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Abstract: The non-random connection of alleles at various loci is known as linkage disequilibrium (LD). Combinations of alleles inside
haplotypes occur at frequencies that differ from those expected on independence when two alleles at two distinct loci are in LD. When
genetic variation at a locus is linked to a trait, it means that either the genetic variation at that locus directly impacts the phenotype of
interest or the locus is in LD with the causal mutation. The level of LD, which dictates how many markers should be typed in a genome
scan to discover a quantitative trait locus (QTL) using LD, is critical to the practicality of association studies. This review explores the

origin of LD in genetics and how it applies to animal breeding and genetics.
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1. Introduction

Consider 2 hypothetical markers, A and B that are on the
same chromosomes. Alleles A1 and A2 are present in A,
and alleles B1 and B2 are present in B. A1 B1, A1 B2, A2
B1, and A2 B2 are the four potential haplotypes of
markers. If the population's frequencies of alleles A1, A2,
B1, and B2 are all 0.5, we can anticipate the population's
frequencies of the four haplotypes to be 0.25. Linkage
disequilibrium (LD) haplotype
frequencies deviate from 0.25, indicating that the genes
are not in random association. Two loci unlinked are

occurs when the

possible to be in linkage disequilibrium in some
populations 2021) - in fact, linkage
disequilibrium between a marker and a QTL is essential if
the QTL is to be found in either type of analysis (Mueller,
2004). The distinction is that linkage analysis only takes
into account linkage disequilibrium within families,
which can span tens of thousands of cM and is broken
down by recombination after only a few generations. A

(Kavuncu,

marker must be in linkage disequilibrium (LD) with a
QTL throughout the entire population for linkage
disequilibrium mapping. The relationship must have
persisted for a significant number of generations to be a
property of the entire population; hence, the marker(s)
and QTL must be closely related.

2. Measures of Linkage Disequilibrium
According to Hill (1981), one measure of LD is D, which
can be calculated as (Equation 1):

D = Freq (A1B1) X Freq (A2B2) — Freq (A1B2)

X Freq (A2B1) 1)

where Freq (Alalt indisp;) is the population frequency of
the Alg: haplotype, and similarly for the other
haplotypes.

The D statistic is highly reliant on the frequencies of
individual alleles, making it ineffective for assessing the
degree of LD between numerous loci (for example, at
different points along the genome). Hill and Robertson
(1968) suggested the r? statistic (Equation 2) is less
dependent on the allele frequencies metric.

DZ

2
r= Freq (A1) x Freq (A2) X Freq (B1) X Freq (B2) (2)

The frequency of the A1l allele in the population is Freq
(A1), and the same is true for the other alleles in the
population. The value of 2 ranges from 0 for a pair of loci
with no linkage disequilibrium to 1 for a pair of loci in
complete linkage disequilibrium.

For example, consider the following hypothetical allelic
frequencies.

Freq (A1) = Freq (A2) = Freq (B1) = Freq(B2) = 0.5
The haplotype frequencies are:

Freq (Alp,) = 0.1

Freq (Alg,) = 0.4

Freq (A2p;) = 0.4

Freq (A2p,) = 0.1

D=01%x01-04x%x04= -0.15
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D? =0.0225
The value of 2 is then

0.0225

05X 05x05x05) _ 38

This is a moderate level of r2.
D'is another often used pair-wise LD measure. The value
of D is standardized by the highest value it can achieve to
determine D’ (Equation 3).

,_ D]
D' = 3)

Dmax

where if D > 0, (Equation 4)

Diax = min[Freq(A1){1 — Freq(B2)},{1

— Freq(A2)}Freq(B1)] (4)

If D < 0 (Equation 5)

Dpnax = min[Freq(A1) X Freq(B2),{1

— Freq(A2)}{1 — Freq(B2)] (5)

For two reasons, the statistic r? is recommended over D'
as a measure of the amount of LD. Firstly, the r2 between
a marker and a (unobserved) QTL is the fraction of
variation generated by alleles at a QTL that can be
explained by markers. The decrease in r? with distance
represents how many markers or phenotypes are needed
to discover QTL in an initial genome scan using LD. When
compared to the sample size for testing the QTL itself, the
sample size for detecting an ungenotyped QTL must be
raised by a factor of 1/r2. D', on the other hand, performs
a terrible job of forecasting needed marker density for a
genome scan using LD. The second rationale for using r?
instead of D' to determine the level of LD is that D’ is
prone to be overstated when sample sizes are small or
allele frequencies are low (McRae et al. 2002).

The LD measurements mentioned above are for bi-allelic
markers. While they can be applied to multi-allelic
markers like microsatellites, Zhao et al. (2005) suggested
using the x2' (Equation 6) measure of LD for multi-allelic
markers.

. Zi D}
X -1 & & Freq(A;)Freq(B;) (6)

Dizj = Freq(A;B;) — Freq(A;)Freq(B;)

Freq (Ai) is the frequency of the ith allele at marker A,
Freq (Bj) is the frequency of the jth allele at marker B, and
lis the minimum of the number of alleles at marker A and
marker B. Note that for bi-allelic markers, y? = r2.

Zhao et al. (2005) study involved the use of simulation,
which indicated a number of multi-allelic pair-wise
measures of LD - and y? was the most reliable predictor
of useable marker-QTL LD; that is, the measure of QTL
variance that can be explained by the marker. We may
want to quantify the extent of LD across a chromosome
region that contains several markers, yet statistics like r2
only consider two loci at a time. The chromosome
segment homozygozity (CSH) is an alternative multi-

locus definition of LD (Hayes et al, 2003). Consider an
ancestral animal that lived many generations ago and has
descendants now. The ancestor's chromosome is torn
down with each generation until only little portions of
chromosome that may be traced back to the common
ancestor remain. By descent, these chromosomal regions
are identical (otherwise called identical by descent, IBD).
The likelihood that two chromosomal segments of the
same size and location picked at random from the
population originate from a common ancestor (i.e.,, IBD)
without intervening recombination is the CSH. CSH refers
to the length of a chromosomal segment, up to the entire
chromosome length. The CSH cannot be determined
directly from marker data but must be inferred from
marker haplotypes for chromosomal segments.

Consider a chromosomal segment with marker locus A
on the left end and marker locus B on the opposite end.
Alleles A and B define the haplotype. Two of these
segments are randomly selected from the population.
The haplotype homozygosity (HH) is the likelihood that
two haplotypes are identical by state (IBS). The two
haplotypes can be IBS in one of two ways: one, either
they descended from a common ancestor without
intervening recombination and are thus identical by
descent (IBD); or two, they are identical by state but not
IBD. CSH is the likelihood of one. Given that the segment
is not IBD, the likelihood of two is a function of the
marker homozygotes. The haplotype homozygosity (HH)
is calculated by adding the probabilities of one and two
(Equation 7).

(Hom, — CSH)(Homg — CSH)

= 7
HH = CSH + T (7)

where HomA and HomB are the homozygosities of
marker A and marker B, respectively. When the
haplotype homozygosities and
homozygosities are observed from the data, this equation
can be solved for CSH. The estimated haplotype
homozygosity can be determined in a similar but more

individual marker

difficult manner for more than two markers.

Another advantage of employing multi-locus LD
measurements over pair-wise measures is that they can
be less variable. Two sampling mechanisms cause the
variation in LD. The initial sampling process is based on
finite population size and reflects the sampling of
gametes to generate successive generations. The second
sampling procedure is the selection of individuals from
the population to be genotyped, which is determined by
the sample size, n. The large variability of LD
measurements is due to the first sampling step. Marker
pairs located at different locations in the genome but
separated by a comparable distance might have vastly
varied r2 values, especially if the marker separation is
small. This is because an ancestral recombination
between one set of markers but not the other may have
occurred by accident.

Because they aggregate information across numerous
loci in a time interval, multi-locus estimates of LD can
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minimize variability by averaging some of the impacts of
accidental recombinations. Hayes et al. (2003) used
simulation to evaluate the variability of r2 and CSH. They
used a mutation-drift model with a constant N of 1000 to
generate a chromosomal region of 10 cM containing 11
markers. They discovered that when at least four loci
were included in the CS computation, CSH was less
variable than r2.

2.1. Origins of Linkage Disequilibrium in Livestock
Populations

Migration, mutation, selection, a tiny finite population
size, or other genetic processes can cause LD in a
population. In an F2 QTL mapping experiment, LD is
established between marker and QTL alleles by crossing
two inbred lines; in an F2 QTL mapping experiment, LD is
created between marker and QTL alleles by crossing two
inbred lines.

The fundamental source of LD in livestock populations is
widely thought to be finite population size. This is due to
the fact that

i. most livestock populations have tiny effective
population sizes, resulting in huge quantities of
LD;

ii. LD caused by crossbreeding (migration) is
substantial when crossing inbred lines but
minimal when crossing breeds with similar gene
frequencies, and it fades within a few generations
(Goddard, 1991);

iii. mutations are likely to have occurred many
generations ago; and

iv.  while selection is most likely a major driver of LD,
its impact is likely to be limited to specific genes,
with little impact on the amount of LD 'averaged'
across the genome.

2.2. LD Extent in Livestock and Human Populations

If LD is primarily caused by finite population size, it
should be less severe in humans than in cattle, because
the effective population size in people is around 10,000
(Kruglyak, 1999), livestock,
population numbers might be as low as 100 (Riquet et al.,
1999). The image is a little muddied by the fact that
animal numbers have been substantially bigger, although

whereas in effective

the effective population size of Caucasians has been much
smaller (following the out of Africa hypothesis). As a
result, we should anticipate seeing that the r2 values in
livestock are significantly higher than in humans at long
distances between markers, but the amount of LD is
more equivalent at short distances. This is exactly what
has been observed. Moderate LD (r2 = 0.2 in humans, for
example) often spans less than 5 kb (0.005 cM)
depending on the group investigated (Dunning et al,,
2000; Reich et al,, 2001; Tenesa et al., 2007). In humans
and cattle, however, very high levels of LD (e.g.,, r2 = 0.8)
only reach a short distance. The first whole-genome LD
study in cattle, which used 284 microsatellite markers
from 581 maternally inherited gametes in Dutch black
and white dairy cows to quantify the extent and
distribution of LD, was carried out, with high levels of LD

extending over several tens of centimorgans (Farnir et
al., 2000). LD in cattle has been confirmed in several
following studies (Tenesa et al.,, 2003; Vallejo et al., 2003;
Khatkar et al., 2006a; Odani et al., 2006). Only recently, a
study in a large mildly selected cattle population from
Western Africa conducted under an extensive breeding
system revealed that LD extends over shorter distances
than previous studies from developed countries, which
was explained by increased selective pressure and/or an
admixture process (Thévenon et al, 2007). All of these
LD investigations used microsatellite loci that were
highly informative but had a low locus density. With the
conclusion of the bovine genome sequencing project, it is
now possible to determine the extent of LD using dense
single nucleotide polymorphism (SNP) marker maps,
resulting in significantly higher resolution. SNP markers
have minimal genotyping costs, in addition to their
abundance in the genome (Snelling et al., 2005). (Hinds
et al, 2005). Khatkar et al. (2006b) used SNP loci to
generate a first- generation LD map of bovine
chromosome 6 in Australian Holstein-Friesian cattle, and
D’ to estimate the extent of LD. The distance over which
LD is expected to be beneficial for association mapping
was discovered to be 13.3 Mb, indicating that the range of
LD in Holstein-Friesian dairy cow is broad. McKay et al.
(2007) used 2670 SNP markers to build LD maps for
eight cow breeds from the Bos taurus and Bos indicus
subspecies, and found that the amount of LD (calculated
using r2) available for association analysis does not
surpass 500 kb. The disparities in the degree of LD
between McKay et al. (2007) and prior investigations
were related to differences in LD reporting measures,
notably D' vs. r2. Previous investigations have found that
D’ overestimates the extent of LD (Ardlie et al.,, 2002; Ke
et al, 2004), resulting in extensive LD at long
intermarker distances (Farnir et al, 2000; Tenesa et al,,
2003; Vallejo et al., 2003; Khatkar et al.,, 2006a; Odani et
al, 2006). Du et al. (2007) used 4500 SNP markers
genotyped in six lines of commercial pigs to determine
the degree of LD in pigs. Because paternal haplotypes
were over-represented in the population, only maternal
haplotypes of commercial pigs were utilized to calculate
r2 between SNPs. According to the findings of their
investigation, pigs may have significantly greater LD than
cattle. The average value of r2 for SNPs separated by 1 cM
was roughly 0.2. In cattle, LD of this size barely extends
100 kb. The average r? in pigs at 100 kb was 0.371.
Heifetz et al. (2005) investigated the degree of LD in
several breeding chicken populations. They employed
microsatellite markers and applied the statistics to
determine the degree of LD. They discovered
considerable LD over large distances in their populations.
For example, 57% of marker pairs separated by 5-10 cM
had an %2" = 0.2 in one line of chickens and 28% in the
other. Heifetz et al. (2005) pointed out that the lines they
studied had small effective population sizes and were
largely inbred, so the level of LD in other chicken
populations with greater effective population sizes may
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differ significantly. The extent of LD in domestic sheep
was studied by McRae et al. (2002). Because they
employed the D' parameter rather than the r2 parameter,
it's impossible to compare their findings to those of other
species. They discovered that high levels of LD lasted for
tens of centimorgans and then dropped as marker
distance increased. They also looked at D' bias under
various conditions and discovered that D' can be skewed
when uncommon alleles are present. To establish the
true extent of LD, they suggested using the statistical
significance of LD in conjunction with coefficients such as
D'

3. Conclusion

QTL mapping can now be done using
disequilibrium. The population level
between markers and QTL are used in linkage
disequilibrium (LD) mapping of QTL. Because there are
little pieces of chromosome in the current population
that are descended from the same common ancestor,
these relationships occur. These chromosome segments

linkage
connections

with no intervening recombination will have identical
marker alleles or haplotypes, and if there is a QTL inside
the chromosome segment, they will have identical QTL
alleles. The genome-wide association test with single
marker regression is the simplest of the QTL mapping
procedures that take advantage of LD. Due to the
availability of tens of thousands of single nucleotide
polymorphism (SNP) markers in cattle, pigs, chickens,
and sheep soon, doing trials to map QTL in genome-wide
scans using LD has recently become practical.
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