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Summary
Linkage analysis in multiplex families has provisionally
identi®ed several genomic regions where genes in¯uen-
cing susceptibility to multiple sclerosis are likely to be
located. It is anticipated that association mapping will
provide a higher degree of resolution, but this more
powerful approach is limited by the substantial geno-
typing effort required. Here, we describe the ®rst use of
DNA pooling to screen the whole genome for association
in multiple sclerosis based on a 0.5 cM map of micro-
satellite markers and using four DNA pools derived
from cases (n = 216), controls (n = 219) and trio
families (n = 745 affected individuals and their 1490
parents). The 10 markers showing the greatest evidence
for association with multiple sclerosis that emerge from
this analysis include three from the HLA region on
chromosome 6p (D6S1615, D6S2444 and TNFa), provid-

ing a positive control for the method, four from regions

previously identi®ed by linkage analysis in UK multi-

plex families (two mapping to chromosome 17q

GCT6E11 and D17S1535; one to chromosome 1p

GGAA30B06; and one to 19q D19S585), and three from

novel sites with respect to linkage analysis (D1S1590 at

1q; D2S2739 at 2p; and D4S416 at 4q). Our results thus

provide further supporting evidence for the candidature

of 6p, 17q, 19q and 1p as regions encoding susceptibi-

lilty genes for multiple sclerosis. The protocol used in

this UK-based study is now being extended to 18 add-

itional sites in Europe in order to search for susceptibil-

ity genes shared between populations of common

ancestry, as well as those that exert ethnically more

restricted effects.
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Introduction
Multiple sclerosis is a typical complex trait, globally

affecting ~1 million people. Familial clustering is well

established (Sadovnick et al., 1988; Robertson et al., 1996),

with ls taking a value of ~10±15 (Sadovnick et al., 1988;

Robertson et al., 1996; Carton et al., 1997). Concordance

rates in twins (Ebers et al., 1986; Mumford et al., 1994),

together with recurrence risks in adoptees (Ebers et al., 1995),

half-siblings (Sadovnick et al., 1996) and conjugal pairs

(Robertson et al., 1997; Ebers et al., 2000), indicate that

familial clustering results, at least in part, from shared genetic

factors. As in other complex diseases, results obtained from

whole genome linkage screens suggest that effects attribut-
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able to individual susceptibility genes are modest, such that

studies based on association are likely to be considerably

more powerful than those employing linkage (Risch and

Merikangas, 1996).

Although tests for association have been extensively

employed in the analysis of candidate genes, these are only

now being considered in the context of systematic whole

genome screening. Two conceptually different approaches,

the `direct' and `indirect', can be considered (Collins et al.,

1997). In a direct screen, all functionally relevant and

common polymorphisms of every gene are tested, whereas in

an indirect screen, only a uniformly spaced map of markers is

considered. The indirect approach is more ef®cient but relies

on linkage disequilibrium between the markers tested and the

susceptibility genes being sought. The extent of linkage

disequilibrium in the human population in general, and in

relation to disease susceptibility alleles in particular, is

critically important in determining the density of markers

required to provide adequate power in an indirect screen.

Crude theoretical modelling of human population history

suggests that variants which are common in the population as

a whole will generally be very old and therefore accompanied

by rather little linkage disequilibrium (Kruglyak, 1999). In

Europeans, however, empirical evidence shows that linkage

disequilibrium is in fact much more extensive than predicted,

with average distances ranging from 60 kb (Reich et al.,

2001) to 385 kb (Collins et al., 2001) for single nucleotide

polymorphism (SNP), and 0.5 Mb (Eaves et al., 2000) to 1

Mb (Kendler et al., 1999) for microsatellites. Empirical

observations have also con®rmed the expected stochastic

nature of linkage disequilibrium, which is highly variable

across the genome and therefore not uniformly accessible to

indirect association screening (Dunning et al., 2000; Martin

et al., 2000; Taillon-Miller et al., 2000). Others have pointed

out that the number of markers required in an indirect screen

is not only dependent upon the extent of linkage disequilib-

rium, but is further increased by confounding factors such as

allele frequency mismatch between susceptibility genes and

linked markers (Muller-Myhsok and Abel, 1997; Weiss and

Terwilliger, 2000). Even in Europeans, where the extent and

nature of linkage disequilibrium favour the detection of

disease associations, it is clear that many thousands of

markers will be required, and the task of genotyping these in

several hundred individuals is likely to prove generally

prohibitive unless highly ef®cient methods are employed.

Barcellos et al. (1997) have proposed just such a method,

employing DNA pooling of samples from cases, unrelated

controls and nuclear families together with a panel of

microsatellite markers that is suf®ciently dense to ensure

that, on average, no gene is >0.25 cM from its nearest marker.

Several groups have shown that typing pooled DNA provides

an accurate and reliable method for detecting differences in

allele frequencies between cases and controls (Pacek et al.,

1993; Barcellos et al., 1997; Daniels et al., 1998; Shaw et al.,

1998; Breen et al., 1999; Fisher et al., 1999; Collins et al.,

2000; Kirov et al., 2000). Here, we report the ®rst indirect

screen of the genome for association in a complex human

disease based on typing a dense map of microsatellite markers

in pooled DNA from cases, controls and family trios.

Material and methods
Patients and controls
The 961 unrelated patients considered in this study were

recruited in the UK and are all Caucasian. They were

classi®ed using the Poser criteria (Poser et al., 1983) and

diagnosed with either clinically de®nite (87%), laboratory

supported de®nite (6%) or clinically probable (7%) multiple

sclerosis, and also meet revised diagnostic procedures for

establishing the diagnosis (McDonald et al., 2001). 225 were

index cases from multiplex families studied previously in our

linkage genome screen (Sawcer et al., 1996); 688 were index

cases from independent trio families (an affected individual

with both parents living); and 48 were local sporadic cases.

DNA was available from both parents of the index case in 57

of the 225 multiplex families, and these were therefore used

to boost the total number of available trio families to 745. The

remaining 216 patients were used to form the cases pool,

which thus includes the 48 local sporadic cases together with

the 168 index probands from multiplex families where DNA

was not available from both parents. Risch and Teng (1998)

have shown that including patients from multiplex families

increases the power of tests for association. The over-

representation of patients with a family history of the disease

in these pools will therefore have increased the power of our

study. The basic demographic details of the patients are

unremarkable: mean age was 41 years, mean expanded

disability status score (EDSS) 4.5, mean disease duration 14

years, mean age at diagnosis 33 years, and female : male sex

ratio 2.8 (709 female and 252 male). In order to ensure high

power for common genetic factors, inclusion criteria were not

restricted by disease course. In total, 58% of patients had a

relapsing remitting course (RRMS), 31% had secondary

progressive disease (SPMS) and 11% had primary progres-

sive multiple sclerosis (PPMS) at the time of assessment. A

total of 1709 individuals (219 unrelated blood donors together

with the 1490 parents from the 745 trio families) were used as

controls.

Ethical approval for the study was given by the Eastern

Medical Research Ethics Committee (MREC).

DNA pooling
All individuals involved in this study gave written consent for

genetic analysis. DNA was extracted from a sample of venous

blood using standard methods. DNA concentration was

measured (using a 1 : 20 dilution of the sample in a 1 ml

cuvette) with an Ultraspec 3000 spectrophotometer

(Pharmacia Biotech, Cambridge, UK). Based on these

measurements, samples were diluted to convenient concen-

trations depending on the yield of DNA. The four separate
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DNA pools were then constructed using 2 mg of DNA from

each index case within trio families (n = 745), 2 mg of DNA

from each parent in these families (n = 1490), and 20 mg of

DNA from each of the remaining cases (n = 216) and controls

(n = 219). These four pools are identi®ed in the text as

`Index', `Parents', `Cases' and `Controls', respectively. Each

was extensively vortexed and mixed. Pools were then

subjected to a full re-extraction process in order to `clean

up' the DNA and thereby reduce any variation in the extent of

polymerase chain reaction (PCR) ampli®cation from each

individual. Each pool was diluted to 50 ng/ml after re-

extraction.

Markers
We used the 811 microsatellite markers in Applied

Biosystems (Foster City, USA) high density linkage mapping

set (LMS-HD5) as a framework for this project. The

additional 5189 markers were identi®ed from the Co-

operative for Human Linkage Centre (CHLC) database, the

Genethon database (Gyapay et al., 1994; Dib et al., 1996) and

the Genome database (GDB). The total number of markers

studied on each chromosome (Table 1) was chosen to re¯ect

the number of genes mapping to that chromosome according

to the National Center for Biotechnology Information web

site in December 1999. The density of markers is thus biased

towards gene-rich and against gene-poor chromosomes

(Antonarakis, 1994). Within each, we attempted to make

uniform the distribution of markers according to their

location scores as derived from the genetic location database

(LDB) gmaps (Collins et al., 1996). This process necessarily

restricted marker selection to those microsatellites included

on the LDB. Where multiple markers shared the same or

similar location scores, preference was given to tetra- and

trinucleotides over dinucleotides, and to those with higher

estimated heterozygosity. Despite these manoeuvres, there

was persistent non-uniformity of the resulting maps, with 323

gaps of >2 cM and 11 gaps of >10 cM, most corresponding to

pericentromeric regions, particularly on acrocentric chromo-

somes, and sections of the genome generally containing very

few genes. Except for the LMS-HD5 markers, where Applied

Biosystems has in many cases redesigned the primers,

sequences for the markers included in our study were derived

from the originating databases. In summary, 4723 (79%) of

the markers were dinucleotides, 1019 (17%) tetranucleotides

and 258 (4%) trinucleotides. The estimated average hetero-

zygosity (according to data in the originating databases) of

the 6000 markers was 70%. The forward primer was labelled

with FAM (blue) in 2065 (34%) markers, HEX (green) in

1958 (33%) and NED (red) in 1976 (33%). One marker was

labelled with TET (yellow). All but ®ve markers included

reverse primer tailing in order to reduce plus A artefact.

In order to explore the possibility that some apparently

distinct markers might in fact be amplifying the same repeat,

we used the primersearch program to screen the forward

primer sequence (and its complement) for each marker

against all the sequences from the following EMBL database

subsections (as at December 1999): STS (n >90 000

sequences, >32 Mb), human EST (n >1.6 million sequences,

>600 Mb) and human (n >86 000 sequences, >450 Mb).

Those EMBL sequences matching the forward primer were

then screened against the reverse primer sequence, or its

complement, as appropriate. Exact sequence matches were

found for 5924 markers. A further 18 were matched by

relaxing the sequence comparison to allow a single mismatch

in each primer. Most of the identi®ed EMBL sequences only

matched a unique primer pair. However, 118 sequences

Table 1 Markers typed on each chromosome

Chromosome Length (cM) Number of markers

All Successful*

1 263 609 579
2 255 441 406
3 214 394 364
4 203 289 256
5 194 299 267
6 183 370 334
7 171 312 280
8 155 236 214
9 145 244 229
10 144 268 237
11 144 343 330
12 143 310 300
13 114 137 127
14 109 205 199
15 106 201 191
16 98 167 161
17 92 246 227
18 85 102 95
19 67 216 199
20 72 148 126
21 50 60 57
22 56 110 99
X 160 293 252

*This column indicates the number of markers giving usable allele
image pro®le data in the population screen, the trio family screen
or both.

Table 2 Results for the 10 associated markers

Marker Screen* Re®ning²

GGAA30B06 0.0261 0.0454
D1S1590 0.0008 0.0460
D2S2739 0.0227 0.0003
D4S416 0.0481 0.0354
D6S1615 0.0010 0.0002
D6S2444 0.0163 0.0392
TNFa 0.0273 0.0085
GCT6E11 0.0277 0.0048
D17S1535 0.0953 0.0058
D19S585 0.0921 0.0267

*The hypothetical P values from the screening phase. ²The
hypothetical P values from the re®ning phase.
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matched two or more primer pairs. Closer analysis of these

118 sequences showed that, in most cases, the separate

matching primer pairs were amplifying different repeats. In

total, only 19 markers had to be dropped as they were found to

be amplifying repeats already recognized by other primer

pairs. These were replaced. In total, primer sequences for the

5189 markers completing our screening set represent >210 kb

of sequence. Thus, given an average SNP rate of one per

kilobase, we would expect 210 markers to have their primers

based on alleles which are rare/uncommon in the UK. We

thus anticipated that PCR ampli®cation would probably fail

in 210 cases, but in fact a total of 478 markers gave no usable

signal, suggesting that failure was unrelated to null allele

problems in 268 instances. The net success rate for PCR in the

5189 markers was thus 95%; success rate for the carefully

redesigned LMS-HD5 markers was 100%, as expected. No

primer optimization was performed and all markers were

ampli®ed using the same standard PCR protocol (as described

below). Details of the markers used, including primer

sequences, are available via the GAMES (genetic analysis

of multiple sclerosis in Europeans) web site.

PCR
PCR was performed in 15 ml reactions using 9 ml of True

AlleleÔ PCR Premix (Applied Biosystems), 5 pmol of

labelled forward primer, 5 pmol of unlabelled reverse primer,

25 ng of template (pooled) DNA and 6 ml of MilliQ water.

Thermal cycling was performed on an Applied Biosystems

9700 thermal cycler according to the following protocol: 12

min at 95°C (to activate the Taq Gold DNA polymerase); 10

cycles of 94°C for 15 s, 55°C for 15 s and 72°C for 30 s; 20

cycles of 89°C for 15 s, 55°C for 15 s and 72°C for 30 s; and a

®nal step of 72°C for 20 min.

Capillary electrophoresis
The products from each PCR were electrophoresed twice on

an Applied Biosystems 3700 Genetic Analyser (Applied

Biosystems). Prior to electrophoresis, 1 ml of PCR product

was denatured for 5 min at 95°C in combination with 9.55 ml

of HiDi Formamide and 0.45 ml of GS400HD ROX labelled

size standard (Applied Biosystems). Denatured samples were

electrokinetically injected with 10 000 V applied for 10 s,

while capillary electrophoresis used Performance Optimised

Polymer 6 (Applied Biosystems), a cuvette temperature of

35°C, run temperature of 50°C, run voltage of 6000 V and run

time of 4500 s. In the screening phase, each PCR product was

electrophoresed in isolation, while in the re®ning phase, some

multiplexing by colour was performed. Multiplexing by size

was not used in either stage. The allele image pro®les from

each replicate were analysed using Applied Biosystems

GENESCAN (version 3.5) and GENOTYPER (version 3.6)

software. Peak height rather than area was quanti®ed as this

has been shown to be the more sensitive and speci®c measure

(Breen et al., 1999).

In order to determine the linear range of the Applied

Biosystems 3700, and to rescue data from allele image

pro®les where some peaks exceeded the limit of linearity, we

diluted the PCR products of markers producing allele image

pro®les with peak heights >10 000 in one or more replicates,

and these were re-electrophoresed. Comparison of allele

image pro®les from dilute and original replicates for each

particular sample enabled expected signals to be calculated

for the largest peaks and compared with those observed. This

analysis showed that the ¯uorescent signal remained linear up

to ~11 000. Beyond this level, the relationship showed

discontinuity and the signal was unreliable. Applied

Biosystems has shown that signal increases monotonically

up to ~15 000, but variance in the detected signal becomes

increasingly large. When the amount of DNA is even greater,

the ¯uorescent signal may actually decrease. However, these

saturated signals have a distorted and easily recognizable

allele image pro®le appearance. Peaks of this type were

ignored in our analysis of linearity and only those with a

signal of <10 000 were considered in testing for association.

Where peaks exceeded this limit in some replicates, the

corresponding allele frequency was determined only from

those replicate allele image pro®les where the peak was

10 000.

Statistical analysis
Typing a microsatellite in pooled DNA generates an allele

image pro®le (Daniels et al., 1998) consisting of a series of

product fragments, with the strength of the signal from each

re¯ecting the frequency of the corresponding allele. Various

PCR artefacts confound this relationship, but these tend to

affect each pooled sample similarly (see Discussion). In the

population screen, each marker was ampli®ed once by PCR

and electrophoresed twice, so that two replicate allele image

pro®les were generated from each sample. Best-®t allele

image pro®les were calculated for both samples, normalized

according to the total number of alleles in the respective pools

and compared statistically using a c2 test. The same analysis

was performed in the trio family screen, except that the

control allele image pro®le was calculated by subtracting the

normalized best-®t allele image pro®le for index cases from

the normalized best-®t allele image pro®le for parents; the

control allele image pro®le thus re¯ects the non-transmitted

allele frequency distribution and the test for linkage disequi-

librium is equivalent to the AFBAC (affected family base

controls) test suggested by Thomson (1995). Alleles with a

frequency of <5% were considered together.

In order to select markers for further investigation, we

ranked the observed statistics according to their evidence for

association. This task was complicated by the fact that the

additional sources of variance introduced by pooling led to

deviation of the distribution of these statistics away from the

theoretical c2 form. In order to assign hypothetical P values,

and thereby rank the results, we ®rst grouped the markers

according to the number of alleles considered (1 + the degrees
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of freedom for the c2 test). In each group we then used

probability plotting methods to compare the empirical

distribution of test statistics with the theoretical c2 form

that would have applied if we had carried out individual

typing. In each case we saw over-distribution, as expected,

but also observed deviation of the empirical distribution from

the c2 shape. Plotting logarithms of the test statistics against

logarithm of the expected c2 order statistic gave acceptably

linear plots, suggesting that a power transformation of the

tests, with an appropriate multiplication factor, could be used

to transfer empirical distributions to the c2 form. We used this

approach in each group of markers in order to calculate

hypothetical P values (a multiplication factor of 2/3 was

required for each group of markers in each screen) and

thereby enable ranking of markers across all groups.

The deviation of the observed distribution from the

theoretical c2 form was particularly pronounced in the trio

family screen, especially for large values of the test statistics.

Clearly, pooling added new categories of variance and,

paradoxically, limited power in the trio family screen despite

bene®ts usually associated with the use of a larger sample size

(see Discussion). The need to take the difference between

parent and index estimates in order to derive control allele

frequencies also contributed to loss of power seen in the trio

family screen; however, this approach is preferable to

estimating control frequencies directly from the parents

alone without subtraction, thereby halving any effect and

leading to even greater loss of power.

Pilot study
In order to con®rm the ®ndings of Barcellos et al. (1997) and

to validate the construction of our DNA pools, the 216 cases

and 219 controls were individually typed for the micro-

satellite markers TNFa (a dinucleotide), D19S49 (a dinucleo-

tide), D7S1791 (a trinucleotide) and D7S1821 (a

tetranucleotide). Individual typing was performed using the

semi-automated GENESCAN/GENOTYPER system, with

PCR ampli®cation using ¯uorescently labelled forward

primers followed by slab gel electrophoresis on an Applied

Biosystems 373A genetic analyser. Consistency of allele

calling was ensured by running samples from an individual

with known genotype in every twelfth lane. Allele frequen-

cies established by this individual typing were then compared

with those estimated by typing the pooled DNA samples. This

required only two genotypings, compared with 435 per

marker for the individual typing. After correcting for the

effects of stutter bands and length-dependent ampli®cation

(Barcellos et al., 1997), estimated allele frequencies for the

dinucleotide markers (TNFa and D19S49) showed no statis-

tically signi®cant difference from those observed by individ-

ual typing in either cases or controls. The same results were

obtained for the trinucleotide D7S1791, where only correc-

tion for length-dependent ampli®cation was required, and for

the tetranucleotide D7S1821, where no correction was

necessary. Analysis of the TNFa microsatellite provided a

positive control for the pooling approach, since the 121 bp

allele of this marker is known to be in linkage disequilibrium

with DRB1*1501 (Kirk et al., 1997; Coraddu et al., 1998),

the HLA class II allele associated with multiple sclerosis and

the most likely candidate gene responsible for the increased

susceptibility attributable to this region. Individual typing

showed that frequency of the TNFa 121 bp allele was

increased in cases (28%) compared with controls (20%; P =

0.047). Expected excess of the 121 bp allele was seen in all 15

replicate genotypings of the case and control DNA pools

performed with the TNFa marker and, even without correc-

tion, the differences were statistically signi®cant in 11 out of

15. This result illustrates that, even without correcting for

artefacts, comparison of allele image pro®les from separately

pooled cases and controls is capable of identifying micro-

satellite markers in linkage disequilibrium with alleles

increasing susceptibility to multiple sclerosis. It should be

noted that although the association of multiple sclerosis with

DRB1*1501 is well known, the effect of this allele is modest,

and probably only increases the risk of disease by a factor of

2±4. Since the 121 bp allele is one of the longer alleles of

TNFa, the power of pooled DNA typing to detect its

association with multiple sclerosis is reduced by length-

dependent ampli®cation. Thus, typing this marker and

analysing the result without correction represents a stringent

test of the method.

Results
Whole genome screening phase
Following an adapted version of the method proposed by

Barcellos et al. (1997) we established a set of 6000

microsatellite markers (Table 1) and performed independent

whole genome linkage disequilibrium screens in two sets of

pooled samples. The ®rst used DNA separately pooled from

216 cases and 219 unrelated controls (the population screen),

and the second employed DNA pooled separately from 745

additional cases and their 1490 parents (the trio family

screen). Usable allele image pro®le data were obtained from

5396 markers in the population screen and 5330 markers in

the trio family screen; 478 markers failed in both studies, and

another 126 and 192 in the population and trio family screens,

respectively.

Under the assumption that a single founder mutation will

be responsible for the majority of susceptibility alleles at any

given locus, it would be expected that genuinely associated

markers would show the same allele image pro®le difference

in each screen. We therefore performed a combined analysis

of all data from both screens in order to identify the most

promising markers. Comparison of the observed statistics in

each screen alone with those expected from the normal

distribution showed that the effective sample size for pools in

the population screen was very nearly equivalent to their

actual size, while the effective sample size in the trio family

screen was signi®cantly reduced and approximately equiva-
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lent to that in the population screen. Therefore, in the

combined analysis, the contribution from trio family samples

was weighted to be equal to that from the population samples

(ensuring that the trio family screen did not dominate the

combined analysis inappropriately). Markers were then

ranked according to their evidence for association and the

10% (n = 520) showing the strongest effect were considered

for more detailed study. The distribution of results with

respect to statistical signi®cance judged empirically as

described in Material and methods is shown in Fig. 1.

Considering each screen separately and comparing the results

rather than combining the data in a single analysis revealed 61

markers with P values <10% in both studies (slightly more

than the number that would be expected by chance alone). All

but seven of these are already included in the 520 identi®ed in

the combined analysis. None of these additional seven

markers showed consistent associations across the screens

(as expected), and were therefore not considered further.

Data relating to all of the markers studied is available via

the GAMES web site.

Re®ning the list of associated markers
In order to re®ne this list of markers each pool was

reconstructed de novo. The PCR and electrophoresis were

then repeated for the 520 `best' markers (in both the newly

constructed and original pools) in order to generate four new

replicate allele image pro®les from each repeat pool together

with four new replicate allele image pro®les from each of the

original pools. A global analysis of these eight allele image

pro®le replicates was then performed for each of the 520 best

markers. Since this analysis combined data from independent

samples and involved replication of pool construction, PCR

and electrophoresis, it was expected that the importance of

population allele frequency differences would be enriched.

The 520 markers were then re-ranked on the basis of these

new results and the re®ning process repeated for all markers

in the top 5% of the re®ned ranking (n = 26). The ®nal

distribution of the best 520 markers in this re®ning analysis is

shown in Fig. 2. As expected, the evidence for association

decreased in the majority of these markers. In this analysis,

the hypothetical P values assigned to each marker were

judged with respect to the distribution as established in the

whole genome screening phase. This is highly conservative,

since this re®ning analysis is based on a greater number of

replicate allele image pro®les per sample and would therefore

be expected to show less variance.

The re®ning process signi®cantly reduced variance in

observed results for these 520 markers by averaging out

artefactual effects resulting from errors in pool construction,

PCR and electrophoresis. This re®nement could also have

been achieved by individually typing the samples making up

these pools, but this would have been considerably less

ef®cient. Neither additional typing of individuals nor pooled

samples can distinguish sampling variance and genuine

population frequency differences resulting from true associ-

ations. In order to make this distinction, it will be necessary

for the most promising markers to be typed in additional

cohorts.

Markers associated with multiple sclerosis
Of the 10 markers showing the greatest evidence for

association with multiple sclerosis (see Table 2), seven are

located within regions of potential linkage identi®ed in the

UK linkage screen (GGAA30B06, D6S1615, D6S2444,

TNFa, GCT6E11, D17S1535 and D19S585), whereas three

represent novel associations at loci not previously implicated

in susceptibility to multiple sclerosis (D1S1590, D2S2739

and D4S416).

Fig. 2 Frequency histogram of the results obtained in the re®ning
phase (520 markers). The line indicates the number of markers
expected if the statistics were distributed as a c2. Note that the
empirical P values assigned to the transformed statistics obtained
in this phase were judged relative to the distribution obtained in
the whole genome screening phase and are therefore highly
conservative.

Fig. 1 Frequency histogram of results obtained in the whole
genome screening phase (5204 markers). The line indicates the
number of markers expected if the statistics were distributed as a
c2.
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Three (D6S1615, D6S2444 and TNFa) of the 10 markers

are located in the HLA region (6p21) and, in each case, the

associated allele is known to be in linkage disequilibrium

with the HLA class II allele DRB1*1501. For example, the

TNFa marker was deliberately included in the 6000 marker

screening set as a positive control because we have previously

shown that the 121-bp allele from this marker is in linkage

disequilibrium with DRB1*1501 (D¢ = 52%; Coraddu et al.,

1998). The identi®cation of multiple markers from the HLA

region con®rms that the experiment has the power to identify

microsatellites in linkage disequilibrium with known suscep-

tibility alleles of modest effect.

The other seven markers show an equivalent degree of

association to those located in the HLA region, i.e. to those in

linkage disequilibrium with an established multiple sclerosis

susceptibility gene. In addition, four of these markers are

located in regions of interest identi®ed in our previous linkage

screen (Sawcer et al., 1996). Two markers are located under

the peak of linkage on chromosome 17q (GCT6E11 and

D17S1535); one lies under the peak on chromosome 1p

(GGAA30B06); and another is under the peak on chromo-

some 19q (D19S585) (Fig. 3). The remaining three markers

(D1S1590, D2S2739 and D4S416) map to 1p, 2p and 4q,

respectively. These have not previously been identi®ed as

regions of interest on the basis of linkage genome screens in

the UK or other populations.

In order to identify candidate genes mapping close to the

associated markers we searched the Ensembl database for 250

kb in both directions from each marker. Six genes with known

function were identi®ed, one of which immediately suggested

itself as a potential candidate for a multiple sclerosis

susceptibility gene: the MMD (monocyte to macrophage

differentiation associated) gene, mapping close to GCT6E11

on chromosome 17 (see Discussion). We also noted that the

IFITM2 (interferon-induced transmembrane protein 2) gene

mapped just beyond 250 kb from D4S416. In addition, nine

predicted genes were also identi®ed along with ~20 novel

transcripts.

Discussion
We screened the whole genome for evidence of linkage

disequilibrium in multiple sclerosis and identi®ed seven

novel associations. Our successful identi®cation of micro-

satellite markers from the HLA region (6p21), known to be in

linkage disequilibrium with susceptibility gene(s) of modest

effect, validates the approach, in particular the ef®ciency of

using pooled DNA samples. The high concordance between

the novel results presented here and those from our previous

linkage screen further supports the candidature of chromo-

somes 1p, 17q and 19q as regions encoding susceptibility

genes for multiple sclerosis. All three of these potentially

linked regions remained indicative of linkage after the UK

linkage data were combined with those from the American

(Haines et al., 1996) and Canadian (Ebers et al., 1996)

screens in the recently published meta-analysis (Transatlantic

Multiple Sclerosis Genetics Cooperative, 2001). The linkage

peak on chromosome 17q is particularly well supported, with

additional positive results found in this region in studies from

Finland (Kuokkanen et al., 1997) and Denmark (Larsen et al.,

2000), although these results are not found in all populations

(Fontaine et al., 1999; Broadley et al., 2001; Coraddu et al.,

2001). We anticipate that others will also now concentrate

efforts at assessing the candidature of genes contained within

these regions and achieve ®ne mapping using a combination

of microsatellites and SNPs in other northern European

Caucasian and cross-cultural studies.

Fig. 3 MLS (maximum LOD score) pro®les for chromosomes 1, 6,
17 and 19 obtained in our previously published linkage genome
screen (Sawcer et al., 1996). The locations of the seven associated
markers that lie within regions of potential linkage are indicated
by vertical bars.
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In considering the concordance with previous UK linkage

results, it is appropriate to point out that the index cases from

our linkage study were re-used in this present study, although

they represent <25% of the total number of affecteds

considered. That said, linkage is an allele-independent test,

and therefore the presence of linkage is unlikely to bias tests

of association when only one affected member from each

family is included, as here. Setting up a PCR requires a ®nite

amount of genomic DNA and therefore places an upper limit

on the number of individuals that can be included in a pool.

We estimated that a pool consisting of 1470 parents,

employing 25 ng of template DNA, was close to this limit.

However, analysis of data from our trio family screen

indicates that these pools behave as though comprised of

signi®cantly smaller numbers of individuals, with consequent

reduction of power. Thus, although 745 trio families should in

theory offer a resource of considerable statistical power,

much of this potential was lost by constructing just two pools

(index and all parents) rather than dividing the families into

multiple smaller sub-groups and screening each separately.

Essentially, it would appear that each PCR originating from

these pools behaved as though it was constructed from a

subset of the families actually included. Our data would

suggest that 200±400 individuals represent a practical

maximum for the construction of pools used in screens

employing 25 ng of template DNA per PCR.

The major limitation of our study is density of the marker

map employed. Even though a signi®cant number of

microsatellite markers was chosen, their distribution is not

uniform and it remains possible that important susceptibility

loci lie in regions not well covered by this set of markers, or in

regions lacking signi®cant linkage disequilibrium and hence

outside the range of association mapping using the indirect

approach. Although we successfully identi®ed HLA suscep-

tibility markers, a number of factors ensured that the power in

this region was greater than for the screen as a whole. First,

our map was more dense than average in this region; and

secondly, linkage disequilibrium in this region is particularly

extensive. Both factors would be expected to increase the

power of an indirect screen for association. The failure to

show association with other markers located within the HLA

region illustrates the modest power of our screening phase

and the stochastic nature of linkage disequilibrium. For

example, we previously typed the marker D6S273 in

multiplex families and know that the 138 bp allele is in

modest linkage disequilibrium with the DRB1*1501 allele

(D¢ = 39%; Coraddu et al., 1998). Global analysis of the allele

image pro®les from this marker had a P value of 0.18 in the

screening phase of the present study, which improved to 0.13

when additional replicates were tested. Although not signi®-

cant, this marker clearly lies in the tail of the distribution and

would be expected to emerge as signi®cant in a more

powerful study. In summary, our results from the HLA region

clearly demonstrate that separate markers located close to a

susceptibility gene exerting only a modest biological effect

can perform very differently in association studies dependent

on linkage disequilibrium. Microsatellites are signi®cantly

more informative than SNPs (Kruglyak, 1997), and are

expected to be accompanied by more extensive linkage

disequilibrium (Kendler et al., 1999). Although our map

represents the most extensive that could be constructed when

this experiment was designed (in 1999), and comparable

whole genome screens cannot yet be performed using SNPs,

it remains less dense than some investigators have recom-

mended or considered necessary on theoretical grounds

(Risch and Merikangas, 1996; Kruglyak, 1999).

Recent empirical data indicate that the pattern of linkage

disequilibrium in Europeans is radically different both in

extent and structure from that predicted by Kruglyak (1999).

These data have shown that recombination is not uniformly

distributed, as assumed, but rather is concentrated in hot spots

separating regions of marked linkage disequilibrium (Daly

et al., 2001; Jeffreys et al., 2001). These regions therefore

have very limited haplotype diversity and can, in theory,

easily be tested for association with appropriately informative

markers (Johnson et al., 2001). Although modest linkage

disequilibrium occurs between adjacent blocks, this is

considerably less than within blocks. These blocks of

extensive linkage disequilibrium with sharp boundaries vary

in size, but are on average ~60 kb (Daly et al., 2001),

implying that as few as 50 000 informative markers (one per

block) could be suf®cient reliably to screen the whole

genome. It follows that a map employing >5000 micro-

satellites will provide one microsatellite in every tenth block,

and therefore fully screen 10% of the genome and super®-

cially screen a further 20% (the two adjacent blocks). In short,

while SNP maps of suf®cient density are awaited, a

microsatellite map of 5000 markers is powered to ®nd one

in three susceptibility genes. If, as expected, several genes

in¯uence susceptibility to multiple sclerosis, a low density

map such as ours cannot be expected to include markers in

linkage disequilibrium with all such genes, other than by

chance. Equally, it is unlikely that each of the relevant genes

will have been missed. Our study signi®cantly advances

knowledge on the genetics of multiple sclerosis by bringing a

®rst pass at whole genome association mapping alongside the

existing linkage data and strengthening the status of four

chromosomal regions. However, we recognize that is it is not

de®nitive and denser maps need to be constructed when

technology and reagents become available.

Many controversies have yet to be resolved concerning the

preferred methodology for association studies. The choice of

controls has been a source of considerable debate (Risch,

2000). Unrelated controls provide most power but are

susceptible to the effects of population strati®cation and

non-random mating patterns, whereas related controls (par-

ents or siblings) protect against these confounding effects but

are generally less powerful (Risch and Teng, 1998). We

adopted the strategy promoted by Barcellos et al. (1997) and

employed both approaches, combining the power of unrelated

controls with the security of family-based samples. Various

artefacts of the PCR, such as length-dependent ampli®cation
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(Demers et al., 1995), stutter bands (Weber and May, 1989)

and plus A contamination (Smith et al., 1995), confound the

interpretation of data from pooled samples. However, as these

phenomena tend to affect cases and controls equally they do

not introduce a systematic bias and have a limited negative

effect on power (Daniels et al., 1998; Shaw et al., 1998;

Breen et al., 1999; Fisher et al., 1999; Collins et al., 2000;

Kirov et al., 2000). A number of mathematical corrections for

these confounding factors have been suggested (Perlin et al.,

1995; Kirov et al., 2000), but each requires typing individual

samples and greatly reduces ef®ciency of the pooling

approach with little dividend in terms of extra power.

Our results add to the growing body of data concerning the

effectiveness of DNA pooling (Fisher et al., 1999) and whole

genome screening for linkage disequilibrium (Lee et al.,

2001; Uhl et al., 2001). Our screen con®rms that pooling is an

effective strategy that can be used to search for genes

in¯uencing susceptibility to complex disease. The protocol is

being extended, through international collaboration, to other

European and migrant European populations in a genetic

analysis of multiple sclerosis in Europeans (GAMES). The

results of these 18 additional whole genome linkage disequi-

librium screens, each using samples sizes of ~200 cases, ~200

controls and ~200 family trios, will together provide a meta-

analysis based on a gross sample of >7500 pooled cases and

>11 000 parental or unrelated controls, the results from which

are expected to be available during 2002. Combining data

from across European populations will effectively increase

the sample size by at least an order of magnitude, and make

possible the detection of genes with effects too small to be

identi®ed in any one population. Since it is well recognized

that the power to detect linkage disequilibrium is profoundly

affected by the frequency of susceptibility alleles (Risch and

Merikangas, 1996; Clayton, 1999), which is likely to vary

across Europe, it is expected that some susceptibility factors

will only be detectable in particular populations. Within the

limitations discussed, whole genome linkage disequilibrium

screening using the present protocol in the 18 populations

contributing to GAMES will therefore have considerable

power to identify regions containing genes conferring

susceptibility to multiple sclerosis in all populations, irre-

spective of ethnicity, and those which exert their effect only

in de®ned populationsÐthe ubiquitous and domestic suscep-

tibility genes, respectively.

Pending that result, the demonstration of associations with

three markers encoded within the major histocompatibility

region con®rms the reliability of whole genome association

mapping using microsatellites, and again shows that this

region is associated with susceptibility in multiple sclerosis.

Our study con®rms the involvement of 17q, 19p and 1p, each

of which has previously been implicated in susceptibility to

multiple sclerosis using linkage analysis, and has revealed an

interesting candidate gene worthy of further analysis (the

MMD gene). Macrophage activation is a common feature in

the pathogenesis of many immune diseases, including

multiple sclerosis, and thus the identi®cation of a gene,

both by association and linkage, which is implicated in this

process combines candidature based on genetic and mechan-

istic principles. The precise function of the MMD gene is

unknown, but analysis of its nucleotide sequence reveals

several potential transmembrane domains, indicating that it

may act as a receptor or ion channel (Rehli et al., 1995). The

importance of genes in¯uencing the function and activation

of macrophages is supported by the growing body of

evidence, indicating that this activity may be responsible

for many epi-phenomena that accompany autoimmune dis-

ease, such as increased expression of human endogenous

retroviral (HERV) elements (Johnston et al., 2001). Although

not exhaustive, chromosomes 1p, 6p, 17q and 19p can now be

listed as the best supported regions of interestÐlinked and

associated with multiple sclerosisÐfor the detailed analysis

of positional candidates, and these positive ®ndings also add

weight to the candidature of the three other novel associated

markers located at 1q, 2p and 4q.
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