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Leprosy is a chronic infectious disease
caused by Mycobacterium leprae and afflicts
an estimated 5.5 million people in the world
( 24 ). This disease can cause permanent and
extensive deformities of the skin and pe-
ripheral nerves and, thus, has serious social
and economic consequences. Most individ-
uals infected with M. leprae develop effec-
tive immunity without clinically evident
forms of the disease; whereas those people
who develop leprosy present different spec-
tral manifestations, ranging from the tub-
erculoid to the lepromatous pole accom-
panied by a gradual decrease of cell mediated
immunity ( 34 ).

The possible role of the host genetic back-
ground in resistance and susceptibility to
leprosy is supported by several lines of ep-
idemiological evidence. These include the
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variable incidence rate of leprosy among
certain ethnic groups ( 3.43 ) and the restric-
tion of the disease to certain familial clusters
living in endemic areas ( 3.31.40 ). In addition,
the concordance rate for leprosy was shown
to be significantly higher among monozy-
gotic twins (60%-85%) than among dizy-
gotic twins (I 5%-20%) (6.23 ).) Segregation
analyses have provided more conclusive ev-
idence regarding the influence of genetic fac-
tors and the mode of inheritance of the dis-
ease trait in the etiology of leprosy ( I, 17, 42, 48).

The mode of inheritance has been found to
vary among populations. For all forms of
leprosy (leprosy per se) a nearly dominant
mode of inheritance was found in Thailand
(48 ), while a recessive or codominant mode
of inheritance was found in Desirade Island
('). In The Philippines, segregation of a re-
cessive susceptibility gene was found for
lepromatous leprosy (42 ), while recessive in-
heritance of nonlepromatous leprosy was
concluded in India ( 17 ). The complex seg-
regation analysis performed in the Desirade
study also revealed the presence of incom-
plete penetrance and phenocopies. Overall,
predisposition to leprosy appears to be of a
multifactorial nature with at least two groups
of genes participating in the control of the
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TABLE 1. Characteristics of DNA polymorphisms for chromosome 2q markers studied.

Location Locus Probe Poly-
morphism Allele sizes (frequencies) References

2q33-q35 CR YGI' I P5G1 Taql 3.5/3.3^(0.88/0.12) 41

2.3/1.1^(0.12/0.79)
2.0/1.4^(0.41/0.49)

Pl6G3 Ilrndlll 13.0/11.5/8.4 41

(0.26/0.46/0.28)
2q34-q35 FN FN61039 Mspl 2.7/0.35 (0.79/0.21) 4

Hael II 2.0/1.5^(0.8/0.92) 7

2q35-q36 7'NP I Tpl Tagl 12.6/8.0^(0.57/0.43) " and this study
7.7/6.2^(0.03/0.97)

Mspl 3.9/3.6^(0.34/0.66) " and this study
2q35-q36 VIL E84 Tag! 1.9/1.0^(0.26/0.74) 46 and this study

E62 13g111 18.0/5.0^(0.64/0.36) 4' and this study
pEx2 Mspl 9.4/6.5^(0.88/0.12) 3(1

pJ L 9.4/6.0^(0.88/0.12) This study
2q35 DES Des EcoRV 12.0/8.0^(0.50/0.50)
2q33-qter INII Inhb Tayl 2.6/1.5^(0.778/0.23) This study
2q37 PAX3 [CA]n 50

2q37 UGTIA I UGTIAI lisp! 4.0/2.7^(0.94/0.06) 4 s and this study
2.6/1.8^(0.71/0.29)

disease: non-HLA (human leukocyte anti-
gen)-linked genes which determine suscep-
tibility to leprosy per se and HLA-linked
genes which are implicated in the spectral
clinical manifestations of the disease (l).
Population and family studies have shown
that tuberculoid leprosy was associated with
HLA-DR2 in India (8 ), in Japan ( 22 ) and in
Thailand ( 35 ) or with HLA-DR3 in Surinam

while lepromatous leprosy was associ-
ated with HLA-DOwl in Venezuela ( 29,44 ).

In the mouse, innate resistance and sus-
ceptibility to several pathogens including
mycobacteria is controlled by a single au-
tosomal gene termed Beg which is expressed
in two allelic forms, the dominant resistance
allele and the recessive susceptibility allele
( 16 ). A high resolution genetic map of the
Bcg region on proximal mouse chromo-
some 1 has revealed the gene order: centro-
m ere-Co/3a I -Cryg-Fn- I -Tp- I - Vil/Bcg-
Des- Inha-Pax3-Akp3-Aerg-Sag-Col6a3
(II. 20, 21, 36-38‘ .j A 35-cM fragment around the
murine Beg locus (from Col3a1 to Co16a3)
has been conserved between the murine
chromosome 1 and the telomeric end of hu-
man chromosome 2q, region 2q32-2q37 (38 ).

Moreover, the gene order appears to be con-
served among this group of syntenic loci
(38. 39 ). Thus, a human homolog for the Beg
locus could be located on chromosome 2q,
region q32-37, which defines the main tar-

get area for the search of human Beg ho-
molog.

In French Polynesia, a monitoring and
prevention policy for leprosy control has
been implemented since the end of the
1940s. The prevalence rate decreased from
2.40/1000 in 1946 to 0.48/1000 in 1987.
Despite this decline, leprosy is still endemic
and considered as a public health problem
( 5 ). Furthermore, French Polynesia repre-
sents a geographic area where the history of
leprosy families is well documented.

The objective of this study was to inves-
tigate, in French Polynesian families, the
presence of a gene that could determine sus-
ceptibility to leprosy and be located on hu-
man chromosome 2q using a sib-pair meth-
od and the logarithm of odds (LOD) score
method.

MATERIALS AND METHODS
Patients and families

Seven multicase pedigrees with two (4
families) or three (3 families) generations
and with at least one affected parent were
identified in 1990. Families were identified
from the records of the Institut Territorial
Louis Malardê in Tahiti, French Polynesia,
where a central register has kept all infor-
mation on leprosy patients since 1902. For
each leprosy patient, a file is kept indicating
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civil status, date and place of leprosy de-
tection as well as the results of clinical, mi-
crobiological and pathological examination
and the nature and duration of treatment.
Leprosy patients are classified according to
the Ridley-Jopling classification ( 32 ). Since
1982, multidrug therapy (MDT) has been
implemented with daily administration of
dapsone and rifampin for paucibacillary pa-
tients and a daily supplement of clofazimine
during the first 12 months and of ethion-
amide for the first 2 months for multiba-
ciliary cases of leprosy.

All families were examined for possible
nonpaternity by showing the segregation of
the blood groups, the highly polymorphic
genetic markers D2S53 (25) and D2S104
(10, 49‘,) and other markers used in this study.
Inconsistencies were found for four indi-
viduals, who were excluded from the study.

The entire study group of 84 individuals
comprised a total of 39 leprosy patients,
including 19 paucibacillary (indeterminate,
BT, TT forms) and 20 multibacillary (BL
and LL forms) patients. The leprosy pa-
tients comprised 24 males and 15 females
with a mean age at onset of 27 years.

DNA preparation
A 10-m1, heparinized peripheral blood

sample was collected from each patient fol-
lowing informed consent. Lymphocytes were
immortalized by transformation with Ep-
stein-Barr virus (2 ). Genomic DNA was pre-
pared according to standard protocols using
SDS lysis, proteinase K digestion, phenol/
chloroform extraction and ethanol precip-
itation ( 33 ).

Typing
Individual family members were typed at

8 polymorphic loci (18 allelic systems) lo-
cated on human chromosome 2q (Table 1).
These marker loci were previously mapped
on mouse chromosome 1 (11,20,36-38,45).

Restriction fragment length polymor-
phism (RFLP) analysis. Five pg samples
of DNA were digested to completion with
50 U of the appropriate restriction enzyme
according to the recommendations of the
manufacturer (Pharmacia; New England
Biolabs, Beverly, Massachusetts, U.S.A.).
The DNA fragments were separated in a 1%
agarose gel, except for IIaeIII digested frag-

ments which were separated in a 1.4% aga-
rose gel. Gels were transferred to N-Hybond
membranes (Amersham, U.K.) as previ-
ously described ( 33). Southern blots were
prehybridized at 65°C in hybridization so-
lution (6 x SSC, 5 x Denardt's, 0.1% SDS
and 100 mg/ml boiled salmon sperm DNA).
For mouse exon probes E84 or E62, prehy-
bridization and hybridization were at 54°C
using the hybridization solution described
above. The probes described in Table 1 were
labelled to a high specific activity (5 x 10 8

cpm/pg DNA) with [a- 32 P-dATP] (Dupont,
NEN Research Products, Boston, Massa-
chusetts, U.S.A.) using the random hexan-
ucleotide method ( 12 ).) Membranes were
washed as follows: twice with 2 x SSC and
0.1% SDS at room temperature for 15 min
and twice with 0.5 x SSC and 0.1% SDS at
the hybridization temperature for 15 min.
Membranes were exposed for 2 days at
—70°C, using Kodak XAR films and Du-
pont Lightning-Plus intensifying screens.

Polymorphism analysis of PAX3. [CA]
dinucleotide repeat polymorphisms were
detected for the PAX3 gene after PCR am-
plification ( 50 ). Amplification was per-
formed in a total volume of 15 pl containing
250 ng of genomic DNA, 9 pmol of each
primer, 0.05 mM TrisHC1 pH8, 1 mM
MgC1 2 , 0.05% Nonidet P40, 0.005% Tween
20, 200 pM each ofdCTP, dGTP, and dTTP,
30 pM dATP, 0.6 pCi 35 S dATP and 3.5
units of Tag polymerase. Samples were pro-
cessed through one step of denaturation
(94°C for 5 min), followed by 40 cycles of
denaturation (94°C for 1 min), annealing
(54°C for 1 min), elongation (72°C for 1 min)
and a last step of elongation (72°C for 7
min). Amplification products were electro-
phoresed for 3-4 hr on a 6% polyacrylamide
denaturing gel. Gels were dried and exposed
for 2 days at room temperature on Kodak
XAR-film.

All genotypes were interpreted from the
autoradiographs by two independent ob-
servers.

Linkage analyses
Linkage analyses were carried out using

a sib-pair method and the LOD score meth-
od. For the analyses, susceptibility to lep-
rosy per se (any form of leprosy) was used
as the phenotype to be analyzed.
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TABLE 2. Estimated liability classes used
for linkage analysis.

Individual genotype

Age (yr)
as or Aa'

AA'

BCG
vaccinated

Not BCG
vaccinated

0-9 0.00 0.091 0.152
10-19 0.00 0.181 0.302
20-29 0.00 0.278 0.463
30-39 0.00 0.524 0.582
40-49 0.00 0.584 0.649
50-59 0.00 0.646 0.719
> 60 0.00 0.675 0.750

A represents the deleterious allele.

Sib-pair method. The nonparametric
statistical method described by de Vries, et
al. (9 ) was used to detect the segregation of
parental haplotypes in sibships with at least
two affected siblings. The observed differ-
ence (D) between the number of affected
siblings with one and those with the other
parental haplotype was compared with the
expected difference (d) for random segre-
gation using the statistic test: (I X, D — Id'
— 1/2)2/1 y 2 (a d2 is the variance ofd and d
and X D the summations of d and D values
for all sibships). This test has a chi-squared
distribution of 1 df. Two different haplo-
types were tested: the haplotype including
CRYGPI and FN and the haplotype in-
cluding VIL and DES. These haplotypes
were chosen because of the absence of re-
combination events, except for one patient
who was excluded from the analysis with
the CRYGPI-FN haplotype and another for
the analysis with the VIL-DES haplotype.
For these analyses, the pedigrees were di-
vided into nuclear families. Nuclear fami-
lies with at least one heterozygous parent
were tested: the CRYGP1-FNhaplotype was
assessed in 7 and the VIL-DES haplotype
in 8 multiple-case nuclear families. All pos-
sible sib pairs were considered when more
than two affected siblings were present.

LOD score method. Linkage analysis was
carried out using the LINKAGE 5.1 com-
puter program package ( 18 ). Two point LOD
scores were calculated with the MLINK
program using marker haplotypes for each
locus, except for the CRYGPI locus. For
this locus, recombination events have been
detected between CRYGP1 (P5G1) and
CRYGPI (P16G3) (E. Schurr, unpublished

data). LOD scores obtained at different re-
combination fractions (0 = 0 to 0 = 0.5)
were added for all families. A LOD score
of 3.0 is considered as significant evidence
in favor of linkage, and a LOD score of —2.0
as evidence against linkage between the
markers and the putative disease suscepti-
bility locus at a given 0 value. From the
Central Register, we determined the num-
ber of leprosy cases (affected or having been
affected) in the French Polynesian popula-
tion (2.22/1000). Under the assumption of
Hardy-Weinberg equilibrium, we defined
the disease gene frequency for each mode
of inheritance: 0.0471 for the recessive,
0.0022 for the codominant, and 0.0011 for
the dominant mode of inheritance.

Successive linkage analyses were per-
formed: a) The three modes of inheritance
with a range of assumed penetrance values
from 100% to 40% for the susceptible allele
as well as with affecteds only were com-
pared. b) In addition, two-point analysis of
the data was carried out using a complex
model. The hypothesis was that a human
homolog of the Beg gene was located on
chromosome 2q and that recessive alleles
of this locus conferred susceptibility to lep-
rosy with incomplete penetrance as sug-
gested by Abel and Demenais ('). For het-
erozygotes, we assumed that the suscep-
tibility allele was not expressed. The pene-
trance was considered to vary with age and
BCG vaccination. Since leprosy has a vari-
able age at onset, 10-year liability classes
(frequencies of infection) were defined from
the general population and the data record-
ed in the Central Register. Individuals were
grouped by attained age in 1990 or at death.
Different studies have shown a variation in
the protective efficacity of BCG vaccination
against leprosy ranging from 20% to 80%
( 13 ). A study carried out in New Guinea in-
dicated a protection rate of about 40% for
people under 30 years old ( 4 ). Since the New
Guinea population and the French Poly-
nesian population could be racially related,
we assumed a 40% BCG protection rate for
people under 30 years old and 10% for those
older. Individuals were examined for evi-
dence of BCG vaccination. For deceased
people, the presence or absence of BCG vac-
cination was determined by medical records
or interviewing the family members. Table
2 presents the parameters used for this anal-
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TABLE 3. Analysis of parental CRYGP1-FN or VIL-DES haplotype segregations ob-
served in leprosy affected siblings.

Parental haplotype Observed
G;13)

Expected
(Id) 2:0-2„^x2^p Value

CRYGPI-EN^32^37
^

20.5^0.99
^

NS" (< 0.5)
VIL-DES^44^39

^
22.5^0.9

^
NS (< 0.5)

" NS = Not significant.

ysis. c) By considering all leprosy cases with-
out affected relatives as nongenetic causes,
we defined a 0.48 phenocopy rate. This pa-
rameter was introduced in the complex
model described in b above. Allele frequen-
cies for the RFLP markers listed in Table
1 were determined in 38 chromosomes from
unrelated Polynesian individuals. For the
PAX3 marker, we considered 10 alleles with
equal frequencies. Recombination frequen-
cies were assumed to be equal in males and
females.

RESULTS
In the mouse, the Bcggene controls innate

resistance to mycobacterial infections and
is located on a syntenic linkage group which
is conserved on human chromosome 2q ( 38 ).
Therefore, we assumed that the human ho-
molog of the Bcg gene was located on hu-
man chromosome 2q, and we evaluated 8
loci (18 allelic systems) for possible linkage
with susceptibility to leprosy per se. The
DNA of 84 patients from 7 multicase fam-
ilies (The Figure) was typed for polymor-
phic chromosome 2 markers using [CAL,
repeats and RFLP analysis. The allele fre-
quencies for the marker loci are presented
in Table 1. Since the gene order on the syn-
tenic fragment appears conserved between
mouse and man ( 38 ), we constructed hap-
lotypes using the following order: CRYGPI-
FN-TNP1-VIL-DES-INII-PAX3-UGTM1.
For deceased individuals, haplotypes were
deduced from the haplotypes of their off-
springs and/or their parents.

Results with nonparametric method
The affected sib-pair method used in this

study is based on the comparison of ex-
pected and observed identical by descent
distribution. Two pairs and 11 trios were
available for the CRYGP1-FN haplotype
and 3 pairs and 7 trios for the VIL-DES
haplotype. The probability of random pa-

rental haplotype segregation was calculated
in Table 3 according to the statistical test
described by de Vries, et al. (9 ). No signif-
icant deviation from random segregation
was observed for the two haplotypes tested
(p < 0.5).

Results with LOD score method
Although no evidence for the presence of

a gene located on chromosome 2q confer-
ring susceptibility to leprosy per se was sug-
gested with the sib-pair method, we carried
out LOD score analyses in order to confirm
this result.

We first tested the three genetic models
assuming a penetrance of 100%, 80% and
40% for the susceptible alleles. In addition,
we used a penetrance-free model with af-
fecteds only. Tables 4, 5 and 6 compare the
LOD score values obtained for linkage be-
tween the putative leprosy susceptibility
gene and all the gene markers. The LOD
scores are predominantly negative regard-
less of the mode of inheritance and pene-
trance values. Under the recessive model,
whatever the penetrance values assumed
(100%, 80% and 40%), data provide evi-
dence against the existence of a putative gene
falling within 10 cM to 20 cM of VIL (LOD
score value of —2 obtained at a recombi-
nation fraction between 0.1-0.2). Under the
dominant model, there is also evidence
against a putative gene falling within 5 cM
to 20 cM of TNP1 (LOD score value of —2
obtained at a recombination fraction of
0.05-0.2). Considering the codominant
model, data provide evidence against a pu-
tative gene falling within 5 cM to 10 cM of
TNP I with penetrance values of 100% and
80% (LOD score value of —2 obtained at a
recombination fraction of 0.05-0.1). Re-
sults obtained with affecteds only are not
conclusive assuming a recessive mode of
inheritance of susceptibility to leprosy per
se (LOD score values between —2 and +3).
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TABLE 4. LOD scores for linkage between chromosome 2q markers and susceptibility
to leprosy per se assuming a recessive mode of inheritance of the disease trait.

Recombination fraction (0)
Locus

0 0.01 0.05 0.1 0.2 0.3 0.4

CRYGPI(P5G1)
100% -oo -16.32 -8.21 -4.95 -2.09 -0.80 -0.18
80% -11.58 -5.84 -3.57 -2.36 -1.08 -0.43 -0.1
40% -4.55 -3.41 -1.99 -1.26 -0.55 -0.21 -0.05

Affcctcds -2.09 -1.85 -1.23 -0.80 -0.34 -0.13 -0.03

CR YGPI(P16G3)
100% -co -11.11 -5.69 -3.45 -1.41 -0.50 -0.11
80% -8.01 -4.12 -2.66 -1.80 -0.83 -0.32 -0.07
40% -3.48 -2.63 -1.70 -1.18 -0.58 -0.24 -0.06

Affecteds -1.78 -1.63 -1.21 -0.87 -0.45 -0.18 -0.05

100% -co -5.40 -2.67 -1.57 -0.62 -0.22 -0.05
80% -2.98 -1.67 -0.92 -0.57 -0.24 -0.09 -0.02
40% -1.55 -1.21 -0.71 -0.45 -0.20 -0.08 -0.02

Affcctcds -1.05 -0.90 -0.58 -0.38 -0.17 -0.07 -0.02

TNPI
100% -co -8.49 -3.85 -2.06 -0.61 -0.09 0.03
80% -7.63 -3.06 -1.68 -0.97 -0.30 -0.04 0.01
40% -3.15 -2.11 -1.18 -0.71 -0.29 -0.10 -0.02

Affecteds -1.53 -1.37 -0.95 -0.64 -0.30 -0.12 -0.03

VIL
100°h -co -17.08 -8.52 -5.07 -2.06 -0.75 -0.16
80% -11.23 -8.95 -5.58 -3.65 -1.67 -0.67 -0.16
40% -4.98 -4.49 -3.35 -2.35 -1.12 -0.45 -0.11

Affecteds -2.81 -2.59 -1.99 -1.48 -0.76 -0.32 -0.08

DES
I00% -co -8.43 -3.81 -2.05 -0.65 -0.15 -0.01
80% -9.72 -3.45 -1.87 -1.13 -0.43 -0.13 -0.02
40% -3.37 -2.40 -1.34 -0.84 -0.36 -0.14 -0.03

Affecteds -1.31 -1.19 -0.85 -0.58 -0.28 -0.11 -0.03

INII
100% -co -4.26 -2.21 -1.37 -0.60 -0.24 -0.06
80% -7.89 -3.26 -1.83 -1.18 -0.54 -0.22 -0.05
40% -3.42 -2.48 -1.41 -0.89 -0.40 -0.16 -0.04

Affcctcds -1.82 -1.60 -1.06 -0.71 -0.33 -0.13 -0.03

PAX3
100°h -co -14.29 -6.39 -3.41 -1.08 -0.27 -0.03
80% -15.77 -7.15 -3.56 -2.00 -0.66 -0.17 -0.02
40% -5.97 -4.48 -2.66 -1.62 -0.62 -0.20 -0.04

Affcctcds -2.61 -2.32 • -1.59 -1.05 -0.44 -0.15 -0.03

UGTI A I
100% -oo -7.82 -3.80 -2.22 -0.89 -0.32 -0.07
80% -3.88 -3.31 -1.91 -1.20 -0.51 -0.19 -0.04
40% -0.99 -0.99 -0.81 -0.54 -0.22 -0.07 -0.02

Affecteds -0.20 -0.21 -0.22 -0.18 -0.09 -0.03 -0.01

Under a co-dominant or dominant model,
there is no convincing evidence for the pres-
ence of a putative disease gene falling within
5 cM to 20 cM of the distal markers
CRYGPI and PAX3. The reduction of the
penetrance for the susceptible allele or anal-

yses with affecteds only reduce the LOD
score values, but these values remain pre-
dominantly negative and provide consistent
evidence against linkage.

Although the results with simple models
provide evidence against the presence of a
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Family 6

     

Family 7

      

THE FIGURE. Pedigrees of the seven families analyzed in this study. Solid symbol = affected subject; slash
= subject deceased; * = subject not typed.

gene controlling the susceptibility to leprosy
per se on human chromosome 2q, we tested
a complex model. The assumptions for this
model were a recessive mode of inheritance
of the disease trait and an age-dependent
and BCG-vaccination-dependent pene-
trance, inferred from previous studies (").
The LOD score values obtained under these

assumptions arc presented in Table 6. Again,
the LOD score values are predominantly
negative. Evidence against the co-segrega-
tion of VIL with a gene controlling the sus-
ceptibility to leprosy per se within this re-
gion was provided (LOD score of —2
obtained at a recombination fraction be-
tween 0.1 and 0.2). The introduction of a
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TABLE 5. LOD scores for linkage between chromosome 2q markers and susceptibility
to leprosy per se assuming a co-dominant mode of inheritance of the disease trait.

Recombination fraction (0)
Locus

0 0.01 0.05 0.1 0.2 0.3 0.4

CR YGP/(P5G1)
100% -15.40 -7.00 -4.57 -3.50 -2.10 -1.10 -0.43
80% -7.08 -5.36 -3.66 -2.86 -1.88 -1.04 -0.42
40% -5.42 -4.36 -2.08 -2.12 -1.36 -0.83 -0.36

Affecteds -4.72 -3.91 -2.50 -1.80 -1.05 -0.61 -0.27

CRYGPI(P16G3)
100% -5.95 -4.28 -2.42 -1.48 -0.62 -0.24 -0.07
80% -4.13 -3.22 -1.92 -1.20 -0.51 -0.20 -0.06
40% -3.14 -2.64 -1.65 -1.05 -0.46 -0.19 -0.06

Affecteds -2.79 -2.33 -1.49 -0.97 -0.44 -0.18 -0.05

EN
100% -2.42 -1.11 -0.51 -0.31 -0.17 -0.09 -0.02
80% -1.84 -1.25 -0.69 -0.44 -0.22 -0.10 -0.02
40% -1.55 -1.32 -0.85 -0.56 -0.26 -0.11 -0.03

Affecteds

l'/VP/

-1.55 -1.38 -0.94 -0.63 -0.29 -0.12 -0.03

I 00% -5.41 -4.14 -3.31 -2.80 -1.76 -0.92 -0.36
80% -2.53 -2.46 -2.23 -1.98 -1.41 -0.80 -0.33
40% -0.99 -0.98 -0.95 -0.90 -0.75 -0.51 -0.24

Affecteds -0.35 -0.36 -0.37 -0.37 -0.34 -0.26 -0.14

VIL
100% -Go -2.74 -1.14 -0.83 -0.33 -0.13 -0.05
80% -2.25 -1.65 -0.96 -0.60 -0.27 -0.13 -0.06
40% -1.69 -1.27 -0.73 -0.47 -0.24 -0.14 -0.07

Affcctcds -1.51 -1.19 -0.72 -0.48 -0.26 -0.15 -0.08

DES
100% -3.44 -2.42 -1.46 -0.95 -0.43 -0.16 -0.04
80% -2.96 -2.21 -1.33 -0.85 -0.38 -0.14 -0.03
40% -2.45 -1.94 -1.17 -0.74 -0.32 -0.12 -0.03

Affcctcds -2.10 -1.74 -1.06 -0.66 -0.28 -0.10 -0.02

INII
100°h -2.74 -1.21 -0.60 -0.39 -0.23 -0.12 -0.03
80% -2.66 -1.52 -0.88 -0.61 -0.32 -0.14 -0.04
40% -2.45 -1.82 -1.16 -0.80 -0.39 -0.16 -0.04

Affcctcds -2.26 -1.90 -1.28 -0.88 -0.42 -0.17 -0.04

PAX3
100% -oo -7.68 -4.83 -3.41 -1.84 -0.95 -0.39
80% -9.51 -5.77 -3.75 -2.79 -1.63 -0.89 -0.38
40% -6.74 -4.71 -2.91 -2.08 -1.24 -0.72 -0.32

Affcctcds -5.34 -4.15 -2.57 -1.76 -0.97 -0.54 -0.24

UGTIA I
100% -4.74 -3.24 -2.32 -1.68 -0.94 -0.53 -0.25
80% -3.65 -2.56 -1.83 -1.39 -0.82 -0.47 -0.22
40% -2.31 -1.76 -1.19 -0.90 -0.55 -0.39 -0.16

Affecteds -1.59 -1.32 -0.88 -0.63 -0.36 -0.20 -0.09

phenocopy rate of 0.48 did not significantly
modify these results (data not shown).

DISCUSSION
To test whether an innate susceptibility

locus controlling susceptibility to leprosy is

located on human chromosome 2q, the pu-
tative site of the human Bcg homolog, we
have performed linkage analyses in multiple
affected families of French Polynesia, a lep-
rosy-endemic region. The results of our
study do not provide evidence for the as-
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TABLE 6. LOD scores for linkage between chromosome 2q markers and susceptibility
to leprosy per se assuming a dominant mode of inheritance of the disease trait.

Recombination fraction (8)
Locus

0 0.01 0.05 0.1 0.2 0.3 0.4

CRYGPI(P5G1)
100% -oo -23.91 -12.41 -7.75 -3.56 -1.57 -0.52
80% -14.12 -9.51 -6.90 -4.83 -2.45 -1.19 -0.45
40% -8.79 -5.97 -4.09 -3.27 -2.06 -1.08 -0.43

Affecteds -7.02 -4.89 -3.13 -2.39 -1.64 -0.99 -0.41

CRYGPI(P16G3)
100% -oo -8.99 -4.33 -2.48 -0.93 -0.31 -0.07
80% -7.21 -3.77 -2.19 -1.38 -0.57 -0.20 -0.06
40% -4.74 -3.14 -1.72 -1.05 -0.44 -0.18 -0.06

Affecteds -3.82 -2.94 -1.75 -1.11 -0.50 -0.22 -0.07

EN
100% -co -6.83 -3.47 -2.13 -0.94 -0.37 -0.09
80% -2.77 -1.29 -0.62 -0.36 -0.17 -0.08 -0.02
40% -2.32 -1.27 -0.65 -0.41 -0.20 -0.09 -0.02

Affccteds -2.37 -1.42 -0.76 -0.48 -0.23 -0.10 -0.03

TNI'l
100% -oo -19.74 -10.21 -6.37 -2.95 -1.33 -0.47
80% -7.48 -7.16 -6.05 -4.43 -2.28 -1.10 -0.41
40% -3.19 -3.08 -2.74 -2.40 -1.53 -0.81 -0.33

Affecteds -1.85 -1.76 -1.52 -1.33 -1.02 -0.63 -0.28

VIL
100% -co -8.42 -4.33 -2.67 -1.16 -0.45 -0.10
80% -4.41 -2.80 -1.81 -1.23 -0.58 -0.24 -0.06
40% -2.36 -1.46 -0.81 -0.52 -0.26 -0.14 -0.06

Affecteds -1.78 -1.19 -0.62 -0.39 -0.20 -0.13 -0.07

DES
100% -co -7.04 -3.64 -2.24 -0.99 -0.39 -0.09
80% -5.04 -2.89 -1.82 -1.21 -0.57 -0.23 -0.05
40% -3.16 -2.14 -1.26 -0.81 -0.36 -0.14 -0.03

Affccteds -2.52 -1.91 -1.11 -0.69 -0.30 -0.11 -0.02

INII
100% -co -9.63 -4.91 -3.01 -1.33 -0.52 -0.12
80% -4.78 -1.93 -1.16 -0.79 -0.41 -0.19 -0.05
40% -3.01 -1.61 -0.94 -0.64 -0.34 -0.15 -0.04

Affecteds -2.43 -1.67 -1.00 -0.68 -0.35 -0.15 -0.04

PAX3
100% -co -26.36 -13.47 -8.27 -3.66 -1.56 -0.51
80% -17.12 -9.36 -6.29 -4.31 -2.20 -1.08 -0.42
40% -10.04 -6.05 -4.03 -3.03 -1.73 -0.92 -0.39

Affecteds -7.46 -5.14 -3.27 -2.41 -1.47 -0.84 -0.37

UGTIAI
100% -co -18.07 -9.27 -5.74 -2.63 -1.20 -0.46
80% -7.91 -5.47 -4.11 -2.96 -1.57 -0.81 -0.35
40% -4.04 -2.77 -2.05 -1.56 -0.91 -0.51 -0.24

Affecteds -2.68 -2.03 -1.44 -1.10 -0.66 -0.38 -0.17

sociation between leprosy per se and mark-
ers located on telomeric human chromo-
some 2q in these families.

Leprosy is a complex trait and, thus, link-
age analysis of the disease is complicated
by many factors including reduced penc-

trance, genetic heterogeneity of the trait, gene
interactions, and presence of phenocopies
(26). To circumvent some of these difficul-
ties, we tested a nonparametric sib-pair
method, simple LOD score analysis models
under different inheritance modes, and car-
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TABLE 7. Two point analysis between leprosy and markers on human chromosome 2q:
LOD score results.

Locus
Recombination fraction ((-))

0.0 0.01 0.05 0.1 0.2 0.3 0.4

CRYGPI (P5G1) -5.31 -3.81 -2.17 -1.37 -0.60 -0.24 -0.06
CRYGPI (P16G3) -3.78 -2.71 -1.69 -1.15 -0.56 -0.23 -0.05

-1.68 -1.33 -0.81 -0.53 -0.24 -0.1 -0.02
TNPI -3.30 -2.11 -1.11 -0.65 -0.25 -0.09 -0.02
VIL -5.66 -5.03 -3.50 -2.36 -1.10 -0.44 -0.10
DES -4.07 -2.66 -1.44 -0.89 -0.38 -0.15 -0.04
INII -3.13 -2.48 -1.38 -0.87 -0.38 -0.15 -0.04
PAX3 -6.75 -5.06 -2.89 -1.71 -0.65 -0.21 -0.04
UGTIAI -1.60 -1.17 -1.07 -0.64 -0.24 -0.08 -0.02

ried out linkage analyses using affecteds only.
The nonparametric affected sib-pair meth-
ods do not require specification of the ge-
netic model if both parents are available for
analysis ( 27 ), and they are robust to detect
disease susceptibility loci which may have
major or minor effects. However, the sam-
ple in our study was not of sufficient size to
detect modifier effects of chromosome 2q
loci. Our results with the affected sib-pair
method described by de Vries, et al. (9 ), uses
identity by descent and did not demonstrate
linkage between CRYGPI, FN, VIL and
DES and the disease phenotype. A second
strategy we employed to detect linkage, pro-
vided the disease gene has a strong enough
effect to be detected despite a possibly er-
roneous assumption made in the analysis,
was to carry out LOD score analysis under
simple modes of inheritance. We have test-
ed three modes of inheritance with full and
reduced penetrance. However, evidence re-
mains consistently against the presence of
a gene controlling leprosy per se on the re-
gion studied. Another strategy was to per-
form LOD score analysis using affecteds only
to avoid the problem of reduced penetrance.
Our results using this approach still did not
provide any influence of a putative disease
susceptibility locus in the region 2q33-q37.
Finally, a complex model of linkage analysis
was performed. In this model, we assumed
a recessive mode of inheritance of suscep-
tibility to leprosy per se as well as an age-
and BCG-vaccination-dependent pene-
trance. Again, the results provide evidence
against the presence in this region of a gene
controlling susceptibility to leprosy per se.

A previous linkage analysis has been per-
formed with 17 multicase Pakistani and

Brazilian families typed for 9 markers in the
2q33-q37 region, including FN,TNPI,VIL
and DES ( 19 ). The results of this study also
excluded the presence of a putative disease
susceptibility gene on the 2q33-q37 region,
assuming a recessive mode of inheritance
of susceptibility to leprosy per se and 100%
penetrance. With reduced penetrance (80%
and 60%) for the susceptibility allele, the
presence of such a gene was excluded within
the TNPI-DES region. Our data are in
agreement with these observations.

Although our results did not reveal the
influence of a putative gene in the chro-
mosome 2q region on susceptibility to lep-
rosy per se in the French Polynesian pop-
ulation, leprosy is a complex trait which
could have a genetically different etiology
in different families. With the low number
of families included in this study, no genetic
heterogeneity could be detected. Thus, it is
possible that genetic linkage could have been
masked by undetected heterogeneity ( 27 ). If
only a proportion of the families (10% to
30%) are linked to a marker, the families
that are unlinked will give negative evi-
dence against linkage (l 5 ). One way to cir-
cumvent heterogeneity is to use large, mul-
tigenerational pedigrees so that only one
form of the disease is likely to segregate.

Recently, a candidate gene for the murine
Bcg gene, the Nramp gene, has been cloned
(46). This gene encodes a putative integral
membrane protein. Susceptibility to infec-
tion with Al. bovis (BCG) seems to be as-
sociated with a substitution in the predicted
second transmembrane domain. Additional
linkage analyses between leprosy and the
human homolog of this candidate gene in
the French Polynesian population should
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confirm or refute the results of our linkage
analysis.

SUMMARY
Several lines of evidence have suggested

a role of genetic factors in susceptibility to
leprosy. In the mouse, natural susceptibility
to infection with mycobacteria is controlled
by the chromosome 1 Bcg locus, a region
which is syntenic with a fragment of the
human chromosome 2q, region q31-q37. It
has been postulated that a human homolog
of the Bcg gene controls susceptibility to
leprosy per se, and may be located on chro-
mosome 2q. In order to test the influence
of this putative gene on leprosy per se, we
performed linkage analyses in a set of seven
multicase French Polynesian pedigrees, us-
ing an affected sib pair method and the LOD
score method employing different modes of
inheritance. Family members were typed for
eight polymorphic loci on chromosome 2q:
CRYGP1, EN, TNP1, VIL, DES, INII,
PAX3, and UGTIA I. Our data provide ev-
idence against the presence of a gene con-
trolling susceptibility to leprosy per se on
human chromosome 2q in the French Pol-
ynesian population.

RESUMEN
Hay varias lineas dc evidencia que sugiercn la par-

ticipaciOn de factores geneticos en Ia susceptibilidad a
Ia lepra. En el ratOn, Ia susceptibilidad natural a la
infecciOn por micobacterias estd controlada por el locus
Bcg del cromosoma 1, una region andloga a Ia region
q31-q37 del cromosoma 2q humano. Se ha propucsto
que un gene analog° al gene Bcg controla Ia suscepti-
bilidad a la lepra per se, y que estc gene podria estar
localizado en el cromosoma 2q. Para probar la influen-
cia de cste gene putativo sobrc la lepra per se, se hizo
un analisis de ligamiento en 7 familial de la Polinesia
francesa con casos multiples de lepra, utilizando los
metodos de anAlisis genetic° apropiados. Los miem-
bros familiares se tipificaron en funciOn de 8 loci po-
limOrficos del cromosoma 2q: C'RYGPI, FN, TNPI,
VIL, DES, INN, PAX3,y UGTIA I. Los resultados no
dicron evidencias de la presencia de genes, en el cro-
mosoma 2q, que controlen la susceptibilidad a la lepra
en la poblaciOn de Ia Polinesia francesa.

RESUME

Divers indices ont suggere un role de facteurs ge-
netiques dans la susceptibilite A la lepre. Chez la souris,
la susceptibilite naturelle a l'infection par des myco-
bacteries est sous lc controle du locus Beg du chro-
mosome 1, une region syntenique avec un fragment du

chromosome humain 2q, region q31-q37. On a emis
Ehypothese qu'un homologue humain du gene Bcg
controle la susceptibilitê a la lepre per se, et pourrait
etre localise sur lc chromosome 2q. Afin de tester rin-
fluence de cc gene suppose sur la lepre per se, nous
avons realise des analyses de lien dans un ensemble de
scpt genealogies a cas multiples de Polynesie francaise,
sur base d'une methode des paires jumelles ct de la
methode du score LOD employant differents modes
d'heritage. Les membres des families ont ete types en
fonction de huit loci polymorphiques sur le chromo-
some 2q: CRYGP I , EN, TNP I, VIL, DES, INII, PAX3
et UGT/A I. Nos donnecs plaident contre la presence
d'un gene controlant la susceptibilite a la lepre per se
sur lc chromosome humain 2q dans la population de
Polynesie francaise.
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