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ABSTRACT

Large scale gene mapping efforts in domestic animals have generated and mapped a large number of
genetic markers that are useful for mapping quantitative trait and disease loci and for DNA diagnostic
purposes such as parentage testing. Marker polymorphism is an important criterion for selecting genetic
markers in planning experiment for mapping guantitative trait loci or for DNA diagnostic purposes.
Current formulations of marker polymorphism measures are functions of marker allele frequencies. In
this study, two measures of marker polymorphism that are available from gene mapping studies and do
not require allele frequencies were proposed and analyzed: the observed polymorphic information
content (PIC) and the observed family information content (FIC). The observed FIC was more stable thar
the observed PIC because the observed FIC is unaffected by the variation in the frequency of
heterozygous parents. However, both FIC and PIC are dependent on the gene mapping design. The
effective number of alleles is recommended as a tool to standardize marker polymorphism measures so
that polymorphism of different markers can be compared on an qual basis, and to obtain a new
polymorphism measure (such an exclusion probability) from an existing measure (such as FIC). The
usage of the effective number of alleles to standardize FIC, PIC and exclusion probabilities is illustrated
using genetic markers in a published linkage map.

(Keywords: Genetic markers, polymorphism information content, family information content, effective
number of alleles)

INTRODUCTION
The amount of genotype data in domestic animals is growing rapidly after years of large scale

gene mapping efforts (Barendse et al., 1997; Crawford et al., 1994; Ma et al., 1996; Rohrer et al. 1996).
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Mapped genetic markers have important applications in mapping quantitative trait loci (QTL), parentage
testing and linkage studies. Since genotyping of DNA-level genetic markers is relatively expensive, most
studies have considered the number of individuals genotyped to be the limiting factor (Weller et al., 1990;
Brascamp et al.. 1993). Marker polymorphism affects the sample size required for QTL mapping and the
number of markers required for parentage testing. Therefore, marker polymorphism 1s an important
criterion for selecting genetic markers. For linkage and QTL studies, marker polymorphism refers to the
expected frequency of genotyped individuals that unequivocally identify the allele transmission from the
parent to the offspring. Several measures to predict marker polymorphism are available (Botstein et al.,
1980; Da & Lewin, 1995; Ron et al., 1993) and the predicted polymorphism was found consistent with
the observed polymorphism (Ron et al., 1995). However, these predicted measures require knowledge
of allele frequencies that may not have reliable estimates from gene mapping studies. In contrast to the
predicted polymorphism, observed marker polymorphism is available from any gene mapping 'dcsign and
does not require knowledge of allele frequencies, but the observed marker polymorphism is dependent
on gene mapping designs. For example, marker polymorphism derived from a full-sib design is not
comparable to that of a half-sib design. The full-sib design (Barendse et al., 1997; Rohrer et al, 1996)
yields more marker meiosis information than the half-sib design (Crawford et al., 1994; Ma et al., 1996),
because two parents are genotyped per family in the full-sib design whereas the half-sib design typically
genotypes one parent per family (Da and Lewin, 1995). For parentage tcs;ting, marker polymorphism is
measured by exclusion probabilities (Jamieson 1965, 1994; Garber and Morris 1983; Weir 1990).
However, exclusion probabilities also require knowledge of allele frequencies and are not observable
from gene mapping studies. The purpose of this study was to provide a general and readily available
approach to standardize measures of marker polymorphism for different designs so that marker
polymorphism measures can be evaluated and compared accurately, and to derive alternative
formulations of polymorphism measures (including exclusion probabilities) using marker information
present in gene mapping studies.

Standardization and Conversion of Polymorphism Measures

Marker polymorphism measures: Marker polymorphism for linkage and QTL mapping research can be

reported at two levels, the sample level, which is the marker polymorphism for all families including
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families with homozygous parents, and the family level, which is the average polymorphism per
heterozygous parent. Each level can be reported in two ways, the expected and observed frequency of
informative offspring. The sample level polymorphism can be predicted by the expected sample
frequency of informative offspring, better known as the polymorphism information content (PIC; Botstein
et al., 1980), and the family level polymorphism can be predicted by the frequency of informative
offspring per heterozygous parent, to be referred to as family information content (FIC), in paraliel with
PIC. The expected FIC for genotyping two parents (i,, Da and Lewin, 1995) and for genotyping one
parent (i,; Ron et al., 1993) are given by the following formulations (for a proof of both formulae, see
Table t in Da and Lewin, 1995):

L=1-pp, 8y

i,=1-2(p,*+p) 2
where p, and p, are allele frequencics of marker alleles u and v of the heterozygous parent.

In gene mapping studics where a mixed genotyping scheme is present, i.c., some offspring have
twogemtypedpnmuandwmehanmgmypedpnmmheFlCunSecxpmuedu:

ip = (1 - )i, + ai, 3)
where a = proportion of offspring with two genotyped parents. Note that 0 < < 1,1, =i,if =0,1, =1,
if =1, andi; Si,Si;.

According to the definition of FIC, the observed FIC for a heterozygous parent (i3 ) is simply
the number of informative offspring of the heterozygous parent divided by the number of offspring in
the family, i.e., i,y = my/M,, where subscript ‘0’ denotes ‘observed’, j = number of genotyped parents
( =1 or 2), my = the number of informative offspring for heterozygous parent k when j parents in the
family are genotyped (j = 1 or 2), M, = the number of offspring in family k. Using informative offspring
from all heterozygous families, the FIC for a design is the number of informative offspring divided by

the total number of offspring of all heterozygous parents (fathers or mothers), i.c.,

FICo=ioj=ijk /M=2Ml’l1nl=20kiojk 4)
k=1 w M My o

where s = number of heterozygous families, M = total number of offspring in the s heterozygous families,

and ¢, = M\/M.
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Therefore, the observed FIC given by equation (4) is a weighted average of the observed FIC
for cach family with ¢, as the weight. The observed FIC from a mixed genotype scheme (i) is calculated
in the same way as given in equation (4) except that the interpretation and the underlying genotyping
scheme are different.

The predicted PIC for genotyping two parents (I,; Botstein et al., 1980) and for genotyping one

parent (I,; Da and Lewin 1995) are given by:

n-1 n -1 n
IZ=2Z Zpupv_zz szupzv (5)

u=l v=y+] u=l v=u+|

n-1 n-1
L=23 2.~ 2

u=l v=u+] u=l v=u+

p.(p. +p.) ©)
1

where n = number of alleles.
By the definition of PIC, the observed PIC for each design is the number of informative

offspring divided by the total number of offspring in all families (N), i.e,,

PIC=T0;= Y mu /N=%(io,) - 7
k=1

Comparing equation (7) with equation (4), the observed PIC is different from FIC by only a
factor of M/N, which is the ratio of the number of offspring in heterozygous families to the total
number of offspring and is an estimate of heterozygosity for equal family size. Obviously, M/N is
affected by variations in the number of heterozygous parents and in the sizes of families with
heterozygous parents. Consequently, the observed PIC is affected by the same factors that affect M/N
whereas FIC is not affected by those factors and is.more stable than the observed PIC. Because of this
advantage, the observed FIC will be selected as a basis to report and standardize information

measures, and to derive PICs and exclusion probabilities.
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Effective number of alleles Effective number of alleles will be defined as the required number of alleles
with equal allele frequency to achieve the observed or predicted polymorplusm, which can be PIC. FIC
or heterozygosity. For reasons discussed in the previous section, only the observed FIC wall be used to
calculate the effective number of alleles. For equal allele frequencies, equations 1-3 reduce to1.=1- 1 n%,
1, = 1-1m,and1, =1-(l-c0).n-a'n? respectnn ely. Let n., = effective number of alleles derrved from
FIC when two parents are genotyped, n,, = effective number of alleles denved from FIC when one parent
i1s genotyped, n,,, = effective number of alleles denved from FIC with mixed genotyping Then, replacing
= 1y, and 1, by 1g, 1y, and 15, respectively and solving for n yields the respective effective number of
alleles
Ne = (1 -1, (8)

0= 1/(1 i lt;l) (9)

nem=%[3—9—+\/(l'a)2+ iy (10)

1"'iom l'iom 1'iom

The effective number of alleles has three applications. Furst, the effective number of alleles 1s
an indication of the vaniation m allele frequencies and can detect overestimates of marker
polymorphism. If the effective number of alleles 1s much smaller than the observed number of alleles,
then the actual allele frequencies are unequal and have large varations. If the effective number of
alleles 1s larger than the observed number of alleles, then the observed marker polymorphism
overestimates the marker polymorphism because 1t exceeds the maximum expected polymorphism.
This detection of overestimate 1s important because the sample size required for a design based on
overestimated polymorphism is likely to be msufficient. In such cases, the effective number of alleles

should be adjusted downward. A reasonable but not ideal adjustment 1s to replace the effective

number by the observed number. This adjustment 1s a reasonable adjustment because 1t 15 using the

only additional information available, 1t 1s not 1deal because the resulting estunate 1s the maximum

expected polymorphism and may still be an overestimate The second application 1s to standardize
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polymorphism measures to a common basis, and the third application is to convert one polymorphism
measure into another, as to be described below.

Standardization: Observed marker polymorphism from different genotyping schemes should be

standardized to the same genotyping scheme so the polymorphism of different markers can be
compared on an equal basis. The standardization can be done using the effective number of alleles.
The following formulations standardize an observed FIC from genotyping two parents into an FIC

genotyping one parent. or vice versa:

1 2
i =l-—=1-(1-,)’

el

(11)

The standardization of FIC from a mixed genotyping scheme into i, i, can be done using the following

1 —
ilszl'—_=1' l'ioz (12)

Ne2

formulations:

L=1-1/n,?

(13)

ih=1-ln, (14)

Conversion of polymorphism measures: Using the effective number of alleles as a vehicle, one
polymorphism measure can be converted into another. The following formulations provide estimates of

heterozygosity (h), the PICs and exclusion probabilities based on the effective number of alle]es:

h=1-1/m, (15)
1 1
L= (1-—)(1-— (16)
Nek Nek
1
Lis=(1-—) (17)
Nek
_ 32 +
E|= (nck 1)(nek Tck 2nck 3) (18)
Nek
- 2 +
Eoz(nek 1)(nck3 3nek 3) (19)
Mek
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where I, and I, are derived from equations 5-6 respectively assuming equal allele frequency, n, = the
effective number of alleles defined by equations 8-10 (k = 1. 2, or m), E, = exclusion probability with
one confirmed parent (Jamieson, 1965, 1995; Garber and Morris, 1983; Weir, 1990), and E. = exclusion
probability without a confirmed parent (Garber and Morris 1983). Equations (15-19) can be considered
as standardized polymorphism measures because the same measures of different markers are comparable.
The difference between I,, and I, given by equations (16-17) and I, and I, given by equations (5-6) is that
I, and I;, do not require allele frequencies whereas I, and I, is dependent on allele frequencies.

Note that marker heterozygosity (h) given by equation 15 is the same as equations 12 and 14.
Therefore, the standardized i, can be interpreted as an estimate of marker heterozygosity. This
interpretation, however, must be limited to the case when both measures are expressed in terms of the
effective number of alleles. For example, the predicted h and i, should not be interpreted as the same

quantity because they have different formulations and measure different information.

EXAMPLE AND DISCUSSION

To illustrate the application of the approach suggested in this study, we analyze an example of
six genetic markers from a male-specific linkage map using cattle half-sib families (Ma et al., 1996). In
Table 1, two parents were genotyped (o = 1.0) for markers FGR and LMP2, one parent was genotyped
(o = 0) for MGTG4B and URBO026, while F13A (o = 0.84) and BoLA-A (o = 0.75) had 2 mixed
genotyping scheme. The observed FIC (i,) and PIC (1) values were calculated according to “rules to
identify informative genotypes” in Da and Lewin (1995). Because of the different genotyping schemes,
the observed FIC and PIC for different markers are not comparable and they do not rank the marker
polymorphism correctly. According to the observed FIC, FGR is slightly more informative than URB026
(0.72 versus 0.71). Intuitively, this may not be correct because FGR has only two alleles whereas
URBO26 has five alleles. If the observed FICs are standardized to the same genotyping scheme, then the

results become reasonable. For genotyping one parent, the standardized FIC for FGR becomes only 0.46,

compared to 0.71 for URB026. If two parents are genotyped, the standardized FIC for URB026 becomes

0.91, higher than the observed FIC of 0.72 for FGR. Therefore, the standardized FICs show that URB026
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n fact should be more informative than FGR by 0.25 or 0.19 for genotyping one or two parents
respectively. The observed PIC has the same problem for markers BoLA-A and MGTG4B and the
standardized PIC would solve that problem. The comparison between the observed FIC (1,) and PIC (1)
for markers BoLA-A and MGTG4B shows that the observed FIC being more stable than the observed
PIC. The observed FIC (0.93) ranked BoLA-A as the most informative whereas the observed PIC (0.32)
ranked BoLA-A as the third informative among the six markers. The ranking by the observed PIC is
unusual because a marker with 28 alleles generally should be more informative than a marker with five
alleles. Close examination of the data showed that BoLA-A had only four (out of nine) heterozygous
sires, and three of the four families were among the smallest families. Therefore, the observed PIC for
BoLA-A is an underestimate due to the smaller than expected number of heterozygous sires and smaller
than average family sizes of the heterozygous families. Marker MGTG4B, on the other hand, seems to
have an overestimate of PIC because its observed PIC ranks it as the most informative of the six markers
even though it has only 2.72 effective alleles. Data examination showed that MGTG4B had eight (out
of nine) heterozygous sires and seven of the eight families were the largest families. The standardized
PICs provided reasonable rarikings, with BoLA-A ranked number 1 (instead of number 3), and MGTG4B
ranked number 3 (instead of number 1). Note that the standardized measures in Table 1 and n, are
independent of genotyping schemes and all yield the same. The effective number of alleles is an
indication of the distribution of allele frequencies and can detect overestimates of marker polymorphism.

Large discrepancy between the effective and observed numbers of alleles indicates large variations in
allele frequencies. For example, the number of observed alleles for BoLA-A is 28 but the effective

number of alleles is only 5.74, indicating that a few alleles were predominant and the rest of the alleles

each had a smali frequency. Similar discussion applies to MGTG4B, which has 11 observed alleles but
only 2.72 effective alleles. In contrast, marker F13A has an effective number of alleles that is larger than

the observed number of alleles. This indicates that the observed marker polymorphism for marker F13A

1s more than expected. With the downward adjustment suggested earlier, the FIC of F13A for genotyping

two parents should be 0.75 instead of 0.82. Without the comparison between the effective and observed

numbers of alleles, the fact that the marker polymorphism for FI3A exceeded the expected maximum

would not have been detected. The last two columns of Table 1 show the estimation of exclusion
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Figure 1. Comparison of marker polymorphism based on effective and observed numbers of alleles. The
vertical bar shows the number of markers classified by the effective number of alleles (n,) and the solid

number of alleles, "3" means 2<n,<3, and the same interpretation applies to categories 4-14 on the X-axis.
For the observed number of alleles, the category "<2" should be read as "2". Data shown were 247
microsatellite markers reported in Ma et al., 1996,

probabilities using the effective numbers of alleles. The results show that exclusion probabilities generally
are lower than the standardized PICs. F igure 1 shows the comparison between the effective and observed
numbers of alleles for the 247 microsatellite markers reported in Ma et al. (1 996). The effective number
(n,) shows that most microsatellite markers (61.9%) have n, values in the range of 2-4 whereas the
observed number of alleles had a rather flat distribution which is less related to the marker polymori:hism.
The effective number of alleles (derived from FIC) is more useful than the observed number of alleles
for measuring marker polymorphism, and is a convenient tool to standardize and convert marker
polymorphism measures. In contrast, the observed number of alleles is not an appropriate measure of

marker polymorphism, but is an indicator of polymorphism potentials.
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