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Human genetic linkage maps are based on rates of recombination across the genome. These rates in humans vary
by the sex of the parent from whom alleles are inherited, by chromosomal position, and by genomic features, such
as GC content and repeat density. We have examined—for the first time, to our knowledge—racial/ethnic differences
in genetic maps of humans. We constructed genetic maps based on 353 microsatellite markers in four racial/ethnic
groups: whites, African Americans, Mexican Americans, and East Asians (Chinese and Japanese). These maps were
generated using 9,291 subjects from 2,900 nuclear families who participated in the National Heart, Lung, and
Blood Institute—funded Family Blood Pressure Program, the largest sample used for map construction to date.
Although the maps for the different groups are generally similar, we did find regional and genomewide differences
across ethnic groups, including a longer genomewide map for African Americans than for other populations. Some
of this variation was explained by genotyping artifacts—namely, null alleles (i.e., alleles with null phenotypes) at
a number of loci—and by ethnic differences in null-allele frequencies. In particular, null alleles appear to be the
likely explanation for the excess map length in African Americans. We also found that nonrandom missing data
biases map results. However, we found regions on chromosome 8p and telomeric segments with significant ethnic
differences and a suggestive interval on chromosome 12q that were not due to genotype artifacts. The difference
on chromosome 8p is likely due to a polymorphic inversion in the region. The results of our investigation have
implications for inferences of possible genetic influences on human recombination as well as for future linkage
studies, especially those involving populations of nonwhite ethnicity.

Introduction

Genetic linkage maps describe the relative locations of
genetic markers on chromosomes. Distances between ge-
netic markers are determined by measuring the fre-
quency of meiotic recombination between markers. Ge-
netic linkage maps can be used to identify the location
of genes responsible for traits and diseases. Human ge-
netic linkage maps are important for two reasons. First,
genetic linkage maps can be used as a tool in linkage
analysis, association studies, and the building of physical
maps. The first constructed maps of the human genome
were genetic linkage maps, built by measuring the re-
combination rates between genetic markers, which usu-
ally were blood groups and serum proteins. Second, ge-
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netic linkage maps can be used to study rates and
patterns of recombination across the genome.

Variation exists in human genetic map length. Rates
of recombination vary by chromosome position, GC
content, and the density of selected repeat units (Yu et
al. 2001). Genetic linkage maps based on maternal in-
heritance are, on average, >50% longer than maps
based on paternal inheritance. This difference is likely
due to the different underlying biological processes of
male and female meiotic recombination.

Some differences in recombination rates have been
shown to be under genetic control. In humans, variation
in maternal recombination rates has been shown to be
specific to individuals and is not explained by maternal
age (Broman et al. 1998). Significant variation between
individuals has been noted for human spermatocytes
(Cullen et al. 2002; Lynn et al. 2002) and oocytes (Tease
et al. 2002). Rates of recombination have also been
shown to be subject to genetic control in other organ-
isms (Page and Hawley 2003). Specifically, the exist-
ence of both genomewide control (Catcheside 1977)
and chromosome-wide control (Hillers and Villeneuve
2003) has been demonstrated in other species. Variation



Jorgenson et al.: Ethnicity and Genetic Maps

in recombination rates across different strains of mice
has been noted elsewhere (Koehler et al. 2002).

Variation in recombination rates (and, therefore, in
genetic map length) across human ethnic groups has not
been studied. The most recent and extensive genome-
wide human genetic linkage maps (Broman et al. 1998;
Kong et al. 2002) have been constructed using either
entirely white samples or combined information from
individuals of various ethnicities (Matise et al. 2003),
making ethnic comparisons impossible. Here, we made
such comparisons on the basis of large samples from
four major racial/ethnic groups: whites, African Amer-
icans, Mexican Americans (Hispanics), and East Asians
(Chinese and Japanese).

Material and Methods

Family Blood Pressure Program (FBPP) Data Set

The FBPP consists of four component networks:
GenNet, GENOA, HyperGEN, and SAPPHIRe. Re-
cruitment strategies for each network have been de-
scribed elsewhere (FBPP Investigators 2002). The genetic
maps were constructed using the pooled data version
3.15 from the FBPP. A total of 353 microsatellite mark-
ers were selected that had been genotyped in all four
racial/ethnic groups. A total of 9,291 subjects from fam-
ilies with two or more children were included in the
construction of the maps (table Al [online only]). The
total number of children examined for the combined
sample of all four ethnicities was 8,428—including
3,301 in the white sample, 1,564 in the African Amer-
ican sample, 1,610 in the Hispanic sample, and 1,953
in the Asian sample (table A2 [online only]. A total of
863 parents were available, including 220 in the African
American sample, 408 in the white sample, and 235 in
the Asian sample. There were no parents available for
the Hispanic sample. The FBPP data set contains nuclear
families with primarily full sibships, as well as some half
siblings. The families with half sibs were split into in-
dependent full sibships. Whereas a parent can be a mem-
ber of more than one nuclear family subdivision, chil-
dren appear only once in the final data set, and thus all
families provide independent information.

GCenetic Markers

Maps were constructed using 353 autosomal micro-
satellite markers from Marshfield screening set 8. All
genotyping was performed by the Mammalian Geno-
typing Service of the Marshfield Center for Medical Ge-
netics (see Marshfield Web site).

Statistical Methods

Genetic maps were constructed using the ASPEX
package program sib_map (see ASPEX Web site). The
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sib_map program generates two-point and multipoint
maximum-likelihood estimates of map distances be-
tween markers, on the basis of data from nuclear fam-
ilies. The multipoint maximization algorithm determines
the complete set of distances that gives the maximum
likelihood globally for the marker data across all mark-
ers on a given chromosome. The two-point algorithm
considers each pair of adjacent markers separately, ig-
noring information from more-distant markers. In a sec-
ond mode of operation, do_shuffle, the sib_map pro-
gram calculates three-point distances for one marker
against all other pairs of adjacent markers along a map.
This method can be used to verify map orders or to
position new markers on an already determined map.

The order of the microsatellite markers has been es-
tablished elsewhere and is available at the Marshfield
Web site. The first step in the construction of the FBPP
genetic maps was to verify the previously established
order for whites by use of the do_shuffle function of
sib_map. A typographical mistake in the Marshfield
map was identified, and its correction placed marker
GATA7GO07 on chromosome 6 rather than chromosome
8. No other inconsistencies were noted. Sex-averaged
and sex-specific genetic intermarker distances were es-
timated using the Kosambi map function of sib_map.
Maps were constructed for each of the four racial/ethnic
groups.

Genotyping Errors

An earlier report describing the Marshfield map (Bro-
man et al. 1998) determined that errors in genotyping
that lead to misinheritance can dramatically inflate ge-
netic map distances, by as much as 25% in that reported
case. Misinheritances were eliminated during several
rounds of data cleaning of the FBPP microsatellite data.
Genotype errors can persist even after the elimination
of inheritance errors. Because of observed racial/ethnic
differences in genetic maps in our preliminary analyses,
we decided to examine more carefully the genotype data
for systematic problems. We tested for deviation from
Hardy-Weinberg expectations that results from the pres-
ence of null alleles (i.e., alleles with null phenotypes).
Null alleles leave two marks on genotype data: apparent
excess homozygosity and an increased proportion of null
phenotypes (subjects having no value for a particular
marker genotype). We estimated the frequency of null
alleles for each marker and each race/ethnicity by use of
maximum-likelihood analysis. We tested all markers for
each racial/ethnic group by use of the Null Allele Test
(NAT), which tests whether the frequency of null alleles
is different from O at a given marker, by use of a like-
lihood-ratio test. The test is one sided because we con-
strained the frequency of null alleles at >0; the statistic
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is then distributed as a 50:50 mixture of a x* distribution
with 1 df and a point mass at 0.

Allele frequencies were calculated using (independent)
subjects from each ethnic group. Frequencies were cal-
culated separately for the Japanese and Chinese groups,
and the resulting null-allele frequencies for the two
groups were found to be quite similar. The total number
of individuals in each group was 1,818 African Amer-
icans, 1,657 whites, 416 Hispanics, 162 Japanese, and
409 Chinese.

Nonrandom Missing Data

In the construction of the genetic maps, it was also
determined that nonrandom missing genotype data in-
flated intermarker distances. In particular, subjects at one
site—Jackson, MS (1,725 subjects)—had a greater pro-
portion of missing genotypes than the other groups. For
this reason, we dropped this site from the map construc-
tion, and subjects from this site are not included in the
sample size counts, although they are included in the
genotype error calculations. Although the maximum-
likelihood algorithm that was used to determine map
lengths provides unbiased results in the presence of ran-
dom missing data, results are not necessarily unbiased
in the presence of nonrandom missing data (Little and
Rubin 2002). We add nonrandom missing data to the
list of caveats to be considered in constructing genetic
maps.

Race/Ethnicity Comparisons

ASPEX provides marker-allele frequency estimates
from the individuals in the sample analyzed. Allele fre-
quencies of microsatellite markers vary by race. For the
purpose of comparison of ethnic-specific maps, a com-
bined map for a pair of ethnicities was constructed to
allow for different allele frequencies for each racial/eth-
nic group in the analysis, by use of a modification of
the sib_map program. ASPEX provides a LOD score for
each marker interval, comparing the likelihood of the
estimated interval length with the likelihood for the case
in which the two markers are assumed to be unlinked.
By taking the LOD score for the same marker interval
of two racial/ethnic group maps and the LOD score for
the combined map, we were able to perform a likeli-
hood-ratio test on each marker interval. Since the result
of each likelihood-ratio test is distributed as a x> with
1 df, we converted the result to a normally distributed
Z score by taking the square root and assigning either
a positive or negative sign (+ or —) on the basis of which
of the two map intervals was larger. The order of eth-
nicities used for this calculation was African American,
white, Hispanic, and Asian, so that all intervals for
which the African American map was longer were given
a “+7” sign, and all intervals for which the Asian map
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was longer were given a “—” sign. We used the derived
Z scores to determine the significance of the differences
in map length between racial/ethnic groups.

Z scores for the difference in total genetic map length
between groups were calculated by summing the Z
scores of each of the 331 individual map intervals and
dividing the sum by the square root of 331. The same
procedure was employed to calculate Z scores for in-
dividual chromosome arms, as well as centromeric and
telomeric Z scores. Centromeric intervals were defined
as intervals that span the known location of the centro-
mere. Telomeric intervals were defined as the intervals
that are covered by the two most telomeric markers on
a chromosome arm. Microsatellite markers do not exist
in the telomere tandem repeats, and so our markers
cover regions that are telomeric but are not at the phys-
ical end points of the chromosomes. The physical dis-
tance from the midpoint of the two telomeric markers
to the physical end of the chromosome ranged from 1.8
Mb to 17.9 Mb, with an average distance of 6.2 Mb
(table A3 [online only]).

Results

Total Map Lengths

The total genetic map lengths for each chromosome
and for the entire genome were calculated for sex-av-
eraged, maternal, and paternal maps (table 1). The total
African American map is 1%-2.5% longer than the
maps of the other groups. The difference between the
African American and Hispanic sex-averaged maps was
nominally significant, although not when the results of
multiple testing (which allowed for six comparisons)
were considered.

Individual Map Intervals

To determine whether the Z scores for individual
marker-interval-length differences fit the normal distri-
bution as expected, we created quantile-quantile (Q-Q)
plots of the Z scores for individual marker-interval com-
parisons for each pair of racial/ethnic groups (fig. 1a—
1f). Q-Q plots compare an observed distribution with
an expected distribution. The expected distribution of
Z scores is the normal distribution, and so deviations
from the y = x line indicate deviation of the observed
score from the expected distribution. Plots involving the
African American sex-averaged map (fig. 1la—1¢) fell
largely above the y = x line, consistent with the overall
greater average interval length of the African American
maps. The white versus Hispanic plot (fig. 1d) shows
data points very close to the y = x line, indicating little
difference in map interval lengths for these two maps.
We expect, a priori, to find the smallest difference be-
tween the white and Hispanic groups on the basis of
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Table 1

Paternal, Maternal, and Sex-Averaged Map Lengths

279

MAP LENGTH (cM) FOR GROUP

African American White Asian . .

Hispanic

CHROMOSOME  Paternal ~ Maternal ~ Averaged Paternal Maternal Averaged Paternal Maternal Averaged  Averaged
1 209 359 277 209 356 276 213 344 273 272
2 216 345 274 213 354 276 213 334 267 277
3 165 281 218 158 281 212 160 271 210 217
4 146 271 201 154 263 203 157 277 207 202
N 158 263 203 154 270 205 153 259 199 198
6 135 245 185 126 235 176 135 259 191 179
7 141 237 186 135 237 182 140 227 180 190
8 133 219 170 123 220 167 125 213 164 170
9 118 230 161 118 190 150 121 207 158 158
10 135 234 178 141 233 180 135 220 172 173
11 137 209 160 131 201 157 129 209 155 159
12 133 217 171 127 209 162 123 205 160 165
13 101 138 117 105 154 127 108 148 126 123
14 104 126 114 94 123 107 920 137 111 111
15 107 154 123 110 128 115 106 140 119 117
16 100 159 125 84 163 120 87 154 117 123
17 129 182 149 125 169 141 125 174 142 144
18 89 144 113 82 149 112 88 146 114 113
19 94 133 108 920 130 103 93 136 107 103
20 79 131 99 85 125 101 84 126 101 101
21 53 85 67 59 74 65 62 67 62 63
22 31 53 41 34 57 44 37 53 45 45
Total 2,711 4,415 3,440 2,654 4,320 3,379 2,685 4,306 3,378 3,398

genetic distances, since Hispanics have ~60% white an-
cestry (Tang et al. 2005 [in this issue]). Plots involving
the Asian map (fig. 1c, le, and 1f) show the largest
number of outliers.

Outliers

To examine the distribution of outliers in our sample,
we calculated the number of Z scores, for each com-
parison group, that exceeded two cutoffs (table 2). The
cutoffs chosen were 1.96 (i.e., nominal significance) and
3.48 (i.e., 1 expected false positive in 1,986 tests). The
total (+ and —) number of Z scores for each comparison
group exceeded the expected number for all groups, ex-
cept for the white-Hispanic comparison.

In an effort to identify regions of the genome in which
significant Z scores clustered, we identified all marker
intervals that had one or more Z scores >3.48 (table 3).
We found three regions, on chromosomes 6p, 8p, and
12q.

In three of four adjoining intervals on 6p, the Asian
map is significantly longer than the white map, and, in
one of those intervals, the Asian map is significantly
longer than all other maps. This difference is apparent
in the sex-specific maps as well. The Asian maternal map
is longer than both the African American and white ma-
ternal maps, whereas the white paternal map appears to

be smaller than both the African American and Asian
paternal maps (table 4).

One interval on chromosome 8p has the largest Z
scores of any interval comparison. Interestingly, the
neighboring intervals on each side of the significant in-
terval have high Z scores in the opposite direction. Ex-
amining the interval lengths, we see that the African
American map, which has the shortest interval length
for the middle markers, has the longest interval lengths
for the neighboring markers (table 4). The opposite is
true for the Asian map.

The last significant interval-length difference occurs
on chromosome 12q. The white map has the longest
map length, whereas the Asian map has the shortest
(table 4). The adjoining intervals are not significantly
different. It is clear that the statistical significance is a
result of the sex-averaged map in Asians being shorter
than that in the other three groups; this observation is
also reproduced in the maternal but not the paternal
maps.

Having identified marker intervals with significant dif-
ferences in map length, we sought to examine chro-
mosomal regions to see if any regional differences in
map length exist. We calculated Z scores for the arms
of each chromosome (39 arms in all) and identified sev-
eral highly significant differences in genetic map length.
The p arm of chromosome 6 gave the most significant
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Table 2
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Distribution of Nominally Significant Z Scores, by Comparison Group

NO. OF SIGNIFICANT Z SCORES

For Comparison Group

African African African
Z SCORE  Expected  American— American- American—-  White- ~ White-  Hispanic- Total
CUTOFF per Group White Hispanic Asian Hispanic  Asian Asian Total  Expected
+1.96 8.28 13 13 13 9 11 12 71 49.65
+3.48 .08 0 0 0 0 1 0 1 .50
-1.96 8.28 6 6 8 8 14 17 59 49.65
—3.48 .08 1 1 2 0 4 1 9 .50
Total:
1.96 16.55 19 19 21 17 25 29 130 99.30
3.48 17 1 1 2 0 S 1 10 1.00

results, including a Z score of —6.40 in the white-Asian
comparison group and significant Z scores in other com-
parison groups. As described above, chromosome 6p
contains several marker intervals with high Z scores,
particularly those in the white-Asian comparison group.
When considered together, the marker-interval-length
difference is highly significant.

Centromere and Telomere Effects

We also examined marker intervals that straddle the
centromere and intervals that are most telomeric (table
5). No significant Z scores were identified in the cen-
tromeric interval comparisons, nor were the centromeric
interval lengths especially disparate. A significant dif-
ference in telomeric length was observed for the African
American—Asian and white-Asian comparison groups as
a result of shorter interval lengths in the Asian group,
with length differences between the Asian and the other
groups in the range of 4%-11%. These differences are
not due to outliers; instead, they appear to be due to a
universal phenomenon involving all telomeric intervals
(fig. 2a and 2b). A regression of telomeric interval length
on the distance of the midpoint of the two telomeric
markers from the physical end of the chromosome was
significant for each of the four ethnic groups, with in-
terval length increasing with distance from the telomere.
A regression of the differences in telomeric length be-
tween ethnic groups on distance from the physical end
of the chromosome was not significant.

Marker Heterozygosity

Heterozygosity of microsatellite markers varies by
race/ethnicity (Calafell et al. 1998). We calculated the
average heterozygosity of all microsatellite markers for
each racial/ethnic group. The African American group
had the highest heterozygosity (79.1%), followed by
whites (76.4%), Hispanics (75.5%), and Asians (73.1%).
Because average heterozygosity differs between these

racial/ethnic groups, we examined whether the average
heterozygosity difference between two groups for a given
pair of markers affected the estimated interval-length
difference for that pair of markers. The correlation of
average heterozygosity difference and interval-length dif-
ference was very low in our sample (median absolute
value, 0.03), and none of the differences were statisti-
cally significant.

Null Alleles

We next sought to determine the extent to which ge-
notyping artifacts could explain the differences we ob-
served. Several causes for the appearance of genotype
errors have been described, including the simple mis-
reading of allele sizes, gene-conversion events, and mu-
tations in lymphoblastoid cell lines. In fact, tetranucle-
otide repeat microsatellite markers have a particularly
high mutation rate in lymphoblastoid cell lines—as
high as 1% (Zahn and Kwiatkowski 1995). Tetranucle-
otide repeat markers are preferable to dinucleotide re-
peat markers, because their allele sizes are typically eas-
ier to score. The majority of microsatellite markers in
Marshfield screening set 8 are tetranucleotide repeat
markers.

Genotype error has been reported to inflate genetic
distance estimates by as much as 25% (Broman et al.
1998). Most genotype errors due to misread alleles, gene
conversion, and mutation in cell lines can be eliminated
through data cleaning, which removes suspect genotypes
due to misinheritance (nonpaternity or nonmaternity, >4
alleles at a given locus in a group of full siblings, etc.)
and unlikely tight double recombinants. Because the dis-
tribution of microsatellite markers in our data set av-
erages 10 cM between markers, we have no tight double
recombinants. The FBPP microsatellite genotype data
had undergone several cleaning steps prior to the con-
struction of the genetic maps. The cleaning process also
identified individuals whose familial relationship was
misassigned (half sibs identified as full sibs, MZ twins
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Table 3
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Regions with Significant Differences in Interval Length for Comparison Groups

Z SCORE FOR DIFFERENCE IN INTERVAL LENGTH FOR COMPARISON GROUP

CHROMOSOME African American— African American—-  African American— White- White-  Hispanic-
AND MARKER INTERVAL White Hispanic Asian Hispanic ~ Asian Asian
6:
ATAS0C0S-GATA29A01 2.56 1.55 —.68 -1.01 —3.78 —2.49
GATA29A01-GATA163B10 1.99 .30 -.71 —-1.94 -3.06 -1.17
GATA163B10-GGAA15B08 3.02 43 —.64 -2.80 -3.91 -1.15
GGAA15B08-GGAT3H10 21 21 -3.78 .00 —4.53 —4.38
8:
AFM143xd8-AFM198wd2 2.56 91 3.19 -1.78 .83 2.51
AFM198wd2-GATA25C10 -3.57 -5.29 -7.18 —2.40 —4.75 -2.06
GATA25C10-GATA23D06 2.47 3.18 3.12 1.30 .96 43
12:
GATA4HO01-GATA32F0S -.37 -.21 2.62 .64 3.60 2.56

as DZ twins, etc.). These errors are designated “Men-
delian errors.”

In addition to cleaning the data of Mendelian errors,
it is also possible to identify potential problems, such as
the presence of null alleles at microsatellite markers, by
testing for deviations from Hardy-Weinberg expecta-
tions. The FBPP data were not previously examined for
these types of errors. Deviations from Hardy-Weinberg
expectations can be examined by comparing the ob-
served versus expected genotype frequencies, calculated
from the allele frequencies for a given marker. When
null alleles occur at a high rate, the data present two
features. First, a subject with two null alleles will appear
to have a missing genotype. Therefore, the first indica-
tion of null alleles is an excess of missing genotypes for
a given marker. Second, if a subject has one copy of a
null allele and one copy of a normal allele, the subject
will appear to be homozygous for the visible allele. Thus,
the second indication of null alleles is deviation from
Hardy-Weinberg expectations, as manifest by an excess
of homozygotes.

We examined the markers on chromosome 6 in the
region of the significant deviations in map length for
null alleles. By comparing the number of subjects missing
genotypes at each marker with the number missing them
at marker GGAT3H10 (chosen because, of the five
markers in the region, it had the least number of subjects
with missing genotypes in three of the four groups), we
detected an excess of missing data for at least two mark-
ers, GATA29A01 and GGAA15B08, for all four groups.
Marker GATA163B10 was also suggestive of excess
missing data in Asians. We tested for and estimated the
frequency of null alleles for each marker within each
racial/ethnic group. Chinese and Japanese subjects were
considered separately. We tested whether the estimate of
the null-allele frequency was significantly different from
zero, using the NAT (see the “Methods” section).

In the three regions with significant deviations in map

length for racial/ethnic groups, we identified three mark-
ers with significant null-allele frequency estimates (table
6). On chromosome 6, the two markers that had an
excess of individuals with missing data, GATA29A01
and GGAA15B08, also had null-allele frequency esti-
mates for which the difference from zero was highly
significant. The null-allele frequency estimates for both
markers were highest in the Chinese and Japanese
groups. The null-allele frequency estimates for the white
group were the lowest of the groups, for both markers.
On chromosome 8, the null-allele frequency estimate for
marker AFM143xd8 was highly significant in the Afri-
can American group but not in the other groups. No
group had significant estimates for the other three mark-
ers. On chromosome 12, neither marker showed any
evidence of the presence of null alleles.

In an effort to determine whether the markers with
significant levels of null alleles affected the estimates of
genetic map length, we constructed maps without the
markers GATA29A01 and GGAA15B08 on chromo-
some 6 (table 7). The map-length estimates for the region
decreased across all groups but decreased the most in
the Asian group. Map lengths appeared to be quite sim-
ilar across groups, once the markers with null alleles
were removed.

The significance of the map-length differences was
based on two-point analysis. Because the two markers
on chromosome 8p, AFM198wd2 and GATA25C10,
and the two markers on chromosome 12q, GATA4HO01
and GATA32F0S, that showed significant map-length
differences between racial/ethnic groups were unaffected
by null alleles, the significant differences seen for these
intervals remain unexplained.

We also examined the number of significant NAT
scores across racial/ethnic groups for all markers. Be-
cause sample sizes varied by racial/ethnic group, we cal-
culated NAT results by selecting 400 independent sub-
jects (if available) from each group, to compare the
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Table 4

Interval Length for Markers on Chromosomes 6p, 8p, and 12q

INTERVAL LENGTH (in cM)
FOR GROUP

African
American White Hispanic Asian

CHROMOSOME, MAP TYPE,
AND MARKER INTERVAL

6p:
Sex-averaged:
ATAS0C05S-GATA29A01 12.2 8.9 102 123
GATA29A01-GATA163B10 9.7 8.3 9.6 10.9
GATA163B10-GGAA15B08 134 10.5 123 134
GGAA15B08-GGAT3HI10 4.6 4.5 3.8 7.7

Total 39.9 322 359 443
Maternal:
ATAS0C05-GATA29A01 17.6 13.6 17.9
GATA29A01-GATA163B10 11.2 14.6 15.7
GATA163B10-GGAA15B08 17.9 15.3 21.2
GGAA15B08-GGAT3H10 6.5 5.9 9.2
Total 53.2 49.4 64
Paternal:
ATAS0C05-GATA29A01 7.8 4.9 8.1
GATA29A01-GATA163B10 8.2 3.1 6.9
GATA163B10-GGAA15B08 9.8 6.6 7.6
GGAA15B08-GGAT3H10 2.8 3.2 6.3
Total 28.6 17.8 28.9

8p:
Sex-averaged:
AFM143xd8-AFM198wd2 17.1 122 147 11.2
AFM198wd2-GATA25C10 3.1 5.5 84 10.4

GATA25C10-GATA23D06 7.6 4 3.3 3.2
Total 27.8 21.7 264 24.8
Maternal:
AFM143xdS8—AFM198wd2 9.3 7.6 7.4
AFM198wd2-GATA25C10 5.3 7.9 12.1
GATA25C10-GATA23D06 10.3 4.8 4.3
Total 249 20.3 23.8
Paternal:
AFM143xd8-AFM198wd2 279 17 15.6
AFM198wd2-GATA25C10 4 3.3 8.5
GATA25C10-GATA23D06 N 3.3 2.1
Total 33.3 23.6 26.2

12q:
Sex-averaged:
GATA4HO1-GATA32F0S 129 141 135 9.8

Maternal:

GATA4HO1-GATA32F05 13.8 12.8 8.1
Paternal:

GATA4HO1-GATA32F05 12 15.2 12.1

frequency of null alleles in these groups. The Japanese
group did not have 400 independent subjects from which
to sample for any marker, so we chose the maximum
number of independent subjects available for each
marker in that group. The African American group had,
by far, the greatest number of significant NAT scores of
any group (fig. 3). This is consistent with the greater
genetic diversity in African Americans. The large excess
of markers with null alleles in African Americans also
provides an explanation for the greater overall map
length observed in this population. The presence of null
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alleles in the other racial/ethnic groups was largely con-
fined to a few markers.

With regard to the results for telomeric intervals, it is
difficult to evaluate the true degree of difference between
the African American and Asian interval lengths because
of the high frequency of null alleles in the African Amer-
ican group. However, for whites, there is only one telo-
meric interval containing a marker with a significant
NAT result and, for Asians, there are none. The differ-
ence between white and Asian intervals is significant and
uninfluenced by null alleles, and the effect appears to be
greater in the maternal map (mean difference, 0.82 cM)
than in the paternal map (mean difference, 0.43 cM),
despite the longer telomeric map lengths in males.

Discussion

Although the two most recent human genetic maps—
the Marshfield map (Broman et al. 1998) and the de-
CODE map (Kong et al. 2002)—have included a large
number of microsatellite markers (8,325 for Marshfield
and 5,136 for deCODE), the accuracy of their estimates
of genetic distance has been limited by the number of
meioses available for mapping (188 for Marshfield and
1,257 for deCODE). The FBPP human genetic maps
were constructed with the largest number of subjects to
date. In our case, however, map construction was not
completed without some challenges. Because we had
only limited genotype data on parents, certain types of
genotyping error were difficult to identify. Our original
maps were constructed with a subset of data that was
missing a substantial amount of genotype data. We
found that the resulting maps were biased (i.e., had in-
flated map lengths) compared with the results obtained
when the subjects with missing data were excluded.
Thus, we discovered that nonrandom missing data is
another pitfall to be avoided in genetic map construc-
tion. In addition, because our analysis was based on a
genome scan (albeit a large one), only a sparse map was
generated, compared with the high-density maps re-
ported elsewhere. Our maps should nonetheless be useful
for analysis of other genome-scan data sets by use of the
same microsatellite marker set, particularly for various
ethnic groups.

In the process of generating microsatellite genotype
data, many laboratories “multiplex” their samples—
that is, multiple markers of different sizes are run on
the same gel. The FBPP microsatellite genotype data
were generated by the Marshfield Clinic Center for
Medical Genetics. To multiplex on a large scale, each
marker is read in a window determined through opti-
mization. This optimization occurs by running large
(mainly white) CEPH families for each marker and by
determining the appropriate marker window in which
alleles should be read. Usually, three to five markers are
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Table 5

Centromere and Telomere Comparisons

Am. J. Hum. Genet. 76:276-290, 2005

Z SCORES FOR COMPARISON GROUP

African American—  African American—  African American—  White- White-  Hispanic-
REGION White Hispanic Asian Hispanic  Asian Asian
Centromere .97 92 .39 22 —.54 -.55
Telomere 1.17 .98 3.25 -.12 2.62 1.59

included in each multiplex (see PCR Protocol Web site).
Although multiplexing cuts the cost of generating ge-
notypes, problems can arise as a result of this method,
specifically through the creation of null phenotypes for
some alleles (“null alleles”). Null alleles can occur in
two ways for microsatellite markers. First, a null allele
can be generated as a result of narrow multiplexing
windows or allele size ranges. When a window is es-
tablished, alleles that fall outside the window are not
read. These null alleles will be read as missing values.
In the case of our microsatellite marker data, it is pos-
sible that multiplexing windows established on mainly
white samples are too narrow to encompass all the al-
lelic diversity present in nonwhite ethnic groups. Sec-
ond, variation in the primer-binding sequence can lead
to a failure of the allele to amplify. No allele can be
read in this case, which leads to a missing value. This
problem arises even when loci are not multiplexed. It
is also consistent with the higher rate of null alleles we
found in African Americans, since Africans are known
to have greater levels of sequence variation and hence
to have potential variation in the primer sequences. We
do not know whether one or both of these phenomena
are occurring in our samples. The failure of amplifi-
cation because of variation in the primer-binding se-
quence, if common, will continue to be a problem in
maps—of linkage or association—based on SNPs. We
suggest that SNP markers should also be vetted for null
alleles in multiple ethnically diverse populations as part
of the optimization of SNP-based maps.

A third possibility is that some fragments are only
weakly amplified and detected, leading to an excess of
apparent homozygotes. This might lead to the prefer-
ential loss of larger alleles. We examined this possibility
by determining whether there was a size bias toward
excess homozygosity of shorter alleles among our mark-
ers. We detected no such size bias, so this explanation
seems less likely.

Null alleles inflate map distance by increasing the
perceived rate of recombination between markers. The
presence of null alleles creates false homozygotes. The
false homozygotes may lead to an incorrect inference
with regard to allelic inheritance and may indicate that
a recombination event has taken place between the
marker with null alleles and neighboring markers when,

in fact, no recombination event has occurred. The pres-
ence of null alleles will therefore result in increased map
distance.

The potential risk in establishing multiplexing win-
dows largely on the basis of one racial/ethnic group is
clear. The generation of null alleles due to narrow mul-
tiplexing windows can be avoided by more-careful de-
termination of the windows by use of multiracial sam-
ples. In addition, null alleles not due to multiplexing
windows, such as those due to failure of PCR and so
forth, can be detected by genotyping multiple samples
from the same individual and by sequencing the primer-
binding sequences for individuals who appear resistant
to genotyping.

The implications for previous and future linkage stud-
ies are potentially important. The presence of null alleles
can lead to false-negative results because of the inflation
of distance estimates between the putative disease gene
and the genetic marker being tested. Reexamination of
previous analyses after the effect of null alleles is taken
into account could lead to additional and more-accurate
linkage findings. Future studies should test for null al-
leles, to avoid the loss of statistical power caused by
the presence of null alleles.

Although a significant frequency of null alleles exists
for markers in all the racial/ethnic groups, including
whites, we have shown that the problem is likely to be
greatest for Africans and African Americans. The Af-
rican American group shows the greatest number of
markers with null alleles, by use of current genotyping
methods. Researchers conducting linkage studies with
the use of African and African American samples should
be particularly wary of the presence of null alleles.

Our detection of null alleles depended on two obser-
vations: an excess of missing genotype data and Hardy-
Weinberg deviations of the data that remained. The two
sources of information are independent and useful. The
NAT is superior to a simple Hardy-Weinberg equilib-
rium test, in the case of microsatellite markers, because
multiple allele sizes require a greater number of degrees
of freedom for the Hardy-Weinberg test. The result is
that a general Hardy-Weinberg test lacks power, in the
case of microsatellite markers, especially relative to the
NAT. However, the NAT is specific to detection of a
general excess of homozygotes (e.g., as caused by the
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Table 6

Am. J. Hum. Genet. 76:276-290, 2005

NAT and Null-Allele Frequency Estimates for Chromosomes 6p, 8p, and 12q

RESULTS OF NAT (x?) FOR GROUP

NULL-ALLELE FREQUENCY ESTIMATES FOR GROUP

CHROMOSOME
AND MARKER African American White Hispanic Chinese Japanese African American White Hispanic Chinese Japanese
6p:
ATAS50CO0S 0 .01 1.24 40 .32 0 .0025 .0134 .0062 .0089
GATA29A01 42.60 3.03 22.20 130.72 50.64 1278 0173 .0845 2729 2871
GATA163B10 0 .29 .08 0 0 0 .0053 .0021 0 0
GGAA15B08 38.14 5.23 36.87 89.92 29.87 .0649 .0308 .0778 1663 1299
GGAT3HI10 0 0 0 0 .40 0 0 0 0 .0137
8p:
AFM143xd8 68.10 1.93 0 0 0 .0994 0149 0 0 0
AFM198wd2 0 0 0 17 0 0 0 0 .0045 0
GATA25C10 0 0 .85 0 0 0 0 .0105 0 0
GATA23D06 .01 1.51 0 0 .35 .0018 0134 0 0 .0153
12q:
GATA4HO01 .55 0 0 0 31 .0089 .0007 O 0 .0162
GATA32F0S5 0 0 1.40 1.42 .01 0 0 .0153 .0093 .0030

presence of null alleles) and so would not necessarily
be powerful in other scenarios that cause Hardy-Wein-
berg deviations. We have made the R code for NAT
freely available (see NAT Web site).

There remain statistically significant group differ-
ences on chromosomes 8 and 12 that cannot be ex-
plained by the presence of null alleles. A common large-
inversion polymorphism exists on chromosome 8, in
the same region as the significant difference we report
(Giglio et al. 2001). The frequency of this inversion has
been reported for whites (21%) (Broman et al. 2003)
and Japanese subjects (27%) (Sugawara et al. 2003) but
not for individuals of African or African American de-
scent. These frequencies are based on a small number
of subjects, and it is unclear which orientation of the
inversion is specified in different studies. There are three
ways in which an inversion can affect perceived recom-
bination rates: changing marker order, suppressing re-
combination, and altering the distance between mark-
ers. In our case, it appears that only one marker,
GATA25C10, is located within the inversion; therefore,
marker order is not affected in our study.

The genetic map impact of a polymorphic inversion
generally entails recombination suppression within the
inverted interval, in individuals heterozygous for the
inversion. Thus, the greatest decrease in recombination,
or map length, occurs in populations with the greatest

Table 7

Chromosome 6p Length With and Without Two Markers with Null
Alleles

CHROMOSOME 6p LENGTH (cM) FOR GROUP

Map African American ~ White  Hispanic  Asian
With markers 39.9 32.2 35.9 44.3
Without markers 34.5 29.6 31.9 32.6

heterozygosity—namely, when the two types of chro-
mosomes are of equal frequency. However, the precise
effect for any pair of markers also depends on the lo-
cations of the markers involved. For example, if the two
markers are within the inversion, only inversion het-
erozygosity influences the recombination fraction be-
tween them, and not their relative locations within the
inversion. The same is true for two markers outside and
flanking the inversion; in this case, the impact will be
a function of how far the markers are from the proximal
and distal boundaries, respectively, of the inversion. The
situation with one marker inside and the other outside
the inversion is more complicated. Here, the observed
recombination fraction will also be influenced by the
relative location of the internal marker to the bound-
aries of the inversion. For example, consider three mark-
ers, A, B, and C, where B is within the inversion, and
A and C flank the inversion on either side. Depending
on the relative frequency of the two chromosome types,
if interval A-B appears shorter in population 1 than in
population 2, then interval B—C will be longer in pop-
ulation 1 than in population 2. This is because, in ad-
dition to the overall reduction in the recombination
fraction in heterozygotes, there is a difference in the
distance from A to B and from B to C in the two types
of homozygotes (in whom recombination does take
place); these two homozygotes occur at different fre-
quencies in different populations, depending on the pop-
ulation frequencies of the two chromosome types. Spe-
cifically, a population that has a higher frequency of
homozygotes for the longer A-B interval will also have
a higher frequency of homozygotes for the shorter B-
C interval.

The data that we showed in table 4 for marker
GATA25C10 (inside the inversion) and the two markers
AFM198wd2 and GATA23D06 (which flank the in-
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version) appear consistent with this model. The interval
from AFM198wd2 to GATA25C10 appears to be short-
est in African Americans, intermediate in whites and
Hispanics, and longest in Asians. The opposite pattern
applies to the adjacent interval from GATA25C10 to
GATA23D06, which appears to be longest in African
Americans, intermediate in whites and Hispanics, and
shortest in Asians. However, more data are needed to
confirm this explanation, because, so far, the inversion
frequencies in whites and Asians appear too similar (al-
though they are based on small sample sizes) to cause
these results, and there are no data on inversion fre-
quencies in Africans or African Americans. Thus, fur-
ther work is needed (particularly, the study of this in-
version in African Americans) to determine whether it
is the cause of the differences we see. We suggest ge-
notyping additional markers in the regions on chro-
mosome 8 and chromosome 12, in particular SNPs, to
obtain a more detailed picture of the extent, validity,
and potential cause of these differences.

Prior studies have shown individual variation in re-
combination rates. These observations have been re-
stricted to female meiosis. Hence, one might infer that
substantial differences would occur between racial/eth-
nic groups on this basis and that group differences
would be more pronounced for the female maps than
for the male maps. However, this was only partially the
case. Overall, the group-specific maps were largely sim-
ilar, with only a few differences, as we have described
here. The findings on chromosome 8 were observed in
both sexes, whereas those on chromosome 12 appeared
specific to female meiosis. On the other hand, the find-
ings regarding the telomeric regions were also more pro-
nounced for female meiosis than for male meiosis. It is
noteworthy that we were able to identify such differ-
ences even in the presence of potentially considerable
individual variation within groups.

Perhaps our most intriguing observation was the ra-
cial/ethnic variation in the lengths of telomeric intervals,
with Asians having significantly shorter intervals. This
difference was uniform across all telomeric intervals and
was not due to a small number of outliers; thus, it is
unlikely to be a characteristic of the telomeric markers
themselves and may be indicative of a biologically based
mechanism. We advocate additional studies of the mei-
otic lengths of telomeric regions across racial/ethnic
groups, by use of a variety of markers, to either confirm
or refute this interesting observation.
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The URLs for data presented herein are as follows:

ASPEX, http://aspex.sourceforge.net/

Marshfield Center for Medical Genetics, http://research
.marshfieldclinic.org/genetics/ (for Mammalian Genotyping
Service)

NAT, http://www.fhcre.org/labs/tang/NAT/nat.rtf (for R code)

PCR Protocol, http://research.marshfieldclinic.org/genetics/
Lab_Methods/pcr_protocol.htm
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