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Until recently, medical genetics has been mainly 
restricted to the study of relatively rare familial diseases 
that are controlled by a single major gene. However, 
more recently, increasing efforts have been directed 
towards defining the genetic basis of common diseases, 
which have a much greater impact on human health. 
Studies of animal models and epidemiological studies in 
humans have shown that many apparently non-heredi-
tary diseases, including infectious diseases1, develop 
predominantly in genetically predisposed individuals, 
and that this predisposition is caused by multiple genes2. 
Identification of these low-penetrance genes would allow 
the identification of individuals at high risk of disease, 
increase our understanding of the molecular mecha-
nisms that underlie disease, and help to identify thera-
peutic targets. However, the mapping of low-penetrance 
disease-susceptibility genes in humans has been difficult 
and requires large numbers of subjects. In the case of 
infectious disease, this is made particularly difficult, 
not only by the heterogeneity of human populations, 
but also by differences in lifestyle and lifetime exposure 
to infections, which obscure the already relatively weak 
individual effects of these genes.

An alternative way to understand the effects of low-
penetrance disease-susceptibility genes is to define them 
in experimental animals, which allows their impact on 
the phenotype of interest to be studied and can also 
facilitate the identification and analysis of their human 

orthologues. Here, we show the results of this strategy 
applied to susceptibility to infectious disease. Specifically, 
we focus on leishmaniasis, as it is an exceptionally well-
studied model of a complex infectious disease with exten-
sive information available on its immune component3, 
and because its development is strongly influenced by 
the genome of the host4–9. This intersection of genetic 
and immunological aspects of leishmaniasis has allowed 
recent studies to compare the effects of individual genes 
on innate and acquired immune responses, and on the 
course of infection. This facilitates an understanding of 
the specific mechanisms that underlie disease pathogen-
esis. As the response to this infection is also one of the 
best analysed in genetic terms, and because several of the 
detected susceptibility genes probably also affect suscep-
tibility to other pathogens, these studies might help to 
understand host responses to a range of infections.

Biology and immunology of leishmaniasis
Several hundred million people in 88 countries are cur-
rently exposed to the danger of leishmaniasis, a disease 
that is caused by intracellular protozoan parasites of the 
genus Leishmania and transmitted to vertebrates by phle-
botomine sandflies. Leishmania parasites infect so-called 
professional phagocytes (neutrophils, monocytes and 
macrophages), as well as dendritic cells and fibroblasts10 
(FIG. 1). The major host cell is the macrophage, in which 
parasites multiply, eventually rupturing the cell and 
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Penetrance
The degree of effect of a gene 
on the phenotypes it controls. 
Low-penetrance disease-
susceptibility genes increase 
the probability of developing a 
disease, but not all carriers of 
such genes become affected.

Neutrophils
Circulating phagocytic 
granulocytes that are involved 
in the early inflammatory 
response.

Dendritic cells
Cells that present antigen to 
T cells, and stimulate cell 
proliferation and the immune 
response.
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Abstract | Susceptibility to infectious disease is influenced by multiple host genes, most 
of which are low penetrance QTLs that are difficult to map in humans. Leishmaniasis is a 
well-studied infectious disease with a variety of symptoms and well-defined 
immunological features. Mouse models of this disease have revealed more than 20 QTLs as 
being susceptibility genes, studies of which have made important contributions to our 
understanding of the host response to infection. The functional effects of individual QTLs 
differ widely, indicating a networked regulation of these effects. Several of these QTLs 
probably also influence susceptibility to other infections, indicating that their 
characterization will contribute to our understanding of susceptibility to infectious 
disease in general.
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T helper cells
T cells that generally carry CD4 
membrane glycoprotein. They 
secrete numerous cytokines 
that activate B cells, cytotoxic 
T cells and macrophages.

Interferon-γ
(IFN-γ). A glycoprotein that is 
mainly produced by natural 
killer cells and T helper 
lymphocytes. It regulates many 
aspects of the immune 
response, including induction 
of antiviral responses, and 
stimulates macrophages to kill 
invading pathogens.

Regulatory T cells 
Maintain immune tolerance by 
suppressing the function of 
T cells, B cells, macrophages, 
dendritic cells and natural killer 
cells.

Non-cure response
A response in which an 
infection fails to heal, but is not 
necessarily fatal.

spreading to uninfected cells3. Infected monocytes and 
macrophages circulating in the peripheral blood are 
thought to be carriers of the parasite to distal sites11.

As macrophages are present in all tissues in the body, 
Leishmania parasites have a great potential for damaging 
bodily functions. In the dermis, they cause the cutaneous 
form of the disease (which can be localized or diffuse); 
in the mucosa, they cause mucocutaneous leishmaniasis, 
and the metastatic spread of infection to the spleen and 
liver leads to visceral leishmaniasis. Parasites can also 
enter other organs, such as lymph nodes, bone mar-
row and lungs12,13, and in rare cases, can even reach the 
brain14–16. The type of pathology that is caused depends 
on the species of Leishmania (see supplementary infor-
mation S1 (table)), the genotype and nutritional status of 
the host, the transmitting vector and environmental and 
social factors17,18. Different species of Leishmania induce 
distinct symptoms, but even patients who are infected by 
the same species have different symptoms18,19 and can 
differ in their response to therapy20,21. The basis of this 
variation in is not well understood22, although several 
genes that might be involved have been identified.

Studies of mouse models of leishmaniasis have pro-
vided important insights into the response of the host 
to infection23,24. Several initial studies indicated that 
resistance or susceptibility to infection that is caused by 
L. major might be determined by the activation of different 

classes of T helper cells25,26, because disease progression 
seemed to be associated with a more prevalent response 
by T helper 2 (Th2) lymphocytes, which produce inter-
leukin-4 (IL-4), whereas disease resolution seemed to 
correlate with a higher level of activation of Th1 cells 
that produce interferon-γ (IFN-γ).

However, subsequent studies indicated that addi-
tional immunological factors are also involved in the 
host response. Recently, IL-10 production by regulatory 
T cells has been suggested to explain a non-cure response 
in some mice that exhibit a Th1 response27. Immune-
system components other than T cells also have an 
important role: IL-12 that is released by macrophages 
is an important factor in the stimulation of the Th1 
response to leishmaniasis28, and dendritic cells29 and 
neutrophils30 have regulatory roles in stimulating either 
Th1 or Th2 responses to infection. Importantly, chimeric 
mice that contain different combinations of cells from a 
resistant and a susceptible strain provided evidence that 
both T-cell and non-T-cell compartments are sufficient 
to confer a cure, and that T cells of a non-curing genotype 
can mediate a cure in a ‘curing environment’31.

These and other studies have revealed a complexity 
of responses, in relation to susceptibility or resistance 
to leishmaniasis23, which are not easily integrated into 
a simple functional model and might better correspond 
to an interactive network. As we discuss below, this 

Figure 1 | Infection cycle of leishmaniasis. The reservoir hosts of most Leishmania species from which parasites are 
transmitted to humans are rodents and canids (zoonotic leishmaniasis); only in some species (for example, L. tropica in 
urban areas) is transmission from infected to non-infected humans (anthroponotic leishmaniasis). Leishmania parasites are 
transmitted by the bites of infected female sandflies, which inject metacyclic promastigotes into the skin. Promastigotes 
enter macrophages, where they transform into replicating amastigotes. Infected macrophages are taken up by sandflies, 
where parasites are transformed into the infective metacyclic promastigote form.
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New World Leishmania 
species
Species that originate in South 
and Central America: 
Leishmania (Viannia) 
peruviana, L.( V.) braziliensis, 
L. (V.) guyanensis, 
L. amazonensis, L. mexicana 
and L. chagasi (which is 
L. infantum that has been 
brought to the New World 
only recently).

functional complexity has its genetic counterpart in 
the functional diversity that has been identified among 
QTLs that are involved in susceptibility to infection.

Genetic studies of infection in humans
Susceptibility or resistance to leishmaniasis shows marked 
variation within and between genetically diverse human 
populations4,5,32–34. The genetic basis of these differences 
has been studied mainly in populations infected by New 
World Leishmania species35–39, although some studies in Old 
World species have been carried out recently40–44 (TABLE 1).

Genetic analyses in humans have mainly involved 
genotyping candidate genes — which have generally 
been chosen on the basis of previous immunological 

and genetic studies — in case–control and/or family-
based association studies. Polymorphisms in genes that 
encode HLA class I and class II molecules have been found 
to influence susceptibility to L. (Viannia) guyanensis35 
and L. (V.) braziliensis36–38, although similar studies failed 
to reveal a major influence of HLA class II and HLA 
class III polymorphisms on visceral disease caused by 
L. chagasi39, L. infantum40 and L. donovani 42.

The influence of other immune-system genes has 
also been tested in candidate-gene studies. For exam-
ple, post-Kala-azar dermal leishmaniasis that is induced 
by L. donovani is influenced by a polymorphism in the 
IFN-γ receptor41, and polymorphisms in the genes that 
encode IL-4 (REF. 41) and natural resistance-associated 

Table 1 | Genetic studies of susceptibility to human leishmaniasis

Leishmania 
species

Pathology‡ Region and/or 
population

Type of study Candidate genes/
loci tested

Genetic influence detected Refs

L. (V.) 
guyanensis§ 

Cutaneous French Guyana/
Hmong refugees

32 cases/55 controls; 
16 families (n=211)

HLA, Gm, Km HLA-Cw7 in cases/controls*

Not detected in families

35

L. (V.) 
braziliensis||

Mucocutaneous Brazil/74% Brazilian 
Caucasoids, 26% 
mulatos

43 cases/111 
controls

HLA HLA-DR**

HLA-DQw3*

36

L. (V.) 
braziliensis||

L. (V.) 
guyanensis§   

Localized 
cutaneous  

Venezuela/ Andean 
background

24 cases/132 
controls

26 cases/160 
controls

24 families (n=101)

HLA HLA-DQw3 in cases/controls* 
(first group)

HLA-Bw22 in cases/controls* 
(second group)

Not detected in families

37

L. (V.) 
braziliensis 

Localized 
cutaneous 
(n=24), 
mucocutaneous 
(n= 25)

Venezuela 49 cases/43 controls HLA-DR, TNFA, TNFB HLA-DR**

TNFA*

TNFB*

38

L. chagasi Visceral (VL) Brazil/interbred 
Caucasian, Negroid 
and Native Indian 
background

117 nuclear families 
(n=638)

HLA Not detected 39

L. infantum Mediterranean 
visceral

Tunisia 156 cases/154 
controls

HLA Not detected 40

L. donovani VL

post Kala-azar

dermal (PKDL)

Sudan/Masalit 67 nuclear families 
(n=312)

5q23.3-q31 (IL-4, IL-9)

6q23-q24 (IFNGR1)

VL: IL-4**

PKDL: IFNGR*

41

L. donovani VL Sudan/Masalit 67 nuclear families 
(n=312) 

NRAMP1 NRAMP1** 44

L. donovani VL Sudan/Aringa 40 nuclear families 
(n=187)

2q35 (NRAMP1)

5q31-q33 (Th2 
cytokines)

6p21 (HLA/TNFA)

6q23-q24 (IFNGR1)

12q15 (IFNG)

NRAMP1** 42

L. donovani VL Sudan/Aringa 63 nuclear families 
(n=280)

Genome-wide scan 
(367 markers)

22q12*** 43

*P < 0.05. **P < 0.005 ***P < 0.0005 ‡The table notes only the pathological changes that are caused by the listed Leishmania species in the described genetic 
studies, rather than all the different pathologies that can be caused by these species. §L. (Viannia) guyanensis formerly Leishmania braziliensis guyanensis. 
||Formerly L. braziliensis braziliensis. Gm, allotypes of immunoglobulin-γ chain; HLA, human leukocyte antigen; IFNGR, interferon-γ receptor; Km, allotypes of 
immunoglobulin-κ chain; IL-4, interleukin-4; n, number of individuals tested; NRAMP, natural resistance-associated macrophage protein; TNF, tumour 
necrosis factor.
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Old World Leishmania 
species 
Species that inhabit the world 
that was known to Europeans 
before the voyages of 
Columbus, and consist of 
L. major, L. tropica, L. infantum, 
L. aethiopica and L. donovani.

Association study
When a genetic variant is 
genotyped in a population for 
which phenotypic information 
is available (such as disease 
occurrence or a quantitative 
trait), there is said to be an 
association between them if a 
correlation is observed 
between the phenotype and 
the variant.

macrophage protein-1 (NRAMP1; initially implicated in 
mouse studies, as discussed later)42,44 have been shown to 
contribute to an increased risk for visceral leishmaniasis. 
In addition, a genome-wide linkage scan identified a 
major susceptibility locus that controls the susceptibility 
to L. donovani on chromosome 22q12 (REF. 43).

The mechanisms of influence of the polymorphisms 
that are described above on disease development are 
unknown. Furthermore, the extent to which these genes 
contribute to the variation that exists in susceptibility to 
leishmaniasis and the heterogeneity of disease symptoms 
is unclear20,22,45,46. However, the relatively limited pheno-
typic effects of the variants that have been identified 
indicate that they represent only a part of an extensive 
polygenic inheritance, with several or many other genes 
yet to be identified.

The slow progress in identifying genes that are 
involved in susceptibility to leishmaniasis in humans 
is typical of attempts to understand the genetic basis 
of polygenic diseases. The analysis of any such disease 
in humans is difficult due to the genetic heterogen-
eity of outbred human populations, extensive gene 
interactions, variations in allelic frequencies and the 
incomplete penetrance of disease-causing alleles47. In 
addition, large numbers of cases and controls are prob-
ably required for the genetic-association studies that 
aim to detect additional alleles with small phenotypic 

effects48–50. The International HapMap Project promises 
to alleviate some of the difficulties in mapping suscepti-
bility genes in humans by reducing the number of SNPs 
that need to be genotyped and improving the statistical 
power and mapping precision of association studies51. 
However, we are still some way off from reaping the 
benefits of this resource.

The complexity of environmental factors also hin-
ders the identification of human susceptibility genes. In 
terms of susceptibility to infectious disease, this causes 
specific problems such as heterogeneity in exposure to 
the infectious agent and to environmental factors that 
affect the immune system. The environmental factors 
include present or past exposure to infectious diseases, 
economic and sanitary circumstances, access to medical 
care and nutritional status.

Mouse genetic models of susceptibility
Many of the problems that complicate human genetic 
studies can be circumvented using animal models. In 
1997, Bedell et al.52 reported more than 100 mouse 
models of human disease for which the homologous 
gene has been shown to be mutated in both human and 
mouse, and this number has now considerably increased. 
Importantly, environmental factors can be controlled in 
studies that use animal models to reduce their effect on 
phenotypic variation.

Studies of complex disease genetics in the mouse 
are further enabled by the availability of numerous 
genetically homogeneous inbred strains and more 
advanced genetic systems, including recombinant 
inbred strains, con genic strains, recombinant con-
genic (RC) strains, con somic strains and advanced 
intercross lines (BOX 1). Such approaches maximize the 
ability to identify chromosomal regions that contain 
genes that influence a trait of interest53. Once these 
regions have been identified, the high degree of syn-
teny between many mouse and human chromosomal 
segments increases the ease of gene identification and 
mapping in one species to predict location in the other.

In the case of infectious disease, insights into the 
complex interactions between parasite and host can be 
obtained by genetic mapping in the mouse, which can 
reveal host genes that control the outcome of infec-
tion and their influence on different components of 
the immune response. Mouse genetic studies of sus-
ceptibility to leishmaniasis have used several model 
systems, which have included comparisons of two or 
more inbred strains54–59, congenic strains60–65, recom-
binant inbred strains65,66 and RC strains67–71. Other stud-
ies have examined experimentally induced germ-line 
deletions of genes that are involved in the general regu-
lation of immune reactions, and have revealed numer-
ous effects on the susceptibility to various infections72. 
However, this does not necessarily indicate that natural 
variation in these genes affects susceptibility.

The most extensive information about the genetics of 
leishmaniasis in mouse models has been obtained with 
L. major and L. donovani. As we discuss below, these 
studies have revealed a multigenic basis of susceptibility, 
with heterogeneous effects of individual genes, and have 

Box 1 | Genetic systems for QTL mapping in mice

Several genetic systems have been devised in mice that facilitate gene mapping by pre-
configuring the genetic structure of the analysed segregating population53,119.

Recombinant inbred strains are derived by crossing two inbred strains and using the 
progeny to produce new homozygous strains120. Each recombinant inbred strain 
contains a different mixture of equal proportions of genes from the two original parental 
strains. Once the strains are genotyped, they form a panel of segregating individuals that 
can be used for mapping numerous traits without further genotyping.
Recombinant congenic (RC) strains are also derived from two parental inbred strains, 
but their genotypes are represented in the proportion 12.5: 87.5, the genome of one 
strain (the donor) being ‘diluted’ eight times in the genome of the other strain (the 
background). This provides decreased genetic complexity, and therefore, easier 
detection of QTLs76. Mapping is carried out using segregating crosses of an RC strain 
and the background strain. These mice must be individually genotyped, but only for 
about 15 markers.
Chromosome substitution (CS) strains (also known as consomic strains) are derived from 
two inbred strains and carry all chromosomes except one from the same inbred strain 
(the background strain) and a single chromosome from the second parental strain (the 
donor strain), which provides an immediate assignment of QTLs to specific 
chromosomes121. Establishing map positions requires the additional crossing of a CS with 
its background strain, followed by phenotyping and genotyping the progeny (similarly as 
with the RC strains).
Heterogeneous crosses and recombinant inbred strains are derived from several inbred 
parents and have a high level of genetic heterogeneity and extensive fragmentation of 
the genome122.

A major aid in identifying the genes that underlie QTLs is provided by the mosaic 
structure of the mouse genome123. Polymorphisms between any two inbred mouse 
strains are mostly concentrated in sharply demarcated DNA segments of several hundred 
kb, which are separated from each other by segments of a similar length with virtually no 
or very little polymorphism, and by chromosomal regions with intermediate levels of 
polymorphism. After a QTL has been mapped in a cross of two strains to a segment of 
only a few megabases, its location will probably be limited to one of the highly 
polymorphic segments, thereby reducing the region to study by about 50%.
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HLA class I and class II 
molecules
Class I and class II antigens are 
polymorphic membrane 
glycoproteins that are encoded 
by the human MHC and 
expressed on all nucleated 
cells and antigen-presenting 
cells, respectively. They form 
complexes with antigenic 
peptides and present them to 
cytotoxic or T helper cells.

Post-Kala-azar dermal 
leishmaniasis
A rash that sometimes 
develops 0.5–13 months 
following the apparently 
successful treatment of visceral 
leishmaniasis. In most cases, it 
heals spontaneously.

highlighted the ability to resolve genetic control at differ-
ent stages of disease. This genetic evidence correlates well 
with the complexity of the response to infection that has 
been revealed by immunological studies. This combina-
tion of extensive data at the immunological and genetic 
levels is unique among animal models of infectious dis-
ease, and invests studies of leishmaniasis in experimental 
animals with a high level of informativeness.

Genetic control of susceptibility to L. major
L. major causes cutaneous pathology in humans, but 
induces systemic pathology in mice, which, in many 
respects, resembles the systemic disease caused in 
humans by L. donovani73. Mouse studies of L. major 
infection have benefited from the availability of a range 
of lines that differ in their susceptibility to disease (BOX 2), 
and have revealed multiple host susceptibility genes with 
heterogeneous effects.

Susceptibility genes control different manifestations of 
disease. Before efficient whole-genome screening in 
mice was made possible by extensive marker sets and 
high-throughput genotyping technologies, early studies 
failed to reveal the complex genetics of susceptibility to 
leishmaniasis. The analysis of skin-lesion development 
in crosses between the resistant strain C57BL/6 and the 
susceptible strain BALB/c indicated that susceptibility to 
cutaneous leishmaniasis is controlled by one major gene, 
with a minor influence of other genes54,63. This view was 
supported by a study of differences between the suscep-
tible strain P/J and the resistant strain C3H/HeN58.

This supporting study also showed that only some 
animals with cutaneous lesions develop systemic dis-
ease, which indicates that these two forms of disease are 
controlled by different genes58. Further support for this 
conclusion came from a comparison of parasite load in the 
liver after footpad or intravenous inoculation of different 
strains59. When parasites are inoculated intradermally, they 
must overcome defences in skin and lymph nodes before 
they can spread to visceral organs. By contrast, intrave-

nous inoculation delivers the parasite directly into the 
bloodstream. Following footpad inoculation of L. major, 
susceptible BALB/c mice developed large necrotic lesions 
and had numerous parasites in infected livers, whereas 
resistant DBA/2J and C57BL/6N mice developed neither 
cutaneous nor systemic disease. However, intravenous 
inoculation led to high numbers of parasites in the livers 
of BALB/c, C57BL/6 and DBA/6N mice, and intermedi-
ate parasite numbers in DBA/2J livers. Genes that are 
involved in overcoming initial defences in the skin and 
lymph nodes therefore seem to be involved in differences 
in susceptibility. Moreover, even in some resistant strains, 
intravenous delivery is not sufficient to cause full infection, 
which indicates that genes that are involved in metastasis 
or replication must also be involved in susceptibility. The 
metastasis of parasites from a primary cutaneous lesion 
seems to be a complex process under the regulation of 
multiple genes: those that influence the development 
of the cutaneous lesion, those that control metastasis of 
the organisms and those that regulate intracellular 
replication of parasites in infected viscera59.

Candidate genes for susceptibility to cutaneous 
disease that is caused by L. major infection have been 
identified in studies that used congenic and recom-
binant inbred strains (see supplementary information S2 
(table)). It was originally suggested that susceptibility to 
skin lesions is controlled by a single locus — Scl1 (suscep-
tibility to cutaneous leishmaniasis-1) — in the telomeric 
region of chromosome 11 (REF. 65). This hypothesis seemed 
to be supported by in vitro immunological studies74: 
lower levels of response to IL-12 were seen in T cells 
from the BALB/c susceptible strain than in those from 
the B10.D2 resistant strain, and the higher susceptibil-
ity of the BALB/c strain has been attributed to sequence 
variation in Irf1 (interferon regulatory factor-1), 
a candidate locus for Scl174. However, some mouse 
strains are highly resistant, even though they carry the 
same Scl1 allele and surrounding chromosomal region as 
the BALB/c strain, which indicates that this locus is only 
one of many QTLs that are involved in susceptibility67.

Box 2 | Susceptibility of mouse strains and substrains to Leishmania major and Leishmania donovani

Susceptibility to Leishmania major
• Susceptible strains: BALB/c, P/J, SWR/J and CcS-16

• Resistant strains*: A, AKR, B10.D2, CBA, C57BL/6, C3H, DBA/2J, STS, 129/Sv and CcS-5

Susceptibility to Leishmania donovani‡ — early stages
• Lshs – susceptible: BALB/c, C57BL/6, C57BL/10, CE/J, DBA/1J, SWV

• Lshr – resistant: A, AKR/J, 129/Sv, C3H/HeJ, CBA, DBA/2

Susceptibility to Leishmania donovani‡ — later stages
Differences in susceptibility between mice that carrying different chromosomal segments on C57BL/10 (B10) (Lshs) 
background:
• Non-curing phenotype: B10.D2n (H2d), B10.M (H2f), B10.G (H2q)

• Curing or less susceptible phenotype: B10.CE (30NX), B10.LP-H-3b, B10.S (H2s), B10 (H2b), B10.RIII (H2r), B10.A (H2a), B10.
BR(H2k)

*Strains that are considered to be ‘resistant’ either heal spontaneously or exhibit considerably milder symptoms than the highly 
susceptible strain (BALB/c) when injected with the parasite subcutaneously. ‡Strains in these experiments were inoculated with 
L. donovani intravenously because subcutaneous infection leads to resistance in mice.
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CD3
A membrane-protein complex 
that is associated with the T-
cell receptor and has a role in 
signal transduction.

Splenomegaly
Enlargement of spleen.

Hepatomegaly
Enlargement of liver.

Inducible nitric oxide 
synthase
(iNOS). An enzyme that is 
induced in macrophages by 
microbial molecules together 
with T-cell-derived IFN. It 
produces nitric oxide, a 
reactive radical with potent 
antimicrobial activity.

Multigenic control of susceptibility. The introduction in 
the mouse of microsatellite markers75 and recombinant 
congenic strains76 has stimulated significant progress 
in mapping genes that are involved in susceptibility to 
L. major, which has allowed more extensive screening 
of segregating populations with a higher density of 
markers and making use of crosses with limited genetic 
heterogeneity. These advances have led to the mapping 
of multiple loci that are involved in susceptibility to 
L. major, and have revealed the contribution of individ-
ual loci to different components of the immune response 
and disease pathology.

An analysis of the response to L. major, using recom-
binant congenic strains that are derived from BALB/c and 
STS strains (susceptible and resistant, respectively)76,77, 
indicated that the control of susceptibility of BALB/c 
mice involves multiple genes67. Multiple loci that con-
trol resistance to L. major have been mapped in three 
different resistant strains — B10.D2 (REF. 55), C57BL/6 
(REFS 56,57) and STS68–71 — using the susceptible BALB/c 
strain for mapping in each case (supplementary infor-
mation S2 (table); TABLE 2). These studies revealed that 
resistance to cutaneous disease in C57BL/6 mice is con-
trolled by the L. major response loci Lmr1, Lmr2 and 
Lmr30 (formerly Lmr3) on chromosomes 17, 9 and X, 
respectively56,57, and in B10.D2 mice by Lmrq1,4,5 loci 
on chromosomes 6, 11 and 15 (REF. 55). In addition, 
loci Lmrq6 and Lmr12 on chromosome 16 that exhibit 
suggestive linkage to susceptibility55 and control serum 
IgE, IL-4, and tumour necrosis factor-α (TNF-α) levels 
and spontaneous proliferation of lymphocytes in infected 
mice70,71 co-localize with the locus Dice1 (determination 
of interleukin-4, commitment 1), which controls IL-4 
expression in anti-CD3-stimulated splenocytes from 
uninfected mice. This indicates that Dice1 might have 
a role in L. major susceptibility78. Interestingly, a locus 
(Cypr1, cytokine production-1) that controls the produc-
tion of IL-4 in concanavalin-A-stimulated splenocytes 
from non-infected mice has been mapped in a different 
strain combination to the same region79. More precise 
genetic mapping has divided Dice1 into sub-loci Dice1a 
and Dice1b; Dice1a controls cytokine expression only, 
whereas Dice1b also influences the development of skin 
lesions and the parasite burden within them78. Other Lmr 
genes with multiple effects (see below) might also turn 
out to be complexes of genes with different functions.

Functionally unrelated genes might explain the 
recent report80 that resistance to cutaneous leishma-
niasis is controlled by the wound-repair response. 
This hypothesis is based on the co-localization of loci 
Lmr1 and Lmr2 that control cutaneous leishmaniasis 
and wound healing in genomic segments that are 
>110–140 Mb long. However, besides the two Lmr genes, 
these segments contain more than 1,000 other 
genes. Therefore, one or more of these 1,000 genes 
probably influences wound healing, without any 
relationship to the Lmr1 and 2 genes.

The relationship between the multigenic control 
of susceptibility to L. major in mice and the role of 
specific components of the immune response has 
been specifically investigated in 20 CcS-recombinant 

congenic strains. These strains combine the genomes 
of the susceptible strain BALB/c and the resistant strain 
STS, making it possible to study the pathological and 
immunological characteristics of infected hosts in 20 dif-
ferent fixed, random combinations of BALB/c and STS 
genes81 (BOX 1). Linkage analysis was integrated with the 
study of multiple manifestations of infection — including 
skin lesions, visceral pathology, parasite load and several 
immunological parameters — leading to the mapping 
of 17 new loci, Lmr3–19, that are associated with dif-
ferent combinations of pathological symptoms and 
immunological reactions68–71 (see below) (TABLE 2). The 
polygenic control of susceptibility to leishmaniasis that 
was revealed in mice indicates that a similar situation 
might exist in humans — information that could be put 
to use in estimating power requirements for the design 
of genetic linkage and association studies in humans.

Heterogeneity and organ specificity of Lmr effects. In 
the study described above, loci that control the response 
to L. major were analysed in crosses of the following 
strains: the most resistant RC strain CcS-5; an inter-
mediate strain CcS-20; and a susceptible strain CcS-16 
that, as measured by some parameters, is even more 
susceptible than BALB/c. In each strain, one or two 
loci with strong effects were detected, whereas the 
other loci that were identified have weaker influences 
on pathology. Due to the way the RC strains were 
constructed, only a few loci control the response to 
L. major in more than one RC strain (see supplementary 
information S2 (table)). This resembles the situation 
that is observed in studies of human diseases, in which 
the linkage that is observed in one population is often 
not seen in another population41,42. RC strains, therefore, 
appear to be similar to human populations81, in which 
different populations might contain polymorphisms 
at different Lmr loci.

Most mouse Lmr loci are associated with different 
combinations of pathological symptoms and immunolog-
ical responses (TABLE 2). For example, in the CcS-5 strain, 
Lmr3 on chromosome 5 controls serum IFN-γ and IgE 
levels, splenomegaly and possibly hepatomegaly, whereas 
Lmr5 on chromosome 10 influences skin-lesion size, IgE, 
IL-12 and IFN-γ levels and probably also splenomegaly, 
but not hepatomegaly. These data confirm the complex 
control of L. major-induced pathology, in which cutane-
ous and visceral disease are controlled by different com-
binations of genes68,69. Importantly, they also indicate an 
organ-specific control of anti-parasite responses. This 
also has been observed following inhibition of inducible 
nitric oxide synthase (iNOS) in resistant C57BL/6 mice, 
which led to parasite reactivation in the skin and drain-
ing lymph nodes, but not in the spleen82. In addition, 
C57BL/6 mice that lack a functional Tnf gene developed 
smaller skin lesions than BALB/c after infection with 
L. major, but showed progressive visceral leishmaniasis 
and died even earlier than BALB/c mice83.

Heterogeneity among the effects of disease suscep-
tibility genes seems to be a common phenomenon. For 
example, it is also observed in L. donovani infection, 
in which the genes Slc11a1 (solute carrier family 11, 
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member 1; also known as Nramp1 and Lsh (Leishmania 
susceptibility)) and Lyst (lysosomal trafficking regula-
tor; also known as bg (beige)) have different influences 
on organ pathology66,84,85 (see below). Similarly, organ-
specific genetic effects have been indicated in studies of 
Trypanosoma cruzi infection86. Heterogeneity has also 

been extensively studied in the response to Borrelia 
burgdorferi, in which different genes control distinct 
clinical symptoms and immunoglobulin subtypes87,88, 
and in the response to Toxoplasma gondii, in which dif-
ferent host loci control parasite burden in the brain and 
survival of the host89.

Table 2 | Genes and QTLs that control the response to Leishmania in mice

Locus or 
gene*

Chromosome Position 
in cM‡

Leishmania 
species

Trait controlled¶ Refs

Lsh/Nramp1/
Slc11a1*

1 39.2 L. donovani Parasite numbers in liver (strong influence) and spleen (weak influence) 66,90

L. infantum 60

L. mexicana Parasite numbers in liver 129

Lmr8 1 81.6 L. major IgE, proliferation 70,71

Ir2 2 70 L.donovani Parasite numbers, lymphocellular infiltration in liver 62

Lmr14 2 73 L. major Hepatomegaly, splenomegaly,  IgE, IFN-γ, IL-12, TNF-α, proliferation 69,70,71

Lmr16 2 99 L.major Proliferation 71

Lmr11 3 41 L. major IgE, IL-6 70,71

Lmr9 4 0 L. major IgE,  IL-6 70,71

Lmr3 5 42 L. major Splenomegaly, hepatomegaly, skin lesions§, IgE, IFN-γ, proliferation 68,70,71

Lmr4 6 48.7 L. major Skin lesions, IFN-γ 68

Lmrq1 6 67 L. major Skin lesions 55

Lmr10 8 31 L. major Skin lesions, splenomegaly, IgE 70,71

Lmr17 9 17 L. major IFN-γ, TNF-α 71

Lmr2 9 29 L. major Skin lesions 56

Lmr19 10 45 L. major Proliferation 71

Lmr5 10 63 L. major Skin lesions, splenomegaly, IgE, IFN-γ, IL-12 68,70,71

Lmr6 11 1.5 L. major IL-4 68

Lmrq4 11 2.4 L. major Skin lesions 55

Lmr15 11 31 L. major Hepatomegaly, IFN-γ 69,71

bg/Lyst* 13 7 L. donovani Parasite numbers in spleen 85

Lmrq5 15 18.9 L. major Skin lesions 55

Lmr12 16 32 L. major IgE, TNF-α, IL-4, proliferation 70,71

Dice1b 16 38 L.major Skin lesions, parasite numbers in lesions, IL-4 expression in vitro 78

Lmr18 16 60 L. major Proliferation 71

Lmr7 17 3 L. major Proliferation 68

H2 17 23 L. donovani Parasite numbers in liver (strongest influence), and in spleen and bone 
marrow

61,62,60

L. infantum Parasite numbers in liver, spleen and bone marrow 60

L. mexicana Parasite numbers in liver and spleen 124

L. major Skin lesions 63

L. amazonensis Skin lesions 64

Lmr1 17 24.2 L. major Skin lesions 56

Lmr13 18 24 L. major Skin lesions, IgE, TNF-α 69,70,71

Lmr30|| X 41.5 L. major Skin lesions 57
The table shows spotaneous mutants and QTLs that control the response to Leishmania infection. Proliferation refers to the spontaneous proliferation of lymphocytes 
from infected mice. Only QTLs with P < 0.05 after correction for whole-genome testing are shown. *Cases in which a gene rather than a locus is shown. ‡The position 
of the marker to which the locus has been linked; the actual position of the locus is usually at at some distance from the marker. §Weak influence on skin-lesion 
development in CcS-20, but not in CcS-5. ||Formerly Lmr3. ¶IgE, IL-4, IL-6, IL-12, TNF-α and IFN-γ  refer to serum levels. bg/Lyst, beige/lysosomal trafficking regulator; 
Dice1, determination of interleukin-4, commitment 1; IFN-γ, interferon-γ; IL, interleukin; Ir2, immune response-2; Lmr, Leishmania major response; Lmrq, L. major 
resistance QTL; Lsh/Nramp1/Slc11a1, Leishmania susceptibility/natural resistance-associated macrophage protein-1/solute carrier family 11, member 1; TNF-α, 
tumour necrosis factor-α. 

R E V I E W S

300 | APRIL 2006 | VOLUME 7  www.nature.com/reviews/genetics



© 2006 Nature Publishing Group 

 

Innate immunity
Non-specific host defences 
that exist prior to exposure to 
an antigen, and involve 
anatomic, physiological, 
phagocytic and inflammatory 
mechanisms.

Acquired immunity
Host defences that are 
mediated by B cells and T cells 
following exposure to antigen, 
and that exhibit high levels of 
specificity and provide an 
immunological ‘memory’.

Haplotype
An experimentally determined 
profile of genetic markers that 
are present on a single 
chromosome of any given 
individual.

Major histocompatibility 
complex
(MHC). A complex locus on 
chromosome 6p in humans 
and chromosome 17 in mice. 
It comprises numerous genes, 
including the class I and class II 
MHC antigens, that present 
antigenic peptides to cytotoxic 
T cells and T-helper cells, 
respectively. The MHC is 
essential for development of 
the acquired immune 
response.

Antigen presentation
Conversion of protein antigens 
into MHC-associated peptide 
fragments that can be 
recognized by T cells.

Complement
Proteins of the complement 
pathway coat and lyse invading 
organisms, and release 
inflammatory mediators.

Predictability of phenotype. The studies that are 
described above show the involvement of several genes 
in the control of each pathological and immunological 
parameter68–71 (TABLE 2). This raises the question about 
the potential usefulness of analysing low-penetrance 
disease genes in humans, as so many genes need to be 
defined. It is therefore important to determine whether 
even a limited number of such loci can contribute to the 
prediction of a complex trait.

One study investigated whether IgE levels in indi-
vidual CcS strains can be correlated with the predicted 
effects of their alleles at IgE-controlling Lmr loci. For the 
seven such loci that have been mapped (out of 15–25 that 
are predicted to exist), it was possible to determine their 
genotypes in individual CcS strains and to classify the 
impact of the alleles on IgE levels. The directional effects 
of these alleles for each CcS strain were then summed, 
resulting in ‘IgE grades’, which were compared to the 
actual IgE levels in the individual strains. This analysis 
showed a general correlation of the number of alleles that 
increase or decrease IgE expression with actual IgE levels, 
which indicated that when a sufficient number of loci are 
known, the prediction of phenotype is indeed possible81. 
This approach does not require identification of all loci, 
but its predictive power improves as the number of genes 
that are identified increases. Therefore, identification of 
even a limited number of presently unknown LMR genes 
in humans could help to identify individuals with ‘high’ 
and ‘low’ disease phenotypes and the prediction power 
would increase with the number of known loci.

Genetic control of susceptibility to L. donovani
Studies of L. donovani infection in mice have made 
important contributions to identifying genes that are 
involved in innate and acquired immunity. The infection 
develops in two phases that correspond with these dis-
tinct immune responses.

Responses to early stages of infection. After intravenous 
injection, parasites spread to the liver during the early 
stage of infection (2–4 weeks); this acute phase trig-
gers an innate immune response, which also modifies 
the subsequent acquired response. In resistant strains 
(BOX 2), the parasite burden is limited to a less-than-
eight-fold increase at day 15, whereas a hundred-fold 
multiplication is observed in susceptible strains, indi-
cating that some susceptibility genes are involved in the 
innate response to infection84.

In susceptible strains, two basic patterns of intra-
hepatic growth are observed after the initial infection: in 
some strains, a dramatic fall in parasite numbers occurs, 
along with histological liver damage, whereas other 
strains maintain immense parasite loads90. It is at this 
stage of infection that the acquired immune response 
comes into action, indicating that other susceptibility 
genes might be involved in this type of response. The 
innate and acquired immune responses are intertwined 
at numerous levels due to the mutual regulatory path-
ways between their principal cellular components 
— macrophages and lymphocytes, respectively.

Mapping of acute susceptibility to L. donovani using 

recombinant inbred strains led to the identification of 
the Lsh locus on chromosome 1 (REF. 66). The allele that 
confers resistance is dominant, and the same locus was 
later also found to control susceptibility to other intra-
cellular infections, such as Mycobacterium bovis bacil-
lus Calmette–Guérin and Salmonella typhimurium91. 
Subsequent identification of the susceptibility gene at 
this locus — Lsh/Nramp1/Slc11a1 (REF. 92) — has helped 
to understand the molecular basis of acute susceptibil-
ity. Nramp functions as a divalent-metal, pH-dependent 
efflux pump at the phagosomal membrane of macro-
phages and neutrophils. Depletion of divalent cations by 
this pump inhibits intracellular-pathogen replication 
by removing a metal that is essential for parasite meta-
bolic activity and by enhancing macrophage defences93. 
Susceptibility is associated with a non-conservative 
glycine-to-aspartic-acid substitution at position 169 in 
the Nramp protein94, which leads to almost complete 
disappearance of the protein from macrophages.

In mice, Nramp1/Slc11a1 is responsible for a large 
component of the differences between strains in 
susceptibility to visceral disease, whereas in humans 
(where NRAMP has also been identified as being 
involved in susceptibility to infection; see earlier) its 
contribution to susceptibility is less clear (TABLE 1). 
This difference is probably due to the fact that the 
Lsh/Nramp1/Slc11a1 allele in susceptible mice prac-
tically abolishes the functional effects of the gene 
(equivalent to a traditional knockout), whereas poly-
morphisms in the promoter, exon3 and the intron of 
human SLC11A1, which were also found to influence 
susceptibility to L. donovani 42,44, are expected to have 
a smaller impact on gene function.

Responses to later stages of infection. The genetic con-
trol of later stages of infection with L. donovani has 
also been studied, mainly by testing the influence of 
various chromosomal segments on C57BL/10ScSn and 
BALB/c backgrounds. The congenic mice used in these 
studies also carried the Lshs allele, which confers sus-
ceptibility to the early stages of infection, as mice with 
the Lshr allele are resistant to intravenous infection to 
L. donovani, and the later phases of infection do not 
develop (BOX 2). These studies revealed that parasite 
numbers in the liver at later stages of infection are 
influenced by the haplotype at the H2 genomic region 
on chromosome 17 (the major histocompatibility complex 
(MHC))61,62 and by the Ir2 (immune response-2) locus 
on chromosome 2 (REF. 62). In addition, parasite num-
bers in the spleen, but not in the liver, are controlled by 
bg/Lyst on chromosome 13 (REF. 85).

The H2 region95 in mice, which is equivalent to the 
HLA region in humans, contains several families of 
duplicated genes that are involved in antigen presentation 
(class I and class II genes), or that encode complement 
components and antigen-processing genes. These loci 
influence the immune response at different subcellular, 
cellular and systemic levels. The presence of the H2a, 
H2b, H2k, H2k/b, H2r, and H2r haplotypes on the C57BL/
10ScSn background results in lower parasite numbers in 
livers, whereas persistence of the non-cure response was 
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seen with H2b/d, H2d, H2f and H2q60–62 (BOX 2). Differences 
between the H2b and H2d haplotypes were also observed 
on the BALB/c background, where H2b also resulted in 
lower parasite numbers than H2d. A detailed functional 
interpretation of these findings awaits the identification 
of the individual MHC genes that are responsible for 
these effects — in different haplotypes this might be 
genes of different classes. However, when strains with 
the same H2 haplotypes were compared, the BALB/c 
genetic background resulted in less effective clearance 
of parasites from the liver than the C57BL/10ScSn 
background, which indicates the presence of additional 
controlling genes61.

Parasite burden in the liver, which reflects the strength 
of the acquired immune response, was also found to be 
controlled by the Ir2 locus, which had a stronger effect 
on parasite reduction than the H2a, H2b and H2k alleles62. 
The role of Ir2 was further investigated using the strains 
B10.LP-H-3b and B10.CE (30NX), which are susceptible 
to the early stages of infection, but can restrict parasite 
growth at the later stages. In C57BL/10 (B10) back-
grounds, Ir2-containing segments were introduced that 
originated from the strains LP/J (which is also known as 
aguti, and is susceptible to the early stages of infection)96 
and CE/J (of unknown susceptibility)97, respectively. 
Histopathological analysis revealed that mice that carried 
these segments showed smaller and fewer granulomas, 
with fewer parasites and a pronounced infiltration of 
lymphocytes in the liver, which indicated an efficient 
anti-parasite response62. A linkage peak of resistance was 
estimated to be 70 cM from the centromere on chromo-
some 2, close to the Ir2 locus. The same region contains 
the Lmr14 locus that controls the visceral pathology 
(splenomegaly and hepatomegaly) that is induced by 
L. major 69 (FIG. 2; TABLE 2).

Further insights into the genetic basis of suscepti-
bility at the later stages of infection were provided by 
studies of the bg mutant mouse. C57BL/6J mice that are 
homozygous for this mutation are deficient in natural-
killer-cell (NK cell) activity, and are unable to control 
parasite numbers in the spleen, although their ability to 
clear parasites from liver is unimpaired85. The recessive 
gene that corresponds to the bg mutation was identified 
as Lyst on chromosome 13. The disease-specific allele 
contains a LINE1 element insertion that results in a trun-
cated protein98, but the precise mechanisms by which 
Lyst influences susceptibility to L. donovani remain to 
be determined. However, molecular studies indicate 
that mutations that affect this protein probably disrupt 
the correct sorting of lysosomal proteins in cells such as 
lymphocytes and NK cells — these include proteins that 
have a role in the immune response, and disruption of 
Lyst function prevents their release in response to appro-
priate stimuli, leading to decreased cytotoxic activity of 
cytotoxic T lymphocytes and NK cells99.

Interestingly, the H2 (REFS 61,62) and Ir2 (REF. 62) loci 
that are described above and that influence susceptibil-
ity to L. donovani overlap with the Lmr1 (REF. 56) and 
Lmr14 (REF. 69) loci that have been implicated in L. major 
susceptibility. This indicates that some genes could be 
involved in the control of susceptibility to more than 

Figure 2 | Loci and genes that control the mouse response to leishmaniasis and 
other infections. Genes and loci that are involved in the response to infection by 
Leishmania major and Leishmania donovani are shown, as are those that control the 
response to other pathogens for which at least one susceptibility locus overlaps with 
a leishmaniasis susceptibility/resistance locus. Only genes/loci for which a 
significance value of P < 0.05 that is corrected for a whole-genome screen or with an 
LOD (logarithm of the odds) > 3 are shown. The limits of each locus are placed in the 
middle of the interval between markers for which nonsignificant and significant 
linkage have been detected. In cases in which two groups detected linkage to 
overlapping but non-identical regions, the whole region where the linkage cannot be 
excluded is shown. For example, the two loci on chromosome 16 that control the 
response to L. major, Lmr12 (L. major response 12)70,71 and Dice1b (determination of 
interleukin-4, commitment 1b)78, are linked to segments 28.2–34.2 cM and 31–45 cM, 
respectively; this locus is shown as extending from 28.2 cM–45 cM. Mapping 
information was obtained from REFS 55–57,61,62,66,68–71,78,85,87,88,92,100–
107,113–115,124–128. Note that Nramp1/Slc11a1 also influences the response to L. 
infantum60 and L. mexicana129, whereas the H2 complex is involved in the response to 
L. infantum60, L. mexicana129 and L. amazonensis64 (not shown). bg/Lyst, beige/lysosomal 
trafficking regulator; Ipr1/sst1, intracellular pathogen resistance-1/
supersusceptibility to tuberculosis-1; Nramp1/Slc11a1, natural resistance-associated 
macrophage protein-1/solute carrier family II, member 1; Pklr/Char4, pyruvate kinase 
liver and red-blood cell/Chabaudi resistance-4; Tlr5, toll-like receptor-5. Details of 
loci and references for the mapping experiments in which each was identified are 
shown in the online supplementary information S3 (box).
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Granuloma
A tumour-like mass or nodule 
that develops due to a chronic 
inflammatory response. 
It contains activated 
macrophages, epithelioid cells 
(modified macrophages), 
T cells and multinucleated 
giant cells that result from the 
fusion of macrophages.

Natural killer cell
(NK cell). A large granular 
lymphocyte that has cytotoxic 
activity but does not express 
antigen-binding receptors. 
It exhibits antibody-
independent killing of tumour 
cells, and also participates in 
antibody-dependent cell-
mediated cytotoxicity.

Genetical genomics
A strategy that correlates 
information on the segregation 
of genomic regions (in 
populations or experimental 
crosses) with gene-expression 
patterns (in microarray 
studies). This approach reveals 
patterns of cis- and trans-
regulation of gene expression.

one Leishmania species. It remains to be established 
whether other Lmr loci, especially those that determine 
the control of the visceral pathology that is induced by 
L. major68,69,71(TABLE 2), are also involved in the control of 
L. donovani infection, but this raises intriguing possibili-
ties for future investigation.

Overlap of loci with other infections
Some Leishmania-response loci co-localize with QTLs 
that influence the response to other infectious agents, 
including both bacteria87, 88,100–105 and parasites106,107 
(FIG. 2). This indicates the presence of either clusters of 
functionally related genes, or genes that are involved in 
controlling the response to several infections.

Genetic polymorphism in the MHC has been long 
known to influence the response to numerous antigens, 
and has also been implicated in the resistance to many 
infections108, including leishmaniasis. Other genes that 
control both Leishmania susceptibility and the response 
to other infections include Slc11a1 (which also controls 
susceptibility to bacteria91), Lyst (which also influences 
resistance to viruses109, bacteria110–112 and fungi110), and 
sst1 (supersusceptibility to tuberculosis-1)/Ipr1 (intracel-
lular pathogen resistance-1, which controls susceptibility 
to various bacteria)113–115.

As most Lmr loci have different functional effects 
on the development of leishmaniasis, it will be interest-
ing to see what functional differences they exhibit in 
responses to other infections. This comparative func-
tional genetics of susceptibility could provide unifying 
insights about the operation of the host’s defence against 
different pathogens.

Summary and Perspectives
Progress in understanding the genetics of susceptibility 
to leishmaniasis in the past decade has been impressive, 
providing many new insights. More than 20 new Lmr 
loci have been mapped, and for many of them, a range 
of effects on disease symptoms and immunological func-
tions have been described. This has also established the 
principle of functional heterogeneity of the effects of 
individual Lmr genes, and of interactions between them. 

These results, therefore, in many respects, are a paradigm 
for other infectious diseases. Furthermore, the apparent 
co-localization of Lmr loci and loci that control suscep-
tibility to other pathogens indicates that the lessons that 
have been learned from the study of leishmaniasis will 
be relevant for other infections — not only by providing 
general concepts, but also by directly identifying genes 
that control other infections.

There are, of course, limitations to the conclusions 
that can be reached from mouse studies that have been 
carried out into the genetic control of leishmaniasis sus-
ceptibility. First, candidates for the Lmr genes have yet 
to be identified, a process that will probably take longer 
than the initial detection and mapping of these genes. 
Second, the studies that have been described above do 
not allow broad generalizations and exact extrapolations 
to be made concerning susceptibility in humans — the 
spectrum of Leishmania species that has been tested 
in mice is limited, and host–parasite–environment 
interactions remain largely unexplored. Nevertheless, 
the studies that we have described above have demon-
strated and begun to characterize the multigenic control 
of susceptibility to this disease and the network-like 
complexity of the components involved, providing a 
sound basis for a more comprehensive definition of the 
genetics of this disease.

In leishmaniasis, as with most complex traits, the 
same phenotype might be associated with different sets 
of susceptibility genes. A combination of functional 
network studies, together with the identification of the 
responsible Lmr genes, will help to elucidate the genetic 
and functional heterogeneity of apparently identical 
disease symptomatologies, and should contribute to 
individualized functional diagnoses. Genetic and func-
tional dissection, combined with the analysis of gene-
expression patterns116,117 that use the concepts of genetical 
genomics118, promise to provide an additional dimension 
to our understanding of the disease. Furthermore, 
understanding the genetic control of the shared and 
unique aspects of the response to infection by differ-
ent pathogens will provide additional insights into the 
general organization of these regulatory networks.
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