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Evaluating candidate agents of selective
pressure for cystic fibrosis
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Cystic fibrosis is the most common lethal single-gene mutation in people of European
descent, with a carrier frequency upwards of 2%. Based upon molecular research, resistances
in the heterozygote to cholera and typhoid fever have been proposed to explain the
persistence of the mutation. Using a population genetic model parameterized with historical
demographic and epidemiological data, we show that neither cholera nor typhoid fever
provided enough historical selective pressure to produce the modern incidence of cystic
fibrosis. However, we demonstrate that the European tuberculosis pandemic beginning in the
seventeenth century would have provided sufficient historical, geographically appropriate
selective pressure under conservative assumptions. Tuberculosis has been underappreciated
as a possible selective agent in producing cystic fibrosis but has clinical, molecular and now
historical, geographical and epidemiological support. Implications for the future trajectory of
cystic fibrosis are discussed. Our result supports the importance of novel investigations into
the role of arylsulphatase B deficiency in cystic fibrosis and tuberculosis.
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1. INTRODUCTION

Cystic fibrosis (CF) is one of the most common lethal
single-gene genetic diseases in populations of European
descent, with more than 1400 catalogued mutations and
a carrier frequency upwards of 2% (Cystic Fibrosis
Genetic Analysis Consortium 2005). The age of the most
prevalent mutation, AF508, has been estimated to be
approximately 600 generations (Wiuf 2001; Morris et al.
2002). Many hypotheses were originally forwarded to
explain the high incidence of CF, including combinations
of a high mutation rate, a founder effect, genetic drift
and heterozygote advantage (Bertranpetit & Calafell
1996). Hypotheses that assume no heterozygote advan-
tage have been found inconsistent with microsatellite
and haplotype data (Romeo et al. 1989; Sereth et al.
1993; Wiuf 2001), the occurrence of CF in multiple
countries in Europe (Serre et al. 1990), the population
history of Europe (Bertranpetit & Calafell 1996) and the
relative absence of CF outside of Europe (Bertranpetit &
Calafell 1996).

By contrast, heterozygote advantage against an
infectious disease has been repeatedly supported as a
tenable explanation for the high level of allele persistence
(Anderson et al. 1967; Hansson 1988; Bertranpetit &
Calafell 1996; Welsh et al. 2001). The prevailing
candidates for the selective agents are enteric diseases
supported by molecular research: typhoid fever (Pier
et al. 1998), and secretory diarrhoea including cholera
(SDC) (Chao et al. 1994; Cuthbert et al. 1994; Gabriel
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et al. 1994). Tuberculosis has also been proposed
originally on the basis of clinical observations (Anderson
et al. 1967; Crawfurd 1972).

The correct selective agent must be plausible accor-
ding to three lines of evidence: molecular; clinical; and
historical-geographical (Galvani & Slatkin 2003).
Firstly, molecular and cellular studies should demon-
strate a mechanism through which heterozygosity
provides resistance. Secondly, clinical studies should
indicate correlations between host genotype and disease
morbidity /mortality. Finally, on a historical-geographica
level, the temporal and spatial distribution of the
selective agent must be consistent with the observed
allele frequency and incidence of the genetic disease in
geographical regions of both high and low incidences.
This third means of evaluation has been neglected. We
develop a model that integrates demographic and
population genetic dynamics which we parameterize
using historical demographic and epidemiological data.
This interdisciplinary approach provides a means to
assess three diseases that have been considered candi-
dates: typhoid fever; SDC; and tuberculosis. By evaluat-
ing the upper bounds of mortality and selective impact for
all three diseases, we conclude that only tuberculosis
resistance would have been a sufficient source of selective
pressure to result in modern CF incidences.

The isolation of the CF gene product, the CF
transmembrane conductance regulator (CFTR) (Kerem
et al. 1989; Riordan et al. 1989; Rommens et al. 1989), has
allowed numerous experiments to explore molecular
mechanisms for the hypothesized heterozygote advan-
tage. The discovery that the secretory toxin of
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enterotoxigenic Escherichia coli (ETEC) acts through
the CFTR increased the interest in the idea that
secretory diarrhoea played a role in the emergence of
CF (Chao et al. 1994; Cuthbert et al. 1994; Goldstein
et al. 1994). A similar toxin is produced in cholera,
which also causes secretory diarrhoea (Gabriel et al.
1994). Experimental results regarding a difference in
response to secretory toxins between wild-type and
heterozygous mice have been contradictory: one study
found a difference (Gabriel et al. 1994), while another
has shown no difference (Cuthbert et al. 1995). More-
over, results in a study of human heterozygotes showed
no differences in chloride secretion (Hogenauer et al.
2000). No study has incorporated clinical outcomes
such as hospitalizations. Thus, clinical evidence for
resistance to SDC is at best inconclusive, and there is no
evidence of resistance to diarrhoea without a secretory
toxin (e.g. amoebic, rotaviral, other bacterial diarrhoea).
The causative agent of typhoid, Salmonella enterica
serovar Typhi, requires wild-type CFTR to enter
mouse gastrointestinal submucosa (Pier et al. 1998).
Intact CFTR is markedly reduced in mice heterozygous
for AF508, suggesting a role for CF mutations in
preventing typhoid fever (Pier et al. 1998). However, a
recent clinical study in Indonesia, an area highly
endemic for typhoid fever, found no AF508 mutations
in their sample of 775 individuals (van de Vosse et al.
2005). Thus, clinical evidence supporting a role of
CFTR mutations in typhoid resistance is lacking.
Resistance to tuberculosis in CF patients was
recently postulated to arise from diminished activity
of the enzyme arylsulphatase B (Tobacman 2003).
Mycobacterium tuberculosis lacks intrinsic arylsulpha-
tase activity, but the bacterium has an arylsulphotrans-
ferase that may require sulphate freed by host
arylsulphatase to construct its cell wall (Rivera-Marrero
et al. 2002). Cell wall sulphate content is in turn
correlated with virulence (Goren et al. 1976). Thus,
dysfunction of arylsulphatase activity in CF is postu-
lated to protect against tuberculosis by depriving the
bacteria of a necessary nutrient (Tobacman 2003).
There is also clinical evidence of an association
between CF and resistance to tuberculosis. A lower
tuberculosis mortality rate has been observed among
heterozygotes versus controls (Crawfurd 1972).
Additionally, the low incidence of tuberculosis in CF
patients, particularly in relation to non-tubercular
mycobacteria, has been noted by a number of investi-
gators (Anderson et al. 1967; Smith et al. 1984; Hjelte
et al. 1990; Kilby et al. 1992). Thus, tuberculosis is
supported by both molecular and clinical evidence.
While molecular and clinical facets of the hypotheses
of heterozygote advantage for the CFTR locus have
been repeatedly addressed, quantitative assessment
based upon historical or epidemiological data has
been neglected. Calculations of selection coefficients
for heterozygote advantage in CF (Meindl 1987;
Bertranpetit & Calafell 1996) have neither used
historical data, nor compared particular selective
agents within a population genetic framework. Each
candidate that we examine here has been responsible
for notable historic mortality (figure 1). However, in
addition to the magnitude of overall mortality, the age
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Figure 1. Age-specific probability of death owing to candidate
diseases from historical records (Woods & Shelton 1997).
Tuberculosis curve represents the peak of the European
epidemic during 1600-1900, with 20% of all-cause mortality;
the rates we used prior to 1600 were fractions of the same
curve. SDC refers to secretory diarrhoea including cholera,
and hence includes diarrhoea due to E. coli.

distribution of mortality as well as human demography
are important determinants of selection (Samuelson
1978; Crow 1979; Galvani & Slatkin 2003; Galvani &
Slatkin 2004).

Cystic fibrosis follows a well-known geographical
pattern, with an incidence in newborns of European
descent of approximately 1 in 2500 (Welsh et al. 2001),
lower incidences in the Middle East of 1 in 15 000
(Frossard et al. 1998), down to 1 in 40 000 in Indian
populations (Powers et al. 1996) and vanishingly small
incidences in African and East Asian populations
(Yamashiro et al. 1997; Welsh et al. 2001). This is
in stark contrast to geographical clines for typhoid fever
and cholera, which are more common in tropical regions
(Barua 1992; Crump et al. 2004). The historical-
geographical distribution of tuberculosis more closely
matches that of CF, i.e. while tuberculosis has been
globally endemic for at least 15 000 years (Morse et al.
1964; Kapur et al. 1994; Rothschild et al. 2001; Hughes
et al. 2002), a tuberculosis epidemic of record mortality
broke out in Europe in the early seventeenth century
(Twelfth Annual Report 1854; Grigg 1958; Heberden &
Percival 1973; Bates & Stead 1993; Kipple 1993; Davis
2000). The epidemic did not spread to India, Africa and
other parts of the world until the late nineteenth
century (Bates & Stead 1993). Our model incorporates
this historical outbreak and tests the correspondence of
the historical-geographical course of the tuberculosis
epidemic to the modern distribution of CF.

2. MATERIAL AND METHODS

We used British mortality records from 1861 to 1870 to
determine age-structured mortality rates owing to SDC
(Woods & Shelton 1997). The original registers
separately tabulated deaths from ‘diarrhoea and
dysentery’ and ‘cholera’. We multiplied the mortality
rate of the former by a parameter, ¢, representing the
proportion of diarrhoea that is secretory, so as to
include only diarrhoea for which molecular evidence of
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CF resistance exists. A modern estimate of 18.5% for ¢
comes from Bangladesh, an area highly endemic for
secretory diarrhoea (Albert et al. 1999). For our
sensitivity analysis, we varied ¢ from half to twice this
value, producing an estimate of 2% of deaths owing to
SDC. As contemporary mortality rates are higher in
urban environments, and the population became
increasingly urbanized, we probably overestimated
earlier mortality owing to SDC. It is debatable whether
true cholera existed in Europe prior to 1817 (Barua
1992); we conservatively allow that it did and apply the
record of 1861-1870 cholera mortality across all time.

For typhoid fever, a recent study showed that clinical
diagnosis underestimates disease incidence among
infants and children (Sinha et al. 1999). Therefore, we
used recorded typhoid fever mortality as the lower bound
in our sensitivity analysis (Woods & Shelton 1997). For
our upper bound, we used the mortality rate from all
fevers (Creighton 1965). As this includes death to
typhus—which itself was often blamed for more than
half of deaths owing to fever—and other fevers, it is
necessarily an overestimate of death to typhoid fever. We
used the higher mortality rate in determining the age-
structured mortality, as it showed more deaths among the
young; the lower figures produced on an average 39% of
this mortality, or approximately 2% of all-cause
mortality. As with SDC, higher and increasing rates of
typhoid fever in urban areas suggest that earlier times
suffered less mortality from this disease than that
we modelled.

For tuberculosis, numerous sources ascribe to it
20-25% of all deaths from the sixteenth century to the
early twentieth century, with peak death rates in excess
of 750 per 100 000 annually (Twelfth Annual Report
1854; Grigg 1958; Heberden & Percival 1973; Bates &
Stead 1993; Kipple 1993; Davis 2000). We used the
lower figure of 20% as an average and the shorter term
of 1600-1900. We conservatively assigned zero
mortality to tuberculosis after 1900. Prior to 1600, we
assigned tuberculosis responsibility for a variable
proportion, Teue<20%, of all deaths. We additionally
modelled resistance to tuberculosis in India, where the
modern epidemic started only several hundred years
later (Bates & Stead 1993). For India, we used a peak
share of mortality of 20% from 1800 to 1950 to reflect
the shift in the start of the epidemic there. To construct
the age distribution of deaths, we used figures from 1849
to 1853 in the United States (1854). The age-specific
mortality rates used for the model are shown for
comparison in figure 1.

We use an age-structured population to incorporate
the different shapes of mortality curves from the
candidate diseases, with n;, . females of age a and
genotype zin the population at time ¢, and with n, , total
females across all genotypes (Crow 1979; Galvani &
Slatkin 2003; Galvani & Slatkin 2004). Females bear
female children at age-specific rate m, and suffer age-
and time-specific all-cause mortality at rate u,, The
mortality from the candidate disease is d; ,. The wild-
type homozygote experiences the full mortality, whereas
the heterozygote experiences mortality reduced by their
fractional resistance, p. For initial modelling of all three
candidate diseases, we assume that heterozygotes enjoy
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perfect resistance to the candidate diseases, p=1. The
CF homozygote individuals experience 100% mortality
prior to reproduction, which is consistent with the life-
history curves for such patients even up to the beginning
of the last century (Warwick & Monson 1967). Baseline
mortality and fecundity rates were taken from data
derived from English parish records from 1550 to 1900
(Wrigley & Schofield 1981). For our sensitivity analysis,
we varied mean age at first childbirth from 23.4 to 26.0,
the range for the period of 1600-1849 (Wrigley &
Schofield 1981). The stable population distribution used
to initiate model realizations was constructed from these
rates (Preston et al. 2001).

Baseline mortality rates from the source life tables
must necessarily include deaths owing to endemic
diseases. For each disease, we adjusted the baseline
mortality downwards from u to 4’ so as not to double-
count deaths,

_ 1—- HMia

1—d;, "

i =1 (2.1)

Using these estimates for fecundity, baseline mortality
and disease mortality, we evolve the population accor-
ding to Hardy-Weinberg ratios, with p, , representing
the frequency of the wild-type allele at time ¢in age group
a, and assuming that each female chooses a partner from
a pool with allele frequency identical to that of her age
group. We use 45 age classes of 1 year, consistent with the
age-specific fertility rates (Wrigley & Schofield 1981).
We ignore post-reproductive adults. The number of
newly born wild-type homozygous (wt), heterozygous
(het) and CF homozygous (cf) individuals is governed by
the following difference equations:

_ Qnt,a,wt + T a,het
pt,a -

)

2nt.a

45
_ 2
11wt = PtaTi,qMg,
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15 (2.2)
T41,1,het = ZZptA,a(l _pf,,a)nt,amuv
a=1
45
2
Nr11,ef = Z(l _Pt,a) N, oMy
a=1
And the existing population ages according to
M1, a+1,wt = (1 _#gﬂu) (1 - dt,a)nt,a,wta
T+1,a+1,het = (1 _:u;f.,a) (1-qQ _p)dt‘a)nt‘a,hctv (2.3)

N1t = 0.

To address the hypotheses that AF508’s high
prevalence means it alone bestows heterozygote
advantage, and that non-AF508 mutations are merely
detrimental, we formulated an extended version of the
above model with three alleles (e.g. wild-type, AF508
and non-AF508 mutation) and the six resultant
genotypes. We then modelled a population in which
a single AF508 mutation is introduced into the
population with an equilibrium level of non-AF508
mutations (Wirth et al. 1997; Freeman & Herron
2004), assuming the former is protective against
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tuberculosis in the heterozygote and that both the
mutant alleles produce CF in the homozygotes
and mixed heterozygote. We tracked the ratio of
AF508 to non-AF508 mutations over time, assuming
that non-AF508 mutations continue to arise de novo at
a rate of 6.7X1077 (Wirth et al. 1997; Freeman &
Herron 2004).

Our model of a freely mixing population facilitates
the increase of an overdominant lethal recessive; hence,
if any disease is to provide sufficient selective pressure,
it must do so under these conditions (Nishino & Tajima
2005). Moreover, the well-studied AF508 mutation
has a unique origin (Morral et al. 1994), indicating
pan-FEuropean mixing of CFTR alleles. Each model
realization follows the change in allele frequencies in a
single region; thus, differences across Europe can be due
to differences in selective pressure (e.g. force of infection
of candidate selective agent.)

Target CF incidence in Europe, i.uo, was 1 in 3000
births (Welsh et al. 2001). We used the CF incidence
from a study of Indian immigrants to the United
Kingdoms, 1 in 40 000 births, for the target outside of
Europe, i,., as India experiences all three candidate
diseases (Powers et al. 1996). Historic continuation of
childbearing into the fifth decade of life produced mean
generation times in our model from 31.9 to 32.8 years
(Preston et al. 2001).

The model was initiated from 50 000 years before the
present (yrBP) and run through to equilibria for both
SDC and typhoid fever, affording these diseases
maximal opportunity for selection. Model realizations
for tuberculosis were initiated from a more conservative
18 000 yrBP, consistent with an intermediate estimate
of the age of the most common CF mutation (Morris
et al. 2002). Moreover, low endemic levels of tubercu-
losis mortality were applied until AD 1600, with the
higher epidemic level from 1600 to 1900, and no
tuberculosis mortality after AD 1900. This is consistent
with both the estimate of 35 000 years since the origin of
M. tuberculosis (Hughes et al. 2002) and historical
records of the tuberculosis pandemic’s origin in Europe.

3. RESULTS

Neither SDC nor typhoid fever is able to produce the
observed European incidence, given perfect resistance in
the heterozygote and record disease mortality extended
over all time. Perfect resistance to SDC, pgi.=1,
produces an equilibrium CF incidence of 1 in 10 800
live births (1 in 20 100 to 1 in 4700 from sensitivity
analysis), significantly below observed frequencies of
greater than 1 in 3000. Perfect resistance to typhoid
fever, pyypn =1, produces an equilibrium incidence of 1 in
7600 live births (1 in 29 200 to 1 in 4100 from sensitivity
analysis), again considerably below observed modern
incidences (figure 2). At this incidence, the mortality
owing to CF balances the mortality prevented owing to
putative heterozygote advantage.

The tuberculosis pandemic originating in Europe in
the seventeenth century provides adequate, appropri-
ately located selective pressure to produce the modern
CF incidence in Europe, greater than 1 in 3000,
assuming that endemic tuberculosis prior to the
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Figure 2. Model realizations of CF incidence over time for
candidate diseases, given 100% resistance (p=1) to the
specified disease. Tuberculosis has been assigned responsi-
bility for a fraction, 7=1.6%, of mortality prior to 1600. All
the populations are initiated with 1 in 20000 CF allele
frequencies. Typhoid fever and SDC were initiated 50 000
yrBP. Tuberculosis was given the more restrictive start time
of 18 000 yrBP. Under these conditions, tuberculosis resist-
ance produces an observed modern European CF incidence of
1 in 3000 (arrow). The inflection point in the tuberculosis
curve is due to the conservative assumption that tuberculosis
rates jumped to their historically documented levels in 1600,
rather than increasing gradually prior to 1600.

seventeenth century was responsible for less than 2%
of all-cause mortality, which is consistent with histori-
cal records, and only one-tenth of its mortality during
the recent European epidemic (Bates & Stead 1993).
Partial resistance to tuberculosis in the heterozygote,
down to prp=15%, can similarly produce the modern
CF incidence, given higher levels of endemic tubercu-
losis prior to the seventeenth century. Thus, tubercu-
losis provides sufficient selective pressure over a wide
range of resistances and mortality levels (figure 3).

We additionally modelled the CF incidence in India.
If tuberculosis mortality in India had been approxi-
mately 70% of that in Europe, it would produce the
observed Indian CF incidence. This lower level of
tuberculosis in India is historically plausible (Bates &
Stead 1993).

When we modelled two types of CFTR mutations,
those with and without heterozygote advantage, the
advantageous category of alleles rises to represent 98% of
CFTR mutant alleles in the modern day. This rise occurs
despite de novo disadvantageous mutations at a rate of
6.7X107 7 per generation (Wirth et al. 1997; Freeman &
Herron 2004). This projected 98% contribution is
significantly higher than the 66% modern frequency of
AF508 among CFTR mutations (Bobadilla et al. 2002),
suggesting that the heterozygote advantage in CF is not
associated solely with AF508.

Tuberculosis remains a major cause of mortality
worldwide (Nunn et al. 2005), but from a historical
perspective, it is relatively well controlled in most
developed countries. In situations where tuberculosis is
no longer responsible for significant mortality among
individuals of reproductive age, our model demon-
strates that the incidence of CF will fall. The decline
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Figure 3. Range of CF incidences given resistance to
tuberculosis in the heterozygote. The independent variables
are fraction of resistance to tuberculosis in the CF carrier and
percent of all deaths owing to tuberculosis prior to the
pandemic that began in the 1600s. From 1600 until 1900, 20%
of all deaths are ascribed to tuberculosis, as it is consistent
with historical records. Light grey regions indicate com-
binations of parameters that could have produced the
observed CF incidence (greater than 1 in 3000) in Europe.
Tuberculosis resistance is a sufficient cause of CF across a
broad range of parameters. In contrast, neither SDC nor
typhoid fever produces sufficient CF incidence in any region of
their parameter space, even allowing peak mortality levels
extending back indefinitely into the past—their entire graphs
are dark grey (not shown).

amounts to a 0.1% decrease in CF incidence annually
over the next 100 years. To reduce the incidence by half
requires approximately 20 generations.

4. DISCUSSION

The tuberculosis pandemic, the ‘white plague’ that
claimed over 20% of all European lives beginning in the
1600s, swept across the world over subsequent centuries
(Bates & Stead 1993). However, its origin and duration
in Europe meant that the greatest selective pressure
was applied there—enough so that, according to our
results, tuberculosis resistance in the CF heterozygote
can explain the modern gradient in CF incidence
between Europe and the rest of the world.

Our quantitative analysis revealed that secretory
diarrhoea mortality—including both cholera and
ETEC—was insufficient to account for the present CF
frequencies in Europe, given perfect resistance over all
time and liberal estimates of disease-associated
mortality. Likewise, typhoid fever did not provide
adequate mortality under similar assumptions. We
were generous to these diseases in numerous aspects of
our evaluations. Firstly, our estimates of the incidences
of cholera, typhoid and ETEC are likely to be high; as all
these diseases tend to increase with increasing popu-
lation density, the urbanizing communities of the 1800s
from which the mortality estimates were drawn would
suffer the highest mortality rates in history from these
diseases (Woods & Shelton 1997). In the case of typhoid
fever, we broadly included all deaths by fever in our
parameterization to avoid difficulties in retrospective
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diagnosis. Secondly, we used a high estimate for the
mean age at first childbirth; lower estimates predict even
lower CF incidences owing to these diseases, as the
differential resistance in heterozygotes has less time over
which to act. Thirdly, many regions in Europe have CF
incidences higher than our target incidence, up to 1 in
1700 (Welsh et al. 2001); hence, we set a lenient standard
for determining whether typhoid fever or SDC could
produce European incidences. In contrast, tuberculosis
is able to match even the higher target incidences (data
not shown). Finally, neither typhoid fever nor SDC
shows a historical or geographical distribution consist-
ent with the modern distribution of CF.

Abundant literature attests to the ancient, persist-
ent, worldwide presence of tuberculosis (Morse et al.
1964; Davis 2000; Rothschild et al. 2001). A tubercu-
losis contribution of approximately 2% of all mortality
during endemic periods is adequate in our model and
higher contributions are consistent if resistance is
imperfect. Tuberculosis can also explain geographical
differences in CF incidence, i.e. tuberculosis produced
the observed CF incidence for India with tuberculosis
mortality levels about 70% of that in Europe, consistent
with the historical data (Bates & Stead 1993).
Comparisons to Africa and Asia are more difficult,
primarily because clear data on the incidence of CF are
unavailable. Furthermore, other polymorphisms that
lead to incomplete forms of CF, e.g. congenital bilateral
absence of the vas deferens or chronic pancreatitis
(Sharer et al. 1998), are common in parts of Asia and
complicate the analysis there (Cuppens et al. 1998;
Fujiki et al. 2004). While these and other factors may
contribute to the difference in CF incidence between
Europe and elsewhere, our results show that the timing
and duration of the most recent tuberculosis pandemic
provides a parsimonious explanation.

Tuberculosis supplies greater selective pressure than
either typhoid fever or SDC primarily because it has
been associated with mortality rates routinely of an
order of magnitude higher than those owing to the other
candidate diseases and secondarily because mortality
closer to the onset of reproductive age removes relatively
more reproductive potential per death (figure 1).

A founder effect has been proposed to explain the
high incidence of CF (Klinger 1983). We modelled a
putative bottleneck population consisting solely of
heterozygotes. In such a population, CF incidence
begins at 1 in 4 births and decays below the observed
European incidence in 1800 years. Thus, a founder
effect could not produce existing levels of CF, as there
has been no such dramatic bottleneck for the entire
FEuropean population within the past 1800 years.

The particular prevalence of the AF508 mutation has
led to the suggestion that it alone provides heterozygote
advantage (Welsh et al. 2001; Wiuf 2001) and that other
CFTR mutations are purely detrimental. However, our
results demonstrate that selective pressure sufficient to
drive CF up to its present incidence would also drive the
class of purely detrimental CFTR alleles down to less
than 2% of all CFTR mutations. This is significantly
lower than the 34% of all CFTR mutations that are not
AF508 (Bobadilla et al. 2002), suggesting that AF508 is
neither the sole beneficial CFTR allele nor a genetic
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hitchhiker (Macek et al. 1997). Additionally, the histori-
cal presence of tuberculosis provides a ready explanation
for the range of ages suggested for AF508 (Wiuf 2001;
Morris et al. 2002); it would have provided modest
selective advantage against the endemic disease even
prior to the seventeenth century epidemic.

As our model relates CF to tuberculosis, it predicts
that the incidence of CF will fall in regions of the world
where tuberculosis is well controlled at a rate of
approximately 0.1% per year. In parts of the world
where tuberculosis incidence is increasing (as owing to
HIV and limited public health resources), the equili-
brium incidence of CF may be higher or lower than
present levels; prediction in such regions is outside the
scope of this paper.

We were only able to use fertility and mortality data
from one portion of Europe, and that assembled and
compared across multiple sources. Moreover, we had to
extrapolate relatively recent demographic parameters
back in time to earlier periods with markedly different
living conditions. Retrospective diagnosis of the causes of
death is notoriously error-prone, but we took a generous
approach of ascribing deaths to diarrhoea and typhoid
fever. Even if our exact parameters are not correct, our
basic finding holds: tuberculosis resistance is sufficient to
explain CF across a wide range of parameters, while SDC
and typhoid fever appear much more limited in the range
of feasible parameters (in our case, none was found
consistent with the historical data).

Our model assumes random mixing across the entire
population. It is also deterministic rather than stochas-
tic. Further, we include neither spatial nor temporal
heterogeneity in the force of infection of the candidate
diseases. All these factors could conspire to raise or
lower the incidence of CF within a community,
irrespective of selective pressures. However, we believe
that the magnitude of these effects is insufficient to
produce the broad incidence of CF across so many
European populations.

We demonstrate that the two agents commonly
invoked to explain the persistence of CF—secretory
diarrhoea (including cholera) and typhoid fever—have
not imposed sufficient historical selection. In contrast,
tuberculosis combines ancient endemicity with a recent
epidemic of European origin and severe mortality,
particularly among young adults at the peak of their
reproductive potential. Consequently, tuberculosis
would provide sufficient selective pressure in the
appropriate parts of the world. Additionally, tubercu-
losis is a plausible candidate based upon clinical
observations and recent molecular hypotheses. Thus,
investigation of the putative link between tuberculosis
and CF may be an important area for inquiry, both
through genetic studies of tuberculosis patients and
examination of the proposed role of arylsulphatase B
deficiency in both tuberculosis and CF.
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