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Genetics of refractoriness to  Plasmodium falciparum
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Abstract. We previously selected a line of the malaria vector mosgaitopheles
stephensriefractory (resistant) to the human malaria paraBlesmodium falciparum
usingin vitro infections withP. falciparumgametocytes. This report presents data on
the genetic background of refractoriness. The results aefrésses and backcrosses
show that refractoriness tB. falciparumin our A. stephensline is autosomal and
semi-dominant to susceptibility. The expression of refractoriness is apparently affected
by a cytoplasmic factor. Interpretation of data from the crosses by quantitative trait
locus analysis shows that one gene or two unlinked interacting autosomal genes, or
groups of closely linked genes, are involved.
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Introduction susceptibility toP. falciparumin that line of An. stephensian
important vector of all four species of human malaria in the

Current methods of malaria control are unsatisfactory, so new Indian subcontinent.

approaches are being sought. These include manipulation of

the vectorAnophelesnosquito (Diptera: Culicidae) population

in the field, aimed not at eradication but at decreasing its

vector competence for malaria parasites (Collins & Paskewitz, Materials and Methods

1995). Improving our understanding of thBlasmodium

falciparum-vector relationship shguld facilitate the develop- Anopheles stephenstrains and lines

ment of novel methods for malaria control, such as the new

generation of transmission-blocking vaccines (Targett, 1990;

Billingsley, 1994; Colemaret al, 1994) or genetic control The Kasur strain oAn. stephensivas field-collected in 1981

of malaria vectorAnophelesmosquitoes. The possibility of  from a cattle shed at Kasur, in the Punjab province of Pakistan,

reducing the vectorial capacity in the field through the dilution and has been maintained for over a decade at IPO-DLO. The

or complete replacement offa falciparumtransmitting vector Punjab strain (Pb) was obtained from the former Pakistan

population by a refractory field-adapted strain of the same Medical Research Center through Dr R. Sakai. This Pb strain

anopheline species has attracted much attention (Jones, 1957is highly susceptible t®. falciparum(Feldmann & Ponnudurai,

Graves & Curtis, 1982; Curtis & Graves, 1988; Curtis, 1994; 1989) and originates from a mixture of various stocks collected

Crampton, 1994). in the field in the Punjab province of Pakistan. The refractory
Feldmann & Ponnudurai (1989) reported the selection of a |ine Pp3-9a (R) was genetically selected by Feldmann &

line of Anopheles stephendiiston, which greatly reduced  ponnudurai (1989) for reduced susceptibilityRofalciparum

susceptibility to P. falciparum when fed on gametocytes —The sysceptible line Sda-500 (S) was genetically selected for

culturedin vitro. This paper presents the genetic analysis of jncreased susceptibility from the ‘Sind’ strain, a mixture of

stocks from the Sind Province of Pakistan (Feldmann &

Correspondence: Dr Fons Feldmann, Research Institute for Plant POnnudurai, 1989; Feldmaret al., 1990a). Both the S- and

Protection (IPO-DLO), POB 9060, 6700 GW, Wageningen, The R-lines have maintained good genetic stability and vigour in

Netherlands. E-mail: A.M.Feldmann@ipo.dlo.nl the IPO-DLO insectary in the Netherlands over 13 years.
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Genetics of An. stephensi refractoriness to P. falciparu®03

Rearing of mosquito larvae, maintenance of adults and reciprocal cross; RS.S and RS=Rbackcross of RS-Hemales
Plasmodium falciparunnfections to males of the S and R lines, respectively. Notation for the
other backcrosses follows the same conventions.

Mosquito colonies were maintained by supplying the adults  Virgin females and males were obtained by sex separation
with a 5% fructose solution in a bottle containing a paper through microscopic examination during the pupal stage. For
wick; the females were occasionally blood-fed on mice crosses, 300 pupae of each sex were placed together in a small
anaesthetized with Nembu®al(Narcove?; 0.4-0.7 mg/10 g transparent plastic bowl containing 200 ml tapwater (de-gassed
bodyweight). Eggs were collected 3 days after blood-feeding, and temperature conditioned), which was placed into a 25 cm
from a bowl of water lined with filter paper and placed in the cubic cage. On the next day, bowls with the un-emerged pupae
cage on the previous evening. For eclosion, 400 eggs werewere removed from the cages. Mass mating started during the
placed within a floating paper rim in a tray (36-24cm) dusk periods from the second day onwards. Crosses were
containing 4.51 of pre-warmed and de-gassed tap water  synchronized such that females of the same age, representing
250 ml aquarium water. The water and air temperature were progenies of the different genetic crosses as well as the
26 and 28°C, respectively, and a LD 16:8 h regime, with 45 relevant control strains, could be infected on the same infective
dawn-dusk simulation and ambient relative humidity of 70— bloodmeal. Thus, Ffemales from reciprocal crosses between
80%. The first larval stage was fed by a few drops of Liqfifry the R and S lines were fed on part of the same infective
No.1 (Interpet Ltd, Dorking, Surrey, U.K.) larval-fish food, bloodmeal as females from the parental lines. Females derived
added to the rearing tray on the first day. The later larval stages from reciprocal backcrosses (RS or SR males or females mated

were fed twice daily with Micromifi (Tetra Werke, Melle, to mates of the parental R and S lines) were fed on the same
Germany) in quantities related to food consumption by infective bloodmeal as control females. Exceptions to this
developing larvae (Feldmaret al., 1990b). general experimental set-up are indicated in Results.

Mosquito infections withPlasmodium falciparunused the
contents of one ‘tipper’ vessel (Ponnudureial., 1982),
containing about 0.25ml of packed cell®lasmodium Quantitative genetic analysis
falciparumparasitized cell suspension was washed on a cushion
of pre-warmed red cells by centrifugation at 5gfbr two min Various simple hypotheses about the number of genes
at 37°C and subsequently diluted with 6.5 ml of fresh pre- determining refractoriness can be tested in classical segregation
warmed bloodgroup A cells in compatible human serum at a analysis using ‘mixture models’ for segregating populations.
haematocrit of 50%. The mixture, containing 2000-4000 mature Commonly, data from the different segregating populations are
gametocytes per ml, was distributed over six membrane feedersanalysed separately. However, a joint analysis of all parental
(blood chamber diameter 38 mm, depth of 1 mm), covered and offspring data can be much more powerful and recently a
with stretched parafilm. Immediately after preparation of the statistical procedure has been developed for fitting complex
feeders, 5-day-old adult female mosquitoes, seventy-six per (normal) mixture models by the method of maximum likelihood
cage, were allowed to engorge on the temperature-conditioned(Jansen, 1993; Jansen & Stam, 1994).
feeders for 15 min. For some experiments, the first group of We considered several simple genetic models with one or
females to obtain an infective feed was followed by a second two unlinked loci only, and with or without a putative
group of females fed from the same membrane and culture. cytoplasmic factor interacting with these loci. For each locus
Thus, for experiment 11 the females were the first to engorge there are two homozygous genotypes and one heterozygous
from the same feeder and parasite/blood mixture as used forgenotype; the cytoplasmic factor can be present or absent.
experiment 7. Likewise, the females for experiment 9 followed Therefore, in total, we have 8 3 X 2 = 18 possible genotypes
those of experiment 14 on the same feeder 10 min later. and twelve possible types of population: the parents (R and
Partially-fed or unfed females were discarded. S), the two reciprocal £ (RS and SR), the four possible
The infected females ofAn. stephensivere kept at 26°C backcrosses to R (R8 R, R X RS, SRX R and RX SR) and
and 70-80% r.h., supplied with 5% fructose diet in a the four possible backcrosses to S (RS, SX RS, SRX S,
containment facility. Dissection for “@gst counting was S X SR). The parental lines were highly inbred and repeatedly
undertaken 7 days after infection. checked for the absence of individuals with aberrant phenotypes
As the distribution of the number of ogsts in a group of (Feldmann & Ponnudurai, 1989). Thus, only the backcrosses
midguts follows the negative binomial distribution (Eyles, give genetically segregating populations and for each backcross
1951), the median was taken as a standard for the susceptibilitywe can specify the probabilities of each of the eighteen
of the mosquitoes t®. falciparuminfection. genotypes according to the model assumed.
In our joint analysis of all parental and offspring data we
modelled eighteen expected genotypic means for susceptibility
Design of the genetic crosses in terms of additive, dominance and epistatic gene effects. The
populations were tested (‘blocked’) in a series of experiments
The following notation, without any presuppositions about and main block effects were part of the model. Parameters
the basis of the difference in susceptibility, is used throughout were estimated by the method of maximum likelihood. The
the text: R= Pb3-9a; S= Sda-500; RS- F; females from likelihood values of the models were used to compare the
crossing R females with S males; SRF; females from the relative goodness-of-fit of the different models.
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Table 1. Anopheles stephensisceptibility expressed as median (negative binomial distribution) numb@r fafciparumoocysts per mosquito
(7 days post-infection), of parental susceptible (S) and refractory (R) lines gpbgeny from reciprocal crosses between them. Also is included
the unselected Punjab (Pb) strain (see Materials and Methods for further details).

Parents progeny
No. females Median Females No F,-females  Median

Experiment Strain dissected "osts p! males dissected “aysts P2

1 R 9 9.3 0.001 R< Pb 70 77.6 <0.01
Pb 20 108.5

2 R 15 5.3 < 0.001 Pbx R 45 23.0
Pb 19 52.1

3 R 0 - RX S 30 49.4 0.030
S 0 - SX R 30 325

4 R 0 - RX S 19 147.4 0.038
S 0 - SX R 17 104.9

5 R 10 2.2 < 0.001 RX S 35 335 < 0.001
S 20 84.2 SXR 59 13.0

6 R 30 9.1 < 0.001 RX S 38 92.1 0.898
S 12 165.6 SXR 49 97.2

Icomparing the R and the Pb or S straifmomparing theF; hybrids from the reciprocal crosses.

Differences between the various likelihoods of the models
were measured relative to the model having the highest
likelihood. Twice this difference, the so-called ‘deviance’ is
approximately x2 distributed, where the difference in
parameters involved determines the number of degrees of
freedom (d.f.), for ‘nested’ models.

Results
Crossing the susceptible and refractory lines

The susceptibility of I females from reciprocal crosses
between the R line and the unselected Punjab strain was
determined in experiments 1 and 2 (Table 1). In experiments
3, 5 and 6, susceptibility of the;Females was measured from
reciprocal crosses between the selected susceptible (S) an
refractory (R) lines. It was observed that the susceptibility of
F; females was intermediate between that of the parental lines,
but (except in experiment 6) the susceptibility of females
was significantly dependant on the direction of the cross,
tending to resemble the male parent.

The o@yst distributions of the R and S lines rarely overlapped
(5% overlap in experiment 5 and none in experiment 6). In
experiment 5, where relatively low levels of infection were
observed, 40% of SR and 17% of R$ fémales were found
within the parental R-distribution. However, in experiment 6,
with higher infection levels, the “@yst distributions of F
females from both crosses were significantly < 0.01)
different from that of the parental R line, but not significantly
different from that of the parental S line.

Backcrossing to the susceptible and refractory line

female in Fig. 1 and those of RS (experiments 9, 10 and 14)
are given in Fig. 2.

SR.S and S.SR females were equally susceptible and were
not significantly less susceptible than S females (experiments
7 and 8), but both types of backcross females were significantly
more susceptible than SR females (experiment 7).

SR.R females were significantly less susceptible than R.SR
females (experiment 12/13). In experiment 11, SR.R females
again had a median less than that of R.SR, but the difference
was not significant B = 0.115). Both types of backcross
females were significantly less susceptible than S females and
SR females (experiment 11), but more susceptible than the
parental R females.

RS.S and S.RS females were equally susceptible, and were
significantly less susceptible than S females (experiments

09 and 10, Fig.2). Both types of backcross females were

not significantly more susceptible than RS females
(experiment 9).

In experiment 14, R.RS females were almost significantly
(P = 0.08) less susceptible than RS.R females. R.RS and RS.R
females were significantly less susceptible than S females
(experiment 10) and significantly more susceptible than the
parental R females, but both types of these backcross females
were not less susceptible than RS females (experiments 9
and 14).

One can make direct comparisons of the susceptibility of a
range of genotypes, by comparing results of experiment 11 vs.
experiment 7 (Fig. 1) and experiment 14 vs. experiment 9
(Fig. 2), because of the use of identical parasite cultures in
these pairs of experiments, for mosquito infection (see Materials
and Methods). SR.R and R.SR females (experiment 11) had
median ¢eoyst numbers about one third of those of the
SR.S and S.SR females (experiment 7). Also, according to

expectation RS.R and R.RS females (experiment 14) were less

The results of SR backcrosses (experiments 7, 8, 11 and 12/susceptible, though not significantly, than RS.S and S.RS

13) are presented as distributions of the number'af/sts per

females (experiment 9).
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Figs 1 and 2 (overleaf). The observed frequency distributions of malari@yst numbers irAn. stephensior parental females, reciprocal hybrid

F, females and backcrosses females. The refractory line Pb3-9a was genetically selected by for reduced susceptilfdilyipgarum The

susceptible line Sda-500 was genetically selected for increased susceptibility (Feldmann & Ponnudurai, 39893-Ra; S= Sda-500; RS-

F, females from crossing R females with S males; -SH; females from the reciprocal cross; RS.S and RS.Rackcross of RS-fFfemales to

males of the S and R lines, respectively. Notation for the other backcrosses follows the same conventions. Within each experiment, the medians
(negative binomial distribution) of the number ofaysts per female do not differ significantly from each other, if followed by the same letter. In
experiments 12 and 13, mosquitoes were fed on an infective bloodmeal derived from the same parasite culture, but on two successive feeds, each
taking 10 min.

Collective analysis of experiments 3—-14 both are therefore equally plausible in a statistical sense. Model
Il is nested within model V and can be obtained by dropping

Various genetic hypotheses were tested (see Table 2; Figs 3the cytoplasmic suppressor factor. The cytoplasmic effect is

and 4), using the observed data from experiments 3—14 and significant K2=6.2,df.=1P< 0.05). Models | and V are

estimated the best fit by a likelihood method (Jansen, 1993). nested and the effect of segregation distortion on goodness of
Table 2 shows the results of fitting various hypothetical fit is highly significant g2 = 67.2, d.f.= 1).

models for the genetic basis of refractoriness to the data of

all the crossing experiments. Model XlIl has the maximum

likelihood of fit. Model Xl is ‘nested’ within model XIII: it Discussion

can be obtained by dropping the cytoplasmic suppressor factor

(SUP+). The significance of the cytoplasmic effect can be Genetic crosses

tested by comparing the deviance (11.9) wjth for 1 d.f.

(P < 0.005). Similarly, model VIIl is nested within model If there was no dominance between refractoriness and

XIll, by dropping the interaction between the two putative susceptibility in both reciprocal crosses (experiments 1-6;

autosomal genes, and the difference is highly significaht( Table 1), it might be expected that the susceptibility qf F

56.8, d.f.= 2, P < 0.001). Model V, however, is not nested females would be equal to the geometric mean of the medians

within model XlII and it cannot be tested formally for which  of the parental refractory and susceptible lines. This was

one fits the best. These two models have similar deviance andapproximately observed in crosses where the parental male
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Fig. 2. See previous page for legend.
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Fig. 3. See next page for legend.

© 1998 Blackwell Science Ltdyledical and Veterinary Entomolog$2, 302-312



308 A. M. Feldmann et al.
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Figs 3 (see previous page) and 4. Diagrammatic presentation of the segregation of genotypes following reciprocal crossing and backcrossing

of the P. falciparumrefractory and susceptibldn. stephenslines. Codes used for the genotypes and crosses are explained in Methods. The
refractory line Pb3—9a was genetically selected by for reduced susceptibiRtyfatciparum The susceptible line Sda-500 was genetically selected

for increased susceptibility (Feldmann & Ponnudurai, 19893 Rb3-9a; S= Sda-500; RS= F; females from crossing R females with S males;

SR = F; females from the reciprocal cross; RS.S and RS.Rackcross of RS-Ffemales to males of the S and R lines, respectively. Notation

for the other backcrosses follows the same conventions. It is assumed that a maximum of two unlinked genes determines refractoriness. Model A
assumes both an autosomal and X-linked refractory gene. Model B assumes that there is only one autosoma\Sjesred RA\S? are allelic,
semi-dominant and additive in expression. A cytoplasmic factor ($YPBartially suppresses the effect of the refractoriness genes.4Soeturs

in the cytoplasm of the refractory line (R) and is absent, or inactive (SUP-) in the susceptible line (S). Differences of the median number of

oocysts in certain of the reciprocal backcross progenies are expected from both models and are compared with the observed results shown in Figs 1
and 2.
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Table 2. Comparison of various hypothetical models for the genetic basis of refractoriness fitted to the results of reciprocal crosses and backcrosses
of An. stephendines selected for refractoriness and susceptibilitP.téalciparum

Number of Number of Cytoplasmatic
Model autosomal genes on suppressor Segregation Number of
number genes X-chromosome (SUP) effect distortior? Deviancé parameters
| 1 0 SUP- No 82.4 15
1l 1 0 SUP- Yes 13.1 15
1] 1 0 SUP + No 80.1 15
\Y 1 1 SUP- No 68.9 15
\% 1 0 SUP+ Yes 2.9 16
\| 2 0 SUP- No 72.1 16
Vil 1 1 SUP + No 63.8 16
VIl 2 0 SUP + No 62.2 17
IX 2 0 SUP- Yes* 12.5 17
X 2 0 SUP- Yes** 12.7 18
Xl 2(X) 0 SUP- No 11.9 18
Xl 1(X) 1 SUP- No 65.8 18
Xl 2(X) 0 SUP+ No 0 19
XV 2(X) 0 SUP- Yes* 11.6 19
XV 2(X) 0 SUP- Yes** 11.8 20

(X) = interaction of genes; yes* segregation distortion (SD) acting on one gene; yes*SD acting on two genes.

1cytoplasmic suppressor effect (SUP partly suppresses the expression of the refractoriness genes+ S&JBnly present in the cytoplasm of

the refractory line (see Fig. 4); SUP- indicates absence of suppression.

2 segregation distortion affects the random segregation of a gene following meiosis.

3deviance= twice the difference of the maximum likelihood value.

“The deviance ix? distributed, the number of degrees of freedom (d.f.) corresponds with the difference in number of parameters specific to the
models compared.

was originating from the refractory line (experiments 2 and 5). S genes, which excludes the possibility of exclusive linkage
For example, in experiment 2 the expected median for F of refractoriness to the X-chromosome.
females is antilog {[log 52.1 log 5.3]/2}) = 16.6 and the Exclusively cytoplasmic inheritance of refractoriness also
observed median of was 23.0. However, when the parental does not explain the observed intermediate susceptibility of
male was from the susceptible line; Females were found SR-F females, which inherited their cytoplasm from the
consistently with a median susceptibility, which was markedly susceptible parental female (Table 1; Fig.3). Cytoplasmic
higher than the median susceptibility of females from the inheritance could, however, explain reciprocal differences
reciprocal cross (Table 1). For example, the observed medianbetween Fk progeny; if refractoriness is determined by
susceptibility of the Ir females in experiment 1 was 77.6, interaction of a chromosomal-linked genetic factor and a
compared with an expectation under ‘no dominance’ of 31.8 cytoplasmic factor. As, firstly, RS4Ffemales are more
(= antilog {[log 108.5+ log 9.3]/2}). susceptible than SR;Females and, secondly, the susceptibility
It is concluded that the susceptibility of; Females is of SR-R, females corresponds with the expected susceptibility
generally dependent on the direction of the parental cross, calculated from values from the parental lines (see above), it
being lower if the parental male is from the refractory line. is proposed that expression of the gene for refractoriness is
However, experiment 6 showed no difference in the partially suppressed in RStFemales by a cytoplasmic factor
susceptibility of reciprocal ffemales; this may have been due (SUP+) inherited from the refractory line.
to experimental error in making the crosses, i.e. only R females  The hypothesis of a cytoplasmic factor interfering with the

may have been mated to S males, giving RSfémales in refractory gene(s) is consistent with the backcross results
both crossings, with a 2.4-fold higher susceptibility than (Figs1 and 2 and Figs 3 and 4: model B). According to this
expected (38.8) if there were no dominance. hypothesis, reciprocal differences in susceptibility of backcross

Autosomal and X-linked genes would not explain reciprocal progenies are expected in backcrossing SR individuals to the
differences in the Ffemale progeny, because these inherit refractory line (Fig. 1; experiments 11 and 3213; Fig. 3
their haploid chromosomes equally from each parent (Figs 3 model B). The chromosomal composition of both types of
and 4). On the hypothesis of an X-linked factor, RSrkales reciprocal backcross progeny is the same (1S:3R) but there is
backcrossed to R females (R.RS; experiment 14) would not be a difference in the presence (R.SR) or absence (SR.R) of the
expected to transfer the susceptibility gene to their female postulated cytoplasmic factor. Thus, the former progeny should
progeny (Fig. 4). However, experiment 14 shows that R.RS be more susceptible than the latter, and this is consistent with
females are more susceptible than the parental R femaleswhat was found in experiments 11 and 4213, although the
(Fig. 2). This shows that a proportion of R.RS females possessesdifference was not statistically significant in experiment 11.
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Reciprocal differences in susceptibility of backcross progeny Sweeny & Barr, 1978; Seversat al., 1994). Model V has a
are also expected on backcrossing RS individuals to the deviance of only 2.9 relative to Model Xl (d.& 3;
susceptible line (Fig. 2: experiments 9 and 10, Fig. 4: model 0.5> P > 0.1 cf Table 2), and differs from model XIll by
B). The chromosomal composition will be the same for both dropping one hypothetical autosomal gene and the assumption
reciprocal types of backcross female progeny, but susceptibility of meiotic drive of the S- against the R-allele in heterozygotes.
from the RS.S is expected to be higher because these females Model XllI, which has the best fit, is based on the assumption
would inherit R cytoplasm. This expectation is consistent with of two dose-dependent complementary and interacting
the results of experiment 10, because S.RS females tended tcautosomal refractory genes which are suppressed for 83% of
be less susceptible than RS.S females, although they did notfull expression when combined with a cytoplasmic factor
differ significantly (Fig. 2). Results of experiment 9 do not (SUP+). The predicted values, according to Models XllI and
support the hypothesis, as the progeny with S cytoplasm hadV, for median dayst distributions of the different genotypic
slightly but not significantly higher susceptibility. combinations can be subdivided into three categories. These

Following our hypothesis further, no reciprocal differences values are determined by chromosomal genotype and further
are expected, and were not observed, between the reciprocaldifferentiated if associated with the hypothetical cytoplasmic
tested in experiments 7 and 8 (Fig. 1: S.SR and SR.S; Fig. 3: factor (SUP+). One category consists of the homozygous
model B). Also, no difference in susceptibility between RS.R refractory genotype (R/R;-R,//R;), representing interaction
and R.RS (Fig. 2: experiment 14) reciprocals was observed. between two sets of heterologous refractory genes/(R3),

This is according to expectation, due to the presence of R- with the predicted median value 3.7; the second category
cytoplasm in both types (Fig. 4). comprises three types of heterozygotes, where interaction is

Some pairs of experiments were planned so that the only possible between one set of heterologous refractoriness
susceptibility of different backcross progenies could be genes, resulting in a marked increase in susceptibility with the
compared with each other, across experiments, by using thepredicted mediar= 52; the third category also has three
same infective feed for each member of the pairs. This applies genotypes, where interaction between heterologous R genes is
to experiments 7 and 11 and to experiments 14 and 9. According excluded, with the predicted median121.5.
to our hypothesis, we do not expect an affect of a cytoplasmic  Al-Mashhadaniet al. (1980) observed differences like ours
factor on the expression of refractoriness in experiments 7 between reciprocal crosses Ahopheles gambia&iles lines
(SR.S and S.SR) and 11 (SR.R) (Fig. 3: model B). However, selected for refractoriness and susceptibility Rasmodium
it should be possible to observe the effect of autosomal berghei rodent malaria. They found that SR-Females
composition, i.e. (3S:1R) vs. (1S:3R), in the absence of [F{(PBX LD)] had intermediate susceptibility but RS-F
cytoplasmic complications. Indeed it was observed that SR.S females [R(LD X PB)] were completely susceptible. A sex-
and S.SR females (experiment 7) had a median 3.7-fold higher linked effect on the expression of refractoriness was deduced
than that of SR.R females (experiment 11), which is consistent from co-segregation of the X-linkedhite-eyelocus, together
with the expected difference in autosomal composition. with the refractoriness level. Al-Mashhadast al. (1980)
Equivalent difference in autosomal composition is expected observed that RS.R backcross females were more susceptible
between the backcross progenies of experiments 9 (3S:1R) andthan the reciprocal R.RS females, and that SR.R backcross
experiment 14 (1S: 3R), but the backcross females of females were less susceptible than R.SR females. These
experiment 14 would have the hypothetical cytoplasmic observations are in agreement with the expectations presented
suppressor (SUR) factor (Fig. 4: model B). The RS.R and in Figs 3 and 4 (Model A).

R.RS females (experiment 14) tended to be less susceptible The Pb-3—-9a line went through several ‘bottlenecks’ during
(1.6-fold) than S.RS females (experiment 9; Fig. 2), suggesting the selection procedure and the chance fixation of a cytoplasmic
that the suppressing effect by the R-cytoplasmic suppressorfactor, interfering with refractoriness, might have taken place.
factor compensates partly for the higher frequency of R alleles However, it is unlikely that such a chance fixation would have
in R.RS than in S.RS. occurred during both our selection experiments and those of
Al-Mashhadangt al. (1980. Alternatively, during the selection
process the cytoplasm of the R line might have acquired genetic
Overall analysis factors, which promot&lasmodiumdevelopment. Due to the
increasingly unfavourable conditions for the parasite in the

A meta-analysis of all our data can be obtained by analysing mosquito host during the course of the selection for
all the experiments together using quantitative genetic methods, refractoriness, a genetic factor might have been transfected
not restricting analysis to pairs of experiments. from the parasite to the host. Such a mechanism (although in

Model V is based on a single gene affected by a cytoplasmic the reverse direction) has been found in both plant and insect
factor and subjected to segregation distortion (1R: 3S gives parasitic viruses, some of which have acquired in their genomes
the best fit) and fits almost as well as model XIIl (Table 2). As host gene sequences which, after expression, interfere with
a working hypothesis, both Models V and XlIl are considered as development of the host in such a way that survival of these
a plausible genetic basis for refractoriness. Segregation parasites is favoured (Frasetal, 1983; O'Reilly, 1995).
distortion is a phenomenon which has been observed to occurCytoplasmic and/or sex-linked effects on the inheritance of
for various culicine mosquito chromosomes and genes (Hickey refractoriness have not been noticed for other relationships
& Craig, 1966; McGivern & Rai, 1974; Denrifer, 1975; between the insect vectors Bfasmodiunspecies (Huff, 1934;
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