
pertussis vaccines that induce antitoxin
immunity and that are widely used in
human populations argue against these 
predictions. The introduction of diphtheria
toxoid vaccine at the beginning of the
twentieth century led to a huge reduction
in the number of people carrying the 
virulent form of this pathogen and to the
persistence of non-virulent forms of the
bacterium2–4.

Diphtheria is caused by a toxin that is
synthesized by Corynebacterium diphtheriae,
which allows this bacterium to obtain
nutrients when resources in the immediate
vicinity are scarce. To produce the toxin, C.
diphtheriae must carry a viral tox gene (tox+

strain). Toxin production therefore confers
a competitive advantage — cases of frank
diphtheria are more contagious than cases
of asymptomatic infection. 

However, toxin production also carries
a metabolic cost. As the toxin is neutralized
in people who are immunized with diph-
theria toxoid, its production is a drain on
the bacterium, which is therefore at a 
competitive disadvantage. Accordingly,
diphtheria has vanished from areas with
long-standing and thorough diphtheria-
toxoid vaccination programmes, whereas
the tox1 C. diphtheriae strain has persisted,
a change that is attributable to the selective
pressure exerted by the vaccine5. 

A similar mechanism could explain the
impact of the pertussis-vaccination pro-
gramme implemented in Sweden with a
vaccine containing only pertussis toxoid,
which also induces antitoxin immunity.
This vaccine was introduced in 1995 in 11
Swedish counties to vaccinate all children
between 6 months and 14 years of age. Four
years later, the result of this programme was
a large reduction in hospitalized pertussis
cases, not only in vaccinated but also in
non-vaccinated children (that is, infants
younger than 6 months old and children
older than 14 years). This demonstrates
once again that antitoxin immunity does
affect pathogen transmission6–8.

Gandon et al. also argue that vaccines
that counteract pathogen propagation may
be less effective, as reduced transmission
will elicit increased virulence. As we do not
yet have an example of this type of vaccine
for humans, we do not know whether this
will be the case. This may be important for
HIV vaccines9 as well as for malaria, but we
suspect that the reduction in transmission
of a pathogen that replicates on mucosal
surfaces will outweigh any possible increases
in endogenous virulence.
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Gandon et al. reply — Soubeyrand and
Plotkin question our contention that anti-
toxin vaccines may select for greater
pathogen virulence, arguing that this has
not been borne out in real-life cases of
diphtheria and pertussis, in which the
widespread use of antitoxin vaccines has
led to a reduced incidence of severe disease.
They explain this success in terms of direct
effects by the toxin on transmission that
are both beneficial and costly. They argue
that antitoxin vaccines have relieved the
pathogen of the cost of high virulence 
due to host mortality (as we do too), but
that these vaccines also maintain the 
metabolic cost of producing the toxin,
helping natural selection to weed out the
toxin producers. 

In our model, we assume no such
effects of toxin production — we envisage
toxin production as an unavoidable,
unhelpful side-effect of parasite replica-
tion, as seems to be the case in malaria.
The apparent contradiction between our
predictions and the observations cited 
by Soubeyrand and Plotkin is therefore
due to differences in the life histories of
different pathogens.

Our model can easily be extended to
incorporate the costs and benefits of toxin
production by modifying the pathogen’s 
fitness function as follows: 

b[a&(11r)t]
R0[t]4——————— e1ct

(d&a&(11r)t)

where t is the level of toxin production, r is
the efficacy of the antitoxin vaccine, e1ct is
the cost function of toxin production, b
represents parasite transmission as an
increasing function of both toxin produc-
tion and another component of disease-
induced mortality, a, and d is natural host

mortality. Maximizing fitness yields the
evolutionarily stable toxin production, t*,
shown in Fig. 1. When the cost of toxin 
production is zero (as is assumed in our
original model), virulence increases with
vaccine efficacy. When the cost of toxin 
production is high, however, it counteracts
the toxin’s benefit to transmission, in which
case optimal toxin production decreases
with vaccine efficacy.

Figure 1 also shows that whereas highly
effective antitoxin vaccines select for lower
toxin production, imperfect vaccines can
select for higher toxin production, which
supports our argument that the use of
imperfect vaccines can have negative 
consequences. The examples provided by
Soubeyrand and Plotkin emphasize the
need to understand how virulence and
transmission relate to pathogen fitness for
each disease of interest. Virulence evolution
can occur in response to vaccination and
other increases in host defence, both in 
positive ways, as Soubeyrand and Plotkin
argue has occurred for diptheria and 
pertussis, and in negative ways, as others
have argued may be the case in Marek’s 
disease1 and myxomatosis2.
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Figure 1 Evolutionarily stable toxin production, t*, plotted against

antitoxin vaccine efficacy, r, for different toxin-production 

costs, c. Here it is assumed that all hosts are vaccinated, but sim-

ilar results emerge for intermediate levels of vaccination coverage.

The following transmission function was used:

b[a&(11r )t]4b1(a&(11r )t)b2. Parameter values: b141,

b240.5, d41, a40.2.
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