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SUMMARY 

An analysis of genetic fitness was performed in Huntington's Disease (HD) and Spinocerebellar 
Ataxia 1 (SCA1) families. Two partially overlapping samples were used: clinically defined HD and 
SCAl patients from families ascertained in definite geographical areas, and molecularly typed 
carriers of HD and SCAl mutations (CAG trinucleotide expansions). In both cases, a control group 
of normal relatives was used. HD and SCAl patients born before 1915-20 had more children than 
normal controls. Carriers of HD and SCAl mutations, all in the low/medium expansion range (3749 
and 47-54 CAG repeats respectively), had a higher number of children than controls up to more 
recent times ( 1935-1950). The reproduction of heterozygotes for large expansions could be analysed 
only in subjects born after 1950 and provided indirect evidence of a lower than normal number of 
children. The above results fit a model based on a differential fitness according to the degree of 
expansion. Such a model predicts that 1) up to relatively recently the frequency of alleles in the 
low/medium range has been maintained or even increased by the increased fitness of their carriers, 
as well as by new mutations, and 2) the frequency of large expansions, part of which are lost a t  each 
generation, is maintained through further expansions of alleles in the low/medium expansion range. 
The implications of such a model on linkage disequilibrium and the possible spread of these diseases 
in future generations are discussed. 

INTRODUCTION 

Expansion of trinucleotide repeat stretches are 
found to be responsible for an increasing number 
of diseases. This new type of mutation is unstable 
(dynamic), being prone during meiosis to either 
expansion or, less frequently, contraction. Suc- 
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cessive increases in the number of repeats along 
generations result in progressive anticipation of 
age at  onset of the disease, as well as in more 
severe clinical phenotypes (La Spada et al.,  1994; 
Sutherland & Richards, 1995). CAG repeat 
expansions have, thus far, been found in 
Huntington's Disease (HD), Spinocerebellar 
Ataxia 1 (SCA1) and 3 (SCAS), Dentato-Rubro- 
Pallido-Luysian Atrophy (DRPLA) and 
Kennedy Disease (KD) (HDCRG, 1993; Orr et 
al., 1993; Kawaguchi et al., 1994; Koide et al., 
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1994; La Spada et al., 1991). The corresponding 
mutations appear to have several characteristics 
in common : 1) they arise on a polymorphic CAG 
stretch contained in the gene coding region; 2) 
they undergo a relatively limited expansion ; and 
3) the mutated gene product, while almost 
ubiquitous, affects only specific areas of the 
central nervous system (CNS) (La Spada et al., 
1994). Other dynamic mutations, such as those 
responsible for Myotonic Dystrophy (DM), 
Fragile X Mental Retardation (FRAXA) and 
Friedreich Ataxia, can arise on non-CAG tri- 
nucleotide stretches placed in non-coding regions 
of the gene, undergo very large expansions and 
affect tissues other than CNS (La Spada et al., 
1994; Sutherland & Richards, 1995; Campuzano 
et al., 1996). 

The population genetics of dynamic mutations 
reveals some puzzling features (Mandel, 1994). In 
diseases with a reduced genetic fitness, such as 
DM and FRAXA, a strong or complete linkage 
disequilibrium between the mutation and intra- 
or extra-genic markers has been found (Imbert et 
al., 1993; Richards et al., 1992; Oudet et al., 
1993). Under the assumption of mutation/ 
selection equilibrium, the expanded alleles lost a t  
each generation should be replaced by new 
mutations which are unlikely to arise on a 
restricted set of haplotypes, unless the latter are 
in disequilibrium with factors predisposing to 
mutation. Various hypotheses have been pro- 
posed to account for these findings. Carey et al. 
(1995) reported data suggesting a segregation 
distortion favouring the transmission of a subset 
of normal DM alleles more prone to expansion. 
Imbert et al. (1993) proposed a multi-step 
mutational model by which DM expansion arises 
on a subset of normal alleles (19-30 repeats), 
originated from a jump in a 5-repeat allele 
carried by one or a few ancestral haplotypes. 
Finally, the loss of cryptic variations in unstable 
CGG stretches of the FMRl gene appears likely 
to be a predisposing factor to instability (Kunst 
& Warren, 1994; Eichler et al., 1994). 

Contrary to the case of DM and FRAXA, very 
little is known about the relative genetic fitness 
of patients with diseases due to CAG expansions, 

with the exception of HD. Most studies indicate 
that relative genetic fitness of HD patients is 
either normal or increased, although a decrease 
has also been reported (for a review see Harper, 
1991). If relative genetic fitness in HD patients is 
indeed equal to 1 or greater, non-random as- 
sociation with haplotypes would be easily 
explained, but an ever increasing frequency of 
HD should be predicted owing to new mutations. 
The HD mutation was found to be in linkage 
disequilibrium with 2 major haplotypes and also 
to be carried by a plethora of different haplo- 
types, indicating that new mutations do not 
constitute as rare an event as was previously 
thought (MacDonald et al., 1992). Indeed, new 
HD mutations have been documented by CAG 
typing (Myers et al., 1993; Goldberg et al., 1993). 
Several authors have pointed out that haplo- 
types overrepresented in HD are found in the 
normal population with repeat numbers at the 
upper end of the normal range (Squitieri et al., 
1994; Almqvist et al., 1995). Rubinsztein et al. 
(1994, 1995) have excluded a segregation dis- 
tortion for HD and proposed a model based on 
the absence of natural selection against expanded 
alleles and the presence of a mutational bias 
causing the progressive expansion of the CAG 
sequence, hence a progressive increase in the 
incidence of the disease. In this context, a 
detailed evaluation of genetic fitness of hetero- 
zygotes for expanded alleles may add signifi- 
cantly to the understanding of factors influencing 
linkage disequilibrium and disease frequency. 

Only sketchy data relevant to these issues are 
available for SCAl. Non-reduced fertility of 
patients in a large SCAl family was reported by 
Haines et al., 1984. Jodice et al. (1994) provided 
preliminary evidence on reduced fitness of large 
expansion carriers ( > 54 repeats), consistent 
with the early onset of the disease in these 
patients. The mutation frequency is not known, 
but the evidence showing different haplotypes 
carrying the SCAl mutation in Italy denotes its 
recurrent nature (Jodice et al., 1993). Overall, 
linkage disequilibrium with extra- and intra- 
genic (absence of cryptic variations in the CAG 
stretch) markers has been documented (Jodice et 
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al. 1993; Chung et al., 1993; Wakisaka et al., 
1995). 

The present paper addresses the analysis of 
genetic fitness of both HD and SCAl patients, in 
order to 1 )  provide data which might be crucial 
to the understanding of population genetics of 
these disorders; 2) assess whether the extent of 
expansion, correlated with phenotypic features, 
such as age a t  onset and severity of the disease, 
might also modify reproductive rates; 3) verify 
whether these disorders, both due to a CAG 
expansion, show a similar or a different selective 
pattern. 

METHODS 

Absolute fitness was calculated as usual, i.e. 
considering the total number of children 
surviving 15 years of age, born to people either 
older than 45 years of age or dead before that 
age. The criterion of survival beyond 15 years is 
unavoidable for the older generations, since in 
Italy a t  the beginning of this century, pre- 
reproductive mortality was still as high as 35 %, 
about half being due to perinatal mortality 
(Terrenato et al., 1979). The criterion is much less 
cogent for the younger generations, since in 
recent years pre-reproductive mortality has 
dropped to less than 5%, with perinatal mor- 
tality accounting for more than 90% of that 
figure. For these reasons, in some cases (as will be 
indicated) the total number of liveborn children 
has been considered instead. 

HD Families 

Information on living and deceased subjects 
was available for members of 83 HD families 
from the Latium regional area (about 5 million 
inhabitants). All records of patients admitted to 
neurological, psychiatric and geriatric hospitals 
in Latium between 1970 and 1990 and, when 
possible, earlier, were examined and patients 
with a diagnosis of chorea or choreic syndrome 
residing in and/or born in the area were selected. 
Clinical, genetic and sociodemographic data were 
obtained through inspection of life and clinical 
records, neurological examination of living 

patients, direct interviews with living family 
members and contacts with the oldest member of 
each family and/or with the local physician. The 
family was considered as affected with H D  if a t  
least 1 member had an unequivocal diagnosis. 
Ninety-five percent of family founders were born 
before 1914 and 64% before 1890. Only 28 of 
them, however, were included in the analysis, 
since data were uncomplete for the others. 

Overall, data for 319 patients and 328 healthy 
family members with a 50 % prior risk of having 
inherited the disease were available. Both 
married and unmarried subjects were included, 
the proportion of the latter being comparable in 
the 2 groups (15.8 'YO and 13.4 % for patients and 
normal relatives, respectively). The male to 
female ratio was 0.99: 1 for the patients and 
1.02 : 1 for healthy subjects. 

CAG repeat assays (Warner et al., 1993) were 
performed on 250 subjects from 65 H D  families, 
some of whom belonged to  the above group of 
families and had agreed to  donate blood for 
research, and the rest ascertained through the 
request of one member for presymptomatic HD 
testing. The geographical origins of the latter 
families were scattered throughout Italy. 

I n  order to have an internal control for 
reproduction within each family, only CAG 
expansion carriers who had at least one relative 
homozygote for wildtype alleles in the same 
generation were considered. Thirty-one families 
fulfilled these criteria, with overall 154 subjects 
born before 1951, 110 of which belonged to 20 
families from Latium. Eighty-one were carrying 
one expanded allele and 73 two normal alleles, 
the threshold between the normal and the 
expanded range being set at 36 CAG repeats 
(Novelletto et al., 1994b). Eleven subjects of the 
81 were asymptomatic expansion carriers, a 
number not significantly different from the 13 
expected on the basis of subject age and of 
Italian H D  life tables (Brambilla et al., 1990). 
The male to female ratio was 0.88 : 1 for expansion 
carriers and 0-74:l for normals. The smaller 
number of males reflects the higher percentage of 
women asking for predictive testing (ECHDCSG, 
1993), and of those available for blood donation. 
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relatives with 50 % risk, subdivided according to  
their year of birth, in 7 groups (1860-89,1890-99, 
1900-09, 1gi(rig, 1920-29, 1930-39, 1 9 4 ~ 9 ) .  
No significant differences between males and 
females were observed in each group (t-test) and 
data for the 2 sexes were pooled. 

The mean number of children for the 2 groups 
and results of t-tests are reported in Fig. 1.  They 
clearly indicate that, up to about 1920, patients 
had significantly more children than their normal 
relatives, with the exception of the decade 

SCAl families 

Historical data starting from around 1800 for 
4 very large SCAl families, all originating from a 
Small area of the Cdabrian region of Southern 
Italy, were collected a t  the local parishes and 
from mayoral and noble family archives. Clinical 
information was obtained from direct exam- 
ination (living subjects), clinical notes (deceased 
subjects in  cent generations), Phenotype de- 
scription reported in PiSani et d. (1964), &S Well 
as from the diaries of one noble family. A 1go0-1909. 
systematic search for SCAl families in the area These results appear to be little affected by the 
(about 175,000 inhabitants) was completed typical biases of this kind of data. Family 
through contact5 with local doctors and in- founders are usually more likely t o  be ascertained 
spection of hospital records. Yearly fOllOW-UP Of if they have a large family size and this might 
the area Over 5 Years did not reveal any increase the number of offspring of patients in 
additional affected family. Overall, 77 patients older generations. In  our sample of HD families, 
and 96 normal relatives with 50 % prior risk were only a minority of founders were included in the 
available. The male to female ratio was 1.41 : 1 for analysis (see Methods section) and most of them 
the Patient5 and 0'85:1 for normal subjects, were born before 1890. No such bias should be 
possibly reflecting a differential male emigration expected after this date. In  addition, data were 
according to SCAl phenotype. derived from a nearly complete ascertainment of 

Subjects typed for CAG repeat PolYmorPhiam families in the Latium region, and relatively few 
of the SCAl gene on chromosome 6 ~ 2 3 ,  following patients with no children or non-affected 
Orr et al. (1993), were drawn from a Sample Of 159 descendants might have been lost. 
subjects from 10 Italian families, including the 4 Full demographic data from successive Italian 
Calabrian One5 and additional Six (from the censuses are reported in Terrenato et al. (1979) 
Latium region) ascertained through index cases for subjects born in the period 1871-1920. From 
seen as in/OUt-patientS at the Neurology C h i c  Of these data the mean number of children 
the University La SaPienza in Rome. Using the surviving 15 years in the general population were 
same criteria reported for HD, 64 subjects from derived and are reported in Fig. 1.  They are very 
7 families were selected; 27 subjects carrying a similar to  those of the control group, indicating 
CAG expansion (including 13 asYmPtomatic5) that  the use of normal relatives as controls does 
and 37 relatives with normal alleles. Eight not underestimate the genetic fitness of the 
additional subjects had their CAG genotype general population (Reed, 1959), a t  least up to 
derived from that of their offspring, assuming no 1920. 
back-mutation. SixtY-two of the overall 72 Distributions of family size for the generations 
subjects were members of the Calabrian families. before 1920 are reported in Table 1 .  No 

significant differences were found between 
patients and their normal relatives by contin- 
gency chi2 test (9.83 d.f. 9 and 13.13 d.f. 8, 
respectively for 1860-1899 and 1900-1919). 

The class with no children deserves special 
consideration. I n  fact, HD families in which 
most of the patients had no offspring have little 
opportunity of being ascertained through a living 

RESULTS 

HD 

To assess the genetic fitness of HD patients, a 
first analysis was performed comparing the 
reproduction of the clinically affected members 
of HD families to that of their unaffected 
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t(51) = 2.12 p < .05 

1870 1880 1890 1900 1910 1920 1930 1940 1950 
YEAR OF BIRTH 

Fig. 1. Mean number of children surviving 15 years born to HD patients (open squares) and to their 5 0 %  
a t  risk relatives (filled squares), subdivided according to  date of birth. Results of 2-tailed t tests between the 
2 groups are reported. Data for the general population from Terrenato et al. (1979) are also reported (open 
triangle). 

Table 1. Family size distributions of affected and healthy HD family members born before 1920 

Family size 

427 

186e1899 0 1 2 3 4 5 6 7 8 2 9 Total 
Patients n 8 5 7 13 11 5 7 6 7 7 76 

Yo 105  6 6  9.2 17.1 14.5 6 6  9.2 7.9 9 2  9.2 100 
Normals n 3 2 5 5 7 1 1 1 0 0 25 

% 12.0 80  200 20.0 28.0 4 0  4.0 40 0 0 100 
1 9 w  19 19 
Patients n 15 12 22 18 18 8 5 3 1 1 103 

% 14.6 11.6 21.3 17.5 17.5 7.8 4 8  2.9 1.0 1.0 100 
Normals n 23 20 22 I 12 6 3 1 0 0 94 

% 244 21.3 234  7.4 12.8 6.4 3.2 1.1 0 0 100 

affected descendent in recent generations. In  under the very conservative assumption that all 
principle, such a bias could not be excluded in of them have no offspring, and b) cases with later 
our sample, although the rather substantial onset but no children for the same reasons as the 
proportion of HD subjects in class 0 does not control group (non-marriage, infant mortality, 
support a strong selection against them. How- etc.). The percentage of the former cases was 
ever, in order to verify if even a mild selection assumed to be equal to 4%, i.e. the frequency of 
could have affected our results, it was assumed patients with juvenile onset in our, as well as in 
that HD subjects without children would in- other samples of HD families (Frontali et al.,  
elude: a) juvenile cases (onset below 20 years) 1990; Walker et al., 1981) and that of the latter 
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t(43) = 2.039 p< .03 

t(50) = 0.313 n.s. 

1910 1920 1930 1940 

YEAR OF BIRTH 
1950 

Fig. 2. Mean number of liveborn children born to heterozygotes for the HD mutation, independently of their 
clinical status (open squares) and to their relatives with a wildtype genotype (filled squares), subdivided 
according to their date of birth. Results of 2-tailed t test between the 2 groups are reported. 

equal to the frequency in the control group, for 
which no bias should be present. Applying this 
correction, the mean number of children born to 
HD patients was recalculated, adding to class 0 
as many subjects as needed to reach the expected 
rate. Under these conditions, the means are still 
1.42 and 1-19 times greater than those of normal 
relatives, in the first and second time periods 
respectively (180M899 : mean f S.E. 2.92 k0.35, 
for the control group; meanff3.E. 415fO-33 
[ntot = 81, no = 131 for patient group; 1900- 
1919: meanfS.E. = 2.0+0*18 for control group; 
meankS.E. 2.38f0.20 [n,,, = 122, no = 341 for 
patient group). 

Among the possible explanations for similar 
mean numbers of children born to patients and 
to their normal relatives after 1920 (see also 
Discussion) is the admixture, in the control 
group, of homozygotes for wildtype alleles and of 
asymptomatic heterozygotes for the HD gene, 
the proportion of whom progressively increases 

along generations due to  the late onset of the 
disease. A relatively low rate of asymptomatic 
carrier is expected in older generations, being 
due only to  the death of subjects before the onset 
of the disease (mean age at onset 42.73 k 1.72, as 
reported by Frontali et al., 1990), while in more 
recent generations, the number of living subjects 
who have not yet manifested the disease is 
expected to  be higher. If asymptomatic carriers 
have more children, their admixture with 
normals would tend to raise the mean number of 
children and to blur the difference with the 
affected group. 

The assessment of the number of CAG repeats 
provides the opportunity to compare homo- 
zygotes for wildtype alleles and carriers of the 
H D  mutation, independently of their clinical 
status. From a sample of 250 typed subjects, 154 
fulfilled the criteria reported in the Methods 
section. Seventy-three were carriers of a CAG 
repeat expansion ranging from 37 to 49, and 81 



HD and SCAl : CAG repeat expansions 

Table 2, Family size distributions of CAG typed HD subjects and controls in the period 1910-1939 

429 

Family size 

(CAG)n 0 1 2 3 4 5 6 2 7 Total 
37-49 n 3  7 17 14 7 4 2 1 55 

< 35 n 2  10 19 10 4 2 0 0 47 
Yo 5.4 12.7 19.3 25.4 12.7 7.3 3.6 1.8 1000 

% 4.2 21.3 404 21.3 8.5 4.2 0 0 100.0 

Table 3. Reproduction of carriers of the HD mutation with different degrees of expansion and of their 
normal relatives born in the period 1951-1972 

No. 
(CAG)n subjects Mean age 
< 35 47 35.0 f 5 9  

3749  36 349 f 5.8 

2 50 6 305 _+ 6.2 

were normals (17 to 34 repeats). No carriers of 
larger expansions were present in this sample nor 
carriers of intermediate alleles (35 or 36 repeats). 
The total number of children was considered, 
instead of the number of children surviving 15 
years, since subjects were born in a more recent 
period of time (1910-1950). No significant 
difference between males and females was 
obtained. 

The mean number of children as a function of 
parental decade of birth in the 2 groups is 
reported in Fig. 2. The carriers of expanded 
alleles have larger families than the control 
group, in all the time intervals considered. 
However, separate t-tests provided significant 
results only for the period 1930-39. An overall 
comparison in the period 1910-1939 showed a 
difference between the 2 groups a t  the 
significance threshold (mean f S.E. 2.78 + 0 2 3  
for expansion carriers, 2.21 f 1.14 for carriers of 
normal alleles, t = 1.93, d.f. 100, p=0.05, 2- 
tailed test). 

The family size distributions for the 2 groups 
in the period 1910-1939 is reported in Table 2. As 
for data reported in Table 1,  chi2 between the 2 
distributions is not significant (5,398 d.f. 6). 
Nevertheless, a bias against carriers of expanded 
alleles without children cannot be excluded, 
although in this case the proportion of subjects in 

Mean No. of 
Phenotype children * S.E 

Normal 1.23 f 016 
70% normal 083  * 018 
30% affected 
Deceased or end 067 & 042 
stage of HD 

class 0 (mostly due to the first 2 decades 
1910-1919 and 1920-1929) is higher among 
heterozygotes than normals. However, the mean 
number of children born to expansion carriers is 
still 1.21 times higher than that of normals when 
the frequency of class 0 among heterozygotes is 
brought to that of normals plus an additional 
4 YO due to juvenile cases (mean f S.E 2.68 f 0.23, 
[n,,, = 57, no = 51 for the group of expansion 
carriers; 2-21 + 0 2 5  for the group with wild 
genotypes). 

With the above data, only the difference 
between carriers of the CAG expansion in the 
low-medium range ( 3 7 4 9 )  and normals could be 
assessed. Subjects born before 1951 and carrying 
large expansions, and, hence, with earlier onset 
and shorter disease duration, are unlikely to be 
still alive in the present decade (Novelletto et al., 
1 9 9 4 ~ ) .  

In  order to estimate approximately the rate of 
reproduction of heterzygotes for large 
expansions, data from 89 typed subjects born 
from 1951 to  1972 were analyzed. The sample 
was subdivided into 3 groups, according to the 
larger CAG allele carried by each subject : < 35 , 
3 7 4 9 ,  and 50 or more repeats. The mean number 
of children for the 3 groups, reported in Table 3, 
is not significantly different a t  one-way ANOVA 
(F = 1.767, d.f. 2/88). It should be considered, 
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Fig. 3. Mean number of children surviving 15 years born to SCAl patients (open squares) and to their 50% 
at risk relatives (filled squares), subdivided according to date of birth. Results of 2-tailed t tests between the 
2 groups are reported. 

however, that the 6 subjects with 50 CAG repeats 
or more had completed reproduction, being 
either deceased or in the last stages of HD, while 
in the other 2 groups the number of children is 
bound to increase before the end of the re- 
productive period. 

SCAl 

The mean number of children surviving 15 
years born to SCAl patients and to their 50 % at- 
risk relatives is reported in Fig. 3. The two 
groups were subdivided according to the parents’ 
date of birth in 4 time intervals (1790-1869, 
1870-1914, 1915-1934 and 1935-1950). Data are 
similar to those found for HD, SCAl patients 
having significantly more children than the 
control group in the first 2 time intervals, i.e. up 
to about 1915. The mean number of children of 
the normal relatives was higher than that found 
in the Italian general population (Fig. l ) ,  owing 
to the higher reproductive rate in Southern 
Italian regions (Ulizzi et al., 1979). The results 
should be little affected by the inclusion of family 

founders. I n  fact, all subjects belonged to 4 large 
Calabrian families originating in a 10 km2 area, 
as a consequence of a founder effect. All families 
carry the same disease haplotype, not present in 
the Italian population (Jodice et al., 1993). 
Although a common ancestor could not be 
reconstructed from historical records, and some 
family branches might have been lost, the 
inclusion of the 4 family founders born before 
1870 might have only slightly biased the first 
period of time considered (1790-1869). 

The distributions of family size for the period 
1790-1914, reported in Table 4, are Significantly 
different (chi2 16.26 d.f. 8 p < 0-05). An ascer- 
tainment bias against patients with no offspring 
should be conservatively hypothesized in this 
sample. Assuming that patients in class 0 had 
similar rates to those of control group and an 
additional 5 YO, due to juvenile cases (Jodice 
et aE., 1994) their mean number of children is still 
1.30 times greater than normals (meankf3.E. 
447f0-15, [n,,, = 47, no = 51 for SCAl subjects; 
345 & 0.29 for normal relatives). 

The total number of children born to subjects 
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Table 4. Family size distributions of SCAl patients and their normal relatives in the period 
1790-1914 

Family size 

43 1 

(CAG)n 0 1 2 3 4 5 6 7 8 9 10 Total 
47-54 n O  1 5 8 5 6 6 4 3  3 1 42 

Yo 0 2.4 11.9 191 11.9 143 143 9 5  7.1 7.1 2.4 100.0 
< 38 n 3 10 9 6 9 7 5 5  1 0 0  55 

Yo 5.4 18.2 164 109 164 12.7 9 1  9 1  1.8 0 0 100.0 

Table 5.  Comparison between total number of children born to carriers of expanded SCAl alleles and 
to normal relatives as a function of date of birth in the period 1890-1950 

Number of repeats 
< 38 47-54 

Date of birth Mean S.E. No. 
189&1934 2.58 043 19 
1935-1950 2.55 028 22 

typed for CAG repeats is reported in Table 5 .  
Thirty-one subjects were carriers of one 
expanded allele ranging from 47 to 54 triplet 
repeats and 41 carried two normal alleles (37 
being the largest allele). No carriers of inter- 
mediate alleles (38 to 46 repeats) or of very large 
expansions ( > 54 repeats) were present. Due to 
its relatively small size, the sample was sub- 
divided in only 2 time intervals for date of birth 
(1  89&1934 and 1935-1 950). A significant in- 
crease in the number of children born to 
expansion carriers was found for the first of the 2 
intervals. When correcting for possible selection 
against patients with no offspring the mean 
number of children born to heterozygotes 
(mean f S.E. 3.85 f 0.58 ntot = 13 no = 2) is still 
1.49 times greater than that of normals. 

In addition, a French sample of 113 subjects 
from 12 families genotyped for the CAG alleles 
was screened according to the same criteria used 
for the Italian samples. Thirty subjects were 
selected, of whom 19 were carriers of one 
expanded allele, ranging from 42 to 54 repeats 
and 1 1  homozygotes for wildtype alleles with 34 
repeats or less. No intermediate alleles (35 to 41 
repeats) were found. The sample was too small to 
perform analyses in different time intervals. 
Since 83 % of the sample was born between 1935 
and 1950, only this interval was taken into 
consideration. The mean number of children was 

Mean S.E No. t-test 
455 0.75 1 1  t = 2.453 p < 0 0 3  
2.00 0.29 20 t = 1.320 n.s. 

2.40 f 1.55 and 1.63 +_ 1.51, for expansion carriers 
and normals, respectively. Although the diff- 
erence is not significant at t-test, the mean for 
expansion carriers is 1.47 times greater than that 
of the control group. 

An analysis of carriers of larger expansions 
was possible in the Italian sample for only 64 
subjects born in the period 1951-1972. The 
sample was subdivided into 3 groups, according 
to the largest CAG allele carried by each subject 
( < 38 n = 36, 47-54 n = 20, > 54 n = 8). Results 
were similar to those obtained for HD 
(mean1S.D. 0.81 k0.18, 0.90f0.23, 0.88f0.52 
for normals, low/medium, and large expansion 
group, respectively). No significant difference 
was present among the 3 groups at one-way 
ANOVA (F = 0-565 d.f. 2/61), but the repro- 
duction of the 8 subjects with more than 54 
repeats should be considered as complete, given 
that they are either deceased or a t  the end stage 
of the disease, while the other 2 groups still have 
time to increase their family size. 

DISCUSSION 

Genetic fitness was analyzed in partially 
overlapping samples : on one hand, clinically 
defined HD and SCAl patients from families 
ascertained in definite geographical areas, and on 
the other, molecularly typed carriers of H D  or 
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SCAl mutations partly from the above and 
partly from additional families. In  both cases 
normal relatives, respectively clinically and 
molecularly assessed, were used as controls. 

In the first set of data, both HD and SCAl 
patients born before 1915-20 appear t o  have an 
increased genetic fitness, while those born after 
that date have a rate of reproduction similar to 
that of the control group. Two factors might be 
responsible for the vanishing difference in more 
recent generations. First, the demographic tran- 
sition, i.e. the progressive reduction of the mean 
number of children, appears to reach a plateau in 
Italy around the Second World War, when 
subjects born in the period 191520 are re- 
producing. As the age at first pregnancy and the 
time elapsed between successive offspring pro- 
gressively increase, less time is left for patients to 
reproduce before the onset of severe physical or 
mental impairment. Second, the control group is 
an admixture of carriers of normal genotypes 
and an increasing number of asymptomatic 
carriers of CAG expansions along generations. As 
already mentioned in the Results section, this 
could blur the difference with the affected group 
in recent generations. 

The second set of data shows that when 
carriers of HD and SCAl expansions in the 
low/medium range are compared to  relatives 
with a normal genotype, independently of their 
clinical status, they show an increase in the 
number of children up to  more recent 
generations. The possibility of detecting a 
difference in reproductive rate for a longer period 
of time than in the first set of data is most likely 
due to the exclusion of asymptomatic hetero- 
zygotes from the control group and their pooling 
with symptomatic ones. However, this holds true 
only for carriers of alleles in the low/medium 
range of expansion (3749 for HD and 47-54 for 
SCAl), whose fitness could be correctly assessed. 
Heterozygotes for larger expansions born before 
1951 are not likely to be still alive and available 
for blood sampling in the present days, due to 
their early onset and short disease duration : they 
were found only among subjects younger than 45 
years. 

Carriers of larger expansions are expected to 
have very few children, if any, on the basis of the 
reported inverse correlation between the number 
of CAG repeats and the age at onset. In  the 
Italian series, carriers of 50 or more repeats have 
an H D  onset between 4 and 35 years (Novelletto 
et al., 1994a and additional unpublished data) 
and that of SCAl is below 30 years (Jodice et al., 
1994). Indirect support of this expectation is 
provided by data from subjects born in the 
period 1951-1972 (Table 3), showing that carriers 
of large expansions, all without the opportunity 
for further reproduction, due to death or severe 
invalidity, have the same number of children as 
carriers of smaller expansions (most of whom are 
still asymptomatic) who are bound to increase 
their family size before their reproductive life is 
completed. 

These results suggest a model that  takes into 
account the differential fitness according to the 
CAG repeat length for both HD and SCAl 
heterozygotes. Under this model, most of the 
alleles with the largest expansions are lost at 
each generation and are replaced by those in the 
low/medium expansion range, as a consequence 
of instability. The pool of the latter is likely to be 
maintained or even expanded until relatively 
recently, not only by new mutations but also by 
the increased fitness of their carriers. While the 
first source generates expansions likely to be 
found on random haplotypes, the second main- 
tains the disease mutation on ancestral chromo- 
somes. The maintenance of the expanded allele 
frequency therefore would depend not only on 
the balance between selection and new mutations 
but even more on the differential fitness of 
expansion carriers, associated with a continuous 
shift from the pool of low/medium expansion 
alleles toward that of large expansions. 

Such a hypothesis might explain previous 
findings of a relative genetic fitness of H D  
patients equal or greater than one, in spite of the 
fact that juvenile cases, varying from 1 to 12% 
of HD patients (Harper, 1991), are expected to  
have a decreased reproduction. In  addition, it 
accounts for the heterogeneous set of HD 
chromosomes reported in the literature, showing 
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that few haplotypes in linkage disequilibrium 
with the mutation coexist with many different 
haplotypes most likely carrying recent mutations 
(MacDonald et a,Z., 1992; Squitieri et al., 1994)). 
According to the present model, haplotypes in 
linkage disequilibrium with the HD expansion 
are observed mostly as a result of common 
ancestry, although recurrent de novo expansions 
on a subset of normal chromosomes with ‘pre- 
disposing ’ haplotypes may contribute to this 
pool. The present results also suggest that 
reproduction of HD heterozygotes tends to be 
restricted by recent sociodemographic con- 
straints more than that of their normal relatives. 
Assuming a steady rate of new mutations and 
instability, the magnitude of this phenomenon 
would predict a reduction of HD frequency in 
future generations. 

A similar situation emerges for SCA1, although 
fewer population genetics data are available in 
the literature. Non-reduced fertility rates of 
SCAl patients up to 1919 is reported by Haines 
et al. (1984), with juvenile cases accounting for a 
substantial proportion of the patients in the 
sample. In addition, linkage disequilibrium with 
extragenic markers has been documented in Italy 
in a small set of families, as well as the presence 
of different haplotypes not related to each other 
(Jodice et aZ., 1993) 

The evidence in favour of a differential fitness 
found in HD and SCAl patients poses the 
question of whether the same might hold true for 
other diseases due to CAG expansion, such as 
SCA3, KD and DRPLA. In any case, the present 
data suggest a population genetics model which 
is completely different from those proposed for 
diseases such as DM or FRAXA (Mandel et al. 
1994). 

At present, one can only speculate about 
causes of a higher fitness in carriers of alleles in 
the low-medium expansion range. These include 
possible effects of CAG expansions on repro- 
ductive physiolology or on sexual drive and 
behaviour, and psychological mechanisms com- 
pensating for the stress of initial subclinical signs 
of the disease through family-raising. In  any 
case, the change in reproduction associated with 

CAG repeat expansion appears to be independent 
of the clinical manifestations of the disease and 
of subjects’ mental state. I n  fact, the group of 
expansion carriers showing a fitness higher than 
normal included a substantial proportion of 
asymptomatic subjects. Moreover, results were 
similar in HD, a disorder with progressive 
dementia, and SCAl , whose clinical picture 
rarely includes mental decay 
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