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Aim. To present a novel strategy for mapping quantitative trait loci
(QTL), using human metapopulations. The strategy is based on the
expectation that in geographic clusters of small and distinct human
isolates, a combination of founder effect and genetic drift can dra-
matically increase population frequency of rare QTL variants with
large effect. In such cases, the distribution of QT measurements in an
“affected” isolate is expected to deviate from that observed in neigh-

boring isolates.

Methods. We tested this hypothesisin9 villages from alarger Croa-
tian isolate resource, where 7 Mendelian disorders have been previ-
ously reported. The values of 10-physiological and biochemical QT
were measured in-arandom sample of 1001 individuals (100 inhabit-

antsof each of 9 villages and 101 immigrant controls).

Results. Significant over- or under- representation of individuals
from specific villages in extreme ends of standardized QT measure-
ment distribution was found 10 times more frequently than expected
by chance. The large majority of such clusters of individuals with ex-
treme QT values (34/36, 94.4%) originated from the 6 villages with

the most pronounced geographic isolation and endogamy.

Conclusion. Early epidemiological assessment supports the feasibil-
ity of the proposed strategy. Clusters of individuals with extreme QT
values responsible for over-representation of single villages can usually
be linked to a larger pedigree and may be useful for further QTL map-

ping, using linkage analysis.
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The common feature of Mendelian diseases is
that their characteristic phenotype is caused by
a rare mutation in a single gene in the genome.
Therefore, the segregation of affected individuals
in families follows simple Mendelian predictions
(1). The catalogue of known Mendelian diseas-
es is regularly published, with some 8000 discas-
es or syndromes listed and new ones continual-
ly added to this number (2). The last decade saw
great successes in identifying genetic variants un-
derlying several thousands of these diseases (3-5).
This success was facilitated by the fact that causal
genetic mutation is both necessary and sufficient
for the development of the disease, which is the
key property of Mendelian diseases. This ensures
good correlation between disease phenotypes
and underlying genotypes (high “penetrance”
and “detectance;” i€, the probabilities of observ-
ing the disease phenotype given the disease gen-
otype, and vice versa), which is an important re-
quirement for the success of gene mapping using
pedigree-based approach (6,7).

Most Mendelian diseases usually present at
an carly age and with a number of clinically ap-
parent phenotypic changes. Such a spectrum of
phenotypes, initially described as a distinct clin-
ical syndrome, reflects the multiple roles the af-
fected gene products have in-human. develop-
ment and metabolism. As the human genome
harbors some 25000 predicted genes and an un-
known number of conserved functional elements
and regulatory regions, perhaps many more than
8000 Mendelian diseases should be expected.
Many genes, however, may interact with each
other within common biochemical pathways,
thus limiting the number of possible phenotypic
outcomes of their mutations. However, the diag-
nosis of Mendelian diseases is typically based on
noticing visually apparent disease phenotypes.

These phenotypes all have in common that
they represent measurable human biological
quantitative traits. Some of them (eg, blood pres-
sure, body mass index, cholesterol levels, and

blood glucose) have recently been identified by
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the World Health Organization as the main con-
tributors to disease burden in developed coun-
tries (8). An understanding of their genetic regu-
lation is therefore of great current interest (9,10).
The genes underlying human quantitative traits
(QT) may actually be easier to detect than those
predisposing common complex diseases, as quan-
titative traits represent just a fraction of the many
recognized risk factors underlying common com-
plex diseases of late onset (11). In this paper, we
present and test a novel strategy for finding very
rare genetic variants with large effect on QT in
human populations, ie, genes underlying “invisi-
ble Mendelian diseases.” The proposed approach
relies-on specific population genetic proper-
ties of geographically clustered and isolated hu-
man populations, often referred to as metapop-
ulations, which allow for increased frequency of
large effect genetic variants underlying quantita-
tive trait distributions that would have extremely
small frequencies in large outbred populations.

Croatia has 15 Adriatic Sea islands with a
population greater than 1000..The villages on
the islands have unique population histories and
have preserved their isolation from other villag-
es and outside world through-many centuries.
The history, demography, and genetic structure
of these villages have been investigated for more
than 50 years. The research, mainly carried out
by the Institute for Anthropological Research
in Zagreb, Croatia, resulted in over 100 publica-
tions in international journals (12-14). On some
of the islands, monogenic (Mendelian) discases
and rare genetic variants were found in unexpect-
edly high frequencies (Table 1) (15-27).

The studies of population genetic structure,
along with reports of at least seven autochtho-
nous Mendelian diseases and four highly unusu-
al rare genetic variants, represent strong evidence
that cach small human isolate may harbor ex-
tremely rare variant(s) that were brought to com-
mon frequencies by genetic drift. Some of these
variants cause the reported Mendelian diseases,
especially if causal mutations are recessive and ex-
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Table 1. Overview of the evidence of extremely rare mutations
present in unusually high frequencies in specific Croatian island
isolates

Type of research Island  Reference

Reports on autochthonous Mendelian diseases:
dwarfism Krk 15-17
albinism Krk 17
progressive spastic quadriplegia Krk 17
familial cognitive dysfunction Susak 18,19
familial congenital hip dislocation Lastovo 20
familial ovarian cancer Lastovo 21,22
keratoderma palmoplantaris transgrediens Mijet 23

Reports of high population frequencies of extremely
rare genetic variants:

deleted/triplicated alpha-globin gene Silba 24
PGM1*W3 phosphoglucomutase-1 variant Olib 25
mtDNA haplogroup F Hvar 26
Y-chromosome haplogroup P* Hvar 27

cessively “exposed” by inbreeding, while others
may have large effects on quantitative traits. Re-
cent studies in these populations showed a signif-
icant positive effect of inbreeding on a quantita-
tive trait (hypertension) and on the prevalence of
a number of late-onset complex diseases (28,29),
suggestive of the presence of a major class of rare
recessive variants underlying those phenotypes in
these Croatian isolates.

Population and Methods

Study design

Figure 1 shows the geographic location of the
main inhabited islands and the villages chosen
for this study.

Assuming a polygenic nature of QT's and ex-
ponential distribution of effect size (30,31), the
limited number of founders would initially in-
troduce an unknown number of rare mutations
(variants specific for their individual genomes)
into the gene pool of the isolate they had estab-
lished. Through such a “founder effect,” the fre-
quency of those variants would thus increase
from extremely rare in the general population
(eg £<10*) to common in that particular isolate
(£>10?). We present a hypothetical case of a geo-
graphic cluster of four such isolated populations
that share similar environment and lifestyle (eg,

Krk Island:
Jurandvor/
BasZanska
Draga (V11)
Mainland Croatia:
Immigrants (V10)

Rab Island:
Banjol (V1)
Barbat (V2)

Lopar (V3)

Rab (V4)

Supetarska Draga (V6)

Vis Island: » Mijet Island:
Vis (V6) S\ Mijet— B. Polje (V9)
Komiza (V7) =

Lastovo Island: —~

Lastovo (V8)

Figure 1. Geographic location of the investigated islands of Rab, Vis,
Lastovo, and Mijet. Villages from 1 to 9 (V1-V9) are study populations.
Immigrants into the islands originate from mainland Croatia (V10).

villages on an island) (Figure 2). The founder ef-
fect would probably not have the power to sig-
nificantly change the distribution of QT values
in any individual village from the one expected
in the general population of their origin (Fig-
ure 2). However, over the course of time, genet-
ic drift would randomly increase the population
frequencies of some of those variants of interest,
as long asthey do not substantially affect indi-
vidual fitness. This would provide an opportuni-
ty for genetic variants of large effect on QT (eg,
blood pressure, cholesterol, and glucose levels) to
become very common in particular isolates. They
would not be removed from the gene pool by se-
lection, as the resulting chronic late-onset diseas-
es (eg, stroke, coronary heart disease, cancer, or
type 2 diabetes mellitus) would develop during
the post-reproductive period, although perhaps
at an earlier age than expected in the majority of
affected cases in the population.

When an introduced variant with large ef-
fect on a QT reaches high population frequen-
cy due to the action of genetic drift (eg, £>107),
it should result in a shift of the QT distribution
from the values expected in the general popula-

tion and in surrounding isolate populations.
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Figure 2. A hypothetical case of a geographic cluster of four popula-
tion isolates (A-D), and the distribution of QT measurements in each
population (value range 1.00-7.00): (A) a founder effect in isolate A
increased the population frequency of a rare variant with large effect
on measured quantitative trait from 10-% in general population to 102
in isolate A, but no effect can yet be detected; (B) subsequent genetic
drift further increased its frequency over time and the presence of
inbreeding exposed the phenotype (recessive case); full line - isolate
A; dotted line - isolate B; intercepted line - isolate C; dot-dash line
- isolate D.

The theoretical outcome will depend-on
whether the rare variant enriched in population
frequency is dominant or recessive. If recessive,
which is considerably more likely for the very rare
variants with large deleterious effects, inbreed-
ing practices common to isolate populations due
to limited mate choice should increase the fre-
quency of homozygous individuals and expose
the phenotypic effect. The latter mechanism has
helped to reveal phenotypes and to map genes
underlying numerous Mendelian diseases in hu-
man isolate populations (32-34). The expected
end result is a slight deviation of QT value distri-
bution from the mean, with an additional mode
at the extreme end of that distribution represent-
ing a cluster of inbred individuals in the isolate
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population that carry both copies of a recessive
variant (Figure 2b). If the mode of inheritance
is dominant, however, then the whole upper (or
lower) tail of the distribution of the values in this
village would be expected to be shifted, which
should result in substantial deviation of QT val-
ue distribution from the mean, but without an
additional mode at the extreme end.

An important consequence of this scenario
(Figure 2b), and the basis for the proposed strat-
egy, is the expected excess of persons from the
single isolate population (village) within the up-
per (or lower) tail of the value distribution ob-
served -when all the studied isolate populations
are pooled together. This should hold if the ap-
propriate standardization of all QT measure-
ments (by age, gender, and other possible covari-
ates) is performed across all studied isolates. The
power of such analysis increases with the number
of isolate populations in the study. We used this
rationale to test statistically whether there is an
excess of individuals from specific villages in the
extreme ends of the distributions of the 10 se-
lected QTs. We also investigated whether those
clusters occur more frequently than expected by
chance, and in_the villages with the most pro-
nounced geographic isolation and endogamy.

After identifying the individuals within each
isolated village who are responsible for the excess
in the extremes of the QT distribution of inter-
est, some of them may carry a rare variant with a
major effect on QT. To further support that, a
reconstruction of their pedigrees should point to
their increased relatedness or individual inbreed-
ing. In an ideal case, most of those cases will clus-
ter in families or show increased inbreeding and
an apparent Mendelian segregation of the trait.
Positional cloning of a responsible variant should
then be attempted using linkage analysis, as has
been successtully achieved for many Mendelian
diseases with clinically apparent phenotypes,
with homozygosity mapping being an extremely
powerful approach in these cases. It may only take
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Table 2. Outline of the proposed strategy for mapping human
quantitative trait loci of large effect using clusters of small hu-
man isolate populations

Step Procedure

Step 1  Characterizing a resource of several neighboring isolate popula-
tions (geographic or cultural) that share similar environment and
lifestyle (a “metapopulation” — see Table 1 for examples).

Step2 Measuring a number of quantitative traits (QT) in all villages in
a random sample of inhabitants, using the same standardized
methods, observers, equipment, techniques, and laboratory
procedures.

Step 3  After data entry, standardizing distributions of QT’s by gender
and age in each population isolate. Assessing the levels of isola-
tion by defining endogamy in each village as a percentage of
examinees’ parents (or grandparents) born in the same village.

Step4  Testing for the presence of a rare recessive variant with a large
effect on QT brought to common frequency in a particular isolate.
For each QT, ranking all standardized individual values found in
examinees from all isolate populations. In a case of a significant
clustering of examinees from a single village in the extreme tails
of the observed values, proceed to step 5.

Step5 Investigating whether 10-15 examinees with the most extreme
standardized QT value who originate from the same isolate are
linked to the same large pedigree and/or are inbred by studying
genealogical records.

Step6  Attempting to repeat QT measurements in a specific isolate
population-of interest in all available members of such pedigree
and to obtain DNA for genetic studies at the same time. This
is an attempt to eliminate false-positive “cases” before linkage
analysis is performed.

Step 7 Investigating whether the segregation of extreme QT values
within families is consistent with Mendelian laws, and establish-
ing with which model of inheritance it is consistent.

Step 8  Performing linkage analysis following the same procedures that
proved successful for a large number of rare Mendelian diseases
found in isolate populations (for Mal-de-Meleda example from
Mijet island see ref. 23);

Step9 When a genomic region with LOD score (log odds of linkage
against no linkage) greater than 3.0 is identified, checking elec-
tronically available information for functional candidates and rep-
lication of previous reported linkage.

studying several individuals from a single pedigree
to map the gene of interest (Table 2).

Sample selection

In 1999, scientists from four research institutions
in Zagreb, Croatia, and Edinburgh, Scotland,
outlined the strategy for the “1001 Dalmatians”
research program. The program aims to study
multiple small isolated populations that share a
similar environment and lifestyle and are situated
on the Adriatic islands, Croatia (14). In 2001, 9
settlements were chosen to present a wide range
of differing ethnic histories, fluctuations in pop-
ulation size, admixture and bottleneck events, on
the basis of known founding times, accessibility
of genealogical records, and population willing-

ness to participate in research program. The geo-

graphic location of the nine selected villages is
presented in Figure 1, and their population his-
tories in Table 3.

Fieldwork to collect the data of interest was
performed during 2002 and 2003 by a team of
researchers from the Zagreb University School
of Medicine and the Institute for Anthropo-
logical Research in Zagreb, Croatia. In each of
the 9 villages, a random sample of 100 adult in-
habitants was collected. Sampling was based on
computerized randomization of the most com-
plete and accessible population registries in each
village, which included medical records (Mljet
and Lastovo-islands), voting lists (Vis island), or
household numbers (Rab island). An additional
sample of 101 examinees was recruited from vol-
unteering second-gencration immigrants into
all 9 villages to form a genetically diverse control
population sharing the same environment. Ethi-
cal approval was obtained from appropriate re-
search ethics committees in Croatia and Scot-
land. Informed written consent was obtained
from all participants in the study.

Measures of health-related quantitative traits of
interest

Blood pressure (mmHg), height (mm), and
weight (kg) were measured by a single observ-
er in local health centers and dispensaries be-
tween 8 and 11 am, following standard proce-
dures (35). Blood pressure was measured on the
right forearm in a sitting position. Two measure-
ments of both systolic and diastolic blood pres-
sure were taken 5 minutes apart in each individ-
ual, the mean value was used for analysis. Height
and body mass were measured using the single
anthropometer (Hospitalija, Zagreb, Croatia).
Biochemical analyses of creatinine, uric acid,
high density lipoprotein, low density lipoprotein
and total cholesterol, tryglicerides, and blood
glucose were done from fasting blood samples
taken from the examinees between 7 and 9 am
Blood samples were extracted into 10 mL clotted
blood tubes (BD Vacutainer Systems, Franklin
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Table 3. Basic demographic parameters recorded for each studied village

Village (V)

Banjol Barbat Lopar Rab Supetarska Vis Komiza Lastovo Mijet
Demographic parameter (V1) (V2) (V3)  (v4) Draga(V5) (V6) (V7) (vV8)  (V9)
Years since the foundation of the settlement 1600 1450 1600 3000 950 3000 640 1200 1200
Number of episodes of major admixture events* 3 2 3 4 1 4 0 0 0
Time since the last recorded admixture event (years) 350 350 350 350 350 350 640 1200 1200
Maximum achieved population size 1971 1300 1500 5000 1164 4300 3572 1602 2106
Year in which maximum size was achieved 2001 1950 1400 1400 2001 1910 1910 1931 1948
Last bottleneck event (in years before present)t 550 550 550 550 550 25 25 25 25
Percentage of reduction in population size during the last bottleneck event 60 60 60 95 60 53 44 32 43
Demographic trend 1 (percentage of pop. in 2001 vs 1750) 340 402 657 55 333 127 585 76 101
Demographic trend 2 (percentage of pop. in 2001 vs 1875) 229 280 505 62 162 58 68 83 77
Demographic trend 3 (percentage of pop. 2001 vs 1925) 167 110 208 64 116 55 46 58 57
Population size (in year 2001) 1971 1205 1191 554 1164 1776 1523 835 1111
Percentage of consanguineous population* 7 13 10 4 5 12 27 3 1
Percentage of grand-parental endogamys$ 42 90 98 39 47 88 91 72 94

*Events in history when a major influx of immigrants of different genetic background (at least 10% of the population) occurred within a single generation.
tEvent in history where a reduction in population size of at least 50% occurred within a single generation.

1Defined as having parents related to a degree of second cousins or closer.

§Proportion of all grandparents of the examinees who were born in the same village as the examinees.

Lakes, NJ, USA) for further biochemical anal-
yses. Plasma and serum were rapidly frozen and
stored at -20°C in 200 L aliquots, using stan-
dardized sample handling procedures. They were
then transported frozen within a maximum of 3
days to the single biochemical laboratory based
in Zagreb. The laboratory was chosen because it
has been internationally accredited for perform-
ing this type of analysis and included in internal
quality assessment by Roche and Olympus, and
in external monitoring programs by Croatian
referent center for biochemical analyses and by
an international organization (RIQAS) that per-
forms quality control (36).

Statistical analysis

The aim of statistical analysis was to standardize
individual measurements of all 10 measured QT's
in all 1001 examinees and make them compa-
rable across the villages. Then, in a merged sam-
ple of 1001 examinees, a search for the presence
of over- or under-representation of individuals
from the single village populations (V1-V10) in
the most extreme 10% of values was performed.
In such analysis the values of measurements of
each QT were ranked from 1 to 1001, and the
top and bottom 100 values were investigated
for an excess of individuals from the single vil-
lage. Exactly 10 persons from each village would
be expected in top and bottom 10% by chance.

Based on a simple ¥ statistics for 10 independent
samples with 100 randomly chosen individu-
als, the presence of 17 or more individuals from
the same village in the top 10% values by rank
among all 1001 examinees would indicate statis-
tically significant over-representation, while 3 or
fewer would indicate statistically significant un-
der-representation of a specific village. Multiple
comparisons performed in the same way for 10
different quantitative traits would be expected to
result.in 2-3 false positive clusters by chance, but
we expected to demonstrate that the number of
clusters was dramatically greater than expected
by chance.

To make this analysis as informative as pos-
sible, two different models of standardization of
QT measurements were applied. Data on age,
gender, height, weight, and village of origin (V1-
V10) were analyzed in a logistic regression with
QT measurement as outcome (37). Age and gen-
der were forced in all prediction models, irrespec-
tive of whether they were formally significant.
Model 1 allowed age, gender, height, and weight
as predictors, whereas Model 2 allowed only age
and gender as predictors.

Results

To demonstrate the proposed principle on a

clinically apparent QT (in this example, hu-
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man height) using actual data from this iso- 60
late resource, we presented the distributions %
of male and female population by height in Ju- § 40
randvor and Bas¢anska Draga villages on Krk is- g
land (Figure 1; V11) and in our sample from 9 g
other villages (including the V10 with immi- 10
grants). We used the example of villages Jurand- 0

. . -150.00 -160.00 ~170.00 -180.00 -190.00 -200.00 200.00+
vor and Bas¢anska Draga (V11) because a variant Height (cm)
) ] ) eight (cm
in PROP1 gene has recently been identified as a

Figure 3. Effect of PROP-1 mutation on height in Jurandvor/Bas¢an-

cause Of dwarﬁsm, which is prevalent in the vil- ska Draga (V11) population isolate in comparison to other investiga-
1 16). W, d d lati ted population isolates (V1-V10). Dashed line - Jurandvor/Ba$¢anska
ages (16). We presented a reported population Draga (V11), females (n=151); full line - other villages (V1-V10), ma-
distribution by height in 258 examinees from les (n=455); dotted line — Jurandvor/Bas¢anska Draga (V11), males
. L . (n=107); dot-dash line - other villages (V1-V10), females (n=546)
V11 (15) alongside the distribution of 1001 ex-
aminees in villages V1-V10 combined (Figure we tried to-identify over- or under-represent-
3). This presentation was made solely to dem- ed villages in the extremes of the distributions
onstrate how the presence of the causal PROP1 of 10 measured QT's under the two models of
mutation in V11 population could have been measurement standardization. Statistical com-
identified using the strategy we propose, as the putation how many of the 10 villages would be
cases affected by dwarfism from V11 would have expected as positive or negative outliers pure-
been in large excess in the lower end of the height ly by chance showed that between 2 and 3 such
distribution of all the 11 villages combined. cases would be-expected for all 10 traits in Ta-
In Table 4, we present the comparison be- ble 4. Under Model 1, the number of clusters is
tween the chosen villages for all the investigat- 34, ie, an order of magnitude greater. The exclu-
ed quantitative traits. Based on this comparison, sion of heightand weightas predictors (model 2)

Table 4. Villages (V1-V10) with unusually large or small numbers of individuals having extreme values of the 10 quantitative traits
No. of individuals from the same village in

bottom 10% of all recorded values* top 10% of all recorded values*
Oor1 20r3 170r18 19+ Oor1 20r3 170r18 19+

Parametert (P<0.01) (P<0.05)  (P<0.05) (P<0.01) (P<0.01)  (P<0.05) (P<0.05) (P<0.01)
Model 1 (predictors: age, sex, height, weight):

SBP V3,v4 V8 V3

DBP V6 V3,47 V8,v9 V6

BMI

log (LDL) V6,V7 V2,v8 V8 \A%

log (triglyceride) V6

log (total cholesterol) V6 V8 V8 V6

log (creatinine) V6 V8

Urate V9

log (serum glucose) V8 V1 V2 V6,V8

HDL V1 V9 V8
Model 2 (predictors: age, sex):

SBP V3 V3

DBP V3,47 V8,v9

BMI

log (LDL) Ve,V7 V2,v8 V8 Ve6,V7

log (triglyceride) V8 V6

log (total cholesterol) V6 V8 V8 V7 V6

log (creatinine) V6,9 V3 V8 V8

Urate V8,V9

log (serum glucose) V8 V3 V2 V8

HDL V1 V6 V9 V8

*Ten expected per each village.
tAbbreviations: SBP - systolic blood pressure; DBP - diastolic blood pressure; BMI - body mass index; Log - logarithmically transformed variable; LDL — low density lipoprotein; HDL
- high density lipoprotein.




changed this result further only marginally, by in-
creasing it to 36 such clusters.

However, when the “village of residence” was
also included as a predictor in Model 1, along
with age, gender, height, and weight, the number
of observed clusters decreased from 34 to only 6
(not shown in Table 4). This result pointed to a
dramatic “village effect,” implying true differenc-
es between the individual villages in the distri-
butions of most measured QTs. If the observed
“village effect” was mainly environmentally in-
fluenced, then we should not expect clusters of
individuals with extreme values to originate al-
most exclusively from the villages with high en-
dogamy, and rarely, or never, from those with
low endogamy or immigrant group. Howev-
er, under the second model (Table 4), 34 of 36
identified clusters(94.4%) originated from the
6 villages with the highest endogamy and long-
term isolation (V2-3 and V6-9, Table 3). More-
over, 12 of them (33.3%) were associated with
the geographically most isolated village (V8) in
which two rare Mendelian disorders have previ-
ously been described (Table 1), and a case of ich-
thyosis recently encountered (LR., unpublished
data). The 4 most geographically isolated villag-
es — Vis, Komiza, Lastovo, and Mljet — together
accounted for 27/36 (75%) of the clusters. Also,
the group of immigrants from V10, genetically
representing outbred mainland population, ap-
peared in none of the extremes, as expected un-
der our hypotheses. This suggests that the “vil-
lage effect” may largely represent true population
genetic differences in frequencies of rare alleles
with large effect on the measured QTs.

Discussion

The results of our study strongly supported for
our hypothesis that distinct isolates within hu-
man metapopulations would deviate in their
own unique ways from expected genetic frequen-
cies in large outbred populations. The proposed
causes of these deviations in Croatian island iso-
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lates are founder effect, genetic drift, and subse-
quent inbreeding, which may jointly act to ex-
pose extremely rare genetic variants of very large
effect and therefore cause shifts in frequency dis-
tributions of affected quantitative traits in com-
parison to other isolates or to large general popu-
lation. Although rare in general population, such
variants of large effect may still prove helpful in
revealing some common and yet unrecognized
physiological pathways that could prove im-
portant in pathological mechanisms, and there-
fore point to novel targets for drug development
and future therapy. This approach may be feasi-
ble, because a number of recent studies in both
model-organisms and humans have recognized
that the genetic architecture underlying biologi-
cal quantitative traits may be more complex than
previously thought and variants of truly substan-
tial effect on their distribution in the population
difficult to identify (38-41).

It has already been demonstrated by anthro-
pological research that distinct villages retained
isolation and preserved genetic structure through
many centuries, revealing a number of extreme-
ly rare variants or haplotypes with common fre-
quencies (12-27). This led to the identification
of at least 7 Mendelian diseases in specific islands
or.even villages (Table 1). In 9 villages from the
islands of Rab, Vis, Mljet, and Lastovo, we con-
ducted measurements of 10 quantitative traits
and demonstrated numerous apparent clusters of
individuals with extreme values originating from
particular villages. This was done in a random
sample of 100 persons from each village, carefully
selected from voting lists or medical records, and
using unified methods and a single biochemical
laboratory of international standard (42).

The “village effect” in this metapopulation
of human genetic isolates, which apparently ex-
plains highly prevalent clustering of individuals
from the specific villages in the extreme tails of
the distributions of trait values, probably results
from the joint action of factors related to varia-
tion in environment, population genetic struc-
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ture, and data collection between the villages.
Since we made strenuous efforts to minimize
differences related to data collection and analy-
sis, we need to investigate the possible role of the
other two variables.

Another possible confounding effect that
could, at least in theory, be responsible for mod-
ifying the values of measured traits are the pre-
scribed medications. We obtained the infor-
mation about the medications taken from each
examinee in this study. The level of medication
prescription in these isolated communities is
rather low, and about 50% of the examinees do
not take any medication regularly. Among the
prescribed medications, no single product was
being taken regularly by more than 20 persons
(ie, only 2% of the sample). The most common-
ly prescribed groups of drugs were painkillers,
antihypertensives, antiarrythmics, and anxyo-
litics. Among the drugs that could significantly
affect the results of our study, antihypertensives
were being taken by 8-15% of the population in
the studied villages, with no statistically signifi-
cant differences in age-standardized prevalence
among the villages. Other drugs, such as statins
to reduce serum lipid levels, were only taken by
1% of the examinees in the sample, whereas glu-
cose regulators were being taken regularly by less
than 2% of the examinees. Therefore, given the
magnitude of the observed village-specific effects
on the clustering of the examinees in the tails of
value distributions, we believe that the differenc-
es in medication prescription could not have pos-
sibly been responsible for the observed results.

Based on these results, an early epidemiologi-
cal assessment, performed in this study, seems to
be generally supportive of the feasibility of the
proposed strategy. We hope that further analysis
of specific clusters of extreme QT values identi-
fied in this study will indeed expose at least a few
underlying Mendelian variants of large effect in-
fluencing measured QT's of interest. If so, this
approach could become a feasible supplementary
effort to the Hap-Map project, which is designed

to find common variants in the human genome
associated with common diseases (43).

We emphasize that the aim of this study was
only to serve as a “proof of principle” that the
proposed strategy could work and have a consid-
erable power to detect rare variants of large effect.
Thereby, we were only interested in clustering of
the extreme values in measured traits due to ho-
mozygosity of rare and recessive genetic vari-
ants of large effect. The affected individuals were
therefore expected to have values so large (or
small) to always find themselves at the extreme
ends of the distribution. Because of this, there
is no need for complex statistical procedures to
spot these individuals — they should either be
there clustering together, or not, and their pres-
ence should be immediately apparent as they
should be from the same village and frequently
share the same surname. In our minds, the value
of the proposed strategy is the fact that through
a careful study design and choice of study popu-
lations, this strategy enables a very simple way of
“screening” for possible large effects of rare re-
cessive variants on measured QT's in these pop-
ulations. All the numbers in this study were de-
liberately chosen to reveal the simplicity of the
approach-and make it intuitive to a reader: there
are 10 study populations, 100 subjects from each
population, and 10 measured quantitative traits;
after ranking a total of pooled 1001 individu-
als by QT value, top 10% and bottom 10% of
the subjects are examined according to village of
residence, and 10 subjects per village are expect-
ed to be found there by chance. Any significant
deviation in the representation of a single village
could imply a cluster of individuals carrying very
rare variants of large effect. This should make the
strategy easily applicable in similar settings glob-
ally, without the need of statistical genetic or bio-
informatic support. It should therefore provide
a helpful tool for initial research towards gene
mapping to the scientists working in the coun-
tries with very limited resources for research,
while positive outcomes should then hopefully




attract further funding. Through analysis of iso-
lates worldwide, we could begin to catalogue very
rare variants of large effect, which may eventually
provide more promising clues into the pathogen-
esis of human diseases and reveal new pathogenic
mechanisms that could become therapeutic tar-
gets in the future.
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