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A B S T R A C T   

Background: The French region of Brittany presents one of the highest cystic fibrosis (CF)-causing allele frequency 
in Europe. Here, we tested two hypotheses: i) CF-causing allele carriers arrived by sea in the middle of the 1st 
millennium AD, and ii) a selective advantage for healthy carriers explains this high rate. 
Methods: From the census of cystic fibrosis patients, frequency maps of the most widespread alleles were 
established. A mathematical model was developed, based on birth date and place of the ancestors of these pa
tients over 5 centuries, to determine the distribution of local migrations and their parameters for inter- 
generational intervals of 32 years. This model was applied to simulate the spread of CF-causing variant car
riers, according to different scenarios that corresponded to the immigration of a given number of variant carriers 
at different times (year) and places, and to compare their results to current frequency maps. 
Results: Migrants carrying a CFTR variant settled in several locations, around which they spread, notably in 
Central Brittany (F508del variant), Léon (G551D variant) and Cornouaille (1078delT variant). Until the end of 
the 18th century, the spreading of disease-causing allele carriers was relatively slow, and allele frequencies 
progressively increased. Then, the mean migration distances increased rapidly, leading to a decline in local 
frequencies. 
Conclusions: The main CFTR variants could only have reached their current frequencies through a selective 
advantage for healthy carriers of the order of 4–6 % at each generation. For the most widespread variant 
(F508del), the model supports the hypothesis that it appeared around 190 generations ago.   

1. Introduction 

Brittany is a peninsula bordered by 2730 km of coastline at the 
extreme west of France. The prevalence of cystic fibrosis (CF), the most 
widespread hereditary disease, is particularly high. 

In a previous study [1], we carried out a census of patients with CF in 
Brittany. We traced their genealogy for nearly 20 generations to study 
the possible effects of consanguinity and endogamy. The rate of het
erozygous individuals (i.e. healthy carriers of a single disease-causing 
allele of the CFTR gene) is 3 to 4 % in Brittany. We assumed that this 
high rate might be due to a selective advantage that would favour the 
mean lifespan of healthy carriers, due to a protective effect that limits 
perinatal mortality. 

To test this hypothesis and the historical hypothesis of the arrival of 
CF recessive alleles by sea in the middle of the 1st millennium AD, we 

mapped the distribution of patients and their ascendants over several 
centuries. We completed the patients’ census, now virtually exhaustive, 
over the last five decades, and the reconstruction of their family tree 
back to the 16th century. This survey confirmed and completed previous 
studies [2] and allowed mapping the frequency of the seven most 
common CFTR variants. We entered the family trees of all patients in a 
database (currently >635,000 individuals) that allowed us to charac
terize local inter-generational migrations due to social mobility, linked 
to matrimonial, professional or residential reasons. Then, we used a 
mathematical model and these data to simulate local migrations over a 
period of several centuries and described the diffusion of recessive al
leles introduced by migrants at any given time and place. This allowed i) 
describing the local changes in the frequency of each allele in the three 
departments1 of western Brittany, and ii) understanding how local mi
grations cause allele dispersion and dilution in the population, leading 
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to a decrease in frequencies, unless the dilution is counterbalanced by an 
inverse effect. We found that a selective advantage of healthy carriers 
over the generations was the main effect leading to an increase of or to 
stable allele frequencies. 

By focusing on the three most widespread mutations in Brittany, we 
studied many migration scenarios, characterized by a date and place of 
arrival and a number of immigrants carrying the mutations, to identify 
those who would have led to the current allele frequencies. 

We also estimated the number of generations since the original 
F508del mutation that could have led to the current frequencies 
observed in Europe, in order to compare our approach with recent ge
netic studies. 

To our knowledge, the present study is the first application of a 
mathematical model based on demographic and genetic statistics to 
represent and simulate local migrations. It provides a deeper under
standing of the spread of a genetic disease over a long period. 

2. Methods 

2.1. Input data 

2.1.1. Genealogical data 
To establish CF origins in Brittany, we built a genealogical database 

between 2007 and 2017, with the help of many genealogists. The 
objective was to collect information on the ancestry of all patients with 
CF screened or followed in Brittany, using the data provided by the civil 
registry. In total, we identified 1542 patients amongst whom 1162 had 
two known recessive alleles and 51 had only one. Missing data were due 
to the absence of or incomplete genotypic analysis. 

Currently, the database contains over 635,000 individuals amongst 
whom 95 % have CF or are the ancestors of a current patient. For 
294,000 of them, the data required for the present study were available: 
date and town of birth of the patient and of at least one parent. For the 
current analysis, we did not include the small number of individuals 
born before 1500. 

This database, the only of its kind in France, is unique for the number 
of individuals listed and the genealogical depth. 

2.1.2. Population 
The database includes all available data on the population changes in 

the studied departments in the last two millennia. These data are 
essential for the current analysis because they might directly influence 
the allele number (see Appendix A1.1). 

2.1.3. Inventory of the recessive alleles 
The database contains the 15 most frequent recessive alleles in pa

tients with CF and healthy carriers (Appendix A1.2). 

2.2. Data treatment 

We carried out all statistical analyses for five departments: the four 
Brittany departments (Côtes d’Armor, Finistère, Ille-et-Vilaine, and 
Morbihan) and the Loire-Atlantique department. 

For the local migration simulations, we considered the Ille-et-Vilaine 
and Loire-Atlantique departments as transition zones to the rest of 
France. Therefore, this part of the study was limited to the three de
partments in the extreme west of France: Finistère, Côtes d’Armor, and 
Morbihan. 

2.2.1. Calculation of the recent allele frequencies 
We tried to determine the most recent local frequencies of the main 

CF-causing alleles. However, the number of alleles per town was too low 
because the town grid was too narrow. Therefore, we decided to 
calculate their frequency per canton, which generally includes 20–40 
towns with a current population of several tens of thousands inhabitants. 

We counted the patients with known genotype born between 1962 

and 2014, for whom the data are virtually exhaustive, i.e. 793 patients 
over 53 years. To estimate CF incidence (i.e. the percentage of in
dividuals with CF at birth), we extracted from the Institut national de la 
statistique et des études économiques (INSEE) database the number of 
births per town during this period. 

We calculated the frequency of the F508del variant (the most 
widespread) directly from its incidence. For the other alleles, the inci
dence was too low. Therefore, we used the incidence rate of heterozy
gous patients who carry one F508del allele and another recessive allele. 
The calculation method is described in Appendix A2.1. 

For a given allele pair, below a certain frequency threshold that 
depends on the canton, the probability of finding a single CFTR gene 
with that allele pair was <1. Frequencies below this visibility threshold 
are generally not detected, and pass "under the radar" (see Appendix 
A2.2). However, this must be taken into account when analysing the 
simulation results. This effect appears on the maps in the form of 
uncoloured areas where no patient was recorded. 

2.2.2. Inter-generation interval 
To model the changes in allele frequencies over the centuries, we 

needed to know the length of time between successive generations. By 
calculating the age of each parent at the birth of each child, we obtained 
the mean inter-generation intervals listed in Table 1. Therefore, for our 
model and simulations, we chose a mean interval of 32 years, and 
counted generations from the year zero of our era to the 62nd generation 
(from 1984 to 2016). 

2.2.3. Birthplace 
To simulate the inter-generation mobility of individuals who 

changed their place of residence, for personal (e.g. marriage) or pro
fessional (e.g. the end of a farming or commercial lease) reasons, we 
needed to know their place of residence at the time of their birth and of 
their children. Genealogical research was organized with this in mind, 
and consequently the collected data concerned only people who had 
children. 

The birthplace entered in the genealogical database was the town. As 
the boundaries and names of towns changed considerably during his
tory, we reconstructed these changes and integrated each historical 
town in the latest INSEE inventory (2022). For the five departments of 
reference, we entered 1414 towns. 

Historically, the place of birth recorded for each child was the par
ents’ town of residence. Since the middle of the 20th century, this 
practice has changed with the development of maternity hospitals. 
However, in the 1980s, many maternity hospitals were merged or 
closed. After recording these events, we replaced the birthplace declared 
at the registry office with the parents’ place of residence at the time of 
the child’s birth, when this seemed the most likely option. This correc
tion is particularly important for calculating local frequencies at the end 
of the 20th century. 

2.2.4. Migration distances 
Our database contains data on 294,000 individuals for whom we 

know the year and place of birth, and the birthplace of at least one of 
their children. Each data item represents an inter-generation migration, 
including the many sedentary cases where the child was born in the 
same place as its mother or father. 

Table 1 
Inter-generation intervals (in years).  

Century Number of data Mean interval Standard deviation 

16th 4 808 32.5 8.8 
17th 110 766 33.1 8.0 
18th 129 982 32.3 7.4 
19th 37 114 32.6 6.8 
20th 4 521 29.0 5.8  
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Most migrations were at short distance. The rate of migration within 
the same town varied from 84 % in the 16th century to 37 % in the 20th 
century. As the places recorded in the database are limited to the town 
names, we assigned a zero distance to all intra-town migrations. This 
affected all short-distance migrations. We developed a specific method 
to overcome this limitation (Section 2.2.6). 

2.2.5. Migration matrices 
We converted all data on each migration event (date, town of origin, 

town of destination) for each 32-year inter-generation period into a 
migration matrix Mij, each element of which represents the number of 
individuals from town ci who migrated to town cj during that genera
tion. We selected 11 matrices that spanned 11 generations, from 1580 to 
1900. Each contained >3000 data items. 

2.2.6. Probability distribution of migrations 
As the straight-line distance does not take into account the natural 

boundaries formed by Brittany particularly indented coastline, we rep
resented all towns as an interconnected network and calculated the 
shortest path between each town pair, from centre to centre, in this 
network. This gave the matrix Dij in which each element represented the 
distance between town ci and town cj. 

The local migration under study (marital or residential mobility) can 
be seen as an allocation process [3]. In both cases, the variable to be 
taken into account is the number of potential spouses available or 
possible migration locations at a given distance. These numbers are 
proportional to the local population density. 

We calculated the probability of individual migration in function of 
the distance and of the population density at that distance (Appendix 
A2.3), with special attention to short distances because the division into 
towns led to a significant bias (Appendix A2.4). 

2.2.7. Model geometry 
The geometric characteristics of the towns were highly variable, in 

terms of surface, shape and position of their centre. If we used directly 
the obtained probability function, this high degree of variability would 
have led to a second type of bias that would have greatly affected the 
calculation of migration distances. 

To eliminate this bias, we divided the whole territory (with the 
exception of the islands) into a grid of 1340 identical squares, by pre
serving the local population densities. The squares were 5 km wide, 
which was close to the mean surface area of a town (25 km2 versus 23.5 
km2). In this new grid, we recalculated the distances between the square 
centres according to the shortest path in the new interconnected graph, 
to respect the natural boundaries. 

We obtained a new symmetrical matrix Dsij of the distances between 
the centres of the squares si and sj. 

2.2.8. Allele frequency changes and selective advantage 
We followed the population changes from one generation to the next. 

As at generation gn, the number of individuals was pn and the frequency 
of the recessive allele was qn, we calculated the frequency qn+1.  of the 
next generation gn+1 whose population pn+1 was known from historical 
data. We defined rsa as the rate of selective advantage2 of healthy car
riers; therefore, the healthy carriers’ growth factor was (1 + rsa). The 
structure (number of individuals per category) of the generation gn+1, 
relative to the generation gn, was: 

Patients with CF: pn q2
n

Carriers: 2 pn qn (1 − qn) (1 + rsa)
Non-carriers: pn (1 − qn)

2 

Until very recently, all patients with CF died before having children. 
As these patients were not involved in the reproductive process, the 
frequency of generation gn+1 was: 

qn+1 =
1
2
∗

number of carriers
number of carriers + number of non − carriers  

which gives: qn+1 =
qn (1+rsa)

1+qn+2 rsa qn 

From this, we calculated the allele frequency limit that would 
correspond to the equilibrium: qn+1 = qn. Thus, qlimit =

rsa
1+2 rsa that 

corresponds to: rsa =
qlimit

1− 2 qlimit
. 

At each generation, to estimate allele frequencies, we needed to 
calculate the number of alleles present in the population. Thus, if tcn is 
the population growth rate between successive generations (taken from 
the historical data in Appendix A1.1), then: pn+1 = pn (1 + tcn), the 
number of alleles for the generation gn is nan = 2 qn pn and for the next 
generation is nan+1 = 2 qn+1 pn (1 + tcn). 

This allele number growth is favoured both by the selective advan
tage, which increases the frequency, and by the population growth. 

2.2.9. Immigration model 
Our aim was to simulate the effect of the arrival in Brittany of a group 

of individuals who carried a recessive allele. This could be characterized 
by the place and year of migration and by the number of recessive alleles 
brought by the immigrants. This number is double of the product of the 
number of immigrants and the frequency of their recessive alleles. To 
simplify the presentation, we used a fixed allele frequency q0= 4 % and 
varied the number of immigrants. This did not limit the study scope 
because varying the number of immigrants was enough to modify the 
number of alleles brought in. 

The temporal and spatial functions and parameters calculated before 
allowed simulating the migration process of each generation, in several 
steps. 

We simulated the arrival of pm immigrants in one or more cantons at 
a given date (generation g0). We distributed them in function of the local 
population densities in the squares that represented these cantons. 

By assuming that the local population did not carry any recessive 
allele before the migration event3 and that the recessive allele frequency 
amongst immigrants was q0, the frequency in the considered cantons 
became after their arrival: qc = q0 pm/p0, and the corresponding 
number of alleles was: na0 = 2 pm q0. 

During the period between this generation and the next, the selective 
advantage tended to increase the frequency and number of recessive 
alleles (calculation in Section 2.2.8). 

We then simulated the population growth according to the estimated 
historical values (Appendix A1.1). This did not modify the allele fre
quencies, but affected their number. 

At the end of the inter-generation period, we calculated the migra
tions of the whole population that took place during this period using 
the probability function calculated before. We did this in two steps using 
the Monte-Carlo method (Appendix A2.6), by randomly selecting in
dividuals before the migration, and then randomly selecting their 
destination. We calculated the new allele distributions after the migra
tion and estimated the new local frequency in each square (Section 
2.2.8). 

We projected the final allele frequencies per square at the end of the 
20th century onto each canton, and applied the "under the radar 
filtering" to visualize the situation as it would appear with our method to 2 This advantage is sometimes referred to as "heterozygote advantage", but 

we prefer to call it "selective advantage". Indeed, if it concerns heterozygotes 
carrying one disease-causing allele, it could be hypothesized that a heterozy
gote advantage should also favour patients carrying two different recessive 
alleles, which is, unfortunately, far from being the case. 3 We will discuss this hypothesis in section 4.1. 
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estimate the actual frequencies. 

3. Results 

3.1. Distribution of the current CF-causing allele frequencies 

Fig. 1 shows the mean frequency of the F508del allele in each canton 
for the period 1962–2014. The maps of the other alleles are in Appendix 
A3. 

In the uncoloured cantons, the number of alleles identified was 
below the visibility threshold, although their actual frequency was far 
from zero (i.e. "under the radar" cantons). 

3.2. Probability distribution of migrations 

The cumulative probability that an individual would migrate to a 
given distance was in function of the population available within a circle 
whose radius was that distance. This population varied from generation 
to generation. The calculation method is described in the Appendix 
(sections A2.3 to A2.5). 

When the distance dc was > 6 km, the probability function was ob
tained directly by statistical processing. Below this value, the statistical 
data were biased by the division into towns, and the function was esti
mated using a specific method (sections A2.4 and A2.5). 

Above a distance dz, which depended on the generation, the proba
bility distribution was very close to a power distribution or Zipf’s law: 
(

p
pz

)− alpha 
with an alpha value close to 2 (p was the cumulated population 

at the considered distance, and pz the population at the distance dz). The 
probability distribution remained almost constant between dc and dz. 

These probability distributions, used for the study simulations, are 
shown in Fig. 2 for the eleven generations from 1584 to 1904. For 
example, in 1584, ~58 % of people who had children migrated within 
one kilometre of their birthplace, and by 1904, this percentage 
decreased to <40 %. 

3.3. Studied scenarios 

We applied the model to the three most frequent CF-causing variants, 
by simulating the arrival of immigrants in the areas with the highest 
current allele frequencies: Central Brittany (F508del variant), Léon 
(G551D variant), and Cornouaille (1078delT variant). The aim was to 
adjust the input data (date and number of immigrants) to reach the 
current frequencies in each scenario. 

Historical data led to the hypothesis that most immigrants came from 
the British Isles, particularly from Celtic tribes, towards the middle of 
the first millennium of the Common Era. Indeed, since the 12th century, 
the number of migrants to Brittany was very small because our extensive 
genealogical database contained only a small number of surnames fm 
these islands, although surnames were recorded and thus stabilized in 
parish registers from this period onwards. 

Therefore, we simulated several scenarios with the arrival of 1 000 to 

50 000 immigrants from year 0 to year 1000, and calculated in each case 
the rate of selective advantage that would lead to the current frequencies 
for the concerned alleles and areas. 

3.4. Immigration of individuals carrying the F508del variant to Central 
Brittany 

The current frequency of the F508del allele peaks at 3.1 % in the 
Pontivy canton in Central Brittany (Morbihan department). Fig. 3 shows 
the selective advantage corresponding to the 30 scenarios studied. We 
assumed that this advantage remained constant throughout the period, 
from the immigration year to present day. 

In all cases, the selective advantage was >5 %. 
Fig. 4 shows, on a west-to-east cross-section through Pontivy4, the 

allele frequency changes starting from the Pontivy canton. This fre
quency strongly increased in the central part, and peaked in ~1800. 
Then, the curve flattened, due to the rapid increase in the allele diffusion 
speed (Figure A2.2 in Appendix 2). The increase in the number of alleles 
was no longer sufficient to compensate locally for the dispersion of al
leles, leading to a local drop in frequencies. 

Appendix A4 shows the frequency maps obtained at the end of the 

Fig. 1. Frequency (%) of the F508del allele in each canton in 1990.  

Fig. 2. Cumulated probability of migration for the 11 generations from 1584 
to 1904. 

Fig. 3. Selective advantage of the F508del allele in function of the number of 
immigrants and year of immigration. 

4 City in Central Brittany shown in Fig. 1. 
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20th century for the arrival of 40 000 immigrants from year 0 to year 
1000, after applying the "under the radar" filtering to eliminate low 
frequencies (Section 2.2.1) to compare them with the actual frequencies. 

It was not possible, by looking at these maps or by using more 
detailed numerical methods, to identify the best scenario. This model 
limitation can be explained by three possible reasons. First, the accel
eration in the migration speed from the 18th century erased most of the 
previous frequency discrepancies. Second, the measurement of fre
quencies per canton remained highly imprecise because it was based on 
a small number of patients. Third, the area of arrival was limited to a 
single canton, although it is likely that immigrants settled at several sites 
in a wider area. 

Therefore, the model did not allow confirming or refuting the his
torical hypothesis that Brittany welcomed immigrants from the British 
Isles between the 3rd and 6th century [4]. However, it suggests that at 
least tens of thousands of immigrants carried the F508del allele and that 
the rate of selective advantage of the allele was high, most likely >5 %, 
at least until the sharp drop in mortality in the 19th century. 

By comparing these diffusion maps with the actual frequency map 
for the whole Brittany (Fig. 1), we concluded that the canton of Pontivy 
was not the only point of arrival for immigrants who necessarily settled 
in different areas. 

3.5. Immigration of individuals carrying the G551D allele in Léon 

The G551D allele is much less widespread than F508del. It is mainly 
found in Léon, at the western end of North Finistère, with a maximum 
frequency of 1.2 % in the canton of Plabennec. Therefore, we simulated 
the arrival of immigrants in this coastal canton. Fig. 5 shows the rate of 

selective advantage for the different scenarios. The number of immi
grants carrying this allele was certainly much lower than for the F508del 
allele, probably few thousands of individuals. 

Fig. 6 shows the allele spreading on a west-east cross-section passing 
through Plabennec, and the effect of the natural boundary formed by the 
coast. Indeed, frequencies remained highest in the west, while the allele 
gradually spread eastwards. 

As observed for the F508del allele, frequencies peaked in 1800, 
before declining as the diffusion speed increased. 

Appendix A5 shows the frequency maps for 5 000 immigrants in the 
years 500, 750 and 1000. They did not allow choosing amongst the 
studied scenarios. Comparison of the raw and filtered frequency maps 
highlighted the effect of the "under the radar" filtering, mentioned in 
Section 4.1, that renders real frequencies invisible below a certain 
threshold. 

3.6. Immigration of individuals carrying the 1078delT allele in 
Cornouaille 

The 1078delT allele, like the G551D allele, is concentrated in a fairly 
small coastal area, the Cornouaille, in the Finistère. The simulations of a 
hypothetical arrival of immigrants in the canton of Fouesnant are 
summarized in Fig. 7. 

The frequency maps for all cantons in the five departments (Ap
pendix A3) suggested that there was probably another historical immi
gration of 1078delT carriers in the canton of Ploemeur and perhaps in 
the canton of Guingamp. 

3.7. Summary of the results 

1. The model confirmed that for the main CF-causing variants pre
sent in Brittany, the migrations that introduced them took place in 
the areas with the highest current frequencies. For the main variant 
(F508del), there was most probably no progressive displacement of 
allele carriers who arrived via the coast. In the three cases studied, 
this displacement was limited to a few tens of kilometres over the 
centuries around their initial implantation point. 
2. The local migration distances increased sharply in the last two 
centuries, leading to a decrease in the allele frequency in the most 
affected areas, independently of the probable decrease in the selec
tive advantage rate that accompanied the reduction in infant mor
tality and of the preventive measures that have been implemented 
for several decades. 
3. The additional maps (Appendices 4 and 5) showed that variant 
spreading was not isotropic. The irregularities were due to variations 
in local population density, with faster spreading in high-density 
areas. Such spreading was also influenced by natural boundaries: 

Fig. 4. Changes of the F508del allele frequency from west to east at the 
different dates by assuming the arrival of immigrants in year 500. 

Fig. 5. Selective advantage of the G551D allele in function of the number of 
immigrants and year of arrival. 

Fig. 6. Changes in the G551D allele frequency from west to east at the indi
cated dates for an arrival of immigrants in the year 500. 
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spreading was blocked by the coastline, and accumulation occurred 
in the coastal zone. 
4. The analogy between spread of gene variant carriers and physical 
diffusion phenomena, such as heat conduction, is interesting for 
understanding the process, but it has its limits (see Appendix 2.7). 

4. Discussion 

4.1. Limitations of the model 

The model has several limitations that must be taken into account 
when drawing conclusions.  

• Data on populations in each town, and consequently on the local 
population density, were accurate from 1876 onwards. They were 
incomplete between 1800 and 1876, and very sketchy before 1800.  

• The parameters of the migration model were well known between 
1580 and 1900. Before 1580, they probably changed little because 
they depend essentially on the transport modes that changed very 
little. In the absence of historical data, we applied the parameters of 
the 1580 generation. Similarly, after 1900 we used the parameters of 
1900, although they certainly continued to change. However, this 
had a limited effect because this concerned only three generations 
compared with the scenarios studied that included 31 to 62 
generations. 

• The data did not allow determining with certainty why the fre
quencies observed reached different maximum values for the three 
mutations studied (3.1 % for F508del, 1.2 % for 1078del, and 1.0 % 
for G551D). The difference may be due to the dates of the initial 
mutation(s), the migrants’ arrival dates, the selective advantage rate, 
or the number of migrants.  

• The selective advantage rates probably decreased since the middle of 
the 19th century due to progress in hygiene and medicine. However, 
this date is recent relative to the time scale under study. This means 
that the mean rates obtained from the model probably correspond to 
the historical reality, although they may seem high.  

• The model did not take into account social partitioning effects. It is 
likely that exchanges between urban and rural areas were less 
frequent than exchanges within urban areas or within rural areas. 
Similarly, the dividing line between languages (Breton in the west, 
Gallo in the east) might have limited exchanges between these areas.  

• In Section 2.2.9, we assumed that the frequency of recessive alleles 
was zero before the immigrants’ arrival by sea. This assumption is 
justified by the fact that even today, there are areas in Brittany where 
frequencies are low because the alleles brought by immigrants have 
not yet spread very widely. This can be seen in Fig. 1. 

4.2. Inter-generation interval 

According to estimates based on genetic data, this period varied 
between 25 and 30 years over the past 250 000 years [5]. The value of 
32 years chosen for this study may seem high compared with the values 
typically used in modelling, but it was based on a large number of data 
and remained relatively stable from the 16th to the 19th century. 
Moreover, a study on this topic proposed a minimal value of 30 years 
[6]. 

4.3. Selective advantage 

The selective advantage rates obtained with these simulations 
showed that we are far from the situation where frequency would have 
reached the equilibrium (see Section 2.2.8), which would correspond to 
a frequency slightly below the selective advantage rates. For example, a 
frequency of 3 % corresponds to an equilibrium selective advantage rate 
of 3.2 %. In the three cases under study, the selective advantage was well 
above the observed frequencies. 

According to a recent review by Mowat [7], the high frequency of 
CF-causing recessive alleles may be due to two other factors: the founder 
effect and high mutation rate. The founder effect is thought to be at the 
origin of the presence of recessive alleles in Brittany through the arrival 
of a certain number of carriers from the British Isles. However, the 
founder effect does not explain the allele distribution and maintenance 
at a high frequency in the peninsula. 

The second factor is the effect of new spontaneous mutations that the 
author considered as secondary in the last two millennia. Genetic studies 
have made it possible to assess when lived the most recent common 
ancestor of CFTR patients with the F508del variant. They found from 
52,000 years ago [8] to 2875 [9], and more recently 4700 years ago 
[10], all of them assuming a 25 years inter-generation interval. The 
study by Farrell et al. [10] analysed 148 patients with the F508del 
variant. Almost half of them had a most recent common ancestor going 
back more than 180 generations, and the others had a most recent 
common ancestor going back more than 50 generations. This demon
strated that the occurrence of this CFTR mutation must be extremely 
rare. We think that our simulations largely confirm this hypothesis. 

To reinforce this hypothesis, we used the model to assess the con
sequences of a single mutation occurring in Brittany (i.e. frequencies of 
the recessive allele observed in the region after a large number of gen
erations). We simulated two scenarios that differed in the location of the 
single mutation (Pontivy, in Central Brittany, and Le Conquet, at the 
western end), and calculated the maximum frequency obtained in the 
most affected canton after n generations (Fig. 8). Frequencies increased 
more rapidly when the mutation occurred at Le Conquet, an area close to 
natural boundaries that limited the movement of its carriers in one or 

Fig. 7. Selective advantage of the 1078delT allele in function of the number of 
immigrants and year of migration. 

Fig. 8. Maximum frequency obtained after n generations for a single mutation 
that occurred at Conquet (West) or Pontivy (Centre). 
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more directions. Conversely, in central Brittany, carriers could move 
freely in all directions. Fig. 8 shows that a single mutation in Le Conquet 
would have resulted in a frequency (vertical line) of ~3 % for the 190th 
generation, if the selective advantage rate were 5 %. 

Therefore, the F508del allele frequency currently observed in Ireland 
and Brittany could be the result of a single mutation that appeared in 
Ireland, for example, where the geographical configurations are similar 
to those of Brittany. 

The biological mechanisms underlying the selective advantage are 
not clear. Hypotheses include greater resistance to cholera, tuberculosis 
[7] or poliomyelitis [11]. We mentioned perinatal mortality [1] that can 
be extended more generally to infant mortality. This was very high until 
the 19th century, and was still ~35 % for <9-year-old children in the 
mid-19th century. This mortality level was similar to the mortality level 
of the great pandemics that struck Europe over the two millennia, but 
concerned each generation, thus much more frequently than pandemics. 
It is likely that CFTR mutations had a positive effect in protecting against 
this high mortality, which for a long time affected more than a third of 
the population in each generation. 

In France, infant mortality rate started to decline rapidly, almost 
linearly, from 1870 and is now <1 % [12]. Therefore, it is likely that the 
selective advantage decreased significantly since that date. 

4.4. Prospective remarks 

The possible causes of selective advantage (protection against infant 
mortality, poliomyelitis, tuberculosis, epidemics) have all declined 
considerably in France and Brittany since the mid-19th century. The 
increase in the population carrying CF-causing alleles is unlikely to 
continue over the coming decades. Consequently, the number of alleles 
should remain stable, or even decrease, in the 21st century, as well as 
their mean frequency in a quite wide area that includes Brittany, in 
western France. 

CF incidence at birth has decreased sharply since the 1980s due to 
prenatal screening, and this trend should continue. Incidence at 
conception also should decline as migration distances continue to in
crease. Indeed, the distance increase will contribute to progressively 
flatten (equalize) the local frequencies. Moreover, as the incidence at 
conception is proportional to the square of frequency, this non-linear 
effect will lead to a decrease in the mean incidence at conception. 

5. Conclusion 

This study brings new insights into local migrations and their con
sequences in terms of introduction/spreading of carriers of disease- 
causing mutations. It shows that up to the last two centuries, local 
migration distances were very small, thus limiting the speed of spread of 
people carrying CF-causing alleles. It highlights the primordial impor
tance of selective advantage in CF progression. 

It confirms the results of a recent genetic study that placed the most 
recent common ancestor of the F508del mutation at the 190th genera
tion [10]. It shows that the current frequencies of this allele could be the 
result of a single mutation that occurred at that time. 

The results of this study also show that local frequencies of recessive 
alleles probably peaked at the end of the 18th century, and then declined 
due to the increase of inter-generational migration distances. 

The study relied on a new mathematical model to simulate local 
migrations using demographic data and a large genealogical database. 
The model integrated territorial connectivity and local population 
density. It highlighted an accumulation effect near natural borders. 

Our results suggest that we need to distinguish between more or less 
continuous migrations of individuals or small groups, linked to trade and 
travel, and one-off immigrations of large groups caused by exceptional 
events, such as famines, invasions or wars. The former have very little 
effect on allele frequency because their flows are small and spread out 
over time. Conversely, the latter can have a founding effect through the 

arrival of immigrants bringing a large number of alleles over a short 
period of time. 

Lastly, this study showed that immigrants who may have brought the 
CF-causing alleles from the Celtic countries of the British Isles in the 
middle of the first millennium did not migrate gradually from the coastal 
areas to the whole peninsula, but settled in several distinct locations, 
and gradually integrated, thus mixing their genes with those of the local 
populations. An important immigration of individuals who carried the 
F508del allele probably settled directly in Central Brittany, while in
dividuals who carried the G551D allele settled mainly on the west coast 
of Léon, spreading little. Similarly, those carrying the 1078delT allele 
settled in south-west Cornouaille. A very significant selective advantage 
for healthy carriers allowed them to develop, at least until the reduction 
in infant mortality from the mid-19th century. On the other hand, we 
conclude that medical progress and preventive measures will continue 
to have an effect in reducing CF incidence at birth and also at 
conception. 

This study could be extended by applying the same migration model 
to other regions or countries for which genetic and genealogical data
bases are available, such as Quebec. 
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