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In a recent study, SM1-transgenic Anopheles stephensi,
which are resistant partially to Plasmodium berghei, had
higher fitness than non-transgenic mosquitoes when
they were maintained on Plasmodium-infected blood.
This result should be interpreted cautiously with respect
to malaria control using transgenic mosquitoes because,
despite the evolutionary advantage conferred by the
transgene, a concomitant cost prevents it from invading
the entire population. Indeed, for the spread of a resist-
ance transgene in a natural situation, the transgene’s
fitness cost and the efficacy of the gene drive will be
more crucial than any evolutionary advantage.

Spread of a resistance transgene and mosquito

fitness

Marrelli et al. [1] reported recently that transgenic
Anopheles stephensi that carry the SM1 transgene (see
Glossary) and are thus resistant partially to the rodent
malaria parasite Plasmodium berghei [2] are more fit than
non-transgenic individuals when they are maintained on
malaria-infected mice. In their cage experiment, initiated
with equal proportions of transgenic and non-transgenic
mosquitoes, the frequency of the transgene increased
rapidly in the population. The fitness advantage was owing
to higher fecundity and lower mortality of transgenic
mosquitoes than of non-transgenic ones [1].

The publication of this result has generated some opti-
mism for the development and potential use of genetically
modified mosquitoes for malaria control, especially in the
European media [3]. Indeed, the success of introducing
antimalaria genesinto a natural vector population by releas-
ing laboratory-produced transgenic mosquitoes will depend
strongly on the effect of the transgene on the insect’s fitness
(i.e. its ability to survive and reproduce) [4]. To date, trans-
genic mosquitoes have not been associated with a fitness
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advantage but, rather, in most studies, with a cost [5-7].
These new data therefore deserve a closer look to understand
more completely how harbouring a transgene conferring
resistance against malaria influences mosquito fitness.

Being transgenic and paying for it...

Marrelli et al’s study [1] confirms, without much
surprise, that, in certain conditions, malaria decreases
the mosquito’s fitness (see, e.g. Refs [8,9]). Therefore, when
mosquitoes were fed on infected blood, the frequency of
transgenic mosquitoes was driven from 50% to 70% in less
than ten generations. However, the frequency then
remained constant, suggesting that the fitness of the
transgene is determined by overdominance (i.e. heterozy-
gote superiority) [1]. By combining their empirical data
with simple population genetics, Marrelli et al. estimated
that harbouring at least one copy of the SM 1 transgene (i.e.
being homozygous or heterozygous for SM 1) confers a 50%
benefit and that, in homozygotes (but not in heterozygotes),
this benefit is reduced by a 35% cost [1], so that the
heterozygotes have highest fitness. Therefore, despite a

Glossary

Fitness: In evolutionary biology, the fitness of an individual (or a gene)
describes its relative ability to reproduce, as defined by the change of
frequency of the individual’s genotype (or the gene) from one generation to
the next. It is often estimated as the life-time reproductive success (number of
offspring of an individual or copy number of a gene).

Fixation: A term used in population genetics to describe the situation in which
the frequency of an allele has reached 100% in a population.

Gene-drive efficacy: This is the ability of a gene-drive system to bias the
frequency of inheritance of a genetic element, which is measured as the
departure from Mendelian inheritance in the gametes of a heterozygous
individual and ranges from 0 (when half of the gametes carry the genetic
element) to 1 (when all the gametes carry the genetic element).

Ro: This is the basic reproduction number of an infectious agent, which is the
mean number of secondary infections caused by a single infected individual in
a susceptible population. An infectious agent can persist only if Ro>1.

SM1 transgene: A synthetic gene driving the blood-inducible, gut-specific
secretion of a 12-amino-acid peptide (named Salivary gland- and Midgut-
binding peptide 1) that inhibits the development of Plasmodium berghei
strongly in Anopheles stephensi mosquitoes.
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remarkable fitness advantage conferred by the transgene,
the concomitant fitness cost in homozygotes prevents it
from reaching fixation. Because nearly complete interrup-
tion of transmission is required to reduce malaria preva-
lence significantly, especially in areas with high prevalence
[10], fixation of a highly efficient transgene is a prerequi-
site for any hope in disease control. Thus, this result
reinforces the necessity of coupling antipathogenic trans-
genes to gene-drive systems that are capable of sweeping
them into natural populations despite a fitness load [11].

Need for highly efficient gene-drive mechanisms

Naturally occurring selfish-genetic elements, such as
transposable elements, meiotic drive genes, homing endo-

Box 1. Modelling the dynamics of a transgene
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nuclease genes and Wolbachia, are considered promising
candidates for driving transgenes into insect-vector
populations (reviewed in Ref. [12]). The ability of a gene-
drive mechanism to move a transgene into a population
will depend on the efficacy of the gene-drive system and on
the balance between the fitness costs and benefits associ-
ated with the transgene and the gene driver [4]. The out-
come can also be influenced by the initial frequency of the
transgene [13] and the nature of the genetic system. For
example, a recent theoretical study suggested that it is
unlikely that an antipathogen gene, with a high fitness
cost, will be driven to fixation by a Y-linked meiotic drive
system [14]. By contrast, a model associating epidemio-
logy and population genetics suggested that a resistance

Our model uses the population genetic approach described by
Marrelli et al. [1]. There are two alleles: R denoting the presence of
the resistance transgene and S denoting its absence. The fitness of
mosquitoes without any transgene (i.e. SS homozygotes) is defined
as Wss=1. Mosquitoes with one copy of the transgene (i.e. RS
heterozygotes) benefit from being resistant. Their fitness is
Whgs = 1+b. Mosquitoes with two copies of the transgene (i.e. RR
homozygotes) enjoy the same benefit as the heterozygotes. In
addition, they suffer from a cost of resistance. Their fitness is written
as:

Wgrr=(1+b)(1-2¢) (Equation 1)
In generation t, the frequency of gametes carrying the transgene is
p and that of gametes without the transgene is g=1-p. The
frequencies of the three genotypes before selection are therefore p?,
2pq and g for the RR, RS and SS genotypes, respectively.
In generation t+1 (i.e. after selection), the frequency of the
transgene becomes:
P*Wgg + pq(1 + 8)Wes

/
P= w

where W = p2Wgg + 2 pgWps + G?Wss is the mean fitness in the
population of mosquitoes and & gives the efficacy of the gene drive
of the transgene. 3 = 0 corresponds to Mendelian inheritance, in which
half of a heterozygote’'s gametes carry the transgene, and 3 = 1 means
that all the gametes of heterozygotes are transgenic.

Equation 2 was iterated until the frequency of the transgene
reached an equilibrium.

Note that these equations, in contrast to, for example, Boéte and
Koella [10], assume that the benefit of the transgene: (i) is identical
in females and males, although males cannot be infected by
malaria (and thus suffer from the cost of resistance without
profiting from its benefits) and (ii) does not change as the
frequency of the transgene increases and thus the probability of
infection (and therefore the benefit of being resistant) decreases.
Thus, the equations give an optimistic view of the spread of the
transgene.

With the parameters given in Marrelli et al’s study (b=0.5;
¢=0.35), the equilibrium frequency of the resistance allele is slightly
lower than 50% without any gene drive, that is, approximately 75% of
the mosquitoes are resistant ( p?+2pqg). As gene drive increases, the
frequency of the allele increases linearly; fixation requires that the
gene drive enables approximately 67% [(1+3)/2] of the gametes of
heterozygotes to carry the transgene (Figure ).

The epidemiological effect of this drive depends strongly on the
efficacy of resistance [10], here denoted as s. The epidemiology of
malaria is governed by a parameter R, which is related to the
intensity of transmission [20]. Malaria transmission persists if Ry>1
and becomes extinct if Ry<1. Because Ry is influenced by the number
of susceptible mosquitoes in a population, the spread of the
transgene to frequency p reduces Ry to

Ro = Rol(p* +2pq)(1 — 5) + ¢°]

(Equation 2)

(Equation 3)

The first term in the bracket gives the frequency of resistant mos-
quitoes (if one and two copies of transgene confer the same level of
resistance) multiplied by the proportion of these that become infected,
whereas the second term gives the frequency of susceptible mosqui-
toes (all of which are infected).

If resistance is 100% effective (i.e. transmission is completely
blocked; s=1), Ry decreases to less than 1 if the transgene is near
fixation, so that malaria is eliminated. However, if efficacy of
resistance is 90% (i.e. 10% of ‘resistant’ mosquitoes become infected),
prevalence y in the human population, which can be calculated from:

Ro — 1

y = Ry +5 (Equation 4)

where ais the mosquito’s biting rate and p is its mortality rate, is only
slightly decreased (Figure Il).

Note that the overdominance (heterozygote advantage) suggested
by Marrelli et al. [1] makes some interesting predictions (Figure Ill). In
particular, if the fitness benefit (expressed in homozygotes and
heterozygotes) decreases, the frequency of resistance decreases, as
expected. However, this change is strongest at low levels of gene
drive. As the allele is driven to close to fixation, it is the gene drive
rather than natural selection (the effect of the advantage of resistance)
that drives evolution. Therefore, the advantage is irrelevant for the
conditions that lead to the fixation of the gene. However, the cost of
the transgene (expressed only in homozygotes) does determine the
efficacy of the gene drive required to fix the transgene. Reducing the
cost of resistance would therefore decrease the level of gene-drive
efficacy required to reach fixation (Figure Ill).
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Figure I. Evolutionary equilibrium of resistance gene as a function of the efficacy
of the gene drive mechanism. The red line shows the frequency of the allele
coding for resistance; the black line shows the frequency of the resistant
individuals (i.e. those that carry at least one copy of the resistance allele).
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Figure Il. Equilibrium of the malaria situation as a function of the efficacy of the gene drive mechanism. The solid lines show the situation where resistance is
completely effective; the dotted lines show the situation where resistant mosquitoes can clear only 90% of the infections. The purple lines show the intensity of

transmission; the blue lines show the prevalence in the human population.
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Figure lll. Evolutionary equilibrium of the resistance gene as a function of efficacy

of the gene drive mechanism. The three lines show the frequency of the resistance
allele for different assumptions of the cost and benefit of resistance.

transgene associated with a transposable element might
invade a population despite a substantial fitness cost [10].

Here, we use the simpler approach suggested by
Marrelli et al. [1], which considers population genetics
without any epidemiological dynamics and their empirical
values of the transgene cost and benefit to assess the gene-
drive efficacy that would be required to fix the SM1 trans-
gene in a mosquito population (Box 1). We observed that,
although the transgene is associated with a 50% fitness
advantage, the 35% fitness cost paid by homozygotes pre-
vents the transgene’s fixation unless it is coupled to a gene
driver with an efficacy of at least 35%. Such drivers have
been created: in a recent population-replacement exper-
iment in Drosophila, a synthetic selfish-genetic element
was transmitted successfully at a high frequency (>99%) to
the progeny of heterozygous females [15]. However, such

a system remains to be developed and validated in
mosquitoes.

Itis noteworthy that the overdominance of the transgene
measured by Marrelli et al. gives qualitatively different
influences of the fitness cost and benefit on the gene-drive
efficacy required to fix the transgene (Box 1). A closer look at
Marrelli et al.’s model predicts that the fitness advantage of
the transgene influences only the transgene’s frequency (if it
is not fixed) but that decreasing the cost reduces the level of
gene drive required to reach fixation. In other words, if a
transgene is overdominant, observing even a strong benefit
does not facilitate the fixation of the transgene; it is the cost
of the transgene that determines the efficacy of population
replacement.

Finally, to make matters worse, our result certainly
underestimates the required driver efficacy because



the model is based on the conditions of Marrelli
et al.’s experiment, which are far more favourable than
those that a transgene would encounter in a natural
setting.

Extrapolation to a natural situation

As Marrelli et al. [1] acknowledge, their conclusions were
drawn from a model system in laboratory conditions and
therefore remain to be tested with natural mosquito—
Plasmodium combinations, a prerequisite for any con-
clusion concerning malaria control [16]. We discuss two of
these aspects here. First, the benefit of harbouring the
transgene was maximized in the experiment because all
mosquitoes were fed on infectious hosts. In any natural
situation, in which the probability of feeding on an infec-
tious host is much lower [17], the benefit (but not the cost)
of carrying the transgene will be considerably lower.
Furthermore, in an epidemiological context, any fitness
advantage conferred by the transgene decreases
progressively when its frequency rises because increased
resistance reduces the rate of disease transmission and
thus the probability that a mosquito is infected. Although
we argued here that these effects would not be crucial for
the fixation of a transgene, they would lead to low
penetration of the transgene with inefficient gene drive.
Second, although SM1 blocks approximately 80% of para-
site transmission [2], transgene fixation in the population
is unlikely to affect malaria prevalence in the human
population unless its antipathogenic effect is close to
100% (Box 1) (note that, in this context, SM1 does not
block Plasmodium falciparum, which is the malaria para-
site that causes most medical problems). Clearly, this
adds some doubts about the potential success of this
strategy when thinking about its use in malarious areas,
where harbouring a resistance allele will only be a piece
of the puzzle [18].

Conclusions

By comparing transgenic malaria-resistant mosquitoes
and non-transgenic mosquitoes fed on Plasmodium-
infected mice, Marrelli et al. confirmed that malaria
infections are costly to the mosquitoes and that resisting
them provides a clear evolutionary advantage. However,
despite an optimistic experimental setup compared
with the conditions expected in an epidemiologically
relevant situation, the benefit of resistance was counter-
balanced by a concomitant cost in transgenic homozy-
gotes, so that the transgene could not reach fixation
in the population. Because (with the genetic system
suggested) it is the cost rather than the benefit, as well
as the gene-drive mechanism used to compensate for the
cost, that are crucial for the spread of a transgene, their
study indicates that the fitness cost of transgenesis still
represents a major challenge for the use of transgenic
mosquitoes in disease control. Thus, apart from the
undeniable social and ethical issues associated with
the release of genetically modified organisms [19], a
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strong gene-drive mechanism and efficient resistance
transgenes are still required desperately before trans-
genic mosquitoes might be considered as a realistic
strategy for malaria control.
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