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ABSTRACT

Several studies over the last 15 yr have estimated
the magnitude of cytoplasmic inheritance of produc-
tion and type traits in dairy cattle. Pedigree informa-
tion can be used to assign maternal lineages, and the
between-maternal lineage variance is then assumed
to be an estimate of cytoplasmic inheritance. Two po-
tential sources of bias and reduction of the power of
estimation of cytoplasmic inheritance using such a
method are 1) incomplete and 2) incorrect pedigree
information being used in the assignment of maternal
lineages. The theoretical bias introduced by these two
sources of error is investigated and the results of a
simulation study varying the number of families, the
percentage of pedigree errors, and the level of incom-
plete lineage assignment are presented. Pedigree er-
rors were found to have the biggest impact. A pedigree
error rate of 8% per generation would result in a 75%
reduction in the estimable magnitude of a 5% true
component of variance after nine generations. The ef-
fect that these mechanisms have on the power of esti-
mation are discussed and investigated by simulation.
It was concluded that using historical pedigree, with
incomplete and incorrect maternal family information,
to assign maternal lineage would cause a downward
bias in the magnitude of the cytoplasmic effect esti-
mated. In the future, it will be possible to overcome
pedigree problems by using molecular information to
directly assign cytoplasmic lineage groups.
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INTRODUCTION

There has always been a belief among dairy cattle
breeders that certain cow families produce better cows
than bulls in terms of genetic merit for production
and conformation. Also, heritability estimates from
daughter dam regressions are consistently higher than
those obtained from paternal half-sib estimation
(Seykora and McDaniel, 1983; Visscher and Thomp-
son, 1992). This evidence may point towards a mecha-
nism of inheritance, in addition to nuclear genetic in-
heritance, being transmitted through the female line,
which is not being accounted for by current evalua-
tions. One possible explanation is the almost exclusive
maternal transmission of mtDNA in mammals (Gyl-
lensten et al., 1991; Hutchinson et al., 1974).

If maternal lineages are responsible for a component
of variance that is not being accounted for in current
breeding value estimations in dairy cattle, then it is
important that the effect is identified and quantified.
Southwood et al. (1989), using an animal model to
adjust for the additive nuclear genetic variance compo-
nent, were able to estimate a simulated component of
maternal lineage variance. The animal model ap-
proach has been adopted by various studies over recent
years (Boettcher et al., 1996a; Roughsedge et al.,
2000a; Schnitzenlehner and Essl, 1999). However, this
approach assumes that if variance exists between the
true maternal lineages, i.e., families formed from the
points of mtDNA divergence, then it is possible to esti-
mate this variance component by assigning maternal
lineage as a random component of variance in an ani-
mal model. Two main mechanisms are involved by
which a reduction is likely in the estimate of the mag-
nitude of the maternal lineage variance component.
The first of these mechanisms is the incomplete assign-
ment to true maternal families, i.e., the assignment
of several maternal subfamilies within one true larger
family, which is not detected because insufficient gen-
erations in the establishment of complete maternal
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families have been traced. The second of these mecha-
nisms is the incorrect assignment of pedigree, leading
to the accumulation of pedigree errors over genera-
tions from maternal lineage origin. With the quality
of pedigree information often available from large field
data sets, where it is often the case that only partial
pedigree information is available, it is not possible to
trace the true cytoplasmic origin or indeed to know
how many generations the data are removed from that
origin. The aim of this study was to establish the mag-
nitude of these effects on the estimation of the mater-
nal lineage variance component. The effect that the
two mechanisms have on the power to detect maternal
lineage variance is also investigated.

MATERIALS AND METHODS
Theory

Family structure. The effect of tracing maternal
lineages in sufficient generations to establish the
points of cytoplasmic origin can be illustrated by con-
sidering a simple balanced family design (Figure 1).
In this design, we assume that all cows in the current
generation are an equal number of generations from
their cytoplasmic origin and that phenotypes have
been adjusted for fixed and random effects other than
a cytoplasmic effect.

Incomplete pedigree information. If full pedigree
information is available, i.e., all records are assigned
to the true maternal lineage, generation 0 in Figure
1, and the design is balanced, i.e., equal numbers per
family, then the between family variance component
(67%) can be estimated with the ANOVA table shown in
Table 1. If we then move to the situation in which

Table 1. Analysis of variance describing between-family variance.

Degrees of Mean
Source freedom squares E[Mean squares]
Between families f-1 C (n)o%s + o2y
Residual f(n-1) W 0%y

f = Number of true cow families.
n = Assumed number of cows per family.
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Table 2. Analysis of variance table describing between-family vari-
ance in the presence of incomplete family assignment.

Degrees of Mean
Source freedom squares E[Mean squares]
Between families f-1 B (nr)o?s + o2y
Between replicates flr-1) R 2w
Residual fr(n-1) W 2y

f = Number of true cow families.

r = Number of replicates (i.e., number of subfamilies assigned to
original family).
n = Assumed number of cows per family.

incomplete family information is available due to trac-
ing insufficient generations to the origin, i.e., to gener-
ation 1, 2, or 3 in Figure 1, we move to the situation
shown in Table 2. Here r refers to the number of repli-
cate families identified within the true family, i.e., if
the pedigree is traced to generation 1 in Figure 1, then
r = 2, because two families have been assigned within
the one true family. In this table an extra level of
sums of squares is now due to the between assigned
subfamily replicate variance. However, when per-
forming statistical analyses with incomplete pedigree
information, a combination of the between family and
between replicate sums of squares is used, since the
true structure is not recognized. In the situation in
which complete family assignment occurs (i.e., r = 1)
Table 2 collapses to Table 1.

To obtain an estimate of the maternal family vari-
ance component we have an estimate of the sum of the
sums of squares between replicates (f(r — 1)R) and the
sums of squares between true maternal lineages ((f —
1)B). In practice we use the sum (SSC) of the between
family (SSB) and between replicates (SSR) sums of
squares (Equation 1).

SCC=SSB+SSR =(f-1B +fr - )R (1]

The SSC has (f— 1) + f(r — 1) = fr — 1 degrees of freedom
because the apparent number of families is fr. The
mean squares of this sum of two sums of squares is
obtained by equation 2.

_8SC _[(f- 1B+ fir - 1)R]
Tfr-1" fr-1

C (2]

The distribution of C is not proportional to a central
x? because B and R have different expectation. The
expectation of the estimated maternal lineage vari-
ance (&%) is then given by equation 3, and it can be
seen that the between lineage variance component is
reduced as the number of replicates within assigned
families is increased.
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Blop) - EIC= W
_ of=Dr -1  fr-1 1
_U’g[fr—l]+U§“{n(fr—1)+n(fr—1)_n] [3]

Al

The downward bias introduced by incomplete mater-
nal lineage assignment is the proportion of the mater-
nal lineage variance component that is estimable after
removing the bias demonstrated in equation 4.

~9 2
Bias=—f—£0 — 9% L-r
J]% fr=1

(4]

Incorrect pedigree information. Pedigree errors
cause a build-up of error in the estimation of maternal
lineage variance, where the magnitude of underesti-
mation is affected by the level of assignment error per
generation and the number of generations from true
cytoplasmic origin. In the estimation of maternal lin-
eage variance, we assume that the tracing of maternal
lineage provides correct families with identical
mtDNA. If errors in the assignment of pedigree occur,
information is irretrievably lost from the system and
the magnitude of this loss can be approximated by
equation 5, as suggested by Gibson et al. (1997).

E[6}] = o?l(1 - p¥]? 5]

where g = generations from origin to current genera-
tion; p = proportion of pedigree errors per generation.
For example, an error rate of 5% per generation results
in a reduction in the magnitude of the estimated com-
ponent of [(1 — 0.05)%]2 = 0.44 after eight generations
from the cytoplasmic origin.

Combining the effect of incomplete and incorrect
pedigree information on the downward bias of mater-
nal lineage variance estimation gives,

Bl = L (- pr)op

and the proportional bias in the estimation is,

Bias = %-(1 -p)*¥-1 [6]

Power of detecting a maternal lineage compo-
nent. When the incorrect assignment of pedigree is
considered, the power of detection of a variance compo-
nent is the power of detection of the estimable compo-
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nent as obtained with equation 6. If complete pedigree
information were available, the variance ratio test sta-
tistic obtained in the presence of incorrect pedigree
follows approximately an F distribution with the de-
grees of freedom (fr — 1) for the numerator and fr(n —
1) for the denominator of the ratio. However, when
the incomplete pedigree situation is considered, it is
not easy to ascertain the distribution of the test statis-
tic. The test statistic obtained is the ratio of the mean
squares C from equation 2 over the residual mean
squares. The mean squares C is derived from the sum
of two sums of squares on different scales (equation
2) and is therefore not a standard 2.

Simulation Study

To demonstrate the previous two effects, simula-
tions were run 10,000 times, each based on the struc-
ture shown in Table 2 and the family structure de-
scribed in example 1, with the magnitude of the true
maternal lineage variance and the error rate per gen-
eration being varied between simulations. Phenotypic
records were simulated based on eight true maternal
families with a random error component assigned to
each of the 4096 individuals and the same cytoplasmic
component to all individuals within the same maternal
family. The pedigree error rate was then accounted for
by calculating the proportion of the current generation
that we would expect to be incorrectly assigned after
the number of generations between the origin and the
generation being simulated. The proportion of incor-
rect records expected were then randomly chosen and
given a phenotype comprising a random error compo-
nent and a random cytoplasmic component, assuming
that the misidentified records are from random un-
known maternal families. With this phenotypic infor-
mation, a one-way ANOVA was used to estimate the
between-family variance component, with the true cy-
toplasmic family assignment then with subdivision of
the true simulated families to represent the incom-
plete tracing of pedigree information.

RESULTS
Bias with Incomplete Pedigree Information

The bias introduced by incomplete pedigree informa-
tion is shown in Figure 2 for different family size and
number of subfamilies assigned within true family. It
can be seen that the bias is very small when the num-
ber of true families is large regardless of the size of r;
however, when there are few true families the assign-
ment of duplicate maternal families within the true
family causes a downward bias in cytoplasmic vari-
ance component estimation. Following the structure
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Figure 2. The proportion of the between lineage variance estima-
ble with assignment to r subfamilies within true family (f).

used in the simulation, if we consider that the true
number of maternal families, f, is equal to 8, and that
the total number of individuals, N, is equal to 4096
and the current generation is 9 generations from the
true origin. Then, if at every generation the number
of females is doubled, and the true between-maternal
lineage variance component is 5% of the phenotypic
variance, the magnitude of the variance component
estimated from generation 9 data for different num-
bers of generations traced is shown in Table 3. The
bias introduced ranges from 7 to 12% as we move from
tracing to within one generation of the true family
structure down to the situation in which only one gen-
eration is traced, resulting in a family size of two indi-
viduals with records per family. The increase in bias
is nonlinear over the number of generations traced. In
Table 3, the bias remains constant until more than
four generations are traced. The bias is then seen to
fall at an increasing rate until the true family struc-
ture is traced.

The downward bias introduced by not tracing fami-
lies to their true cytoplasmic origin increases as the
number of true families decreases, equation 4. For

Table 3. Expectation of estimation of variance component by tracing
different numbers of generations when the true maternal lineage
variance component is 0.05.
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Table 4. Simulated versus predicted magnitude of variance compo-
nent where true variance component is 0.05 and pedigree error rate
per generation is 0.08.

Predicted as

Predicted Variance a proportion
Number of Number in magnitude component of simulated
assigned assigned of variance estimated in variance
families family component simulation component
2048 2 0.0115 0.0118 0.97
1024 4 0.0115 0.0116 0.99
512 8 0.0115 0.0115 1.00
256 16 0.0116 0.0116 1.00
128 32 0.0116 0.0117 0.99
64 64 0.0117 0.0118 0.99
32 128 0.0119 0.0120 0.99
16 256 0.0123 0.0124 0.99
8 512 0.0132 0.0132 1.00

example, a field data set may have 30,000 records as-
signed to 10,000 families. If we assume that family
size is equal in this case (though it may be far from
equal) and we then assume that there are 1000, 100,
or 10 true families then the downward bias is, respec-
tively, 0.1, 1, and 10%. It can clearly be seen that the
impact is noticeable only if there are a small number
of true families. However, in a modern dairy breed,
there could potentially be a low number of original
mtDNA sources.

Bias with Incomplete
and Incorrect Pedigree Information

Equation 6 was able to predict the outcome of the
simulation consistently to within ~5% of the true com-
ponent. Two extreme examples of the results of this
simulation are shown in Tables 4 and 5. The pedigree
error rate is 8% per generation, and the records are
eight generations from the true cytoplasmic origin re-
sulting in only (1 — 0.08)% = 0.51, i.e., 51% of records

Table 5. Simulated versus predicted magnitude of variance compo-
nent where true variance component is 0.05 and pedigree error rate
per generation is 0.08.

Predicted as

Predicted  Variance a proportion
Number of Number of Number of Variance Number of Number in magnitude component of simulated
generations cows in assigned component  assigned assigned of variance estimated in variance
traced assigned family families estimated families family component simulation component
1 2 2048 0.0438 2048 2 0.1153 0.1145 1.01
2 4 1024 0.0438 1024 4 0.1153 0.1147 1.01
3 8 512 0.0438 512 8 0.1155 0.1148 1.01
4 16 256 0.0438 256 16 0.1157 0.1150 1.01
5 32 128 0.0441 128 32 0.1161 0.1155 1.01
6 64 64 0.0444 64 64 0.1171 0.1164 1.01
7 128 32 0.0452 32 128 0.1190 0.1182 1.01
8 256 16 0.0467 16 256 0.1229 0.1222 1.01
9 512 8 0.0500 8 512 0.1317 0.1309 1.01
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Table 6. Power of detection between lineage variance with incomplete
pedigree information and no incorrect pedigree assignment.

Predicted
power if
Power of number of
detecting assigned
variance families is
. component true number
Number of Number in simulated families
assigned assigned
families family 1% 5% 1% 5%
2048 2 0.107 0.580 0.117 0.732
1024 4 0.179 0.802 0.195 0.982
512 8 0.288 0.915 0.322 1.000
256 16 0.430 0.961 0.510 1.000
128 32 0.578 0.983 0.723 1.000
64 64 0.719 0.993 0.876 1.000
32 128 0.831 0.998 0.942 1.000
16 256 0.901 0.998 0.958 1.000
8 512 0.941 1.000 0.941 1.000

in the current generation being correctly assigned. It
can be seen in Tables 4 and 5 that the simulation
estimates of the variance component are very close to
the prediction of the estimable variance component.
In the most extreme case, in which only two of the
512 individuals per family are assigned and pedigree
errors lead to 51% incorrect assignment of records to
true families, the estimate and prediction are within
3% of each other. For all other situations, the estima-
tion and prediction are within 1% of each other. Tables
4 and 5 represent true variance components of 0.05
and 0.5, respectively, illustrating that the prediction
remains accurate in extreme cases. The actual impact
of incorrect pedigree assignment can be seen to cause
a dramatic reduction in the proportion of the true vari-
ance component that is estimable. In Tables 3 and
4 the same family structure was considered in the
estimation of the same true variance component; how-
ever, in Table 4 incorrect pedigree assignment of 8%
per generation was introduced. Even when the family
structure was traced to the generation in which the
true cytoplasmic origin was simulated, only 26% of
the magnitude of the true variance component was
estimated. This highlights the danger of incorrect ped-
igree assignment, indicating that it is better to exclude
unknown pedigree information from genetic evalua-
tions than to use incorrect pedigree information.

Power of Detection

With the simulation described, the power of detec-
tion of a 1 and 5% between-lineage variance component
was obtained (Table 6). The power was obtained com-
paring the ratio C/W to an F ratio test statistic with
the degrees of freedom as previously described in this
section to either accept or reject the variance compo-
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nent estimated at a 5% type-1 error rate in each simu-
lation. Also presented in Table 6 is the power of detec-
tion of a between lineage variance component given
that the assigned families are the true families. For
this it was assumed that assigned families were true
families and an F ratio power test was used again at
ab%level of type-1error rate (Lynch and Walsh, 1998).
The actual power of detection was consistently lower
than the situation in which the number of families
assigned was the true number of families. The true
magnitude of the variance component was 5% then,
given the family structure shown in Table 6, the power
of estimating this component with the full structure
traced is 100%. For a 5% component, the power falls
below 90 to 80% only when assigned family size is 4
in comparison to the true 512 records per true family.
When a 1% component is considered, the power of esti-
mation is seen to fall more rapidly and to be lower
than 70% when the tracing is four generations from
the true family structure. These are further illustrated
in Figure 3, where the power is plotted for different
magnitudes of true variance component for the situa-
tion where f X r true families exist and where each of
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Figure 3. Power of detecting a true variance component if N =
4096 at a 5% type-1 error rate. Top graph illustrates the power where
assigned number (8*r) of families is true number of families. Bottom
graph shows the simulation results when eight true families (f) are
incorrectly assigned to r subfamilies.
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the f families are assigned to r subfamilies. No pedi-
gree errors are included in the power results.

DISCUSSION

Two main mechanisms have been clearly demon-
strated by which we can expect to underestimate ma-
ternal lineage variance. The first mechanism is the
result of tracing insufficient generations of the mater-
nal pedigree, which to some extent can be overcome
by a more detailed tracing procedure. For large data
sets the feasibility of tracing of further generations of
maternal lineage is restricted by the size of the pedi-
gree already available on a database. For some situa-
tions, tracing historic pedigrees further than the cur-
rently computerized pedigree may be possible. The in-
crease in the accuracy of estimation was not seen to
be linear, and it is dependent on the data structure of
the true families. Again, our knowledge of true family
structure is limited to the extent of the pedigree
available.

The second mechanism is the accumulation of pedi-
gree assignment errors. Ron et al. (1996) summarized
estimates of paternity misidentification rates of be-
tween 1.3 and 23% across a number of European stud-
ies. Although these are paternity estimates, it would
not be unreasonable to hypothesize that some degree
of maternity misidentification occurs. This is a source
of underestimation, which beyond ensuring the cur-
rent recording is accurate, is historically out of our
control. The only correction that can be made for the
accumulation of pedigree errors is in the prediction of
errors that have historically occurred and the use of
DNA tests to make an appropriate adjustment to the
component estimated. The problem that can be en-
countered with a large accumulation of error is that
whatever upward adjustment we can make to the vari-
ance component that is estimated, the power of estima-
tion is diminished in relation to the size of the estima-
ble component.

Many of the studies that have estimated maternal
lineage variance have involved experimental herds
(e.g., Boettcher et al., 1996b, Roughsedge et al., 1999).
It is unlikely that pedigree misidentification occurs in
these herds on the scale that we might expect in field
data. However, these studies suffered from other prob-
lems such as size of data set available and common
maternal environment effects (Roughsedge et al.,
2000a), and the problem ofidentifying maternal family
origin still exists in these experimental herds.

With incomplete pedigree information the power of
detection of a maternal lineage variance component is
reduced in comparison to the power of detection where
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the assigned maternal lineage is the true maternal
lineage.

Such a demonstration suggests that with available
pedigree information and current methodology we may
not be able to estimate maternal lineage variance but,
cannot yet dismiss the possibility that such an effect
exists. It is also possible that in studies in which sig-
nificant maternal lineage variance components have
been estimated, e.g., persistency in the study of
Roughsedge et al. (2000b), the true magnitude of the
effect has been underestimated. Roughsedge et al.
(2000b) estimated a maternal lineage variance compo-
nent of 4% of the overall phenotypic variance for per-
sistency, with a heritability of 0.1. Given that this
may be an underestimation, maternal lineage variance
must be considered if persistency is used in a selec-
tion program.

Looking to the future, with molecular technology
becoming more available and economically feasible, it
may be possible to overcome these problems. If data-
bases based of completed mtDNA sequence or, more
realistically, marker information are developed then
problems of maternal family assignment can be over-
come and the hypothesis that within family mtDNA
is identical can be tested. The opportunity will exist
to look for direct associations between mtDNA poly-
morphisms and the expression of traits.
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