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Characteristics of genetically complex traits that complicate fine mapping and positional cloning: The

expression of complex trait phenotypes is dependent on the interaction between multiple genes (epistasis), and

between genetic and environmental influences (gene-environment interactions). Different sets of genes may

give rise to the same phenotype (locus heterogeneity), whilst the presence of a susceptibility gene can be found

in phenotypically distinct individuals (variable penetrance). Environmental mimics of the trait (phenocopies)

may be indistinguishable from cases with a more strongly inherited basis. These features result in broad

likelihood confidence intervals in linkage studies and confound efforts to fine map the location of the underlying

genes. Use of linkage disequilibrium mapping in humans (1), specialised inbred strains or genetically

heterogeneous stocks in model organisms (2, 3, 4, 5) progeny testing in experimental crosses (6), and the study

of very large numbers of meioses, are amongst the main strategies employed to fine map complex trait genes.

General limitations to fine mapping and positional cloning of complex trait genes: The greater degree of

scientific control in experimental and model organisms compared to human genetics has allowed mapping of

complex trait genes in experimental crosses to proceed faster, and with far greater statistical certainty, than in

humans. This is in part because of the ease of increasing pedigree and sample size in experimental crosses, and

because of the ability to breed and phenotype the offspring of individuals with critical recombinants, a

procedure known as progeny testing (2, 6). In addition, specialised resources are available to experimental

geneticists such as inbred, consomic and congenic strains in rodents (7, 8, 9, 10), nearly isogenic lines in plants

(11, 12) and deficiency stocks in Drosophila (3) that reduce or eliminate allelic and locus heterogeneity. Finally,

by using a method known as ‘Mendelizing QTLs’, single gene mutations can be used to sensitize QTL analysis

in humans and other species (13). These sensitising mutations convert QTLs from background genes with weak

phenotypic effects to variants with strong effects that segregate as oligogenic if not Mendelian traits. As a result,

they are more amenable to genetic and functional characterization and to positional cloning.

Using these resources, direct rather than indirect tests of linkage can be carried out, with markers that are 100%

informative in all meioses. These approaches have yielded robust, highly statistically significant linkages to

complex traits in large numbers of studies in rodents, plants and Drosophila. Statistically significant, replicable

linkages in humans have been harder to obtain.
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A crucial factor in proceeding from map location to gene identification is the relationship between genetic and

physical distance, which varies markedly between species (table S2). Because the physical distance spanned in a

given genetic interval is much greater in rodents than in plants and flies, a complex trait mapped to a 10cM

interval in rats or mice will on average require a ten-fold longer segment of chromosome to be searched than, for

example, in Arabidopsis or rice. Ultimately the ability to fine map a given complex trait gene down to a

chromosomal region that can be screened by sequencing (perhaps less than 1-2Mbp) will rest on the size of the

gene effect, the size of the study population, the isolation of the gene (where possible) in congenic or nearly

isogenic lines, and the relationship between genetic and physical distance for the particular chromosomal

segment under study.

Special strategies for fine mapping in humans: The low power of genetic linkage for mapping complex trait

genes in humans (1) has led to increasing focus on whole genome and localised tests of linkage disequilibrium,

with some early indications of success (14, 15, 16). Massive resources have been deployed for producing dense

single nucleotide (SNP) maps of the human and mouse genomes, in preparation for whole genome tests of

association, using either individual SNPs or more likely groups of SNPs representing the majority of common

haplotypes (17, 18, 19, 20, 21). These study designs potentially require very large sample sizes and generation

of huge numbers (tens of millions) of genotypes, for which cost-efficient methodologies are only just becoming

available.
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Table S1.  Molecular basis of complex trait genes localized initially in genome-wide linkage studies.

Trait Genea Relative
risk

Phenotypic
variance

Molecular basis Formal

complemen

tation?

Ref.

Human

Type 1 diabetes HLA-DQB 107b - Aspartic acid at position 57 is
protective

No (22, 23)

Type 1 diabetes HLA-DQA 23c - Multiple amino acid substitutions No (24)

Type 2 diabetes CAPN10 2.6-5.0d - Intronic haplotype No (14)

Crohn’s Disease CARD15 1.5-3e

17.6-44f

- Multiple amino acid substitutions,
single nucleotide insertion at

nucleotide position 3020 causing
frameshift and protein truncation

No (15, 16)

Alzheimer's
disease

ApoE 2.84g - Arginine substituted for cysteine
at position 112

No (25, 26)

Asthma ADAM33 na - Coding and non-coding haplotype
pairs

No (27)

Angiotensin I-
converting

enzyme levels

ACE - 27% Multiple intragenic SNPs No (28, 29)

Cattle

Milk yield

Milk composition

DGAT1 - 3%h

31%h

Alanine substituted for lysine at
position 232

No (30)

Mouse

Intestinal
neoplasia, Mom1

Pla2g2a - 21-43% Insertion of thymidine at
nucleotide position 208

Yes (31, 32)

Type 1 diabetes I-Eα
I-Aβ

42 - Promoter deletion

Histidine substituted for proline at

Yes

Yes

(33, 34,
35, 36)
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position 56

Serine substituted for aspartic acid
at position 57

Hearing loss,
moth1

Mtap1a - 43-57% Multiple amino acid substitutions Yes (6)

Type 1 diabetes Il2 2.7 - Proline substituted for serine at
position 6

No (37, 38)

Experimental
allergic asthma

C5 - 8% Deletion of 2 nucleotides causing
frameshift in coding sequence and

protein truncation

No (39, 40,
41)

Saccharin
preference

Tas1r3 - 31.2% Alanine substituted for threonine
at position 55

Threonine substituted for
isoleucine at position 60

No (42, 43)

Plasmacytoma
susceptibility

P16INK4a 4.9i - Proline substituted for histidine at
position 18

Isoleucine substituted for valine at
position 51

No (44, 45)

Rat

Insulin action

Fatty acid
metabolism

Cd36 - 11-15%

47%

Chromosomal deletion creating
chimeric non-functional protein

Yes (46, 47,
48)

Type 1 diabetes Cblb 4.4 - Stop codon substituted for
Arginine at position 455

Yes (49, 50)

Blood pressure
and 18-

hydroxylase
activity

Cyp11b1 30j - Leucine substituted for valine at
position 381

Leucine substituted for isoleucine
at position 384

No (51, 52,
53)

Drosophila

ADH activity Adh - 67-80% Threonine substituted for lysine at
position 192

Yes (54)
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ADH
concentration

Adh - variable Intronic, 3' UTR and silent exonic
substitutions

Yes (55)

Bristle number scabrous,

Delta,

Achaete-scute

- 21%-32%k

6%-12%k

5%k

Insertion/deletion or SNP variants
within putative regulatory regions

No (56)

(57)

(58)

Tomato

Fruit size fw2.2 OFRX - 5-30% Promoter and/or missense coding
sequence variants

Yes (11)

Sugar content

Brix9-2-5

Lin5 - na Missense coding and/or
regulatory intronic  variants

No (59)

Rice

Photoperiod
sensitivity Hd6

CK2α - 58.7% Stop codon substituted for lysine
at position 91

Yes (60, 61)

Photoperiod
sensitivity Hd1

Se1 - 67% Deletion of 43 nucleotides within
exon 1

Insertion of 433 nucleotides
within intron 1

Deletion of 2 nucleotides within
exon 2

Yes (62)

Maize

Apical dominance Tb1 - 20-25% Gene regulation No (63, 64,
65, 66)

Arabidopsis

Flowering time
EDI

CRY2 - 27.5%-56.2% Methionine substituted for valine
at position 367

Yes (12)

S. cerevisiae

High-temperature
growth (Htg)

MKT1, END3,
RHO2

30.6 - Multiple amino acid substitutions Yes (67)
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a The genes listed were identified according to the criteria of proof described in the text but may not include every complex trait gene identified.
b Genotype relative risk
c Allele relative risk
d Relative risk of haplotype combination
e Heterozygous risk
f Homozygous and compound heterozygous risk
g Increase in risk per ApoE 4 allele
h Effect of K232A variant
i Relative risk calculated from (45)
j Relative risk calculated from (51)
k Percentage of total genetic variance

na, not available
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Table S2. Physical and genetic lengths of genomes commonly used for complex trait analysis

Species Mbp in
Genome

cM in
Genome

Mean
Mbp/cM

References

S. cerevisiae 12 4100 0.003 (68, 69)
Arabidopsis 125 500 0.25 (70, 71)
Rice 466 1522 0.31 (72, 73, 74)
Drosophila 120 281 0.43 (75, 76)
Tomato 900 1200 0.75 (77)
Human 2910 3699 0.79 (17, 78, 79)
Maize 2500 2033 1.23 (80, 81)
Rat 2800 1749 1.60 http://public.bcm.tmc.

edu/pa/rgsc-
genome.htm, (82)

Mouse 2500 1398 1.78 (83, 84)
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