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Evidence for Linkage of Regions on 
Chromosomes 6 and 11 to Plasma Glucose 

Concentrations in Mexican Americans 
Michael P. Stern, 1'4 Ravindranath Duggirala, 1 Braxton D. Mitchell, 2 

Laurie J. Reinhart, ~ Sailaja Shivakumar, ~ Patricia A. Shipman, 3 
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Peter O'Connell 3 

1Division of Clinical Epidemiology, Department of Medicine, and 3Department of Pathology, University 
of Texas Health Science Center, San Antonio, Texas 78284; 2Department of Genetics, Southwest 

Foundation for Biomedical Research, San Antonio, Texas 78245 

The genetic factors involved in type I1 diabetes are still unknown. To address this problem, we are creating a 
I0 to 15; cM genetic map on 444 individuals from 32 Mexican American families ascertained on a type !I 
diabetic proband. Using highly polymorphic microsatellite markers and a multipoint variance components 
method, we found evidence for linkage of plasma glucose concentration 2 hr after oral glucose 
administration to two regions on chromosome I1: Ig-hemoglobin (HBB} and markers DllS899/DIISI324 near the 
sulfonylurea receptor (SUR) gene. lod scores at these two loci were 2.77 and 3.37, respectively. The SUR 
gene region accounted for 4-4.7% of the phenotypic variance. Evidence for linkage to fasting glucose 
concentration was also observed for two loci on chromosome 6, one of which is identical to a proposed 
susceptibility locus for type I diabetes {D6S290). When diabetics were excluded from the analyses, all lod 
scores became zero, suggesting that the observed linkages were with the trait diabetes rather than with 
normal variation in glucose levels. Results were similar whether all diabetics were included in the analyses or 
only those who were not under treatment with oral antidiabetic agents or insulin. 

The Mexican American population, residing pre- 
dominant ly  in the southwestern part of the 
United States, has both Native American and Eu- 
ropean Caucasian ancestry. This population of 
-12 million people (U.S. Bureau of Census 1991) 
shares both cultural and genetic characteristics 
with the much larger population of Mexico (-80 
million) and Central America. Estimates of Na- 
tive American genetic admixture range from 20% 
to 40%, with higher levels of Caucasian admix- 
ture correlating with higher socioeconomic sta- 
tus (Chakraborty et al. 1986). The prevalence of 
type II (non-insul in-dependent)  diabetes in 
Mexican Americans is approximately three times 
higher than in the general U.S. population (Stern 
and Haffner 1990). Because Native American 

4Corresponding author. 
E-MAIL stern@uthscsa.edu; FAX (210) 567-6955. 

populations have diabetes prevalences as much 
as 10 times higher than the general U.S. popula- 
tion (Knowler et al. 1990; King and Rewers 1993), 
it is presumed that the excess type II diabetes 
prevalence in Mexican Americans derives from 
their Native American ancestry, and it has been 
shown that diabetes prevalence in several Mexi- 
can American populations is proportional to 
their average Native American genetic admixture 
(Gardner et al. 1984; Stern and Haffner 1990). 
Thus it appears that genes predisposing Mexican 
Americans to type II diabetes are derived from 
their Native American ancestors and that the risk 
of acquiring these genes is roughly proportional 
to the percent of the gene pool derived from this 
ancestral source. Which genes these might be, 
however, is completely unknown. 

In 1993, we began a gene-mapping project in 
Mexican American families aimed at identifying 
chromosomal regions linked to diabetes and re- 
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lated traits in this ethnic group. Our plan was to 
perform a whole genome scan at -10 to 15 cM 
intervals using 267 highly polymorphic micro- 
satellite markers (Weber and May 1989; Econo- 
mou et al. 1990). We have now completed the 
map for chromosomes 1-8, 11, 12, 17, 20, and 21 
and have partial coverage on chromosomes 
9,10,15, and 16. This represents coverage of 
nearly 75% of the entire genome. 

Probands for this study were low-income 
Mexican American diabetics who had been iden- 
tified as having type II diabetes in a prior epide- 
miologic survey (Gardner et al. 1984; Haffner et 
al. 1986; Stern et al. 1989; Stern and Haffner 
1990). These individuals were approached in ran- 
dom order and invited to participate along with 
all of their first-, second-, and third-degree rela- 
tives. Thus, the families included in this study 
represent a random sample of low-income Mexi- 
can American families ascertained on a diabetic 
proband. A total of 579 individuals in 32 families 
were examined. Although no effort was made to 
enroll multiplex families, because of the high 
background prevalence of type II diabetes in this 
population (-15% in adults) (Gardner et al. 1984; 
Haffner et al. 1986; Stern and Haffner 1990), all 
but three families were multiplex. Fifteen families 
had diabetics in two generations and an addi- 
tional five families had diabetics in three genera- 
tions. Summary characteristics of the pedigrees 
are shown in Table 1 and clinical characteristics 
of the family members are shown in Table 2. 

Plasma glucose concentration was measured 
following a 12-hr fast and again 2 hr after a stan- 
dardized oral glucose load (Orangedex or Kola- 
dex, Custom Laboratories, Baltimore, MD), and 
diabetes was diagnosed according to the criteria 
of the World Heal th  Organiza t ion  (WHO) 
(World Health Organization Expert Committee 

Table 1. Structure of Pedigrees 

Number of pedigrees 
Number of examined individuals 
Median number (range) 

of individuals per pedigree 
Number of sibships 
Median number (range) 

of individuals per sibship 
Number of sibpairs 

32 
579 

12.5 (2-50) 
111 a 

3(2-10)  
620 a 

a103 sibships yielding 545 sibpairs were included in the 
marker subset (see text). 

PLASMA GLUCOSE LINKED TO CHROMOSOMES 6 AND 11 

1985). Serum insulin concentrations were also 
measured at the fasting and 2-hr time points us- 
ing a solid-phase radioimmunoassay (Diagnostic 
Products Corp., Los Angeles, CA) (Haffner et al. 
1986). One hundred forty individuals met criteria 
for type II diabetes giving a crude prevalence 
of 24.2% (140/579) or 19.7% (108/547) if pro- 
bands are excluded. Sixty-five diabetics were 
under treatment with oral antidiabetic agents or 
insulin. 

A subset of 444 individuals from the largest 
pedigrees were selected for genotyping. This 
marker subset contained 103 sibships which, in 
turn, contained 349 individuals, 83 of whom 
were diabetic. These sibships yielded 545 sib- 
pairs. Highly polymorphic microsatellite markers 
(heterozygosity > 0.7) were amplified by PCR 
(Saiki et al. 1985). The radiolabeled amplification 
products were separated on 7% denaturing poly- 
acrylamide gels that were dried and exposed to 
x-ray film, and the genotypes were scored. Mic- 
rosatellite markers were selected to cover the ge- 
nome at -10 to 15 cM intervals. 

We used a multipoint variance components 
method to estimate the genetic variance attribut- 
able to the region around a given genetic marker. 
This method is based on specifying the expected 
genetic covariances between pairs of relatives as a 
function of their identity-by-descent (IBD) rela- 
tionships at a given marker locus [assumed to be 
tightly linked to a quantitative trait locus (QTL)]. 
Although in principle this method can be applied 
to extended pedigrees, the analyses presented in 
this paper are limited to sibships to simplify the 
estimation of the IBD matrix. The variance com- 
ponents method has a number of advantages 
compared to the widely used sibpair method of 
Haseman and Elston (1972) (see Methods). We 
implemented this analytic technique using the 
program FISHER (Lange et al. 1988) and esti- 
mated the IBD relationships between sibpairs 
using the program SIBPAL in Statistical Analysis 
for Genetic Epidemiology (SAGE) (release 2.2, 
1994. Louisiana State University Medical Center, 
New Orleans). The multipoint method requires 
that the distances between the markers be speci- 
fied. To specify the genetic maps, we used the 
map distances reported in the Human Genome 
Data Base (GDB) (Fasman et al. 1994) supple- 
mented by distances calculated from our geno- 
type data with the program CRI-MAP VERSION 
2.4 (1990; P. Green, K. Fallon, and S. Crooks, un- 
publ.) for markers not included in the GDB (see 
Methods). 
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Table 2. Clinical Characteristics of  Family Members  

Nondiabetics Diabetics 

men women men women 

Number 182 257 58 82 
Age (years) 39.2 _+ 1 7.1 38.4 + 14.8 55.2 _+ 13.4 57.2 + 14.9 
BMI (kg/m 2) 29.1 + 5.8 29.9 _+ 6.9 31.0 _+ 5.8 32.6 _+ 6.8 
Fasting glucose (mg/dl)  90.5 _+ 11.6 87.9 _+ 10.7 1 74.2 + 62.9 186.2 _+ 78.4 
2-h glucose (mg/dl)  103.9 _+ 34.3 110.7 _+ 30.3 318.2 _+ 96.5 324.8 _+ 119.8 

R E S U L T S  

For all traits we first compared  a " spo rad ic"  
model,  which assumes no familial resemblance 
beyond  that  expected by chance, with a "poly- 
genic" model,  which allows for additive genetic 
and shared envi ronmenta l  effects. For bo th  fast- 
ing glucose and 2-hr glucose the sporadic models 
were  s t r o n g l y  r e j e c t e d  (X2= 10.33,  d f =  1, 
P = 0.0013 and X 2 = 5.61, df = 1, P = 0.0178, re- 
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Figure I Iod scores as a function of map positions for fasting plasma 
glucose concentrations on chromosome 11. A total of 22 markers were 
typed. Only 17 are shown to avoid cluttering. 

spectively)  ind ica t ing  familial  aggregat ion of 
plasma glucose concentrat ions.  We next  com- 
puted lod scores for linkage by compar ing  the 
mu l t i po in t  l inkage model  wi th  the polygenic  
model.  

For plasma glucose concentrat ion,  lod scores 
>2.0 were observed only  on chromosomes  6 and 
11. Figures 1 and 2 show the lod scores in favor of 
linkage for fasting and 2-hr glucose concentra-  
t ions as a funct ion of map distances on chromo- 

some 11. Figure 1 shows two lod 
score peaks for fasting glucose on 
chromosome 11p.The first occurs 
at the [3-hemoglobin locus (HBB, 
11p15.4),  15.3 cM from the  p- 
terminal  end, and the second be- 
tween  D l l S 8 9 9  and  D l l S 1 3 2 4 ,  
62.0 cM from the p-terminal  end 
of chromosome 11. The lod scores 
for these peaks are 1.76 and 1.39, 
respectively. The same two peaks 
are seen for 2-hr glucose (Fig. 2), 
and here the lod scores are sub- 
stantially higher at 2.77 and 3.37, 
respectively. 

Figures 3 and 4 show the lod 
scores in favor of linkage for fasting 
and 2-hr glucose concentrations as a 
function of map distances on chro- 
mosome 6. Fasting glucose shows 
three  peaks, two of which  have 
lod scores >2.0 (D6S300, lod score 
2.17 and  80.5 cM f rom the  p- 
terminal end of the chromosome 
and D6S290, lod score 2.15 and 
167.4 from p-ter) (Fig. 3). Lower lod 
scores and a somewhat  different 
profile are seen for 2-hr glucose (Fig. 
4), but the peak at D6S290 is still 
present, albeit with a lower lod score 
of 1.50. 
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We also tested for evidence of linkage be- 
tween chromosomes 6 and 11 and the following 
additional phenotypes: log of fasting and 2-hr 
glucose concentrations; fasting and 2-hr insulin 
concentrations; and body mass index [weight 
(kg)/height squared (m2)]. The log of fasting and 
2-hr glucose gave lod score profiles similar to 
those shown in Figures 1-4, albeit with lower lod 
scores. No evidence for linkage was observed on 
chromosomes 6 and 11 for the other phenotypes. 

To assess whether the linkages shown in Fig- 
ures 1-4 affect diabetes per se, and not merely 
quantitative variation in normal glucose levels, 
we repeated the analyses with the 83 diabetic 
subjects excluded. This reduced the number  of 
sibpairs from 545 to 343. We also performed 
analyses in which we excluded the 42 diabetics 
who were under treatment with either oral agents 
or insulin. This reduced the number  of sibpairs 
from 545 to 443. The results of these analyses are 
presented in Table 3. Exclusion of all diabetics 
completely obliterated all signals, suggesting that 
the observed linkages are with the trait diabetes 
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and not  with quantitative variation in normal  
glucose levels. Excluding treated diabetics weak- 
ened the evidence for linkage with the HBB locus. 
The evidence for linkage to the region between 
Dl lS899  and Dl lS1324  persisted, strengthened 
in the case of fasting glucose and weakened in the 
case of 2-hr glucose. On chromosome 6, the evi- 
dence for linkage remained strongest for fasting 
glucose. The evidence for linkage actually be- 
came stronger when treated diabetics were ex- 
cluded, al though the peaks are shifted somewhat. 
The location of the fasting peak shifted from 
D6S300 at 80.5 cM to D6S257 at 57.2 cM, and the 
lad score increased from 2.17 to 2.78. The loca- 
tion of the second peak shifted from D6S290 at 
167.4 cM to D6S1035 at 178.4 cM, and the lad 
score increased from 2.15 to 3.14. 

The number  of lad score peaks observed for 
each trait suggested the possibility of oligogenic 
inheritance. To examine this possibility we per- 
formed a sequential oligogenic analysis by con- 
ditioning on the QTL exhibiting the maximal lad 
score and then performing two-locus linkage 

analyses in which the resultant pro- 
file lad function was evaluated (see 
Methods for details). These analy- 
ses were performed with all diabet- 
ics included. For 2-hr glucose, these 
analyses revealed tha t  only  the 
D11S899/D11S1324 peak at 62.0 
cM on chromosome 11 (lad score, 
3.37) was s ignif icant .  All o ther  
peaks (including those on chromo- 
some 6) were effect ively elimi- 
nated. For example, the HBB lad 
score on chromosome 11 was re- 
duced from its uncondit ional  value 
of 2.77 to a conditional value of 
only 0.48. The percentage of phe- 
notypic variance in 2-hr glucose 
levels that  was attributable to the 
D 1 1 S 8 9 9 / D 1 1 S 1 3 2 4  p e a k  was  
44.7 +_ 12.5% (nominal P value of 
4.1 • 10-s).  The max imum likeli- 
hood estimate of the location of 
this QTL is at 61.0 cM with a 95% 
confidence interval from 43.5 to 
70.5 cM. Two-locus analysis also 
failed to reveal any evidence for n--r-rrr-r~ 

2oo.oo epistatic interactions among loci. 
Oligogenic analysis of fasting 

glucose levels was less conclusive. 
Condit ioning on either of the two 
major peaks on chromosome 6 re- 

Figure 2 Iod scores as a function of map positions for 2-hr plasma 
glucose concentrations on chromosome 11. A total of 22 markers were 
typed. Only 17 are shown to avoid cluttering. 
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Figure 3 lod scores as a function of map positions for fasting plasma 
glucose concentrations on chromosome 6. A total of 23 markers were 
typed. Only 21 are shown to avoid cluttering. 

duced the other, a l though both  retained nominal  
significance. All other  fasting glucose peaks on 
chromosomes  6 and 11 were eliminated, how- 
ever. The percentage of pheno typ ic  variance in 
fasting glucose levels attributable to the putat ive 
locus at D6S300 was es t imated  to be 30.1 __+ 
12.3% (P = 0.0075), and the peak at D6S290 ac- 
c o u n t e d  for  an  a d d i t i o n a l  29 .6  + 11 .5% 
(P = 0.0079) of the pheno typ ic  variance. Allow- 
ing for epistasis appeared to signif icantly im- 
prove this two-locus model  (P = 0.023) with most  
of the genetic variance now being est imated in 
the epistatic c om pone n t  (56 _+ 26%). However, 
this inference regarding the possible existence of 
epistasis must  be tempered by the relatively large 
error that  is associated with this complex compo- 
nent .  It is likely that  sibships do not  represent the 
most  powerful design for detecting epistasis and 
that  better estimates would be obtainable using 
extended pedigrees. 

We also tested for linkage using a segregation 
mode l  tha t  we developed using the  p rogram 
REGTL in SAGE. This mode l  posi ted a major  

gene influencing age of diabetes on- 
set (Stern et al. 1996). The best fit- 
t ing model  was a dominan t  one in 
which individuals carrying one or 
two copies of an early onset allele 
had an average age of diabetes onset  
of -50  years and those wi thout  the 
allele had an average age of diabetes 
onset  of -80  years. This model  was 
statistically indis t inguishable from 
the general model,  whereas a num-  
ber of non-Mendel ian  models were 
rejected. The frequency of the puta- 
tive early onset allele in this popu- 
lation was estimated to be 25%, and 
it was fur ther  es t imated tha t  this 
major  gene accounted for -70% of 
the variance in age of diabetes on- 
set. The m a x i m u m  l ikel ihood pa- 
r ame te r  e s t imates  of th is  m o d e l  
were  u sed  w i t h  t h e  SAGE pro-  
gram LODLINK to test for linkage 
between the markers shown in Fig- 
ures 1-4 and the putat ive diabetes 
age of onset  gene. Only  the HBB 
marker on chromosome 11 and its 
f lanking markers showed posit ive 
lod scores. These lod scores are 
shown in Table 4. A m a x i m u m  lod 
score of 2.1 at a recombinat ion  frac- 
t ion of 0.05 was observed for the 

marker HBB. Thus, the segregation model-based 
linkage analysis leaves open the possibility that  
there is an addit ional  susceptibility locus near the 
HBB locus on chromosome 11. 

D I S C U S S I O N  

A large number of genetic studies are currently 
under  way to ident i fy  susceptibil i ty genes for 
type II diabetes and other  complex traits. With  so 
m a n y  linkage tests being carried out, the problem 
of false positives presents  a serious and well- 
recognized challenge. Recently, Lander and Krug- 
lyak (1995) addressed this problem by perform- 
ing a series of simulations of whole genome scans 
with mult iple tests for linkage. Based on these 
simulations, they  proposed that  the term "sug- 
gestive l inkage" be used for statistical signals, 
that  would be expected to occur by chance not  
more than  once in the course of a whole genome 
scan. They proposed further that  the term "sig- 
nificant l inkage" be used for statistical signals 
that  would be expected to occur by chance only  
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Figure 4 Iod scores as a function of map positions for 2-hr plasma 
glucose concentrations on chromosome 6. A total of 23 markers were 
typed. Only 21 are shown to avoid cluttering. 

5% of the time in the course of a whole genome 
scan. Based on their simulation data, they esti- 
mate that  for allele-sharing methods such as we 
have used, the lod scores corresponding to sug- 
gestive linkage would range from 1.9 to 2.4 and 
the lod scores corresponding to significant link- 
age would range from 3.3 to 3.8. 

It is clear that  the linkage signals that  we 
have observed on chromosomes 6 and 11 depend 
on the presence of diabetics in the analyses, sug- 
gesting that these linkages are with the trait dia- 
betes and not with quantitative variation in nor- 
mal glucose levels. It is less clear whether it is 
preferable to include or exclude treated diabetics. 
Obviously, excluding the 42 of 83 diabetics who 
were under  t r ea tmen t  reduces the statistical 
power, which may account for the weakening of 
some of our signals. On the other hand, all but 
two of these treated diabetics had glucose values 
above the normal range, that  is, higher than all of 
the nondiabetic subjects. Thus, these high values 
contr ibute  useful in format ion  in the linkage 
analysis, even though they are lower than they 

would have been, wi thout  treat- 
ment,  thereby distorting to some 
degree the natural glucose distribu- 
tion. 

Taking all of the above into 
cons ide ra t ion ,  we feel the  best  
evidence for l inkage is be tween  
2-hr glucose concentration and the 
D11S899/D11S1324 region on chro- 
mosome 11 and between fasting 
glucose and the D6S290/D6S1035 
region on chromosome 6. 

In addition to purely statistical 
arguments, there are data from an 
animal model  of type II diabetes 
that  support our chromosome 11 
linkage results. Two recent reports 
have characterized QTLs affecting 
diabetes-related traits in F2 cohorts 
bred from the spontaneously dia- 
betic Goto-Kakizaki (GK) rat (Galli 
et al. 1996; Gauguier et al. 1996). As 
in our data, these studies detected 
separate loci affecting the fasting 
and the 2-hr plasma glucose con- 
centration. Both of the GK rat stud- 
ies indicated that a region on rat 
chromosome 1 was linked to post- 
load plasma glucose concentration. 
Interest ingly,  genes in this area 
show homology to the region on 

h u m a n  chromosome 11p (Levan et al. 1986; 
Hoovers et al. 1995), for which our results impli- 
cate a QTL for postload glucose levels. The GK rat 
results also suggested linkage between fasting 
glucose and regions on rat chromosomes 2, 10, 
and 17. Unfortunately, the ra t -human  homology 
relationships for the regions on h u m a n  chromo- 
some 6, for which our data implicate QTLs for 
fasting glucose concentration, are not  presently 
known. 

It is also of considerable interest that  the re- 
gion marked by D6S290 has been linked to type I 
diabetes (Davies et al. 1994; Todd 1995). This sus- 
ceptibil i ty site has been labeled IDDM5. Al- 
though the pathogenesis of type I and II diabetes 
are clearly different, the former having an im- 
mune basis and the latter not, they could, never- 
theless, share certain susceptibility loci. Thus, al- 
though the primary susceptibility site for type I 
diabetes is in the HLA region on chromosome 6p 
(Davies et al. 1994; Todd 1995), additional loci, 
including some that might  principally confer sus- 
ceptibility to type II diabetes, could, nevertheless, 

GENOME RESEARCH @ 729 

 Cold Spring Harbor Laboratory Press on June 23, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


SIERN ET AL. 

Table 3. Comparison of Multipoint Iod Scores with All Diabetics or Treated Diabetics 
Excluded 

Map 
Marker position (cM) 

Iod Scores 

all diabetics only untreated 
included diabetics included 

all diabetics 
excluded 

Fasting glucose 

2-h glucose 

HBB 15.3 
D11 $1324 66.5 
HBB 15.3 
D11 $899/ 

D11 $1324 62.0 

Fasting glucose D6S257 57.2 
D6S300 a 80.5 
D6S290 a 167.4 
D6S1035 178.4 

2-h glucose D6S290 a 167.4 
D6S1035 1 78.4 

Chromosome 11 
1.76 1.14 0 
1.39 2.15 0 
2.77 0.15 0 

3.37 1.90 0 

Chromosome 6 
0.53 2.78 0 
2.1 7 0.86 0 
2.15 2.74 0 
0.85 3.14 0 
1.50 0.90 0 
0.43 1.20 0 

aOriginal peaks. 

contribute additional vulnerability to type I. An- 
other susceptibili ty site for type I diabetes 
(IDDM2) has been mapped to the 5' regulatory 
region of the insulin gene on chromosome 
11p15. However, our signal on 11p does not ap- 
pear to be attributable to the insulin gene, as HBB 
is 12.2 cM centromeric to the insulin gene and 
the D11S899/D11S1324 peak is 57.9 cM centro- 
meric to the insulin gene. 

Elbein and coworkers (1996) tested for link- 
age between diabetes and 23 markers on chromo- 
some 11 using a variety of model-based ap- 
proaches and also the nonparametric, affected 
pedigree member (APM) method. They found no 
evidence for linkage to either the HBB gene or the 

region where our main peak was observed. They 
did, however, find weak and somewhat inconsis- 
tent  evidence of l inkage to D l l S 9 1 6  and 
DllS901, at 82.8 and 91.1 cM, respectively. In 
the present study, the lod scores at these two loci 
were zero (see Figs. 1 and 2). Two important dif- 
ferences between the study by Elbein et al. and 
ours is that their study was carried out in a popu- 
lation of Northern European descent, and their 
pedigrees were ascertained on sibships contain- 
ing at least two individuals with diabetes. Not 
only might populations of Northern European 
origin have different diabetes susceptibility genes 
than Mexican Americans, but ascertainment of 
muliplex families may identify pedigrees with 

Table 4. Iod Scores Between Markers on Chromosomes 11 and a Putative Major Gene 
Influencing Diabetes Age of Onset as Specified by a Segregation Model 

Number of 
Map position individuals 

Marker (cM) genotyped 

Iod scores at recombination fractions of: 

0.00 0.01 0.5 0.10 0.20 

D11 $1984 0 400 
D11 $988 8.3 395 
HBB 15.3 433 
DllS1331 19.0 393 

-0 .70  -0 .56  -0 .16  0.16 0.37 
0.39 0.50 0.80 0.97 0.90 
1.99 2.03 2.09 1.99 1.48 

-0 .89 -0 .79  -0 .48  -0.21 0.06 
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unique susceptibility loci not found, or found 
with lower frequency, in the general population. 

Recently, Hanis et al. (1996) reported evi- 
dence of linkage between type II diabetes and a 
region at the q-terminal end of chromosome 2 in 
a population of Mexican Americans from Starr 
County, Texas, on the U.S.-Mexican border. We 
have been unable to find linkage between mark- 
ers in this region, including the marker D2S125 
where Hanis et al. observed their strongest signal, 
and either fasting or 2-hr glucose using the vari- 
ance component  technique. Also, tight linkage 
between this marker and the early age of diabetes 
onset gene (Stern et al. 1996) was rejected with 
lod scores of - 4 . 4 2  at a recombination fraction 
of 0 and - 2 . 3 4  at a recombination fraction of 
0.1. 

A number of plausible candidate genes are 
located in the regions where we observed linkage 
to plasma glucose concentrations. Two recent re- 
ports have linked familial persistent hyperinsu- 
linemic hypoglycemia of infancy (PHHI), a disor- 
der of unregulated insulin secretion associated 
wi th  severe hypog lycemia ,  to c h r o m o s o m e  
11p14-15.1 (Glaser et al. 1994; Thomas et al. 
1995a). Thomas et al. (1995a) concluded that  
the PHHI locus lies in a region between the mark- 
ers Dl lS926 and DllS899,  that  is, the region on 
chromosome l l p  where our strongest 2-hr glu- 
cose signal was seen. Recently, the [~ cell high- 
affinity sulfonylurea receptor (SUR) gene, a regu- 
lator of insulin secretion, has been cloned, which 
maps to this same chromosomal region (Aguilar- 
Bryan et al. 1995; Thomas et al. 1995b). It appears 
that  point  mutations in SUR are responsible for 
abnormal insulin secretions in PHHI (Thomas et 
al. 1995b). Absence of linkage between type II 
diabetes and the SUR gene has been reported in a 
Japanese populat ion (Iwasaki et al. 1996). Al- 
though this lack of concordance with our results 
could also reflect popu la t i on  differences,  it 
should be noted that  the negative report in Japa- 
nese was based on only 140 sibpairs and may, 
therefore, have lacked statistical power. 

A potential candidate gene near D6S290 is 
the membrane glycoprotein PC-1 gene. It appears 
that  that  this protein plays a role in the insulin 
resistance of type II diabetes (Maddux et al. 
1995). The PC-1 gene has been localized to 6q22- 
q23 (Funakoshi et al. 1992). 

These studies indicate that  despite the ge- 
netic complexity underlying type II diabetes in 
humans,  specialized genetic studies can uncover 
clues to the locations of diabetes susceptibility 
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genes. In the present case, the Native American 
heritage common to the individuals under study 
may limit the genetic heterogeneity that  broader- 
based studies in the United States may encoun- 
ter. This study also suggests that in addition to 
highly polymorphic markers and maps, more so- 
phisticated analytic tools to model IBD relation- 
ships, such as the multipoint  variance compo- 
nents approach, may be helpful in the study of 
this complex disorder. Finally, these data suggest 
tha t  the similarities between diabetes-related 
phenotypes in the GK rat and human type II dia- 
betes may reflect a common underlying genetic 
basis and that  continued study of both systems 
will prove synergistic in the elucidation of the 
genetic etiology of the disorder. 

METHODS 

Genotyping of Markers 

DNA was extracted from white blood cells using proteinase 
K digestion/phenol extraction and alcohol precipitation in 
a semiautomated fashion on an ABI 341 RNA/DNA extrac- 
tor. Genotyping was done with PCR of locus-specific mic- 
rosatellite markers. Fifty nanograms of DNA was amplified 
in 20-p~l PCR assays containing 20 mM Tris-HC1 (pH 8.3), 
50 mM KC1, 1.0-2.5 mM MgC12, 10 ng of each PCR primer 
(one labeled with [~/-32p]ATP using polynucleotide kinase), 
and 0.5 unit of Taq polymerase. Reactions were denatured 
at 94~ annealing was carried out for 1 min at primer- 
specific temperatures; and extension was carried out for 1 
min at 72~ Amplification products were mixed with an 
equal volume of formamide/dye mixture, and 3-1~1 ali- 
quots were separated on a 7% denaturing polyacrylamide 
gel containing 34% urea and 32% formamide in 1 x Tris/ 
borate/EDTA running buffer. 

Gels were sequentially loaded with four sets of 
samples at 20 to 40 rain intervals. To minimize sample 
handling errors, all steps of sample handling, PCR, and gel 
loading used eight channel tools and 96-well plates. Gels 
were fixed in 20% methanol/acetic acid, dried, and ex- 
posed to x-ray film. The genotypic data were entered into 
a data base and analyzed for discrepancies (i.e., violations 
of Mendelian inheritance), using the program INFER (PED- 
SYS) (Dyke 1993). Discrepancies were checked in the labo- 
ratory for mistyping, and markers for discrepant individu- 
als were corrected. 

Multipoint Variance Components Linkage 
Analysis 
A number of general mutipoint variance components 
methods have been proposed that allow for locus-specific 
effects, residual genetic effects, covariate effects, and ran- 
dom environmental effects (Goldgar 1990; Schork 1993; 
Amos 1994). Simulation results (Goldgar 1990; Schork 
1993; Blangero 1995a,b) have revealed that these methods 
are more powerful than the sibpair test of Haseman and 
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Elston (1972). In addit ion,  the  m e t h o d  is less prone  to false 
positives, as it partially accounts  for the  wel l -known prob- 
lem of n o n i n d e p e n d e n c e  a m o n g  sibpairs (Wilson and E1- 
s ton 1993; Blangero 1995a,b). W h e n  we per formed Hase- 
man-E l s ton  sibpairs analyses on the  markers implicated in 
this paper, the  P values ranged from 0.01 to 0.24, but  a 
consis tent  pat tern  did n o t  emerge. Another  major  benefi t  
of the  variance c o m p o n e n t  m e t h o d  is tha t  it provides an 
unbiased est imate of the  relative variance in a trait tha t  is 
at tr ibutable to an under ly ing  QTL (Blangero 199Sb). Thus, 
it provides a useful metric  with regard to the  genetic effect 
size of a QTL. 

Our approach  is an extens ion  of a m e t h o d  developed 
by Amos (1994), wh ich  is based on  specifying the  expected 
genetic covariances between relatives as a func t ion  of their  
IBD relat ionships at a marker  locus (which is hypothes ized  
to be l inked to a locus inf luenc ing  the  quant i ta t ive  trait). 
The pheno typ i c  covariance matrix for a given sibship (~) 
is given by f~ = Hcr~2~ + 2 4 ~  + I~r 2, where  11 is a matrix with 
e lements  (~rmij) provid ing  the  p ropor t ion  of genes that  in- 
dividuals i and  j share IBD at a marker  (m) l inked to a 
quant i ta t ive  trait locus; ~r2m is the  addit ive genetic vari- 
ance attr ibutable to the  marker  locus; & is the  k inship  ma- 
trix; ~r2g is the  variance attr ibutable to residual addit ive 
genetic effects; I is an ident i ty  matrix; and  ~2 e is the  vari- 
ance at tr ibutable to r a n d o m  en v i ro n men ta l  effects. Al- 
though ,  in principle, this m e t h o d  can be used wi th  ex- 
t ended  pedigrees, es t imat ing the  IBD matr ix for all relative 
pairs in an ex tended  pedigree is h ighly  compu te r  intensive 
(Blangero 1995b). Therefore, we applied the  m e t h o d  to 
sibships us ing  the  SIBPAL program in SAGE to obta in  
the  IBD matr ix for sibpairs. 

Extensive power  analyses using a n o m i n a l  ~ = 0.0S 
cutoff  cr i ter ion have been  pe r fo rmed  for this variance 
c o m p o n e n t s  m e t h o d  using compu te r  s imulat ions  and the  
pedigree structures in the  present  data set. The results in- 
dicate excellent  power  to detect  quant i ta t ive  trait locus 
effects (e.g., >80% power  to detect  effects as small as those  
a c c o u n t i n g  for on ly  15% of the  p h e n o t y p i c  variance) 
(J. Blangero, unpub l i shed  data). 

Both variance c o m p o n e n t s  and  covariate effects were 
es t imated s imutaneous ly  by m a x i m u m  l ikel ihood tech- 
niques.  A l ikel ihood func t ion  based on  mult ivariate  nor- 
mal  densi ty  was numerica l ly  maximized  to obta in  the  fol- 
lowing n ine  parameter  estimates: (1) ix = the  pheno typ i c  
mean;  (2) 6(sex)= the  regression coefficient for sex; (3) 
13(ageM) = the  regression coefficient for age in males; (4) 
[3(ageF) = the  regression coefficient for age in females; (5) 
[3(age2M) = the  regression coeficient  for age squared in 
males;  (6) 6(age2F)= the  regression coef ic ien t  for age 
squared in females; (7) cr = the  pheno typ i c  s tandard devia- 
t ion; (8) h 2 - the  genetic variance attr ibutable to residual 
addit ive polygenic  effects; and  (9) h2m = the  genetic vari- 
ance attr ibutable to the  marker  locus l inked to a locus 
inf luencing the  quant i ta t ive  trait. 

M a x i m u m  l ikel ihood est imates tha t  assume mult i-  
variate normal i ty  can be shown  to yield consis tent  param- 
eter estimates even w h e n  the  distr ibutional  assumpt ions  
are violated. The est imated error covariance matrix, how- 
ever, may  be biased if normal i ty  does no t  hold.  To obviate 
this difficulty, we calculated robust  s tandard  errors for 
these estimators by a modi f ica t ion  of the  covariance ma- 
trix of the  parameters involving  specification of the  first 
two m o m e n t s  of the  under ly ing  dis tr ibut ion (Beaty et al. 
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1985). The hypo thes i s  of no  familial  aggregat ion  was 
tested by compar ing  the  l ikel ihood of a mode l  in wh ich  
bo th  parameters  h 2 and hXm were const ra ined to values of 0 
with a mode l  in which  the  parameter  h 2 was est imated.  
The hypothes is  of no  linkage was tested by compar ing  the  
l ikel ihood of a mode l  in wh ich  only  the  parameter  hZm was 
const ra ined to a value of 0 wi th  a mode l  in wh ich  this 
parameter  was est imated.  Twice the  difference in the  log 
l ikel ihoods of these models  yields a test statistic tha t  is 
asymptot ical ly  distributed, approx imat ing  a • distribu- 
t ion [as a 1/2:1/2 mixture  of a X 2 and a po in t  mass at 0 (Hop- 
per and Mathews 1982; Self and Liang 1987)]. The degrees 
of f reedom are equal to the  difference in the  n u m b e r  of 
parameters  es t imated in the  two c ompe t i ng  models .  We 
have i m p l e m e n t e d  the  robust  variance c o m p o n e n t s  link- 
age procedure  using the  compu te r  program FISHER (Lange 
et al. 1988). 

Our mu l t i po in t  approach  is an extens ion of the  mul-  
t ipo in t  m a p p i n g  strategy proposed  by Fulker et al. (1995). 
The m e t h o d  uses i n fo rma t ion  on  all available markers  
separated by k n o w n  ma p  distances. Th rough  s tandard re- 
gression procedures,  the  p ropor t ion  of allele-shared IBD 
for a given c h r o m o s o m e  locat ion is est imated.  Because the  
m e t h o d  requires knowl e dge  of the  d is tances  b e t w e e n  
markers, we used the  distances reported in the  GDB (Fas- 
m a n  et al. 1994). Markers tha t  were included in our  data 
set, but  are no t  m a p p e d  in the  GDB, were placed on  the  
ma p  using the  program CRI-MAP (P. Green, K. Falls, and  S. 
Crooks,  unpubl . ) ,  w h i c h  employs  Kosambi 's  m a p p i n g  
funct ion .  The variance c o m p o n e n t s  m e t h o d  was applied 
at 1-cM intervals, lod scores were obta ined  by conver t ing  
the  In l ikel ihood values into values of log to the  base 10, 
and lod scores were p lo t ted  against m a p  distances. 

W h e n  the  mu l t i po in t  variance c o m p o n e n t s  analysis 
indicated mul t ip le  c h r o m o s o m a l  regions wi th  lod scores 
>2.0, we per formed an oligogenic variance c o m p o n e n t s  
analysis util izing all suggestive markers. Joint  analysis of 
these suggestive loci has two m a i n  benefits: (1) It helps to 
est imate false positives, as joint  es t imat ion can be shown  
to yield more  accurate estimates of effect size (therefore, 
false linkages t end  to be diminished);  and (2) it increases 
the  power  to detect  linkages, as condi t iona l  testing using 
profile lod scores has the  effect of maximiz ing  the  relative 
signal-to-noise ratio of true linkages. We carried out  con- 
di t ional  linkage tests as follows: Given a set of n markers 
whose  marginal  analysis is suggestive of linkage, we per- 
formed a mul t ip le  locus analysis in wh ich  a relative vari- 
ance was est imated s imul taneous ly  for each under ly ing  
QTL. To obta in  profile LOD scores, we then  sequential ly 
deleted the  focal marker  to yield a null  mode l  wi th  n - 1  
es t imated  QTL variance terms.  The l ike l ihood for this 
nested mode l  was t hen  compared  to the  general model ,  
and  the  condi t iona l  (or profile) lod score was computed .  
Our experience wi th  this approach  shows tha t  bo th  types 
of results (the e l imina t ion  of false positives and the  in- 
creased signal of true linkages) can occur. 

Our oligogenic models  generally assume additivity.  
However, when  two or more  loci c on t i nue d  to suggest 
linkage wi th  QTLs after condi t iona l  testing, we addit ion-  
ally allowed for epistasis (gene-gene interaction).  Specifi- 
cally, we tested for addit ive • addit ive epistasis by defin- 
ing a new variance c o m p o n e n t  whose  s t ructur ing coeffi- 
cient matrix consisted of the  Hadarnard product  of the  two 
cons t i tuen t  markers '  IBD probabili ty matrices. The signifi- 
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cance of the epistatic component of variance was evalu- 
ated using a likelihood ratio test. 
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