVM-

sensitive, or (iv) resistant to both drugs. It is thought

that ABZ and IVM resistance may both involve the

b-tubulin gene (Prichard, 2001; Eng and Prichard,

2005; Eng et al. 2006), such that there is a chance

that the loci conferring ABZ and IVM resistance

may be completely or partially linked. Various de-

grees of dominance of IVM resistance and linkage,

with recessive ABZ resistance, were considered by

altering assumptions regarding drug efficacy and

the degree of recombination between ABZ and

IVM resistance loci (full equations are given in

Appendices A and B).

Polygenic ivermectin resistance

For the situation in which IVM resistance would be

conferred by 2 loci, we assumed that one of these

loci is completely linked to ABZ resistance (i.e., no

recombination between loci), as would be the case

if both ABZ and IVM resistance were to involve

b-tubulin. The other IVM resistance locus was

assumed to be unlinked (e.g., involving a P-glyco-

protein or another gene), resulting in worm popu-

lations with 30 possible genotype combinations. We

considered 3 different scenarios: (1) one IVM re-

sistance locus was responsible for IVM resistance in

adult nematodes and a second locus for IVM resist-

ance in microfilariae, as may be the case if adults and

microfilariae have different resistance mechanisms, a

scenario which may be consistent with the differ-

ences in the responses of adult worms and micro-

filariae to IVM; (2) neither locus on its own led to

IVM resistance, but selection on both loci together

was required for resistance, which will occur if gen-

etic change at both loci is required for the resistance

mechanism to be functional ; and (3) one locus con-

ferred resistance in all microfilariae and 70% of

adults, and a second locus conferred resistance in the

remaining 30% of adults, suggesting that one mech-

anism of resistance protects all microfilariae andmost

adults, and that a second mechanism has developed

in the adult worms that survive treatment. This

scenario may again, in part, reflect differences in the

responses of macrofilariae and microfilariae to IVM.

Linkage equilibrium was assumed between the 2

IVM loci.

Treatment-related parameters

Once the model is run to equilibrium, and unless

otherwise stated, MDA with the ABZ+IVM com-

bination starts in year 1 and proceeds annually for 10

years uninterruptedly. (Although the main strategy

of GPELF is based on a programme duration of

5 years in each endemic area, doubts have been raised

as to whether this would be enough to attain intended

goals in all regions (Michael et al. 2004).) In order to

reflect therapeutic coverage (set at a default level of

85% of the total population), treated and untreated

parasite populations were modelled separately.

At the point of transmission, the contributions of

each population of infective larvae, from treated and

untreated people, respectively (depending on cover-

age level), were introduced into the equations for

adult worms. Due to the constraints imposed by a

deterministic model which considers population

averages, and to reflect that often the same in-

dividuals fail to comply with treatment in successive

years, the model assumes that the same section of

the host population is treated at each round. After

cessation of chemotherapy, no further treatments

take place, but the model is run for 10 more years.

Model outputs regarding microfilarial genotype

frequencies (expressed as percentages) and host

microfilaraemia (expressed as microfilariae per

20 ml of blood) are shown up to years 15 and 20,

respectively.
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Assumptions on drug efficacy were based on those

made by Michael et al. (2004) and other published

drug trials (Addiss et al. 1997; Ismail et al. 1998;

Dunyo et al. 2000) and have been summarized in

Table 1. Treatment was modelled as instantaneous

reductions in adult worms (macrofilaricidal effect),

microfilarial populations (microfilaricidal effect), or

female worm reproduction rate (sterilizing effect) by

the percentage efficacy given in Table 1. Following

chemotherapy, sterilized females did not resume

microfilarial production for a period of time specified

for each drug.Model outcomes in this paper examine

the effect, during and up to 5 years after the cessation

of MDA, of 10 annual treatments on the genotype

distribution of the microfilariae (the stage more

feasibly sampled for genetic analyses), and up to

10 years after the cessation of MDA on the mean

microfilaraemia.

All equations for the models explored are given

in Appendices A–C and Tables B.1 and C.1.

Model code was written using the JSim numerical

integration software, available from http://nsr.

bioeng.washington.edu/PLN/Members/butterw/

JSIMDOC1.6/JSim_Home.stx/view. Differential

equations were solved using the Euler method

(Edwards and Penney, 1989). Prior to the initiation

of control perturbations, W. bancrofti populations

were assumed to be at endemic equilibrium, as it has

been ascertained that prevalences of infection in

areas of Burkina Faso have remained relatively stable

for at least 30 years (Gyapong et al. 2002).

RESULTS

MONOGENIC IVERMECTIN RESISTANCE

Influence of parasite inbreeding

Model outputs indicate that parasite non-random

mating (which results in increased offspring homo-

zygosity) increases the projected rate at which ABZ

and IVM-resistant genotypes would spread

throughout the genome of W. bancrofti. Increased

microfilarial homozygosity (as reflected by the value

of FIT) increases the frequency of the dominant

IVM-resistant genotypes during MDA. For

FIT=0.44 (the value of homozygosity observed in

Burkina Faso), the frequency of IVM-resistant

genotypes in year 10 (63%) is 8 times higher than that

prior to the initiation of control (8%), whereas for

FIT=0 (no excess homozygosity), the frequency in

year 10 is 6 times as high (Fig. 1A). If initial allele

frequencies are assumed to be lower (0.02 for both

ABZ and IVM), the frequency of IVM-resistant

microfilariae would increase 17-fold (from 3% to

51%) when FIT=0.44, but only about 6-fold (from

4% to 24%) if random mating is assumed. It is

important to note that this increase only occurs in

the presence of ABZ resistance. At the cessation of

treatment, the percentage of microfilarial genotypes

resistant to both ABZ and IVM would have in-

creased to 52% in the case of FIT=0.44 as opposed to

8% when FIT=0 and parasite mating is random

(Fig. 1B). The higher frequency of resistant geno-

types caused by parasite non-random mating is re-

flected in higher levels of microfilaraemia,

particularly after 5 years of MDA (Fig. 1C).

Concurrent development of ABZ and IVM resistance

Model outputs indicate that when the initial fre-

quencies of the ABZ and IVM resistance alleles is 0.2

and 0.05, respectively, MDA with ABZ+IVM

would increase the frequency of microfilarial geno-

types resistant to both drugs from under 1% prior to

control to 52% at its cessation (Fig. 2A), or to 40%

when initial resistance allele frequency to both drugs

is 0.02. The presence of IVM resistance increases the

rate of ABZ resistance development. In the absence

of IVM resistance, the frequency of ABZ-resistant

homozygotes only increases from 12% at year 0 to

14% at year 10, and to 40% 5 years after haltingMDA

(Schwab et al. 2006). If the IVM resistance gene is

present at an initial allele frequency of 0.05, the fre-

quency of ABZ-resistant homozygotes would reach

57% and 70%, following the same treatment schedule

at years 10 and 15, respectively (Fig. 2A). If the in-

itial resistance allele frequency, in relation to both

drugs, is 0.02, the frequency of the ABZ-resistant

homozygotes would reach 39% and 54% at years 10

and 15, respectively. The rate of IVM resistance

spread is similarly affected by the concurrent selec-

tion for the ABZ-resistant genotype (results not

shown). The presence of IVM resistance would also

increase the average microfilaraemia relative to that

with no resistance, and this is particularly marked

after 5 rounds of MDA (Fig. 2B).

Table 1. Efficacy assumptions for ABZ+IVM treatment on drug-susceptible (adapted from Michael et al.

2004) and drug-resistant Wuchereria bancrofti

Effect
ABZ-susceptible
IVM-susceptible

ABZ-resistant
IVM-susceptible

ABZ-susceptible
IVM-resistant

ABZ-resistant
IVM-resistant

Months without reproduction 9 9 9 0
% Adults killed 35 10 25 0
% Microfilariae killed 99 99 10 0
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The frequency of resistant genotypes, following

the cessation of treatment, increased with the num-

ber of years of annual MDA treatment. Fifteen years

after the commencement of treatment, the fre-

quencies of microfilariae resistant to both ABZ and

IVM were estimated to be 20%, 40% and 65%, after
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Fig. 1. The effect of increasing levels of parasite inbreeding (i.e., increased homozygosity) as measured by Wright’s

F-statistic, FIT, on the development of anthelmintic-resistant Wuchereria bancrofti, during 10 annual treatments at 85%

therapeutic coverage with the ABZ+IVM combination, and after 5 (genotype frequency) or 10 years (microfilaraemia)

following cessation of mass drug administration (MDA). The initial ABZ and IVM resistance allele frequencies were

set, respectively, at 0.2 and 0.05. IVM resistance is assumed to be a fully dominant trait. (A) The average frequency

(expressed as percentage) of IVM-resistant microfilarial genotypes; (B) the average frequency (%) of microfilarial

genotypes resistant to both ABZ and IVM, and (C) the mean microfilaraemia per 20 ml of blood in the human host

population, with chemotherapy starting in year 1.
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5, 7 and 10 years of MDA (combination treatment),

respectively. The same trend was observed with the

lower initial allele frequencies (results not shown).

Age-specific profiles of ABZ and IVM-resistant

genotypes

The proportion of resistant microfilariae that a host

harbours will depend on the age of the host and the

time since the start of chemotherapy. Fig. 3 indicates

that, in a treatment programme of 10 years duration

and following the onset of MDA, the proportion of

resistant genotypes will be highest in the youngest

hosts, and this is particularly marked 5 and 10 years

into the programme. The peak resistant genotype

frequency shifts towards older ages (teenagers and

young adults) 5 and 10 years after the cessation of

treatment, whilst the frequency in children starts

returning to that in the overall population. Hosts

which were young at the start of chemotherapy

continue to have a higher than average number of

resistant parasites for a number of years after treat-

ment ceases, and this result reflects the assumption of

acquired protective immunity as a function of

established worm burden embedded in EPIFIL.

The same effect was observed with the lower initial

allele frequencies.

Variable ivermectin resistance dominance

The default parameters of the model assume that the

IVM resistance allele is fully dominant. However,

although it is generally believed that the ABZ re-

sistance allele will be recessive (benzimidazole

resistance has been found to be recessive in nema-

todes of non-human animals), it is still unclear how

IVM resistance would be inherited. We examined

the effect of varying the degree of dominance of

the IVM resistance allele. Results (not shown) indi-

cate that varying the dominance of IVM resistance

has a small impact on ABZ resistance. The frequency

of the ABZ-resistant genotype is marginally higher

if the IVM resistance allele is recessive (74.5%

5 years after the cessation of treatment) than if it is

dominant (71.2%). As may be expected, the fre-

quency of the IVM-resistant genotype increases with

the dominance of IVM resistance. Projected host

microfilaraemia, after 10 years of chemotherapy,

will be slightly higher if the IVM resistance

gene is recessive. However, this increase is relatively

minor (0.198 microfilariae per 20 ml of blood after

treatment if IVM resistance is recessive vs 0.184

microfilariae per 20 ml of blood if it is dominant).

Dominance of IVM resistance has the same impact

at the lower initial allele frequencies of 0.02 for

both drugs.

Dependence of selection on linkage

In the monogenic IVM resistance model, the rate of

increase in the frequency of resistant genotypes was

relatively insensitive to whether the loci conferring

ABZ and IVM resistance were unlinked, partially

linked, or fully linked, as long as prior to the intro-

duction of chemotherapy, the resistance loci were in

random association within the parasite genome

(i.e., genotypes were at linkage equilibrium, outputs

not shown). However, if both loci were 100% linked

(i.e., no recombination occurs between the 2 loci at

meiosis), the result of selection would be affected by

the number of chromosomes in the W. bancrofti

population bearing only IVM resistance or both ABZ

and IVM resistance before the start of treatment

(initial linkage disequilibrium). If the (linked) alleles

conferring ABZ and IVM resistance were assumed

to be always on the opposite strands of a chromosome

(high initial linkage disequilibrium with discordant

alleles), theABZand IVM-resistant genotypeswould

be less frequent in the population after treatment

than would be the case if they were initially at linkage

equilibrium. The highest frequency of resistant

genotypes would result from initially high linkage

disequilibrium when both ABZ and IVM resist-

ance alleles are located on the same chromosome

(concordant alleles). These results are illustrated in

Fig. 4. The effect of linkage was the same when the

lower initial frequencies were assumed (data not

shown).

POLYGENIC IVERMECTIN RESISTANCE

The rate of increase of IVM resistance will be higher

if it is inherited as a single gene rather than as a

2-gene system, although the difference will depend

on the initial allele frequencies and the selective

advantage that the different IVM resistance genes
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Fig. 3. Host age-specific profiles of the proportion of

microfilariae which are resistant to ABZ and IVM, 5, 10,

15 and 20 years after commencement of 10 annual rounds

of MDA with ABZ+IVM with 85% therapeutic

coverage. Initial ABZ and IVM resistance allele

frequencies, were 0.2 and 0.05, respectively, with

FIT=0.44.

A. E. Schwab and others 1030

https://doi.org/10.1017/S0031182007002363 Published online by Cambridge University Press

https://doi.org/10.1017/S0031182007002363


confer individually. If 2 genes are both required for

complete IVM resistance and individually they do

not confer any resistance, the development of re-

sistance will be delayed if the resistance alleles are at a

low initial frequency. However, the development of

monogenic and polygenic IVM resistance is rela-

tively similar at higher initial allele frequencies, as

a high proportion of worms will already have

both IVM resistance genes (Fig. 5). Results also in-

dicate that the development of polygenic IVM re-

sistance will be influenced by the life-cycle stage of

the parasite at which resistance is manifested. If one

gene conferred IVM resistance to microfilariae (im-

peding microfilaricidal effects) and the other gene

conferred resistance to all adult worms (preventing

macrofilaricidal or anti-fecundity effects in 100%

of the worms), treatment failure, under our model

assumptions, would develop more rapidly than

would be the case if the first gene was, for instance,

responsible for both microfilarial resistance and

resistance in 70% of adults, and the second gene

conferred resistance to the remaining 30% of the

macrofilariae. These conclusions were the same

when the lower initial allele frequencies were as-

sumed.

DISCUSSION

Combination therapy with 2 anthelmintics will in-

fluence the rates of development of single and multi-

drug-resistant parasites according to the efficacies of

the drugs (in combination and individually) and the

underlying genetics conferring resistance. Due to

the many uncertainties regarding the population

dynamics of the parasite (e.g., operation of acquired

protective immunity) and the inheritance of IVM

resistance (e.g., whether it is dominant), among

others, the results of this study provide qualitative

insight (rather than quantitative predictions) into
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how assumptions regarding the genetics of IVM

resistance may influence the development of drug

resistance in W. bancrofti under a combination

treatment with ABZ+IVM.

The models highlight a number of results which

may be of interest to those investigating the possi-

bility of resistance developing, following prolonged

co-administration of 2 anthelmintics. One salient

prediction was the peak and subsequent temporary

decline in the proportion of microfilariae resistant to

IVM following the first round of chemotherapy.

Results suggest that molecular epidemiological sur-

veys conducted in the first 3 years of treatment might

conclude that the genes conferring drug resistance

had negative pleiotropic effects, therefore reducing

the chance that IVM resistance will impede parasite

elimination. However, the model indicates that the

decline in microfilariae resistant to IVM may mask

an increase in the number of adult worms resistant to

both ABZ and IVM. The initial peak in IVM re-

sistance is caused by the relative dominance of the

alleles conferring ABZ and IVM resistance, and the

assumed efficacies of the 2 drugs against the different

life-cycle stages of the parasite. Microfilariae resist-

ant to IVMprior to the start of chemotherapy survive

the first round of treatment, but subsequently start to

decrease in number as ABZ would have sterilized the

majority of IVM-resistant adult worms. The rate of

decline observed in the proportion of microfilariae

resistant to IVM is highly sensitive to the assumed

life-span of microfilariae, a parameter particularly

difficult to quantify, with estimates ranging from

6 months to 2 years (Plaisier et al. 1999). It should be

noted that if multiple genes are associated with dif-

ferent pharmacodynamic properties of a drug or drug

combination, then examining the changes at single

loci may produce misleading results.

Previous work had indicated that the change in

proportion of ABZ-resistant microfilariae may only

become apparent after the end of the treatment per-

iod, due to the small amount of reproduction that

occurs in the treated population while chemotherapy

is in progress and the fact that the microfilariae

population is, at that time, composed primarily of

parasites from untreated patients (Schwab et al.

2006). However, the present work suggests that

concurrent selection of both ABZ and IVM resist-

ance may cause observable changes in the proportion

of ABZ, IVM, and ABZ and IVM-resistant micro-

filariae during the treatment period, as some para-

sites can overcome the combined action of both

drugs and are able to reproduce. According to model

outcomes, the presence of IVM resistance would

enhance the rate of increase of any ABZ resistance,

and vice versa, as a parasite resistant to both drugs has

a higher probability of completing its life-cycle.
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There is considerable debate as to the number of

years that combination chemotherapy should be

provided under the current GPELF programmes for

achieving the goals of elimination. The number of

years of annual combination treatment influences the

proportion of the microfilarial population with ABZ

and IVM-resistant genotypes following the cessation

of treatment. The higher frequency of resistant

genotypes that follows a longer period of treatment

indicates that for a given location, if transmission has

not been interrupted by the programme and the

parasite population has not been eliminated, a return

to chemotherapy would be considerably less effective

if the initial phase of treatment had lasted for 10 years

rather than for 5 years. However, the present

(deterministic) framework is not appropriate to ex-

plore the probability of parasite elimination with

duration of control. Inmost of the scenarios explored

here, levels of microfilaraemia which might cause

concern would not be evident until after 5 years into

the programme. Also, although the levels of parasite

inbreeding used here are those estimated for

W. bancrofti populations in West Africa, vector

parameters derived from Culex (a vector for which

the per microfilariae probability of completing its

development within the mosquito increases with

decreasing microfilaraemia) were used. LF in West

Africa is transmitted byAnopheles species (for which

the per-microfilaria probability of development may

decrease markedly at low levels of microfilaraemia

due to the increased proportion of ingested micro-

filariae damaged by the cibarial armatures of these

vectors) (Bryan and Southgate, 1988; Bryan et al.

1990).

An interesting result is that hosts of different ages

may harbour different proportions of resistant

microfilariae. Following the start of chemotherapy,

the model indicates that children will, on average,

acquire a higher proportion of resistant W. bancrofti

than adult hosts, because they are becoming infected

with new parasites at a faster rate. The exact

age-profile of resistance will depend on the age-

dependent heterogeneity in exposure, the acquisition

of protective immune responses, and the time

since the start of chemotherapy at which genetic

surveys are undertaken. The model outputs in this

study depend on the ability of EPIFIL to represent

adequately the processes regulating W. bancrofti

population abundance. EPIFIL assumes that the

acquisition of new infections may be reduced in adult

hosts due to acquired immunological responses

protecting against incoming infection (Norman et al.

2000), but this has not yet been confirmed in different

geographical locations (Stolk et al. 2004). Regardless

of the mechanisms underlying infection age-profiles,

molecular epidemiological surveys should take into

consideration that, after the start of chemotherapy,

hosts which acquire new infections at the fastest rate

will have the highest resistance allele frequency. This

also has implications if vector control is added to

annual chemotherapy, because vector control would

reduce the acquisition of new parasites and thus as-

sist in reducing the proportion of resistant genotypes

in the parasite population.

An analysis of the microfilarial data collected by

Schwab et al. (2005) indicates that genetic differen-

tiation inW. bancrofti between hosts, and assortative

parasite mating may cause excess homozygosity to a

degree equivalent to Wright’s inbreeding F-statistic

of FIT=0.44 (Churcher, 2006). Helminth inbreed-

ing typically enhances the spread of recessive alleles

but is not expected to increase selection for alleles

which are dominant, as excess homozygosity will

reduce the number of offspring with the resistance

allele. Model outputs suggest that, under the as-

sumed modes of inheritance of IVM and ABZ re-

sistances, and in the presence of ABZ resistance,

helminth inbreeding would increase markedly the

spread of IVM and of ABZ and IVM-resistant

parasites. This is because the selective advantage

conferred by the more rapid increase in ABZ

resistance (which is increased by parasite inbreeding)

outweighs the loss of microfilariae which are het-

erozygous at the IVM resistance locus (thus being

resistant to IVM). How the degree of parasite in-

breeding will influence the frequency of parasites

resistant to both ABZ and IVM will depend on

the different efficacies of the 2 drugs and the

relative dominance of the resistance alleles under

selection.

Based on the assumptions made here regarding

inheritance, linkage between the genes conferring

ABZ and IVM resistance is unlikely to influence the

incidence of combination treatment failure, unless

the genes are completely linked and are at linkage

disequilibrium. The model was not extended to in-

vestigate how linkage would influence the develop-

ment of polygenic IVM resistance, so we cannot

speculate on more complicated genetic scenarios. If

the genes conferring resistance to both drugs were

always present in the same gamete, selection for one

type of resistance would also lead to selection for

resistance against the second drug, reducing the time

that it takes for widespread treatment failure. A re-

cent study indicates that this may be the case for the 2

genes under consideration here, as an increase in the

frequency of the Phe200Tyr polymorphism in the

b-tubulin gene was observed after the selection of

H. contortus with IVM and in IVM-resistant worms

(Eng et al. 2006).

Model outcomes suggest, under our assumptions

and parameterization, that microfilarial intensity

would decrease to as low as 0.04 microfilariae per

20 ml of blood by the end ofMDA in our simulations.

Using the calculations proposed by Norman et al.

(2000), this would translate into a microfilarial

prevalence of 1%. There has been some debate about

the threshold prevalence below which it is deemed
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that transmission can no longer occur, with the 1%

cut-off microfilaraemia stemming from the Chinese

experience in eliminating (bancroftian and brugian)

LF transmitted by Culex quinquefasciatus and

Anopheles sinensis (see WHO, 2003). Michael et al.

(2004) assumed the threshold prevalence to be 0.5%.

InWestern Samoa, transmission was not interrupted

even after the microfilarial prevalence fell to 0.2%

due to mass DEC administration (Esterre et al.

2001). It is thus likely that transmission would con-

tinue in the scenarios explored by our model and

that resistance could develop. However, we stress

that stochastic frameworks (Plaisier et al. 1998) are

more suitable than deterministic models (Norman

et al. 2000) to investigate the probability of parasite

elimination or recrudescence ensuing the cessation

of MDA.

Notwithstanding modelling approaches, the pres-

ence of multi-drug resistance would hinder the

success of combination chemotherapy control pro-

grammes and may prevent parasite elimination.

However, it is important to note that even though our

models have relatively high resistance allele fre-

quencies prior to the introduction of chemotherapy,

as default values, the presence of resistance will only

become phenotypically manifested in the temporal

trends of hostmicrofilaraemia a number of years after

the start of treatment (in the present model, typically

after 5 years). It should also be noted that the fre-

quency of a potentially ABZ-resistant genotype was

found to be already high inWest African populations

of W. bancrofti microfilariae before the introduction

of LF chemotherapy (Schwab et al. 2005). It is also

important to recall that none of the anthelmintics

used for LF control is very effective at eliminating

the parasite from the host, because W. bancrofti is

relatively tolerant to all of the anthelmintics used by

the GPELF (Michael et al. 2004). If anthelmintic

resistance genes were present in the population prior

to the onset of MDA, and assuming that they are

randomly distributed among the worm population

initially, relatively few parasites will be resistant to

both drugs at the first round of treatment. Successive

rounds of MDA are likely to promote assortative

mating within the surviving (fertile) worm popu-

lation, thus increasing the number of parasites re-

sistant to both drugs. Only after the genes have

re-assorted in the parasite population in this way will

treatment failure start to become apparent. With this

in mind, it is advisable to implement promptly the

monitoring and evaluation of possible changes in

the parasite genome, by means of appropriate mol-

ecular markers, and to link this to the monitoring of

responses to treatment in the host population. These

actions may identify, before anthelmintic resistance

becomes a major public health concern, treatment

factors that could enhance the spread of drug re-

sistance. Although it is typically thought that com-

bination therapy should delay the emergence of

treatment failure, factors such as moderately high

initial resistance allele frequencies to both drugs,

dominance, genetic linkage, parasite inbreeding and

high treatment coverage in MDA programmes may

cause multi-drug resistance to hinder the achieve-

ment of GPELF’s goals. Continued updating and

improvement of transmission models, particularly

those which merge the population dynamics and

population genetics of the parasite, should be es-

sential components of any epidemiological surveil-

lance system implemented to protect the investments

made by the Global Alliance to Eliminate Lymphatic

Filariasis and its donors (Dadzie et al. 2004; Michael

et al. 2006; Schwab et al. 2006).
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APPENDIX A. INCORPORATION OF PARASITE

POPULATION GENETICS INTO EPIFIL

The EPIFIL model is extended by incorporating

genetic structure into the worm population in order

to examine the development of ABZ, IVM, and ABZ

and IVM resistances. The mathematical models

track the number of worms, in both the treated and

untreated sections of the human host population, of

each of 10 genotype combinations in the case of the

ABZ monogenic-IVMmonogenic model (2 loci with

2 alleles each), and 30 genotype combinations in the

case of the ABZmonogenic-IVMpolygenic model (3

loci with 2 alleles each). ABZ resistance is assumed to

be recessive throughout, whilst the model in-

vestigates the effects of variable IVM resistance

dominance, with the default setting assuming that
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IVM resistance is fully dominant. For each of these

loci the different genotypes are identified using the

following system: 0 corresponds to the susceptible

homozygote, 1 to the heterozygote, and 2 to the re-

sistant homozygote. The mean number of adult

worms per person of each genotype is denoted, after

dropping the age and time dependency, byWb
cde, with

subscript b indicating the treatment category (b=T

or b=U for worms within, respectively, hosts treated

or untreated with ABZ+IVM), and the superscripts

c, d and e specifying the worm genotype at each of the

different loci (c=the ABZ resistance locus, d=the

first, linked IVM resistance locus, and e=the second

unlinked IVM resistance locus). If IVM resistance is

conferred by a single locus (the IVM monogenic

model) the superscript e is dropped and superscript d

indicates resistance to macrofilaricidal/inhibition of

reproduction and embryostatic effects of IVM. For

example, Wb
00 denotes the mean number of adult

worms (in the IVM monogenic model) which have

the homozygote susceptible genotype at both the

ABZ and IVM resistance loci ; Wb
201 indicates the

mean number of worms (in the IVM polygenic

model) which are homozygous resistant at the ABZ

resistance locus, homozygous susceptible at the

linked, IVM resistance locus, and heterozygous

at the second, unlinked IVM resistance locus.

Similar notation is used to represent the mean

number of microfilariae per 20 ml blood, Mb
cde, and

the mean number of L3 larvae per mosquito, Lb
cde.

The level of acquired immunity in the treated and

untreated human population is specified by,

respectively, IT and IU. The modified EPIFIL

equations are as follows,

@Wcde
b

@t
+

@Wcde
b

@a
=l

V

H
’1 ’2 s2h(a) L

*cde exb IxmWcde
b

(A1)

@Mcde
b

@ t
+

@Mcde
b

@a
=aWb v

cde
b xcMcde

b (A2)

@ Ib
@ t

+
@ Ib
@a

=Wb xD Ib (A3)

L*cde= C
L*cde
T

L*
T

+ 1xCð ÞL
*cde
U

L*
U

� �
CL*

T+(1xC)L*
U

� �
(A4)

L*cde
b =

lkg
R a=1
a=0 p(a)

Mcde
b

Mb
f(Mb)da

s+l’1
; (A5)

where l is the biting rate per mosquito on humans;

V/H is the vector to human ratio; Q1 is the proportion

of L3 larvae that leave the mosquito’s proboscis at

the time of biting and are deposited onto a human’s

skin; Q2 is the proportion of the latter which enter the

host through the wound caused by themosquito bite;

s2 is the proportion of larvae that having entered

the host will develop into adult worms; h(a) is the

proportion of hosts of age a that are bitten, thereby

making the biting rate on humans age-dependent (it

is assumed that this proportion increases linearly

until the age of 9 years and becomes unity there-

after) ; b is the severity by which larval establishment

is decreased by acquired immunity I (which is as-

sumed to increase with cumulative worm burden

or worm experience and decay at a rate D) ; m, c and

s are, respectively, the per capita death rates of

adult worms, microfilariae and L3 larvae; a is the

per capita reproductive rate of adult worms (the rate

at which fertilized females produce microfilariae

per 20 ml of blood), and vb
cde is the proportion of

microfilariae with the cde genotype (calculated as

described in Appendix B). The proportion of the

total host population treated (therapeutic coverage)

is denoted by C ; Mb=
P2

c=0

P2
d=0

P2
e=0 M

cde
b and

L*
b=

P2
c=0

P2
d=0

P2
e=0 L

*cde
b . The expression for

L*cde determines the average number of L3 larvae per

mosquito for each genotype that infect the treated

and untreated sections of the population. As with

EPIFIL, the L3 population is assumed to be at

equilibrium (denoted by the asterisk) and is calcu-

lated using equation (A5). In this equation, the

function that models larval development within the

(Culex-type) mosquito vector as dependent on

the level of microfilaraemia, f(Mb), is calculated

separately for treated and untreated sections of the

host population with expression,

f (Mb)=1x 1+
Mb

kb
1x exp(xr=k)½ �

� �xkb

; (A6)

where r is the initial, linear rate of increase in L3

larvae per microfilaria in 20 ml of blood, r/k the

severity of density-dependent constraints upon larval

uptake and/or development; k the level at which the

function saturates (the maximum number of L3

produced per mosquito as microfilaraemia in-

creases), and kb the overdispersion parameter of the

negative binomial. In the remainder of equation

(A5), g is the proportion of bites which result in in-

fection of mosquitoes, and p(a) is the proportion of

the host population surviving to age a, based on a

population in Pondicherry, India (for which EPIFIL

was first parameterized). The equation for p(a) is

given by,

p(a)=
exp(xa=m)

m
1x exp(xn=m)½ � (A7)

with m=29 and n=65. Finally, it is assumed (motiv-

ated by data), that the overdispersion parameter of

the negative binomial distribution of microfilariae in

the host population is itself a density-dependent

function with expression kb=k0+k1 Mb, represent-

ing a degree of overdispersion which depends line-

arly on microfilaraemia and will therefore increase in

the treated sections of the population under micro-

filaricidal therapy. All the parameter values of the
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basic EPIFILmodel have been listed in Schwab et al.

(2006).

APPENDIX B . IVM Monogenic Model

In the IVM monogenic model we allow the IVM

resistance locus to be either linked or unlinked to the

ABZ resistance locus. Linkage increases the number

of possible genotype combinations a parasite can

have as helminths which are heterozygous for both

ABZ and IVM resistance can either have both re-

sistance alleles on the same chromosome (alleles are

concordant, denoted by superscript C), or have re-

sistance alleles on the opposite, partner chromosome

(alleles are discordant, denoted by superscript D).

The different genotype combinations for the 2-loci

model and their associated abbreviations are listed

in Table B1.

The genotype distribution of microfilariae in the

next generation is determined by the allele frequency

of the adult worm population using simple

Mendelian genetics. The frequency of gametes pro-

duced by the adult worm population is denoted by

Ghi
b . Gametes can have either the resistance or sus-

ceptibility allele at each of the loci under investi-

gation (where h denotes the ABZ resistance locus and

i denotes the IVM resistance locus, with resistance in

both cases referring to macrofilarial resistance as

described above). For the 2-loci model the gamete

frequencies are calculated as follows,

GSS
b =w00

b +0�5 w01
b +(1xr)w11C

b +r w11D
b +w10

b

h i
(B1)

GSR
b =w02

b +0�5 w01
b +r w11C

b +(1xr)w11D
b +w12

b

h i
(B2)

GRS
b =w20

b +0�5 w10
b +r w11C

b +(1xr)w11D
b +w21

b

h i
(B3)

GRR
b =w22

b +0�5 w12
b +(1xr)w11C

b +r w11D
b +w21

b

h i
(B4)

where wb
cd is the proportion of the adult worm

population with the cd genotype (given by wcd
b =Wcd

b

Wb
).

The proportion of new microfilariae with the cd

genotype,vcd
b , is calculated from the different gamete

frequencies; for individual equations see Table B.1.

Parameter r is the recombination fraction between

the two loci or the proportion of recombinant ga-

metes that are produced by a double heterozygote

(Hartl and Clark, 1997). Genes that are not linked

have a recombination fraction r=0.5. Genes which

are linked have a value of r<0.5. When genes are

100% linked, r=0 (i.e., no recombination occurs

between the two loci). Unless otherwise stated, the

model assumes non-random parasite mating, with F

(see Tables B.1 and C.1) set at 0.44 (the value of FIT

estimated for untreated populations in Burkina Faso,

see main text).

APPENDIX C. IVM Polygenic Model

Here we model the parasite genotype frequency

when there are 3 loci associated with resistance; one

which determines ABZ resistance and another 2 loci

that determine IVM resistance. The 3-loci model

Table B.1. The abbreviations and genotype equations used for the

ABZ monogenic-IVM monogenic (2-loci) model. For the linked loci it

is specified on which chromosome (denoted Ch.) the susceptibility and

resistance alleles occur

Abbrevi-
ation

ABZ locus IVM locus Equations for the genotype
frequency of the microfilariae
in the next generationCh. 1 Ch. 2 Ch. 1 Ch. 2

00 S S S S v00
b = GSS

b

� �2
1xFð Þ+ GSS

b

� �
F

01 S S R S v01
b =2 GSR

b

� �
GSS

b

� �
1xFð Þ

02 S S R R v02
b = GSR

b

� �2
1xFð Þ+ GSR

b

� �
F

10 R S S S v10
b =2 GRS

b

� �
GSS

b

� �
1xFð Þ

11C R S R S v11C
b =2 GRR

b

� �
GSS

b

� �
1xFð Þ

11D R S S R v11D
b =2 GRS

b

� �
GSR

b

� �
1xFð Þ

12 S R R R v12
b =2 GSR

b

� �
GRR

b

� �
1xFð Þ

20 R R S S v20
b = GRS

b

� �2
1xFð Þ+ GRS

b

� �
F

21 R R R S v21
b =2 GRR

b

� �
GRS

b

� �
1xFð Þ

22 R R R R v22
b = GRR

b

� �2
1xFð Þ+ GRR

b

� �
F

Parameter F adjusts for excess homozygosity (see main text).
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assumes that one of the IVM resistance loci is

completely linked to the ABZ locus (with no

recombination occurring between the loci), with the

other remaining loci being unlinked to either of the

first 2 loci. The frequencies of parental gametes can

be derived from the 2-loci case as follows:

GSSS
b =w000

b +0�5 w010
b +w11C0

b +w100
b +w001

b

	 


+0�25 w011
b +w11C1

b +w101
b

	 
 (C1)

GSSR
b =w002

b +0�5 w012
b +w11C2

b +w102
b +w001

b

	 


+0�25 w011
b +w11C1

b +w101
b

	 
 (C2)

GSRS
b =w020

b +0�5 w010
b +w11D0

b +w120
b +w021

b

	 


+0�25 w011
b +w11D1

b +w121
b

	 
 (C3)

GSRR
b =w022

b +0�5 w012
b +w11D2

b +w122
b +w021

b

	 


+0�25 w011
b +w11D1

b +w121
b

	 
 (C4)

Table C.1. The abbreviations and genotype equations used for the ABZ-monogenic-IVM polygenic

(3-loci) model. Allele location on chromosomes and parameter F as in Table B.1

Abbreviation

ABZ locus IVM 1st locus IVM 2nd locus

Equations for the genotype frequency of
the microfilariae in the next generationCh. 1 Ch. 2 Ch. 1 Ch. 2 Unlinked

000 S S S S SS v000
b = GSSS

b

� �2
1xFð Þ+ GSSS

b

� �
F

001 S S S S RS v001
b =2 GSSR

b

� �
GSSS

b

� �
1xFð Þ

002 S S S S RR v002
b = GSSR

b

� �2
1xFð Þ+ GSSR

b

� �
F

010 S S R S SS v010
b =2 GSRS

b

� �
GSSS

b

� �
1xFð Þ

011 S S R S RS v011
b =2 GSRR

b

� �
GSSS

b

� �
+ GSRS

b

� �
GSSR

b

� �� �
1xFð Þ

012 S S R S RR v012
b =2 GSRR

b

� �
GSSR

b

� �
1xFð Þ

020 S S R R SS v020
b = GSRS

b

� �2
1xFð Þ+ GSRS

b

� �
F

021 S S R R RS v021
b =2 GSRS

b

� �
GSRR

b

� �
1xFð Þ

022 S S R R RR v022
b = GSRR

b

� �2
1xFð Þ+ GSRR

b

� �
F

100 R S S S SS v100
b =2 GRSS

b

� �
GSSS

b

� �
1xFð Þ

101 R S S S RS v101
b =2 GRSR

b

� �
GSSS

b

� �
+ GRSS

b

� �
GSSR

b

� �� �
1xFð Þ

102 R S S S RR v102
b =2 GRSR

b

� �
GSSR

b

� �
1xFð Þ

110C R S R S SS v110 C

b =2 GSSS
b

� �
GRRS

b

� �
1xFð Þ

110D R S S R SS v110D

b =2 GSRS
b

� �
GRSS

b

� �
1xFð Þ

111C R S R S RS v111C

b =2 GSSR
b

� �
GRRS

b

� �
+ GSSS

b

� �
GRRR

b

� �� �
1xFð Þ

111D R S S R RS v111D

b =2 GSRR
b

� �
GRSS

b

� �
+ GSRS

b

� �
GRSR

b

� �� �
1xFð Þ

112C R S R S RR v112 C

b =2 GSSR
b

� �
GRRR

b

� �
1xFð Þ

112D R S S R RR v112D

b =2 GSRR
b

� �
GRSR

b

� �
1xFð Þ

120 S R R R SS v120
b =2 GSRS

b

� �
GRRS

b

� �
1xFð Þ

121 S R R R RS v121
b =2 GSRR

b

� �
GRRS

b

� �
+ GSRS

b

� �
GRRR

b

� �� �
1xFð Þ

122 S R R R RR v122
b =2 GSRR

b

� �
GRRR

b

� �
1xFð Þ

200 R R S S SS v200
b = GRSS

b

� �2
1xFð Þ+ GRSS

b

� �
F

201 R R S S RS v201
b =2 GRSR

b

� �
GRSS

b

� �
1xFð Þ

202 R R S S RR v202
b = GRSR

b

� �2
1xFð Þ+ GRSR

b

� �
F

210 R R R S SS v012
b =2 GSSR

b

� �
GSRR

b

� �
1xFð Þ

211 R R R S RS v211
b =2 GRRR

b

� �
GRSS

b

� �
+ GRRS

b

� �
GRSR

b

� �� �
1xFð Þ

212 R R R S RR v212
b =2 GRRR

b

� �
GRSR

b

� �
1xFð Þ

220 R R R R SS v220
b = GRRS

b

� �2
1xFð Þ+ GRRS

b

� �
F

221 R R R R RS v221
b =2 GRRR

b

� �
GRRS

b

� �
1xFð Þ

222 R R R R RR v222
b =2 GRRR

b

� �2
1xFð Þ+ GRRR

b

� �
F
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GRSS
b =w200

b +0�5 w210
b +w11D0

b +w100
b +w201

b

	 


+0�25 w11D1
b +w211

b +w101
b

	 
 (C5)

GRSR
b =w202

b +0�5 w212
b +w11D2

b +w102
b +w201

b

	 


+0�25 w11D1
b +w211

b +w101
b

	 
 (C6)

GRRS
b =w220

b +0�5 w210
b +w11C0

b +w120
b +w221

b

	 


+0�25 w11C1
b +w211

b +w121
b

	 
 (C7)

GRRR
b =w222

b +0�5 w212
b +w11C2

b +w122
b +w221

b

	 


+0�25 w11C1
b +w211

b +w121
b

	 
 (C8)

where wb
cde is the frequency of the adult worm

population with the cde genotype (given by

wcde
b =Wcde

b

Wb
).G

b
ghS denotes the frequency of the gamete

G
b
gh with the susceptibility allele at the third, un-

linked locus, and G
b
ghR denotes the frequency of the

gamete G
b
gh bearing the resistance allele at the third

unlinked locus. For individual equations calculating

the proportion of new microfilariae with the cde

genotype see Table C.1.
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