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Abstract
The steady discovery of new β-myosin mutations causing familial hypertrophic cardiomyopathy
(FHCM) suggests that only a fraction of the total number of mutations has been identified so far
by clinical screenings. To test this hypothesis, data derived from seven independent genetic studies
were re-analyzed using statistical methods developed by ecologists for estimating the number of
species in a community.

This novel approach reveals that more mutations will continue to be identified as more patients are
genotyped, and highlights important differences in the distribution of β-myosin mutations across
different populations. Hence, additional molecular sampling will be necessary to complete the
census of the β-myosin mutations and facilitate the diagnosis and evaluation of FHCM patients.
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Hypertrophic cardiomyopathy (HCM) is a complex cardiac disease affecting one in 500
individuals. HCM can manifest with a wide degree of clinical variability, ranging from
individuals who are largely asymptomatic to individuals who develop heart failure and
sudden death. Histopathological cardiac alterations such as fibrosis are primarily associated
with changes in the size of ventricular chamber(s), increased wall thickness, and
atrioventricular conduction abnormalities. Missense mutations in the β-myosin heavy chain
gene (β-MHC), the predominant mammalian myosin isoform in adult human heart
ventricles, are among the most frequent genetic defects linked to familial hypertrophic
cardiomyopathy (FHCM) [1]. Interestingly, the frequency of β-myosin mutations associated
with HCM appears to vary across different populations [2]. Low-density β-myosin DNA
microarrays for early FHCM genetic screening and diagnosis have been developed [3,4].
However, their potential clinical development is limited by the finding that no single β-
myosin mutation appears to be predominant and, more importantly, new mutations are
regularly being discovered. To estimate the number of β-myosin mutations that remain to be
characterized, we applied established techniques commonly used by community ecologists
to study the distribution and abundance of different organisms present in a particular
environment (Fig. 1A).
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We analyzed missense mutations characterized in seven independent clinical studies that
screened the whole β-myosin gene coding region [5–11]. By using rarefaction curves that
allow comparisons between data sets of different sizes and analysis of small samples of
individuals, we estimated the number of unique β-myosin mutations per patient in each
study [12]. If a rarefaction curve, which in our case plots the number of patients with HCM
versus the average number of unique mutations observed in that number of patients, rapidly
levels off, we can be confident that most unique mutations have already been observed and
that no additional sampling is necessary. In contrast, if the curve keeps rising, more
mutations remain to be found.

The seven clinical studies analyzed a total of 1133 patients clinically diagnosed with HCM,
and found 135 single β-myosin missense mutations associated with the disease (See Table 1
for mutation frequency across studies/populations). When rarefaction curves were derived
from each investigation, we found that they continued to rise steeply, indicating that the
experimentally observed β-myosin mutations are likely to represent only a small percentage
of the total number that will be found (Fig. 1B). We next extrapolated the total number of
mutations that could be found in each study population with additional sampling, by
comparing the number of unique mutations to the number of mutations that occur more than
once [13]. This approach is related to capture-recapture studies that estimate the size of a
population by capturing, marking and releasing animals, then scoring the fraction of
recaptured marked animals in the total captured population. Intuitively, if only few
mutations are present in the β-myosin gene, the number of unique mutations found in every
study will be the same. As shown in Fig. 1C, we obtained an estimated mean number of
mutations of 67 for Richard et al. (38 unique mutations found experimentally; 57%), 34 for
Song et al. (15 unique mutations found experimentally; 44%), 68 for Girolami et al. (12
unique mutations found experimentally; 18%), 205 for Van Driest et al. (39 unique
mutations found experimentally; 19%), 46 for Morita et al. (9 unique mutations found
experimentally in a cohort of pediatric patients; 19%), 30 for Laredo et al. (11 unique
mutations found experimentally; 37%), and 67 for Perrot et al. (11 unique mutations found
experimentally; 16%).

These data show that the individual studies have observed only a fraction of the total number
of estimated mutations. More importantly, the finding that individual rarefaction curves are
approaching saturation at different rates, suggests that i) the total number β-myosin
mutations varies among different populations and ii) some mutations affect only specific
populations (see Table 1).

Although our ecology-based approach suggests that additional molecular sampling will be
necessary to complete the census of β-myosin mutations, our estimates are probably
conservative. In fact they are based on studies that were carried out by European and
American tertiary centers, which usually receive selective referrals of high-risk patients.
Thus our results may only predict the total number of β-myosin mutations that can be
diagnosed using the patient selection and methodologies routinely employed (see Table 1),
rather than the total number of circulating mutations. Nevertheless, this study is the first
attempt to quantify the number of disease-causing mutations in a human gene using an
ecological model. Our findings can assist the design of future HCM patient screenings as
well as the development of representative β-myosin DNA microarrys for early FHCM
genetic screening and diagnosis.
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Fig. 1.
Estimation of β-myosin mutations richness. (A) Flow chart of the community ecology
methods employed in this study. (B) Individual rarefaction curves derived from seven
independent studies are depicted in different colors. White dots correspond to the total
number of unique mutations experimentally found. (C) Graphic representation of the total
number of estimated β-myosin mutations derived from each study. Intervals (95%
confidence) are shown by thicker lines. Red numbers/dots correspond to the estimated mean
number of mutations. White dots correspond to the total number of unique mutations
experimentally found. Rarefaction curves employed to estimate the average number of
unique β-myosin mutations were calculated by randomly resampling the mutation
population 100 times, according to Simberloff [12]. The validity of this approach is based on
the assumptions that the population is infinite, and the patients enrolled in each study
represent a random sample of the total number of people with cardiomyopathy (random
spatial distribution of individuals). Since the prevalence of familial hypertrophic
cardiomyopathy in the global population is 0.2%, we believe that the resulting FHCM
population, corresponding to about 1.3×107 individuals, is large enough to satisfy the first
assumption. Since patients examined and genotyped were mainly Europeans and Americans
they do not represent an equiprobable sampling. Based on this limitation, the resulting
analyses should be considered approximate estimates (see text for discussion). EstimateS
[http://viceroy.eeb.uconn.edu/EstimateS] was used to extrapolate the population size of β-
myosin mutations. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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