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Analysis of Genetic and Environmental Sources of Variation in
Serum Cholesterol in Tecumseh, Michigan. III. Identification
of Genetic Effects Using 12 Polymorphic Genetic
Blood Marker Systems

CHuarrEs F. SiNG! AND JonN D. Orr

INTRODUCTION

In this report we present our analysis of data collected in Tecumseh, Michigan, to
determine whether any of 12 unlinked polymorphic blood and serum markers can
be used to identify genetic effects on normal variation in human serum cholesterol
level. This is the third report of studies designed to identify genetic and environ-
mental factors which play a role in predicting an individual’s serum cholesterol.
Our findings will be compared with other studies.

POPULATION STUDIED AND METHODS OF ANALYSIS

The population of Tecumseh, Michigan, and the design for data collection have been
reported previously [1-3], as have the sampling procedures, method of laboratory anal-
ysis, and distributional properties for the nonfasting serum cholesterol [4, 5]. Because
of skewness in the frequency distribution of the basic data, we decided to work with the
natural logarithm (In) of the cholesterol values. Approximately 609 of the total sum
of squares of In cholesterol in either sex can be explained (in the regression sense) by
variability in age, replication, and socioeconomic variation. Adjustment for these con-
comitant variables results in the reduction of the variance of an observation of 379% and
399% in males and females, respectively.

The increase in statistical precision for detection of correlations with genetic markers
attained by adjustment of the data is obvious. However, by analyzing adjusted data we
must assume that the distributions of the age, replicate, and socioeconomic variables are
homogeneous among marker phenotype classes. Preliminary analyses of variance did not
detect statistically significant heterogeneity of age, generation, or occupation effects among
single-locus marker phenotype classes. Regardless, the comparisons among marker pheno-
types presented here are conditional on the adjustments made for age, replication, and
socioeconomic effects whose distributions may only reflect the community of Tecumseh
and not a larger “generalized” population of inference. For this reason the comparisons
with other studies, using concordance of effects to support a genetic finding, represent a
conservative estimate of the role genes may play in determining normal cholesterol vari-
tion in man.
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454 SING AND ORR
There were 4,619 males and 4,730 females available for adjustment by regression. Of

these, 3,112 males and 3,254 females who were typed for each of the 12 unlinked poly-
morphic genetic markers given in table 1 were considered.

TABLE 1

ALLELES AND PHENOTYPES OF THE 12 GENETIC SYSTEMS ANALYZED

System Alleles Phenotypes
GC iiviiiietiieneteaneraneanennsens Gel, Ge2? Ge 1-1, Ge 1-2, Ge 2-2
€ < A,B AA, AB, BB
Haptoglobin ............c.covivennn. Hpl, Hp2 Hp 1-1, Hp 1-2, Hp 2-2
MNSS tiitiiineerinsnassarsnnannns M,N MM, MN, NN
S, s SS, Ss, ss
Rh ot i iiiiiiieannen C,c CC, Cc, cc
E e EE, Ee, ee
D,d D, dd
Duffy ..ottt iiiiiea Fya, Fyb Fy(a+), Fy(a—)
P o e Pl P2 P1, P2
ABH secretion ........cc000iiininnnnn Se, se Secretor, nonsecretor
Lewis secretion ..........coevvvnnenn Le,le LeS, nL
Kell .ooiiiiiiiiiiiiiiiiiinneennannn K,k K, kk
Kidd ..oovviiiiiiiiiiiiiiiiienenne Jka, Jkb Jk(a+), Jk(a—)
Jk(b+), Jk(b—)
ABO ...ttt e A,,4,,B,0 A,,A, A B,AB,B,0O

For this analysis, the Rh phenotypes were translated to the eight common phenotypes
based on the R2, Rl, R? and r chromosome designations. Contingency chi-square anal-
yses to compare single-locus phenotype frequencies in this subsample with those in the
total genetic sample reported by Shreffler et al. [6] failed to detect statistically significant
heterogeneity (a = 0.05 comparisonwise test criterion).

The adjusted In cholesterol distributions for the subsample, which were also typed for
the markers, had variances of 0.02908 and 0.02890 for males and females, respectively.
These values do not differ greatly from 0.03054 for males and 0.02990 for females com-
puted for the total samples. We conclude, therefore, that the In cholesterol and marker
phenotype frequency distributions for the male and female subsamples are representative
of the larger samples studied by Sing et al. [4].

The strategy employed in this report for analyzing the variability in adjusted In cho-
lesterol values attributable to marker phenotype variability for each sex was to first
consider each genetic marker system separately using the three-level nested analysis of
variance of weighted means. Then the systems identified were combined to determine if
there was a statistically significant improvement in prediction of cholesterol level by
considering multilocus phenotypes.

Two statistical problems arise in these analyses. The first concerns the choice of an
error mean square to test for significant marker phenotype variation when there is a
covariance in cholesterol levels between pairs of individuals because they share a com-
mon household environment. This problem applies to the analysis of variability among
both single-locus and multilocus phenotypes. The second problem concerns the difficulty
(due to unequal numbers in multilocus phenotype subclasses) in estimating the deviations
due to the nonadditivity of single-locus marker phenotype effects in determining multi-
locus marker phenotype variability in cholesterol.

To handle the first problem, the variability among household means was used to test
for statistically significant differences among marker phenotype means. In this way the
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covariance between individuals within a phenotype class, because they share the same
household, was taken into account in the choice of the error mean square for testing
marker phenotype differences. For households with more than one marker phenotype of
the marker system being analyzed, one phenotype class was chosen at random to represent
each household independently of the number of individuals in each phenotype class. The
total sample of available cholesterol observations was reduced for each marker system by
approximately 15% due to this redefinition of the sample for statistical analyses. The
resulting subsamples, however, are representative of the larger sample for the genetic
markers which gave statistically significant heterogeneity among phenotype means
(table 2).

TABLE 2

MEAN AND STANDARD DEVIATION OF LN CHOLESTEROL FOR SAMPLES BASED ON MARKER
AND HoUSEHOLD CRITERIA

MaALEs FEMALES

SAMPLE DEFINITION No. Mean SD No. Mean SD

Ignoring household:
Individuals typed for 12 markers .. 3,112 5.29757 0.17054 3,254 5.30737 0.17001
One phenotype per household:

Individuals typed for Gm ........ 2,605 5.29552 0.17056 2,778 5.30854 0.17140
Individuals typed for haptoglobin .. 2,543 5.29501 0.17196 2,726  5.30826 0.17128
Individuals typed for secretor ..... 2,800 5.29721 0.16935 2,950 5.30823 0.17030
Individuals typed for ABO ........ 2,623  5.29717 0.17027 2,784 5.30862 0.17150

The analysis of variance appropriate for detecting statistically significant variability
among marker phenotypes when there is an unequal number of individuals per household
and/or households per phenotype class is given in table 3. We assume that the variability

TABLE 3

ANOVA TaBLE FOR TESTING MARKER PHENOTYPE EFFECTS

Mean
Source of Variation df Squares Expected Mean Squares
Marker phenotype .............c.coo.... (P-1) MSp onp?+ 6052 + 9.0p2
Household within phenotype ............. (H-P) MSy; o2+ 90052
Individuals within household ............ (N-H) MS;p, o

Note.—P = no. of phenotype classes; H = total no. of households; and N = total no. of individuals.

among individuals sharing the same household and among household means within marker
classes are statistically independent random effects. The household mean square for test-
ing phenotype effects was constructed as MS;, + ¢.[ (MSy — MS;)/q0]. The formula
for computing ¢, ¢; and the degrees of freedom for this function are given by Sokal and
Rohlf ([7], p. 274) with a general discussion of the nested analysis of variance for un-
equal sample sizes. Because no more than one phenotype is considered for each household,
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the number of degrees of freedom available for the analysis of each single (or multiple)
locus marker system is determined by the distribution among households of the marker
phenotypes being analyzed. Estimates for household mean square from single-locus anal-
yses ranged from 0.032 to 0.036. Estimates from multilocus analyses (up to four loci)
fell in this range, but closer to 0.032. In every single-locus case considered, the household
component of variance is statistically significant.

Rather than attempt to determine the exact proportion of sum of squares due to
nonadditivity between marker systems, we chose simply to identify marker systems which
gave an improved prediction when combined with other marker systems, identifying the
statistically independent contribution of a marker (or combination of markers). Thus, one
can infer the presence of interaction only from the failure of a marker system, which is
significant by itself, to contribute significantly to reduction in variability when in com-
bination with other markers.

The F ratio,
(PSSy — PSSR) |k

mean square household

=F (k, household df)

was utilized in a stepwise fashion to identify the statistically independent contribution
of markers to multilocus phenotype variability. The & coefficient is the difference in
degrees of freedom for the phenotype sum of squares for the larger number of marker
systems (PSSc) and the phenotype sum of squares for the smaller number of marker
systems (PSSg). The household mean square was taken'to be the estimate associated
with the household sum of squares for the smaller number of marker systems. As with
the single-locus marker analyses, the data represented only one multilocus marker pheno-
type class from each household.

RESULTS

The nested analysis of variance conducted for each genetic system identified four
markers—Gm, haptoglobin, secretor, and ABO—which gave statistically significant
variation among phenotypes for one or both sexes (table 4). The multilocus com-
binations of these systems which gave a significant reduction in residual variability
beyond that identified by phenotypes based on fewer systems are also presented in
table 4. The variance components o p2, ox?, and op? were estimated from the
analysis of variance based on marker phenotypes defined by all four systems. The
reduction in the variance of an individual’s serum cholesterol due to fitting these
marker phenotypes was 1.4% for males and 0.6% for females.

The mean and standard deviation for each phenotype for each of the four marker
systems is given in table 5. These data are based on the total sample ignoring the
household definition used for the statistical analyses. Standard deviations are re-
markably homogeneous among phenotype classes. The phenotypes are presented
in rank order determined by the sex which gave the statistically significant weighted
mean square. The females determine the Gm and haptoglobin order and the males,
the ABO order of presentation. The nonsecretors had a significantly greater mean
cholesterol in both sexes. Scheffé’s a posterori method of pairwise contrasts was used
on the ranked means of the other three systems in the sex which gave statistically
significant differences by the analysis of variance. The per observation error was
taken to be the household mean square estimated from the nested analysis of vari-
ance. Brackets enclose those pairs of means which are not significantly different
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TABLE 5

MEAN LN CHOLESTEROL AND STANDARD DEVIATION OF PHENOTYPES FOR EACH OF THE GENETIC

SYSTEMS GIVING STATISTICALLY SIGNIFICANT DIFFERENCES IN ONE OR BOTH SEXES

PRESENTED IN ORDER OF RANK IN FEMALES (GM, HAPTOGLOBIN, SE)
AND MaLEs (ABO)

MALES FEMALES
PHENOTYPE No. Mean SD No. Mean SD
All ..ot 3,112 5.29757 0.17054 3,254 5.30737 0.17001
(199.8) (201.8)
Gm:
AB ...t 1,386 5.30130 0.16950 1,404 5.31731 0.16999
(200.6) (203.8)
AA ..., 331  5.30394 0.16741 351 5.30850 0.16832
(201.1) (202.1)
BB ....ciiiiiiiinan 1,395 5.29235 0.17232 1,499 5.29780 0.17000
(198.8) (199.9)
Hp:
22 tiiiiiieesecnanan 1,050 5.30443 0.17628 1,129 5.32090 0.17127
(201.2) (204.6)
) 1,544  5.29700 0.16872 1,585  5.30081 0.16902
(199.7) . (200.5)
) 518 5.28536 0.16370 540 5.29836 0.16716
(197.4) (200.1)
Nonsecretor ........... 767 5.31199 0.16372 831 5.32011 0.16766
(202.8) (204.4)
Secretor ......ciiiinen. 2,345 5.29285 0.17249 2,423 5.30300 0.17062
(198.9) (200.9)
ABO:
S 1,038 5.31445 ] 0.16627 1.144 5.30878 0.17140
(203.2) (202.1)
Ay i 309 5.31362 0.16957 297 5.31517 0.17266
(203.1) (203.4)
AB ...l 77 5.31352 0.16188 83 5.29463 0.14812
(2031) [ (199.3)
B oo 301 5.30838 0.16579 277 5.31518 0.17268
(202.0) (203.4)
A2B ................ 36 5.27900 0.15423 36 5.24830 0.18070
(196.2)J (190.2)
(0,10 J 1,351 5.27811 0.17417 1,417 5.30532 0.16866
(196.0) (201.4)

Note.—Nos. in parentheses = anti-In. Brackets mark those classes which are not significant using an a = 0.05
Scheffé’s test for pairs on only those genetic systems which gave statistically significant differences among pheno-

types (see table 4).

when an overall o = 0.05 experimentwise error rate is achieved for each marker
system. For Gm the female phenotypes carrying the 4 allele have significantly
greater mean cholesterol than the BB homozygote (3.58 mg/100 ml). In males this
difference was concordant (1.90 mg/100 ml) but not statistically significant. For
haptoglobin, in females, the 2-2 phenotype was 4.22 mg/100 ml greater than the
Hp'-carrying phenotypes. Again, this difference was not statistically significant in
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males, but it was concordant (1.75 mg/100 ml). The O phenotype in males has a
significantly lower mean than all but the A.B phenotype. There appears to be no
consistent rankings of ABO phenotypes between the sexes. On the average, the differ-
ence between the high and low phenotype classes for the four marker systems was
4.30 mg/100 ml for males and 6.28 mg/100 ml for females.

Every two-locus combination involving a marker system showing significant
phenotype variability gave a significant improvement (o = 0.05 level of probabil-
ity) in prediction when contrasted to the reduction in sum of squares due to either
of the systems in the combination. On the other hand, no three-locus combination
(in females) gave a significant improvement over any of the three two-locus com-
binations of the three systems involved in each case. However, the four-locus
combination of the four systems involved accounted for a significant reduction in
variability over all two-locus combinations in males but not females.

Table 6 presents the high and low two-locus phenotypes selected on the basis of
ranking in the sex which gave statistically significant two-locus marker phenotype
variability (see table 4). The high and low phenotypes were concordant between
sexes in every case. The average difference between the high and low phenotype
classes was 8.78 and 8.90 mg/100 ml for males and females, respectively.

DISCUSSION

The proportion of the variance in the adjusted In cholesterol value of an individual
which may be assigned to variability in phenotypes based on four polymorphic
genetic markers is remarkably large (approximately 1%) considering the small
proportion of the human genome sampled. The evaluation of significant differences
among the phenotypes of each of these four unlinked markers suggests that they
identify at least as many genetic loci which influence serum cholesterol levels.

Considering the males and females as independent samples, we would expect
spurious associations of cholesterol level with merker phenotypes to be randomly
distributed between the samples if there were truly no marker effects. The differ-
ences among Gm, haptoglobin, and secretor phenotypes are concordant between
the sexes. Only for the ABO marker system is the association heterogeneous be-
tween the sexes. However, as we shall discuss below, by considering specific con-
trasts among ABO phenotypes the results of this study are not inconsistent with
findings from other studies. To summarize the findings of this study, it is highly
unlikely, in light of the observed consistency between sexes, that the statistical
differences identified by these four loci represent an expected type I error level.

A number of studies based on large samples allow a comparison among human
populations for associations of serum cholesterol with marker phenotypes; the
most common marker system which has been studied is, of course, ABO. In every
study the A-carrying phenotype has had a higher mean cholesterol than non-4
phenotypes (see [8, 9] for a review). An hypothesis, based on associations between
intestinal alkaline phosphatase levels and ABO and secretor phenotypes [10-12],
predicts the higher serum cholesterol levels found in Tecumseh for the A and non-
secretor phenotypes. A summary of the studies compared to our data (table 7) sug-
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gests consistently higher cholesterol levels in the A and nonsecretor phenotype classes.

The lower cholesterol mean for the haptoglobin 1-1 phenotype found in Tecumseh
is consistent in the two previous studies that used haptoglobin as a marker [15, 17].
To our knowledge, no other study has reported a Gm effect on cholesterol variability.

A number of studies using Rh as a marker have suggested a possible Rh effect
on cholesterol prediction. Comparisons are difficult because of the heterogeneity
among studies for the number of antigens used. Of three studies which involved
only Rh+4 and Rh— typings, two were consistent with the greater mean cholesterol
levels of Rh negative individuals in Tecumseh, while one was not. In all cases,
including Tecumseh, the difference was small (less than 2.0 mg/100 ml) and not
statistically significant. Using the Rh C and c antigens, Alfred et al. [19] reported
that in three widely separated populations of British Columbia Indians, serum
cholesterol was always lowest for those (males and females pooled) with the CC
phenotype. For pooled sexes, CC (198.40) was also lower than Cc (201.22) and cc
(201.56) in Tecumseh, although the differences are not statistically significant.

This study and other reports combine to indicate that there is now evidence that
there are a number of polymorphic genetic loci randomly distributed throughout
the genome which each have a small effect on serum cholesterol levels. The consistent
effects over a large number of studies for ABO and a lesser number for secretor and
haptoglobin suggests that they may directly influence serum cholesterol levels. The
alternative hypothesis that the observed effects are due to a locus (or loci) closely
linked to the marker locus becomes less plausible as the number of confirmations
of specific marker phenotype effects increases. The linkage disequilibrium required
to keep the locus affecting cholesterol from randomizing its alleles with respect to
the marker alleles across populations would need to be like that found for the MNSs
and Rh complexes.

The statistical analyses of multilocus phenotypes suggest nonindependence of
the information on cholesterol among the four unlinked marker systems which gave
statistically significant differences. An approximate measure of the additivity be-
tween marker effects defined by the single-locus analyses is summarized in table 8.
There is a postitive linear regression of cholesterol level on the number of positive
single-locus deviations represented in the four-locus phenotypes, and it is concordant
between sexes. Estimation of average effects of alleles and deviations from additivity
of allele effects (and/or nonallele effects) in determining multilocus phenotypes is
not appropriate for this model. However, the conclusion that each of the loci has
a small but additive effect on cholesterol level is documented by the consistent rank
order of mean values from lowest to highest in both males and females. Correlated
frequencies and/or interaction among the genes being marked could account for the
deviations from regression. Although exact statements of probability on the signifi-
cance of a regression constructed in this manner are inappropriate, the regression
outcome is consistent with the hypothesis that polygenes are involved in determining
a portion of the cholesterol variation in the Tecumseh population. The concordance
between sexes for the high and low two-locus phenotypes of combinations of
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TABLE 8

REGRESSION OF LN CHOLESTEROL LEVEL ON NUMBER OF PoSITIVE MARKER EFFECTS
DEFINED BY SINGLE LocUs ANALYSES

MALES FEMALES
No. or PosITIVE

Marker EFrecTS No. Mean No. Mean
[ 341 5.26376 383 5.28966
(193.2) (198.3)
PN 1,105 5.28543 1,111 5.29411
(197.4) (199.2)
/N 1,169 5.31072 1,198 5.31646
(202.5) (203.7)
K N 437 5.31212 480 5.32535
(202.8) (205.5)
I 60 5.35040 82 5.33194
(210.7) (206.8)
Linear regression coefficient ... ... 0.01848 cee 0.01373
(3.72) (2.79)

Note.—Approximate anti-In equivalent in parentheses. Phenotypes with positive marker effects: Gm: AA, AB;
haptoglobin: 22; secretor: nonsecretor; ABO: A,, A,, A;B, A_B.

markers which gave statistically significant results further indicates that the results
obtained in this study are not spurious-type I errors.

The associations between intestinal alkaline phosphatase, cholesterol levels in
the serum, and cell surface antigens which have now been reported suggest a need
for in depth biochemical studies of the role red cell antigenic factors may play in
determining the levels of cholesterol in the serum. Regardless of the outcome of
biochemical studies, the controversy over the genetic model which explains normal
cholesterol variation appears to be weighted toward the multifactorial hypothesis:
small individual differences are due to environmental and genetic factors which
cumulatively effect the serum cholesterol level. In the meantime, the statistical
tendency to higher serum cholesterol levels for phenotypes based on certain poly-
morphic markers provides a basis for predicting cholesterol for a large proportion
of the population as early in life as blood typing can be carried out.

SUMMARY

Four of 12 unlinked polymorphic marker systems were identified as predictors
of normal serum cholesterol levels. Consistent effects between males and females
and with other studies suggest that these marker loci are themselves involved in
cholesterol determination or are closely linked to the involved loci. Two-locus com-
binations suggest that an 8-9 mg/100 ml difference in nonfasting serum cholesterol
may be predicted between phenotypic classes which are not rare in frequency.
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